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Preface

The main purpose of control engineering is to steer the regulated plant in such a way
that it operates in a required manner. The desirable performance of the plant should
be obtained despite the unpredictable influence of the environment on all parts of the
control system, including the plant itself, and no matter if the system designer knows
precisely all the parameters of the plant. Even though the parameters may change with
time, load and external circumstances, still the system should preserve its nominal
properties and ensure the required behavior of the plant. In other words, the principal
objective of control engineering is to design and implement regulation systems which
are robust with respect to external disturbances and modeling uncertainty. This
objective may very well be obtained in a number of ways which are discussed and
demonstrated in this book.

Book is divided into five sections. In section 1 selected aircraft, vehicle and automotive
applications are presented. That section begins with a contribution on rotorcraft
control. The first chapter presents input-output linearization based on sliding mode
controller for a quadrotor. Chapter 2 gives a comparison of different advanced control
architectures for transonic phase of space re-entry vehicle flight. Then chapter 3
discusses the problem of robust fault tolerant, vertical motion control of modular
underwater autonomous robot for environment sampling. The last three chapters in
section 1 present solutions of the most important control problems encountered in
automotive industry. They describe the second order sliding mode control of spark
ignition engine idle speed, new active suspension control method reducing the
passenger’s seat vibrations and advanced adaptive cruise control system design.

Section 2 begins with a chapter on H-infinity active controller design for minimizing
mechanical vibration of structures. Then it focuses on robust control of mechanical
systems, i.e. uncertain Lagrangian systems with partially unavailable state variables,
and adaptive back-stepping control of electro-hydraulic actuators. The last chapter in
that section is concerned with the control of active magnetic bearing suspension
system for high-speed rotors.

Section 3 consists of three contributions on the control of distillation and multi-step
evaporation processes. The first chapter, concerned with a generic double feed two-
reactant two-product ideal reactive distillation and the methyl acetate reactive
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distillation systems, demonstrates the implications of the nonlinearity, and in
particular input and output multiplicity, on the open and closed loop distillation
system operation. The next chapter shows that the desirable closed-loop performance
can be achieved for an ill-conditioned high-purity distillation column by the use of a
decentralized PID controller and the structured uncertainty model describing the
column dynamics within its entire operating range. Then the last chapter of section 3
analyses a complex multi-stage evaporation process and presents a new full order
Kalman filter based scheme to obtain full loop transfer recovery for the process.

Section 4 comprises two chapters on the control of power plants and power systems.
The first of the two chapters studies the problem of reducing environmental effects by
operational control of nitrogen oxide and carbon monoxide emissions from thermal
power plants. The second chapter is concerned with damping of inter-area oscillations
in electric power systems. For that purpose a mixed H2/H-infinity output-feedback
control with pole placement is applied.

Section 5 presents a number of other significant developments in applied robust
control. It begins with a noteworthy contribution on networked control which
demonstrates that robust control system design not only requires a proper selection
and tuning of control algorithms, but also must involve careful analysis of the applied
communication protocols and networks, to ensure that they are appropriate for real-
time implementation in distributed environment. A similar issue — in the context of
force bilateral tele-operation — is discussed in the next chapter of that section, where it
is shown that H-infinity design offers good robustness with reference to network
induced time delays. Then the section discusses selected problems in resource
allocation and control. These include development of robust controllers for single unit
resource allocation systems with unreliable resources and real world natural resource
robust management with the special focus on fisheries. The monograph concludes
with the presentation of H-infinity synchronizer design and its application to improve
the robustness of chaotic communication systems with respect to delays in the
transmission line.

In conclusion, the main objective of this book is to present a broad range of well
worked out, recent engineering and non-engineering application studies in the field of
robust control system design. We believe, that thanks to the authors, reviewers and the
editorial staff of InTech Open Access Publisher this ambitious objective has been
successfully accomplished. The editor and authors truly hope that the result of this
joint effort will be of significant interest to the control community and that the
contributions presented here will enrich the current state of the art, and encourage and
stimulate new ideas and solutions in the robust control area.

Andrzej Bartoszewicz
Technical University of £.6dz
Poland
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Sliding Mode Approach to Control
Quadrotor Using Dynamic Inversion

Abhijit Das, Frank L. Lewis and Kamesh Subbarao
Automation and Robotics Research Institute

The University of Texas at Arlington

USA

1. Introduction

Nowadays unmanned rotorcraft are designed to operate with greater agility, rapid
maneuvering, and are capable of work in degraded environments such as wind gusts etc.
The control of this rotorcraft is a subject of research especially in applications such as rescue,
surveillance, inspection, mapping etc. For these applications, the ability of the rotorcraft to
maneuver sharply and hover precisely is important (Koo and Sastry 1998). Rotorcraft
control as in these applications often requires holding a particular trimmed state; generally
hover, as well as making changes of velocity and acceleration in a desired way (Gavrilets,
Mettler, and Feron 2003). Similar to aircraft control, rotorcraft control too involves
controlling the pitch, yaw, and roll motion. But the main difference is that, due to the unique
body structure of rotorcraft (as well as the rotor dynamics and other rotating elements) the
pitch, yaw and roll dynamics are strongly coupled. Therefore, it is difficult to design a
decoupled control law of sound structure that stabilizes the faster and slower dynamics
simultaneously. On the contrary, for a fixed wing aircraft it is relatively easy to design
decoupled standard control laws with intuitively comprehensible structure and guaranteed
performance (Stevens and F. L. Lewis 2003). There are many different approaches available
for rotorcraft control such as (Altug, Ostrowski, and Mahony 2002; Bijnens et al. 2005; T.
Madani and Benallegue 2006; Mistler, Benallegue, and M'Sirdi 2001; Mokhtari, Benallegue,
and Orlov 2006) etc. Popular methods include input-output linearization and back-stepping.
The 6-DOF airframe dynamics of a typical quadrotor involves the typical translational and
rotational dynamical equations as in (Gavrilets, Mettler, and Feron 2003; Castillo, Lozano,
and Dzul 2005; Castillo, Dzul, and Lozano 2004). The dynamics of a quadrotor is essentially
a simplified form of helicopter dynamics that exhibits the basic problems including under-
actuation, strong coupling, multi-input/multi-output, and unknown nonlinearities. The
quadrotor is classified as a rotorcraft where lift is derived from the four rotors. Most often
they are classified as helicopters as its movements are characterized by the resultant force
and moments of the four rotors. Therefore the control algorithms designed for a quadrotor
could be applied to a helicopter with relatively straightforward modifications. Most of the
papers (B. Bijnens et al. 2005; T. Madani and Benallegue 2006; Mokhtari, Benallegue, and
Orlov 2006) etc. deal with either input-output linearization for decoupling pitch yaw roll or
back-stepping to deal with the under-actuation problem. The problem of coupling in the
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yaw-pitch-roll of a helicopter, as well as the problem of coupled dynamics-kinematic
underactuated system, can be solved by back-stepping (Kanellakopoulos, Kokotovic, and
Morse 1991; Khalil 2002; Slotine and Li 1991). Dynamic inversion (Stevens and F. L. Lewis
2003; Slotine and Li 1991; A. Das et al. 2004) is effective in the control of both linear and
nonlinear systems and involves an inner inversion loop (similar to feedback linearization)
which results in tracking if the residual or internal dynamics is stable. Typical usage
requires the selection of the output control variables so that the internal dynamics is
guaranteed to be stable. This implies that the tracking control cannot always be guaranteed
for the original outputs of interest.

The application of dynamic inversion on UAV’s and other flying vehicles such as missiles,
fighter aircrafts etc. are proposed in several research works such as (Kim and Calise 1997;
Prasad and Calise 1999; Calise et al. 1994) etc. It is also shown that the inclusion of dynamic
neural network for estimating the dynamic inversion errors can improve the controller
stability and tracking performance. Some other papers such as (Hovakimyan et al. 2001;
Rysdyk and Calise 2005; Wise et al. 1999; Campos, F. L. Lewis, and Selmic 2000) etc. discuss
the application of dynamic inversion on nonlinear systems to tackle the model and
parametric uncertainties using neural nets. It is also shown that a reconfigurable control law
can be designed for fighter aircrafts using neural net and dynamic inversion. Sometimes the
inverse transformations required in dynamic inversion or feedback linearization are
computed by neural network to reduce the inversion error by online learning.

In this chapter we apply dynamic inversion to tackle the coupling in quadrotor dynamics
which is in fact an underactuated system. Dynamic inversion is applied to the inner loop,
which yields internal dynamics that are not necessarily stable. Instead of redesigning the
output control variables to guarantee stability of the internal dynamics, we use a sliding
mode approach to stabilize the internal dynamics. This yields a two-loop structured tracking
controller with a dynamic inversion inner loop and an internal dynamics stabilization outer
loop. But it is interesting to notice that unlike normal two loop structure, we designed an
inner loop which controls and stabilizes altitude and attitude of the quadrotor and an outer
loop which controls and stabilizes the position (x,y) of the quadrotor. This yields a new
structure of the autopilot in contrast to the conventional loop linear or nonlinear autopilot.
Section 2 of this chapter discusses the basic quadrotor dynamics which is used for control
law formulation. Section 3 shows dynamic inversion of a nonlinear state-space model of a
quadrotor. Sections 4 discuss the robust control method using sliding mode approach to
stabilize the internal dynamics. In the final section, simulation results are shown to validate
the control law discussed in this chapter.

2. Quadrotor dynamics

Fig. 1 shows a basic model of an unmanned quadrotor. The quadrotor has some basic
advantage over the conventional helicopter. Given that the front and the rear motors rotate
counter-clockwise while the other two rotate clockwise, gyroscopic effects and aerodynamic
torques tend to cancel in trimmed flight. This four-rotor rotorcraft does not have a swash-
plate (P. Castillo, R. Lozano, and A. Dzul 2005). In fact it does not need any blade pitch
control. The collective input (or throttle input) is the sum of the thrusts of each motor (see
Fig. 1). Pitch movement is obtained by increasing (reducing) the speed of the rear motor
while reducing (increasing) the speed of the front motor. The roll movement is obtained
similarly using the lateral motors. The yaw movement is obtained by increasing (decreasing)
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the speed of the front and rear motors while decreasing (increasing) the speed of the lateral
motors (Bouabdallah, Noth, and Siegwart 2004).

Fig. 1. A typical model of a quadrotor helicopter

In this section we will describe the basic state-space model of the quadrotor. The dynamics
of the four rotors are relatively much faster than the main system and thus neglected in our
case. The generalized coordinates of the rotorcraft are q=(x,y,z,¥,6,9), where (x,y,z)
represents the relative position of the center of mass of the quadrotor with respect to an
inertial frame 3, and (,8,¢) are the three Euler angles representing the orientation of the
rotorcraft, namely yaw-pitch-roll of the vehicle.

Let us assume that the transitional and rotational coordinates are in the form
E=(x,y,2)" €R® and 5=(y,0,p)cR’. Now the total transitional kinetic energy of the

rotorcraft willbe T, = ﬂg'Tg where m is the mass of the quadrotor. The rotational kinetic
ns 2

energy is described as T,, = %rf]ﬁ , where matrix ]| =](#) is the auxiliary matrix expressed
in terms of the generalized coordinates 7. The potential energy in the system can be

characterized by the gravitational potential, described as I = mgz . Defining the Lagrangian

L=T,,+T,-U, where T, =(m/2)E ¢ is the translational kinetic energy,

trans 701

T, =(1/2)@"Io is the rotational kinetic energy with @ as angular speed, U =mgz is the
potential energy, z is the quadrotor altitude, I is the body inertia matrix, and g is the
acceleration due to gravity.

Then the full quadrotor dynamics is obtained as a function of the external generalized forces
F=(E,7) as

2R _E_F (1)
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The principal control inputs are defined as follows. Define
0
F.=|0 @
u

where u is the main thrust and defined by

u=fi+fo+fi+f, ®3)

and f,’s are described as f, =k}, where k; are positive constants and w, are the angular

i i

speed of the motor i . Then F, can be written as
E. =RE, @

where R is the transformation matrix representing the orientation of the rotorcraft as

CC, 5,59 -s,
R=|¢,5,8,-5,C, $,55,+C,C, €4, ©)
€,8C, +5,5, 8,5C,=C,5, C4p,
The generalized torque for the 7 variables are
2%
=1, (6)
T‘/’
where
4
TVZZTM,:C(ﬁ_fz"'ﬂ_fz;) )
i=1
7y =(f,=f)l (8)
6 =(fi- ) ©)
Thus the control distribution from the four actuator motors of the quadrotor is given by
w) (11 1 1)(f,
rq):—l 0 I 01]f (10)

N
|
a
o
|
a
=

where [ is the distance from the motors to the center of gravity, r,, is the torque produced
by motor M, , and ¢ is a constant known as force-to-moment scaling factor. So, if a required
thrust and torque vector are given, one may solve for the rotor force using (10).
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The final dynamic model of the quadrotor is described by (11)-(14),

0
mE+| 0 =F (11)

mg
I(n)fi+%{I(f7)}ﬁ—%%(f](n)f7):f 12)
T+ 1)} ~C () == (13)
J(n)ii+C(nm)=7 (14)

—sinéd

where, F, = u| cos@sing |, auxiliary Matrix { ] (77)} =] =T,IT, with

cosfcosg
—sind 0 1
T,=| cosfsiny cosy 0].
cos@cosy —siny 0

Now finally the dynamic model of the quadrotor in terms of position (x,y,z) and rotation
(p,0,y) is written as,

X 0 1 —sin@
ij|=| 0 |+—| cos@sing |u (15)
Z -8 " cosfcosp
v
0 |=flp,0y)+8(p,0y) (16)
y
where,
I-1) J
Oyr| —= |- -L 60 !
V/( I, ] I, T 00
X T(p
flp,0,w)= gby}(lzl"J+]”¢;Q  (@,0,w)=| 0 1 0|, ueR'and r=|z, |eR’ are the
Iy I]/ Il/ Tl//
0 x _Iy 0 0 i
@ I I
control inputs, I, . are body inertia, ], is propeller/rotor inertia and Q=w, + @, - @, - @, .

Thus, the system is the form of an under-actuated system with six outputs and four inputs.
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Comment 2.1: In this chapter we considered a generalized state space model of quadrotor derived
from Lagrangian dynamics. Design autopilot with actual Lagrangian model of quadrotor is discussed
in (Abhijit Das, Frank Lewis, and Kamesh Subbarao 2009).

3. Partial feedback linearization for Quadrotor model

Dynamic inversion (Stevens and F. L. Lewis 2003) is an approach where a feedback
linearization loop is applied to the tracking outputs of interest. The residual dynamics, not
directly controlled, is known as the internal dynamics. If the internal dynamics are stable,
dynamic inversion is successful. Typical usage requires the selection of the output control
variables so that the internal dynamics is guaranteed to be stable. This means that tracking
cannot always be guaranteed for the original outputs of interest.

In this chapter we apply dynamic inversion to the system given by (15) and (16) to achieve
station-keeping tracking control for the position outputs (x,y,z,) . Initially we select the
convenient output vector v, =(z,¢,6,) which makes the dynamic inverse easy to find.
Dynamic inversion now yields effectively an inner control loop that feedback linearizes the
system from the control u,=(u,r,,7,17,) to the output y,=(z,¢,0,¥). Note that the
output contains attitude parameters as well as altitude of the quadrotor.

Note however that y, is not the desired system output. Moreover, dynamic inversion
generates a specific internal dynamics, as detailed below, which may not always be stable.
Therefore, a second outer loop is designed to generate the required values for
Y4 =(2,90,0,y) in terms of the values of the desired tracking output (x,y,z,¥). An overall
Lyapunov proof guarantees stability and performance. The following background is
required. Consider a nonlinear system of the form

g=f(q.u,) (17)

where u, € R" is the control inputand g€ R" is state vector. The technique of designing the
control input u using dynamic inversion involves two steps. First, one finds a state
transformation z=z(q) and an input transformation u, =u,(q,0) so that the nonlinear
system dynamics is transformed into an equivalent linear time invariant dynamics of the
form

Z=az+bv (18)

where ae R"",beR"™™ are constant matrices with v is known as new input to the linear
system. Secondly one can design v easily from the linear control theory approach such as
pole placement etc. To get the desired linear equations (18), one has to differentiate outputs
until input vector u, appears. The procedure is known as dynamic inversion.

3.1 Dynamic inversion for inner loop
The system, (15)—(16) is an underactuated system if we consider the states (x,y,z,¢,6,¥) as

T . ‘ree . .
outputs and u, =[u T, 7, TV/] as inputs. To overcome these difficulties we consider

four outputs y, =(z,9,0,y) which are used for feedback linearization. Differentiating the
output vector twice with respect to the time we get from (15) and (16) that,



Sliding Mode Approach to Control Quadrotor Using Dynamic Inversion 9

Va = My +Egtty 19
where,
-8 [—(1/m)cos@cosp 0 0 O]
(L1 ] .
by | = |- L6 L
— 4 — 4x4
M= W(IZI_IX}?M A 0 o L oof"
Y y y
(I -1 !
¢6’( = yj 0 00 —+

The number (r=8) of differentiation required for an invertible E, is known as the relative
degree of the system and generally r <n=12; if r=n then full state feedback linearization
is achieved if E; is invertible. Note that for multi-input multi-output system, if number of
outputs is not equal to the number of inputs (under-actuated system), then E, becomes
non-square and is difficult to obtain a feasible linearizing input u, .

It is seen that for non-singularity of E,, 0<8,9 <90°. The relative degree of the system is
calculated as 8 whereas the order of the system is 12. So, the remaining dynamics (=4)
which does not come out in the process of feedback linearization is known as internal
dynamics. To guarantee the stability of the whole system, it is mandatory to guarantee the
stability of the internal dynamics. In the next section we will discuss how to control the
internal dynamics using a PID with a feed-forward acceleration outer loop. Now using (19)
we can write the desired input to the system

Uy = Ed;l (_Mdi + Udi) (20)
which yields

Vi =04 (21)

r
where, v, = (vz v, U, vw) . This system is decoupled and linear. The auxiliary input v,

is designed as described below.

3.2 Design of linear controller
Assuming the desired output to the system is y,=(z, @, 6, v, )T , the linear controller

v, is designed in the following way

v, :Z.d_Klz(Z_id)_KZZ(Z_Zd)
L 9= K,(0=0,)-K; (9= 1) )
Yy gd_K1y(‘9—'9d)_sz(‘9_6d)

S

v v, =Ky, (v -v,)-K, (v -v,)
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where, K, ,K, ,.... etc. are positive constants so that the poles of the error dynamics arising
from (23) and (24) are in the left half of the s— plane. For hovering control, z, and y, are
chosen depending upon the designer choice.

3.3 Defining sliding variable error
Let us define the state error e = (Za -z @,-¢p 6,-0 y,- l//)T and a sliding mode error as

=6 +Ae (23)

where, A, is a diagonal positive definite design parameter matrix. Common usage is to
select A, diagonal with positive entries. Then, (23) is a stable system so that e, is bounded
as long as the controller guarantees that the filtered error r is bounded. In fact it is easy to
show (F. Lewis, Jagannathan, and Yesildirek 1999) that one has

7, .
ell< 2 <l e

min (

Note that ¢, + Ae;, =0 defines a stable sliding mode surface. The function of the controller
to be designed is to force the system onto this surface by making r, small. The parameter
A, is selected for a desired sliding mode response

el(t) = eliAltel(O) (25)

We now focus on designing a controller to keep ||r,| small. From (23),

=6 +A¢g (26)
Adding an integrator to the linear controller given in (22), and now we can rewrite (22) as
04 =, + Koty + Koty + Ky [t 7)
where, y, = ['zd,(pd,éd,y;df and K, = diag(K, K, ,K, K, )>0,i=1,2,3,4.

Now using equation (20) and (27) we can rewrite the equation (19) in the form of error
dynamics as

g, +Ke +K,e, +K3Jt‘r1dt =0 (28)
0
Thus equation (26) becomes
i =-Ké, —Kye, - K3jrldt +A2 (29)
0
If we choose K, =(A; +R),K, =A,R, then equation (29) will look like

t
f, =—Rr, — K3jr1dt (30)
0
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Note that R >0 is also a diagonal matrix.

4. Sliding mode control for internal dynamics

The internal dynamics (Slotine and Li 1991) for the feedback linearizes system given by

#=—"sing (31)
m
ij =—cos@sing (32)
m

For the stability of the whole system as well as for the tracking purposes, x,y should be
bounded and controlled in a desired way. Note that the altitude z of the rotorcraft a any
given time ¢ is controlled by (20),(22).

To stabilize the zero dynamics, we select some desired 6, and ¢, such that (x,y) is
bounded. Then that (6,,¢,) can be fed into (22) as a reference. Using Taylor series
expansion about some nominal values 8, , ¢; and considering up to first order terms

sin@, =sind, +cosd, (6, - 6;)
cos, =cosd, —sind, (6, - ;) (33)
sing, =sing; +cosg, (¢, —¢;)

Using (33) on (31) we get

i = ——-{sin@] +cos, (6, 0;)} (34)
m

. u * . * * . * * *
y= %{Cosed —sind, (6, -6, )} {Sm @y + o8 @, (@, — %)} (35)

For hovering of a quadrotor, assuming the nominal values &, =0, ¢, ~0, (31) and (32)
becomes

i=—2g, (36)
m
u
Yy=—0o, (37)
Define the state error
T
ezz(xd—x yd_]/) (38)

and the sliding mode error for the internal dynamics as

=6 +Ae, (39)
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where, A, is a diagonal positive definite design parameter matrix with similar characteristic
of A,. Also

)
<2
<2}

e <) (40)

7

min (

Therefore according to (40), designing a controller to keep |r,| small will guarantee that
|e.|| and |, || are small. Differentiating r, we get

F =, + A2, (41)

Let the choice of the control law is as follows

m| .. .. ‘
0,= u|:_xd —Cn (xd - x) = (X, —x) - ClSJert - B, Sgn(rz):|/ﬂx >0 42)
0
m t
@y :u|:yd +Cy (yd _y)+czz(yd _y)+’:23_["zdt+,3y Sgn("z):|r,3y >0 (43)
0

0 0 0 0
where, | C2c,50,| Oocs0, [ Y licsoand P 0 |opso.
0 ¢y 0 ¢y 0 ¢y ’ 0 ﬂ}/

Combining the equations (36) to (43)

t
&, +Cye, + Cye, + Cy [t + Bsgn(r,) =0 (44)
0
Therefore
t
i, =-C,e, —C,e, —CSIrzdt — fsgn(r,)+ A8, (45)
0
Let
C,=A,+S, (46)
G, =A,5, (47)
Therefore
t
ty==(A,+5,), = A,S,e, = C, [ rydt = Bsgn(n,) + Age, (48)
0

t
i, ==Sy1, = Cs [t = Bsgn(r,) 49)
0
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5. Controller structure and stability analysis

The overall control system has two loops and is depicted in Fig. 2. The following theorem
details the performance of the controller.

Definition 5.1: The equilibrium point x, is said to be uniformly ultimately bounded (UUB) if there
exist a compact set S < R" so that for all x, € S there exist a bound B and a time T(B,x,) such that
|x(t) - x.(t)| < BVt=t,+T.

Theorem 5.1: Given the system as described in (15) and (16) with a control law shown in Fig. 2. and
given by (20), (27), (42) , (43) . Then, the tracking errors v, and t, and thereby e, and e, are UUB
if (53) and (54) are satisfied and can be made arbitrarily small with a suitable choice of gain
parameters. According to the definition given by (23) of r, and (39) of r,, this guarantees that e,
and e, are UUB since

[l b

led]| < < b, >0
Gmin A C)-min A '
r( 1) b( 1) (50)
e, < 2l < 2 b, >0
H 2H o-min([\z) O-min(AZ) !

where o, (A;) is the minimum singular value of A;,i=1,2.
Proof: Consider the Lyapunov function

1 1 1 t t 1 t t
L=2 TPr + Er{ Qr, + 2{ ! rlet} P, { ! rldt} + 2{ ! r;dt} Q, Drzdt} (51)

0

with symmetric matrices P,,P,,Q,,Q, >0

Therefore, by differentiating L we will get the following

t t
L=-#'PRr, - rfPlKaj-rldt + rlpzj.rldt -1 Q,S,1, —
0 0

(52)
rzTQlej.rzdt + rzTsz‘rzdt -1;Q,Bsegn(r,)
0 0
Define,

P, =PK, (53)
Q =0QiG (54)

then integration term vanishes.
L=-7PRr, -1, Q,S,1, — 17 Q, Bsgn(r,) (55)

The Equation (55) can be written as

L < _O-max(PlR)rlz - O-max (Ql‘SO)VZ2 - O.max (Qlﬂ)‘rz‘ < O (56)
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where, o, (-) denotes the maximum singular value. =
Internal dynamics stabilization Dynamic inversion loops
A _A_
- N —

X,y tracking loop

Horizontal attitude loop ¢.6

. e; ry ;
_’_' SMC e r Va
Ly 1 Ll pioa 1

L] X
Plant [ ]
Dynamics /

= tracking loop

PIDA: Proportional Integral Derivative Control with Acceleration Feed forward
SMC: Sliding Mode Control

Fig. 2. Control configuration

Comment 5.1: Equations (31)-(32) can also be rewritten as

.. u u ~
¥=-—0,-—(-0) (57)
m m
. u u .
i=—0,~—¢ (58)
m m

where 6=6,—sin@ and § =g, —cosPsing . According to (A. Das, K. Subbarao, and F. Lewis
2009) there exist a robustifying term V, which would modify the v, as

0, zd_Klz(Z_id)_Kzz(Z_Zd)
5K (6—0)—K 3
L Z 1,,,(? @) 2, (2= 9) v (59)
Yy ad_Kl,,(a_gd)_Kzﬁ(e_gd)
Yy ‘/;d_Klw(l/./_l/./d)_sz(‘//_V/d)

and thereby one can easily show that L<0 by suitbale choice of V, . For this book chapter we
considered the Eq. (36),(37), whcih in fact a simpler version of (31),(32). But we belive, for designing
autopilot for quadrotor, the proposed mehtod discussed in this chapter can be used without loss of any
genreality.

6. Simulation results

6.1 Rotorcraft parameters
Simulation for a typical quadrotor is performed using the following parameters (SI unit):
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o O

M, = J= ; g=981.

S O =
S = O
= o o
oS O O
o a1 ©
—_

a1

6.2 Reference trajectory generation

As outlined in Refs (Hogan 1984; Flash and Hogan 1985), a reference trajectory is derived
that minimizes the jerk (rate of change of acceleration) over the time horizon. The trajectory
ensures that the velocities and accelerations at the end point are zero while meeting the
position tracking objective. The following summarizes this approach:

x,(t)=a, +2a, t+3a, t* +4a, t* +5a, t* (60)

Differentiating again,
X,(t)=2a, +6a, t+12a, * +20a; t’ (61)

As we indicated before that initial and final velocities and accelerations are zero; so from
Egs. (60) and (61) we can conclude the following;:

.| (1t £ |4

0|=|3 4t 5t |a,
0] [6 12, 20# || a

Where, d, = (xd/ —x, ) / £} . Now, solving for coefficients

o, | |1t £ ][d
a, |=|3 4t, 5t 0 (63)
6 12t, 2082| | 0

Thus the desired trajectory for the x direction is given by
x,()=x, +a, £ +a, t* +a; t° (64)

Similarly, the reference trajectories for the y and z directions are gives by Eq. (65) and Eq.
(66) respectively.

y,(t) = Yo, 05, £+ {14vt4 +a £ (65)

2,() =z, +a, £ +a, t* +a; (66)

The beauty of this method lying in the fact that more demanding changes in position can be
accommodated by varying the final time. That is acceleration/torque ratio can be controlled
smoothly as per requirement. For example,

Let us assume at t=0, x, =0and at t=10sec,x, =10. Therefore d,=0.01 and the
trajectory is given by Eq. (67) and shown in Fig. 3 for various desired final positions.

x,(£) =0.1£ —0.015¢* +0.0006¢° (67)
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Example Reference Trajectory
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Fig. 3. Example trajectory simulation for different final positions

6.3 Case 1: From initial position at (0,5,10) to final position at (20,-5,0)

Figure 4 describes the controlled motion of the quadrotor from its initial position (0,5,10)
to final position (20,-5,0) for a given time (20 seconds). The actual trajectories x(t),y(t), z(t)
match exactly their desired values x,(t),y,(t),z,(t) respectively nearly exactly. The errors
along the three axes are also shown in the same figure. It can be seen that the tracking is
almost perfect as well as the tracking errors are significantly small. Figure 5 describes the
attitude of the quadrotor ¢,8 along with their demands ¢,,6, and attitude errors in radian.
Again the angles match their command values nearly perfectly. Figure 6 describes the
control input requirement which is very much realizable. Note that as described before the
control requirement for yaw angle is 7z, =0 and it is seen from Fig. 6.

6.4 Case 2: From initial position at (0,5,10) to final position at (20,5,10)

Figures 7-8 illustrates the decoupling phenomenon of the control law. Fig. 7 shows that x(t)
follows the command x,(tf) nearly perfectly unlike y(t) and z(t) are held their initial
values. Fig. 8 shows that the change in x does not make any influence on¢. The
corresponding control inputs are also shown in Fig. 9 and due to the full decoupling effect it
is seen that 7, is almost zero.

The similar type of simulations are performed for yand z directional motions separately
and similar plots are obtained showing excellent tracking.
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6.5 Simulation with unmodeled input disturbances

The simulation is performed to verify its robustness properties against unmodeled input
disturbances. For this case we simulate the dynamics with high frequency disturbance 0.1*
sin(5t) (1% of maximum magnitude of force) for force channel and 0.01sin(5t) (~15% of
maximum angular acceleration) for torque channel.

6.6 Case-3: From initial position at (0,5,10) to final position at (20,-5,0) with
disturbance

Fig. 10-11 describes the motion of the quadrotor from its initial position (0,5,10) to final
position (20,-5,0) for a given time (20 seconds) with input disturbances. It can be seen
from Fig 10 that the quadrotor can track the desired position effectively without any effect of
high input disturbances. From Fig 10 and Fig 11, it is also seen that the position errors are
bounded and small. Fig. 12 shows the bounded variation of control inputs in presence of
disturbance. Similar tracking performance is obtained for other commanded motion.
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Fig. 10. Position tracking - Simultaneous command in x, y and z + Input disturbances
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7. Conclusion

Sliding mode approach using input-output linearization to design nonlinear controller for a
quadrotor dynamics is discussed in this Chapter. Using this approach, an intuitively
structured controller was derived that has an outer sliding mode control loop and an inner
feedback linearizing control loop. The dynamics of a quadrotor are a simplified form of
helicopter dynamics that exhibits the basic problems including under-actuation, strong
coupling, multi-input/multi-output. The derived controller is capable of deal with such
problems simultaneously and satisfactorily. As the quadrotor model discuss in this Chapter
is similar to a full scale unmanned helicopter model, the same control configuration derived
for quadrotor is also applicable for a helicopter model. The simulation results are presented
to demonstrate the validity of the control law discussed in the Chapter.
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1. Introduction

New technological developments in space engineering and science require sophisticated
control systems with both high performance and reliability. How to achieve these goals
against various uncertainties and off-nominal scenarios has been a very challenging issue
for control system design over the last years.

Several efforts have been spent on control systems design in aerospace applications, in order
to conceive new control approaches and techniques trying to overcome the inherent
limitations of classical control designs.

In fact, the current industrial practice for designing flight control laws is based on
Proportional Integral Derivative (PID) controllers with scheduled gains. With this approach,
several controllers are designed at various points in the operative flight envelope,
considering local time-invariant linear models based on small perturbations of a detailed
nonlinear aircraft model. Although these techniques are commonly used in control systems
design, they may have inherent limitations stemming from the poor capability of
guaranteeing acceptable performances and stability for flight conditions different from the
selected ones, especially when the scheduling parameters rapidly change.

This issue becomes very critical when designing flight control system for space re-entry
vehicles. Indeed, space reentry applications have some distinctive features with respect to
aeronautical ones, mainly related to the lack of stationary equilibrium conditions along the
trajectories, to the wide flight envelope characterizing missions (from hypersonic flight
regime to subsonic one) and to the high level of uncertainty in the knowledge of vehicle
aerodynamic parameters.

Over the past years, several techniques have been proposed for advanced control system
development, such as Linear Quadratic Optimal Control (LQOC), Eigenstructure
Assignment, Robust control theory, Quantitative feedback theory (QFT), Adaptive Model
Following, Feedback Linearization, Linear Parameter Varying (LPV) and probabilistic
approach. Hereinafter, a brief recall of the most used techniques will be given.

Linear Quadratic Optimal Control (LQOC) allows finding an optimal control law for a given
system based on a given criterion. The optimal control can be derived using Pontryagin's
maximum principle and it has been commonly applied in designing Linear Quadratic
Regulator (LQR) of flight control system (see Xing, 2003; Vincent et al., 1994).
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The Eigenstructure Assignment consists of placing the eigenvalues of a linear system using
state feedback and then using any remaining degrees of freedom to align the eigenvectors as
accurately as possible (Konstantopoulos & Antsaklis, 1996; Liu & Patton, 1996; Ashari et al.,
2005). Nevertheless there are several limitations, since only linear systems are considered
and moreover the effects of uncertainty have been not extensively studied.

Robust analysis and control theory is a method to measure performance degradation of a
control system when considering system uncertainties (Rollins, 1999; Balas, 2005). In this
framework a concept of structured singular value (i.e p-Synthesis) is introduced for
including structured uncertainties into control system synthesis as well as for checking
robust stability of a system.

Adaptive Model Following (AMF) technique has the advantage of strong robustness against
parameter uncertainty of the system model, if compared to classical control techniques
(Bodson & Grosziewicz, 1997, Kim et al., 2003). The model following approach has
interesting features and it may be an important part of an autonomous reconfigurable
algorithm, because it aims to emulate the performance characteristics of a target model, even
in presence of plant’s uncertainties.

Another powerful nonlinear design is Feedback Linearization which transforms a generic
non linear system into an equivalent linear system, through a change of variables and a
suitable control input (Bharadwaj et al., 1998; Van Soest et al., 2006). Feedback linearization
is an approach to nonlinear control design which is based on the algebraic transformation of
nonlinear systems dynamics into linear ones, so that linear control techniques can be
applied.

More recently an emerging approach, named Linear Parameter Varying (LPV) control, has
been developed as a powerful alternative to the classical concept of gain scheduling
(Spillman, 2000; Malloy & Chang, 1998; Marcos & Balas, 2004). LPV techniques are well
suited to account for on-line parameter variations such that the controllers can be designed
to ensure performance and robustness in all the operative envelope. In this way a gain-
scheduling controller can be achieved without interpolating between several design points.
The main effort (and also main drawback) required by the above techniques is the modelling
of a nonlinear system as a LPV system. Several techniques exist but they may require a huge
effort for testing controller performances on the nonlinear system. Other modelling techniques
try to overcome this problem at the expense of a higher computational effort.

Finally in the last decades, a new philosophy has emerged, that is, probabilistic approach for
control systems analysis and synthesis (Calafiore et al., 2007; Tempo et al., 1999; Tempo et
al., 2005). In this approach, the meaning of robustness is shifted from its usual deterministic
sense to a probabilistic one. The new paradigm is then based on the probabilistic definition
of robustness, by which it is claimed that a certain property of a control system is “almost”
robustly satisfied, if it holds for “most” instances of uncertainties. The algorithms based on
probabilistic approach, usually called randomized algorithms (RAs), often have low
complexity and are associated to robustness bounds which are less conservative than
classical ones, obviously at the expense of a probabilistic risk.

In this chapter the results of a research activity focused on the comparison between different
advanced control architectures for transonic phase of a reentry flight are reported. The
activity has been carried out in the framework of Unmanned Space Vehicle (USV) program
of Italian Aerospace Research Centre (CIRA), which is in charge of developing unmanned
space Flying Test Beds (FTB) to test advanced technologies during flight. The first USV
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Dropped Transonic Flight Test (named DTFT1) was carried out in February 2007 with the
first vehicle configuration of USV program (named FTB1) (see Russo et al., 2007 for details).
For this mission, a conventional control architecture was implemented. DTFT1 was then
used as a benchmark application for comparison among different advanced control
techniques. This comparison aimed at choosing the most suited control technique to be used
for the subsequent, more complex, dropped flight test, named DTFT2, successfully carried
out on April 2010. To this end, three techniques were selected after a dedicated literature
survey, namely:

e p-Control with Fuzzy Logic Gain-Scheduling

¢  Direct Adaptive Model Following Control

e  Probabilistic Robust Control Synthesis

In the next sections, the above techniques will be briefly described with particular emphasis
on their application to DTFT1 mission. In sec. 5 the performance analysis carried out for
comparison among the different techniques will be presented.

2. Fuzzy scheduled MU-controller

2.1 The H=~ control problem

The Hoo Control Theory (Zhou & Doyle, 1998) rises as response to the deficiencies of the
classical Linear Quadratic Gaussian (LQG) control theory of the 1960s applications. The
general problem formulation is described through the following equations:

M :P(S)m :E Hm (1
u=K(s)y

where P is the nominal plant, u is the control variable, y is the measured variable, w is an
exogenous signals (such as disturbances) and z is the error signal to be minimized. The
generic control scheme is depicted in Fig 1.

_______ W
i G(s) |
| W) ;

7 —+—@ P(s) i
S __111
y K(s)

Fig. 1. Nominal Performance Scheme
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It can be shown that closed-loop transfer function from w to z can be obtained via lower
linear fractional transformation (Zhou & Doyle, 1998).
Therefore H., control problem is to find a stabilizing controller, K, which minimizes

[Fi (P K}, = sup& (£ (P.K)(jo)) = 72 @)

where F is the lower linear fractional transformation from w to z and & is the singular
value of specified transfer function.

For what concerns Nominal Performance Problem, it is required that error z is kept as small
as possible. To this end, a new generalized plant can be considered (see the dashed line).
The weighting function penalizes the infinite-norm of new plant to achieve required
performances.

In the same way, Robust Stability Problem can be solved applying Small Gain Theorem
(Zhou & Doyle, 1998) to the following new generalized plant selected (see the dashed
line):

P(s)

K(s)

Fig. 2. Robust Stability Scheme

A more general problem to solve is Robust Performance Problem that takes into account
both Nominal Performance and Robust Stability Problems. It is worth noting that a Nominal
Performance Scheme allows to find a stabilizing controller that satisfies Small Gain Theorem

in presence of a fictitious uncertainty block Af(s) (with HAf(s)HOO <1/ ym ). Hence a general

scheme for Robust Performance Problem is the following one:



Advanced Control Techniques for the Transonic Phase of a Re-Entry Flight 29

| A(s) |—
1
ZH L [— WII z WI
- P(s) = 10 —

y u

K(s)

Fig. 3. Robust Performance Scheme

where:

A(s)—F“O(S) y } )

Ag(s)

It is clear from the figures that all above problem formulations can be always rearranged to
solve the same general H, problem. It is worth noting that for what concerns Robust
Performance Case, A(s) matrix has a diagonal block structure. Plant uncertainties can be
structured like mixed (real and complex) uncertainties. Unfortunately H, problem only
deals with unstructured full complex A(s), so optimal (or sub-optimal) controller might be
very conservative. p-analysis and synthesis try to solve this issue by dealing with structured
uncertainties.

2.2 p-synthesis framework

The brief discussion of previous paragraph has shown how to design an H, controller
starting from a generalized plant. Required performances are achieved through optimal (or
sub-optimal) controller by means of weighting functions of a generalized plant. In the same
way, robust stability is achieved together with performances by solving Robust Performance
Problem. Let M =F,(P,K), then a general scheme for p-analysis is the following one:

AG)

A w! A(s)
P S |———
- () .
— w!
z | M(s) W
y K(s) u

Fig. 4. p-Analysis Scheme
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Introducing structured singular value:

1

Hp (M) = min{E(A) sdet(I- MA)= 0}

“)

(where A, is the structured uncertainty mentioned earlier), for all Ayu(s) with
HAu (S)Hw<1/ p, and p>0, the loop of previous figure is internally stable and

|F(M, A, )Hoo < B if and only if

sup 5 (M(jo)) < ©)

weR

Therefore, given a controller K(s), p-bound B can be numerically computed. Finally p-
synthesis framework can be represented through the following scheme.

- D P(S) D1 e

y K(s) u

Fig. 5. u-Synthesis via scaling

where D matrix allows scaling the process taking into account structured uncertainties from
z to w. A commonly used methodology to solve the above problem is DK-iterations
algorithm (Zhou & Doyle, 1998) that sequentially performs two parameter minimization:
first minimizing over K with D fixed, then minimizing over D with K fixed, then again over
K, and again over D, etc. The algorithm runs until a fixed bound is achieved and final K is
the desired controller.

2.3 Fuzzy scheduling

Each controller developed using the technique described in the previous sections can be
considered as a “local” controller, since it might not guarantee the same performances “far
away” from design point (or outside a given region of flight envelope). If that region does
not cover flight envelope of interest, a controller scheduling is necessary.

Many techniques and methodology have been investigated in literature (Nichols et al., 1993;
Pedrycz & Peters, 1997; Hyde & Glover, 1993), but no one guarantees that scheduled
controller provides robust performance to be achieved by closed loop system.

In (Pedrycz & Peters, 1997), authors present a general approach to a fuzzy interpolation of
different LTI controllers. Although controllers are PID with different gains, the technique
can be easily generalized to more complex LTI systems.

For what concerns application of fuzzy scheduling for the proposed DTFT application, a sort
of fuzzy gain scheduling technique has been implemented using an approach similar to the
one described in (Pedrycz & Peters, 1997).
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Considering a system with dynamics described by the following equations:

i = f(x(t)u(t))
y=g(x(t),u(t)) (©)
xeR",ueR",yeR"

and a family of equilibrium points (Xei, Yei, Uei), with i=1, 2, ..., c. System linearization leads to
the following linear system:

f=AX+Bi

iy =C;x+Djii @

For each linearized model it is possible to design a local (linear) controller, L1, L2, ..., Lc, on
which the overall control laws will be based. Let Qi, Q, .. Q. be fuzzy relations whose
activation levels require specific control actions; the computations of control are then
regulated by smooth, centre of gravity type of switching;:

iLi Y+ CQi(X,Mei) *Qi(xr”ei)
i=1 > O (x,uy)
U= el ®)

3. Adaptive control system

Direct Adaptive Model Following (DAMF) is a Model Reference Control Strategy with
strong robustness properties obtained through the use of direct adaptation of control loop
gains in order to achieve a twofold objective: zero error between output of reference model
and output of real plant and furthermore minimization of control effort. The proposed
adaptation algorithm is based on Lyapunov theory. Hereinafter a brief mathematical
description of the method, fully reported in (Kim et al., 2003), will be given. Starting from
generic linear model of a plant:

x=Ax+Bu+d

)—Cx ©)

where x € R" is the state vector, y € R the output vector, u € R the control vector,
A e R, B e R, C e R and the term d represents the trim data, reference system
dynamics are written in term of desired input-output behaviour:

yrn = Amym + er (10)

where y,, is the desired output for the plant, r is the reference signal, A,, and B,, represent
the reference linear system dynamics. Control laws structure is defined as:
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u=Cy(Gox +v+r+Koy,,) (11)

where Gy, Cp and v are adaptive control gains, while Kp is a feed-forward gain matrix off-line
computed. It is possible to demonstrate that the following adaptation rules for control laws
parameters:

Gy =—7,Bl,Pex”
Co ==7,CoB! Peu’C, (12)
Vo = —7;BL Pe

imply the non-positiveness of Lyapunov candidate function derivative:

V=-ePe<0 (13)

which guarantees the asymptotical stability for the error dynamic system (Kim et al., 2003).
Matrix P is the solution of Lyapunov equation:

AlP+PA,=-Q; with Q>0 (14)

With reference to the implementation of adaptive technique for DTFT1 benchmark
application, detailed scheme of MIMO controller is reported in Fig. 6. The design
parameters of both inner and outer loops consist of a few number of matrices. First of all,
Reference Dynamics are expressed by means of two matrices Ay, and B, with limitation that
Bm must be chosen invertible. Desired error dynamic is regulated by means of A.. Through
this matrix it is also possible to modify system capability to reject noise and disturbances,
thus defining the shape of closed loop system bandwidth. The matrix Q in Eq. (14) is used to
specify tracking performance requirements of output variables. Finally, parameters
71, y2 and y3 are used to regulate the adaptive capability of control gains. Large values imply
quick adaptivity and vice versa.

( usv

o_demand p_demand SAL .| Left Aileron

Outer LOOpS q_demand Inner LOOpS SRs | Rudders

¢_demand | (at, ¢ - regulation) - i
— ’ ¢ gu r_demand (rates reglﬂatlon) SAR | Right Aileron
\_ .

kn.o*c<}"@sze)

Fig. 6. The general scheme of control system architecture

Control architecture depicted in Fig. 6 is made of two MIMO control loops. The inner one is
referred to the rates (p, q, r) regulation, while the outer one is used to control both angle of
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attack (o) and roll angle (¢). Either MIMO controllers are designed with Adaptive Model
Following (AMF) control technique above described.

In the following table a brief description of which variables have been used for the design of
both inner and outer loops is given.

y x r u
inner loops pqr UtAs, &, B P, q, " |PDEM, gDEM, TDEM |41, OaR, OR
outer loops a, ¢ vTAS, O, B @ OpEM, $DEM PDEM, gDEM, TDEM

Table 1. Controller Variables

4. Probabilistic robust controller

Within the stochastic paradigm for control system design/analysis, the meaning of
robustness is moved from its well known deterministic sense to a probabilistic one. Indeed,
it is claimed that a certain property of a control system is “almost” robustly satisfied, if it
holds for “most” of the occurrences of uncertain variables. In other words, a risk that this
property is violated by a set of uncertainties with small probability measure is considered
acceptable.

Nevertheless, from a computational point of view, assessing probabilistic robustness of a
given property may be more difficult than the deterministic case, since it requires the
computation of a multi-dimensional probability integral. This problem is overcome by
means of randomized algorithms which estimate performance probability by randomly
sampling the uncertainty space, and computing bounds on the estimation error. Since
estimated probability is itself a random quantity, this method always entails a certain risk of
failure, i.e. there exists a nonzero probability of making an erroneous estimation. These
algorithms have low complexity and are associated to robustness bounds which are less
conservative than classical ones, obviously at the expense of a non deterministic result.
Randomization can be effectively used for control synthesis, by means of two different
approaches. The first one aims at designing controllers that satisfy a given performance
specification for most values of uncertainties, i.e. that are robust in a probabilistic sense,
while the second one aims at finding a controller that maximizes the mean value of
performance index, thus in the latter case the objective is to obtain a controlled system that
guarantees the best performance on average (Tempo et al., 2005). For what concerns the use
of this technique for DTFT1 benchmark application, the second approach has been used.

The approach wused for controller synthesis was to look for a controller that
(probabilistically) minimizes the mean value of the performance index, thus the objective
was to obtain a controlled system that guarantees the best performance on average.
Performance function for the uncertain system is first defined:

u(A):A—> R (15)

the above function gives a measure of system performance for a given value of uncertainty
A. In this application the function u is the following Boolean function which represents the
“failure” of a given controller, that is,

1 if a given system property is not satisifed

M(A) - {0 otherwise (16)
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Controller C,,; will be the one guaranteeing that the expected value of performance function
u(A,C) is minimized:

Cprop =arg r?eiénE[u(A,C)] 17)

An approximate solution can be obtained by means of randomized algorithms which are
based on sampling both uncertainty set A and controller set C. To this end, two separate
problem need to be solved: first, an estimate of the expected value is computed, then this
estimate is minimized.

Computation of E[u(A,C )] is carried out through randomization, that is, M independent,
identically distributed (i.i.d.) controllers CZ, C2, ... ,CM € C are extracted according to their
probability density function fc (C); an estimation of the minimum value is then given by:

ain, E[u(a.C') as)

It is possible to demonstrate (Tempo et al., 2005) that, given &, €[0,1], and § €[0,1], if

1
log—
M>—96 (19)
1
°8 1-g
then:
Prob{Prob{E[u(A,C)]Sizlr,rzlli”riME[u(A,C’ )} sgl}zl -3 (20)

As it can be noticed, computation of E [u(A,Ci)} for each Ci requires the execution of a

multidimensional integral, that is very difficult in general; also this problem is solved by
randomization approach.

For what concerns estimation of the expected value E[u(A,C i )J of performance function, N

iid. samples Al A2 ... AN are extracted from A, according to their density function f,;
performance functions u(A,CY), ..., u(A1Ci) are then computed for a fixed controller Ci € C,

and an estimation Ey [u(A,Ci )} of the expected value E[u(A,Ci)} is given by:

R . 1 .
E A, i~ k, i
v u(a) = Rulatc) e
It can be demonstrated (Tempo et al., 2005) that, if:

lo 2
&5

N >
2¢3

(22)
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then:

Prob{‘E[u(A,Ci)J—I:ZN[u(A,Ci)N <el>1-6 23)

In order to compute a probabilistic controller, equations ( 20) and ( 23) must be put together.
To this end, it can be shown that, for any &1, &2 € [0,1] and & € [0,1], if

1 2M
log— log——
Mz—2— and N2—F (24)
log 2¢
1-¢
then
Prob Prob{E[u(A,C)]S min E [u(A Ci):|—g } <z Zl—é (25)
i=12,,M N ’ 2= )
The randomized probabilistic controller is given by:
A 1 .
Cym =arg min *ZH(A}{,CI) (26)

1..MN &

Eq. (25) states that the estimated minimum n;in Ey [u(A,C i )} is “close” to the actual one
i=1,2,.,M

E[u(A,C prob )J within g, in terms of probability, and this is guaranteed with an accuracy &

and a confidence level at least 5/2.

For what concerns the implementation of the above technique to the benchmark application,

a fixed control system architecture (inherited from GNC system of DTFT1) has been chosen

and its parameters have been optimized according to a stochastic technique. Since controller

gains are scheduled with dynamic pressure, controller design have been carried out by

optimizing scheduling parameters through stochastic synthesis.

In particular, once the controller structure is defined, stochastic optimization allows

selecting the optimum controller parameters also accounting for all the uncertain

parameters, mainly vehicle and environment ones. For each candidate vector of control

parameters, success rate is computed according to a pre-specified figure of merit and the

applied uncertainties. To this end, a first test is performed considering nominal conditions,

i.e. no uncertainties applied. If the considered controller passes the test in nominal

conditions, uncertainty region is sampled and, for each uncertainty sample, the nonlinear

test is repeated and success rate is computed. For this application, the following test success

criteria have been used:

¢ No instability (identified as commands oscillation along the trajectory) occurring during
the trajectory.

¢ No Out-of-Range commands deflection (Max. + 25° for the elevons, + 20° for the
rudder);

e  Satisfactory tracking performances for tracked variables (1° RMS in a. and B, 3° RMS in ¢);

e Valid aerodynamic data during the trajectory (o € [-5+18°], p € [-8 + 8°]).
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5. Numerical analysis

In this section the results of a numerical analysis carried out in order to compare
performance and robustness of the developed control systems will be presented. The
activity has been carried out in the framework of Unmanned Space Vehicle (USV) program
of Italian Aerospace Research Centre (CIRA), which is in charge of developing unmanned
space Flying Test Beds (FTB) to test advanced technologies during flight. The first USV
Dropped Transonic Flight Test (named DTFT1) was accomplished in February 2007 with the
first vehicle configuration of USV program (named FTB1) (Russo et al., 2007). In this
mission, a conventional control architecture was implemented. DTFT1 was then used as a
benchmark application for comparison among different advanced control techniques. This
comparison aimed at choosing the most suited control technique to be used for subsequent
dropped flight test, named DTFT2, carried out on April 2010.

In the figure below the trajectory of DTFT1 mission in the plane Mach-altitude is depicted.

Altitude [m]

Altitude-Mach Trajectory

0.6 Parachute Limits (G-load 4.5 [g]

Parachute Limits (G-load 5.6 [g]
I

|
|
0.4 T T T Z I
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1

Mach

)
)

Fig. 7. Mach-Altitude Trajectory

For what concerns control performances, they are specified in the next table and they are
valid only for Mach>0.7 (transonic regime):

Variable Tracked ;r/iifll;Ed RMS Accuracy
[deg] [deg]

Angle of Attack 7

Angle of Sideslip 0

Roll angle 0

Table 2. Tracked Variables
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In order to compare the advanced controllers described in previous sections, the following
scenarios have been identified:

e robustness to parametric uncertainties, namely aerodynamic ones

e robustness to initial state displacement

e robustness to navigation errors (sensor noise)

e robustness to actuator failures

Within this framework, control laws robustness is the capability of guaranteeing
performances and stability of control systems in presence of above uncertainties.

Numerical evaluation reported in this section have been carried out using a complete 6 Dof
model of FTB1 vehicle together with Atmospheric Model, wind model, Hydraulic Actuator
System, Air Data System, Inertial Measurement System and control laws.

Parametric uncertainties have been accounted for by considering a particular aerodynamic
configuration (hereafter called the worst configuration) which was identified as the
aerodynamic uncertainty configuration leading to worst dynamic behaviour of FTB1
vehicle, in terms of stability, damping and control derivatives that mainly affect stability
properties.

Two test cases, named C;, and éo , have been accomplished with both nominal conditions
(nominal initial state, zero navigation errors, no failure, etc.) and worst aerodynamic
configuration respectively.

For what concerns robustness to initial state displacement, several off-nominal conditions in
terms of Euler angles and angular rates have been considered (see the following table).
Nominal DTFT1 initial state in terms of attitude, heading and angular rates is:
# =0 deg, 6,=-90 deg, y=0 deg, p=0 deg/s, g=0 deg/s, r=0 deg/s.

Initial State | o [deg] | 6o [deg] | yo[deg] | poldeg/s] | qoldeg/s] | ro[deg/s]
Displacement

I, -20 -89.9 0 -5 3 -3

I, 20 -89.9 0 2 2 -2

I, 20 -89.9 0 5 2 1

1, 0 -85 0 -5 2 0

Table 3. Initial State Displacement

Furthermore for each case of the above table, nominal (case C;-C,) and worst
aerodynamic configuration (case Cs —Cg) have been simulated.

For what concerns navigation errors, simulations have been performed with both nominal
(case Cy) and worst aerodynamic configuration (case C;,) without any initial state have
displacement.

As far as robustness to actuator failures is concerned, a rudder failure occurring after 30 s
from vehicle’s drop has been simulated, in particular a jam of the right rudder. It is worth
noting that in this case (Cy; ) both initial state and aerodynamic configuration are nominal.
All the benchmark scenarios are summarized in the following table.
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Case | Aerodynamic | Initial State Navigation | Actuator
Configuration Errors Failure

C Nominal Nominal No errors No failure

éo Worst-Aero 1 Nominal No errors No failure

C, Nominal Off-nominal I; No errors No failure

C, Nominal Off-nominal I, No errors No failure

C, Nominal Off-nominal I, No errors No failure

C, Nominal Off-nominal I, No errors No failure

Cs Worst-Aero Off-nominal I; No errors No failure

Cq Worst-Aero Off-nominal I, No errors No failure

C, Worst-Aero Off-nominal I, No errors No failure

Cq Worst-Aero Off-nominal I, No errors No failure

C, Nominal Nominal Errors No failure
Co Worst-Aero Nominal Errors No failure
C,, | Nominal Nominal No errors Right Rudder

jamming at 30 s

Table 4. Benchmark Scenarios for Perfomance Evaluation

For what concerns robust performance indicators, tracking accuracy of trajectory has been
defined as a performance parameter. Performance requirements are given in the table

below:

Variable Tracked RMS Tracking error [deg]
Angle of Attack +1
Angle of Sideslip +1
Roll angle +3

Table 5. Tracking Performance requirements
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In the next figures the results of scenarios C, and C, are reported.
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Fig. 9. Case C,-Incidence Angles
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As it can be seen from the figures, performances of all control algorithms are globally
satisfactory. It is worth noting that Mu-controller shows a light unstable behaviour on
sideslip angle around 50 s in worst case configuration, but it is however rapidly damped in
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few seconds. For what concerns uncertainties to initial state displacement, several cases
have been considered with different attitude and angular velocity at vehicle drop. In the
following figures, for sake of brevity, only the cases Cs; and Cg are reported. They refer to

initial state conditions I; and I, with worst aerodynamic configuration (see Table 4).

B0 — — — — — m— o — — — e — L,

¢, deg

Mu
Stochastic

20 30 40 50 60 70 80

6, deg

Stochastic
80

AMF
Mu
Stochastic

1
|
————— 1
|
|

80

a, deg

Stochastic
0 10 20 30 40 50 60 70 80

p, deg

Fig. 13. Case C; -Incidence Angles
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All controllers satisfactory work in presence of initial state displacement. In spite of a light
oscillatory mode on sideslip and roll angles, stochastic controller guarantees very good
performances for what concerns tracking of sideslip angle and angle of attack.
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As mentioned earlier, in order to evaluate control algorithms capabilities to face
disturbances such as navigation errors, two test cases have been considered, i.e. nominal
and worst aerodynamic configuration (cases C, and C;q) without any initial state
displacement. The comparison between controllers is reported in the following figure, only
with reference to the case C;, for sake of simplicity.

— AMF
— Mu
Stochastic
70 80

0, deg

Mu
Stochastic

v, deg
|
|
|
|
|
o

a, deg

AMF

—— Mu

Stochastic
80

Stochastic

25 L
0 10 20 30 40 50 60 70 80

Fig. 17. Case Cy,-Incidence Angles



44 Challenges and Paradigms in Applied Robust Control

Simulations show an acceptable robustness to sensor noise. A small effect on incidence
angles, in terms of reduced damping, is shown by stochastic controller.

Finally algorithms robustness to an actuator failure has been evaluated. In particular a
rudder jamming at t=30 s has been simulated.
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Fig. 19. Case Cy; -Incidence Angles
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The above figures show that rudder jam failure is well tolerated by all the controllers.
The following table summarizes the performances achieved by the controllers for all
considered scenarios.

Adaptive Controller MU-Controller Stochastic Controller
Case | AoA-Ao0S-Phi accuracy AoA-AoS-Phi accuracy AoA-AoS-Phi accuracy
[deg] [deg] [deg]
0.87676 0.57129 0.21606
Cy 0.5969 0.88441 0.13512
0.72448 0.053638 0.61134
. 0.90016 0.62284 0.24501
C, 0.74635 0.91081 0.18806
0.59708 0.067061 0.8251
0.88835 0.5642 0.21624
C, 0.26603 0.63046 0.066145
0.45265 0.061391 0.42644
0.88043 0.57188 0.21585
C, 0.58375 0.97939 0.14444
0.75665 0.089979 0.64976
0.87282 0.57878 0.21536
C; 0.62874 0.83847 0.13685
0.71016 0.038177 0.63915
0.86873 0.53892 0.21588
C, 0.593 0.87025 0.13086
0.71128 0.05387 0.59952
0.91649 0.62481 0.2452
Cs 0.29559 0.40438 0.1115
0.35717 0.14435 1.1254
0.91255 0.62265 0.24415
Cs 0.75401 1.0448 0.20172
0.69885 0.13026 0.82289
0.89565 0.6301 0.24409
C; 0.73756 0.84141 0.18635
0.66584 0.044825 0.76552
0.8919 0.59116 0.24443
Cyq 0.74122 0.89455 0.18392
0.59849 0.10033 0.82521
0.87611 0.57183 0.22299
Cy 0.60085 0.88728 0.15436
0.7007 0.053653 0.61589
0.90059 0.62011 0.25904
Cio 0.74182 0.91444 0.23867
0.57556 0.061636 1.2075
0.8759 0.57115 0.20854
Ch 0.72793 1.0664 0.12598
0.80693 0.066715 0.65093

Table 6. Controller Perfromances
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The comparison between the controllers has shown that:

1. Stochastic controller guarantees the best performances for what concerns the tracking of
AoA and AoS and it always meets performance requirements. Anyway, it presents
some light oscillations on lateral and directional dynamics in worst aerodynamic
configuration.

2. p-controller guarantees the best tracking performance in terms of roll angle, much
better than required (3 deg error), but in some cases it fails to meet performance
requirements on AoA and AoS (see C; and Cyq).

3. Adaptive Controller guarantees almost good tracking performances even though they
are never better than the other two controllers. In any case, performance requirements
are always met.

Based on the above considerations, the controller obtained by means of stochastic synthesis

was considered the most suited for the DTFT2 scopes, so it was selected (after a fine tuning)

as a part of an advanced GNC system for DTFT2 mission, successfully carried out on April

2010.

In fact, despite the limitation of using an ‘a priori’ fixed control structure, control laws

obtained though the stochastic synthesis have the following good features:

o excellent performances and good stability properties in spite of large uncertainties
affecting the system;

e simple control structures while guaranteeing robust performances and stability as well
as low computational effort and implementation simplicity.

6. Conclusions

Over the last decades many efforts have been spent to develop advanced control techniques
for aerospace applications, aimed at overcoming limitations of commonly used control
techniques, mainly lack of robustness against various uncertainties affecting the system to
be controlled. The importance of a robust control system is readily understood when space
reentry applications are considered. Indeed, these applications have some distinctive
features, mainly related to the lack of stationary equilibrium conditions along the
trajectories, to the wide flight envelope characterizing the missions (from hypersonic flight
regime to subsonic one) and to the high level of uncertainty in the knowledge of vehicle
aerodynamic parameters.

The development of an advanced control system having robustness capabilities is one of the
goals of research activities carried out by Italian Aerospace Research Centre in the
framework of USV program. In order to select a control strategy having the advantages
above discussed, three candidate control techniques have been compared with the aim of
selecting the most suited one for the second dropped flight test of USV program, named
DTFT?2, successfully carried out on April 2010. The three techniques are:

e p-Controller with Fuzzy Logic Gain-Scheduling

¢  Direct Adaptive Model Following Control

e  Probabilistic Robust Control Synthesis

In order to evaluate the robustness capabilities of proposed control algorithms, a numerical
robustness analysis has been performed. Performances and stability of candidate control
techniques have been evaluated in presence of several sources of uncertainties
(aerodynamics, initial state, etc.) and failure scenarios.
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Robustness analysis showed that all three techniques are well suited to accomplish robust
control in USV DTFT1 mission, in presence of large parameters uncertainty (the vehicle
mostly flies in transonic regime, where accurate aerodynamic prediction is very difficult to
obtain).

Nevertheless the controller obtained by means of stochastic synthesis was selected as a part
of on-board advanced GNC system for DTFT2 mission, due to its good performances and
relatively simple implementation.
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Fault Tolerant Depth Control of the MARES AUV

Bruno Ferreira, Anibal Matos and Nuno Cruz
INESC Porto and University of Porto
Portugal

1. Introduction

Control theory has been applied to several domains where practical considerations are
relevant. Robotics is a notable example of this. In most cases, mobile robotic systems
are governed such that their behavior obeys to a defined motion. However, during their
operations, it is conceivable that faults could occur. Indeed, this assumption has to be made
in order to predict a possible malfunction and to take an appropriate action according to
the fault, improving the robustness and the reliability of the system. This work tackles the
problem of fault detection, identification and automatic reconfiguration of an autonomous
underwater vehicle (AUV). Although our emphasis will be directed to an AUV, the methods
and the tools that are employed in this chapter can be easily extended to other engineering
problems beyond robotics.

In this work, we will consider the MARES (Modular Autonomous Robot for Environment
Sampling) (Fig. 1) Cruz & Matos (2008); Matos & Cruz (2009), a small-sized (1.5 meters long),
torpedo shaped AUV weighting 32 kg, able to move at constant velocities up to 2.5 m/s.
Its four thrusters provide four degrees of freedom (DOF), namely surge, heave, pitch and
yaw. One of its main particularities is the capability to dive independently of the forward
motion. The vertical through-hull thrusters provide heave and pitch controllability, while the
horizontal ones ensure the surge and the yaw DOFs. The heave and pitch DOFs make the
vertical plane control redundant when the vehicle is moving with surge velocities different
from zero. In other words, the vehicle remains controllable if only one of these two DOFs is
available. Such characteristic will be explored along this chapter in which the control of the
nonlinear dynamics of the AUV Ferreira, Matos, Cruz & Pinto (2010); Fossen (1994) constitutes
a challenging problem.

By taking advantage of the distribution of the actuators on the vehicle, it is possible to
decouple the horizontal and the vertical motion. A common approach in such systems
is to consider reduced models in order to simplify the analysis and the derivation of the
control law (see Ferreira, Matos, Cruz & Pinto (2010); Teixeira et al. (2010) or Fossen (1994),
for example). In general, for topedo-shaped vehicles, coupling effects due to composed
motions (e.g., simultaneous sway and heave motions) are clearly smaller than the self effects of
decomposed motion (e.g., effect of the heave motion on the heave dynamics) and can therefore
be considered disturbances in the reduced model in which they are not included. Thus, a
reduced model will be considered to deal with the vertical motion taking surge, heave and
pitch rate as state components.

In order to make the detection and identification of possible faults, we present a method based
on process monitoring by estimating relevant state variables of the system. See Frank & Ding
(1997) for an overview on several techniques andZhang & Jiang (2002) for an application to a
particular linear system. Wu et al. (2000) have developed an algorithm based on the two-stage
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Fig. 1. MARES starting a typical mission in the ocean

Kalman filter to estimate deviations from expected input actuation for a linear system. Their
approach consists in estimating the loss of control effectiveness factors that are added as entries
of the state estimate, while guaranteeing that the corresponding estimate covariance lies in a
defined interval. By imposing boundaries on the corresponding eigenvalues, it is possible to
avoid impetuous corrections or to be insensitive to measurements. Inspired on the work by
Zhang & Jiang (2002) and Wu et al. (2000), the present paper describes the implementation
of an augmented state extended Kalman filter (ASEKF) to estimate the effectiveness of the
control commands, detect and identify the possible faults.

The present work focuses on the vertical motion considering faults on the vertical thrusters.
The method for accomodation of the faults consists in three main steps: fault detection, fault
diagnosis and decision. Fault detection is responsible for creating a warning whenever an
abrupt or an incipient fault happens, while fault diagnosis distinguishes and identifies the
fault. In the presence of faults, a decision must be taken, adopting a suitable control law
to stabilize the vertical motion. In the presence of faults in one of the vertical thrusters, the
heave motion will no longer be controllable. Consequently, a control law derived for normal
operation could be inadequate or even turn the feedback system unstable when such a fault
occurs. An algorithm has to be developed in order to make the behavior of the robotic system
tolerant to faults.

Making use of the pitch angle controllability, we will derive two control laws to drive
the vehicle to a depth reference, possibly time variant. To achieve so, we make use of
the Lyapunov theory, adopting the backstepping method Khalil (2002). Nevertheless, the
presence of biases in steady state shifts the error at equilibrium away from zero. Those
biases are commonly induced by unmodeled, neglected effects or external disturbances whose
values are hard to observe or to estimate. The introduction of an integral term, under some
assumptions, would solve the problem allowing the error to converge to zero as time goes
to infinity. Based on the conditional integrators, extended by Singh & Khalil (2005) to more
general control framework beyond sliding mode control Seshagiri & Khalil (2005), we present
a control law that makes it possible to achieve asymptotic regulation of the vehicle depth error
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when operating with only one thruster. The method considers an integral component in the
control law derived in the backstepping first step.

Beyond the derivation and the particularization of the mathematical tools used here, we
demonstrate our approach by illustrating the work with real experiments, voluntarily
inducing faults on the system, and analyze the behavior of the dynamic system under such
conditions.

The organization of the chapter is as follow: the section 2 describes the MARES AUV and
presents the main mathematical models under consideration here, namely the kinematic and
the dynamic models. In section 3, we introduce the relevant concepts and formulate the
ASEKEF from a reduced model of the vertical dynamics and describe how to identify the fault.
In section 4, we derive the control law to drive the depth error to zero making use of the tools
described above. Finally, in 5, our solution is demonstrated through real experiments.

2. MARES

The MARES autonomous underwater vehicle was developed in 2006 at the Faculty of
Engineering of the University of Porto (FEUP). Typical operations have been performed in
the ocean and fresh water, collecting relevant data for surveys and environmental monitoring
during several tens of missions to date. Its configuration was specially designed to dive
vertically in the water column while its horizontal motion is controlled independently,
resulting in truly decoupled vertical and horizontal motions. Such characteristic is
particularly appreciated in missions where the operation area is restricted or precise
positioning is required. Parallel to the missions to collect data, the MARES AUV has also
been used as a testbed for intensive research being performed in several problems related to
robotics, specially on localization and control. Thus, besides the typical applications, several
missions have been conducted to test and to verify implemented algorithms.

Before presenting our method to detect a possible fault and to control the vehicle under
such situation, let us first introduce the kinematics and dynamics concepts and equations.
We assume an inertial earth-fixed frame {I} = {x1,y;,z;}, where x;,y;,z; € R> are
orthonormal vectors (in the marine literature, they are often made coincident with north,
east and down directions, respectively), and a body-fixed frame {B} = {xp,yp,zp}, where
xp,yp,zp € R® are orthonormal vectors frequently refered to as surge, sway and heave
directions, respectively (see Fig. 2). The absolute position and orientation of the vehicle is
expressed in the inertial frame {I} through the vector 7 = [11,72]T = [x,y,2,¢,0,%]T, where
12 = [¢,0,9]" is the vector of euler angles with respect to x,y; and zj, and [x,y,z] are the
coordinate of the frame {B} expressed in {I}. The vehicle’s velocity, expressed in the body
frame {B}, is given by v, = [u,v,w, p,q,7] T where p,q and r are the angular velocities along
xp,yp and zp, respectively. The velocities in both referentials are related through the kinematic
equation Fossen (1994)

e = J(m2)ve, ey
where 7j; denotes the time derivative of 57 and J (1) = block diag[]1, 2] represents the rotation
matrix, with J;,J, € R3*3 Although this transformation is common in the literature to
map vectors from a referential frame to another, it is not the only one. An alternative can
be found in quaternions (see Zhang (1997), for an introduction and useful results), avoiding
the singularity problems of the matrix J,. However, in this chapter, we will assume that the
values of the angles that make the matrix J, singular (and ], consequently) are not reached.
Moreover, since the water currents present in the ocean and in the rivers do not influence the
development of the present work, they will not be considered for simplicity.
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Fig. 2. Body frame and inertial frame referentials

As it is well known, rigid bodies moving in the three dimensional space are governed by
nonlinear equations. For the particular case of underwater vehicles, such equations include
the effect of the added mass, viscous damping, restoring and actuation forces and moments.
Following the notation in Fossen (1994), the nonlinear second order, six dimensions equation
is written as:

Mcve = _Cc(Vc)Vc — D¢ (VC)VC — 8¢ (Uc) + T 2

where M, € R®*® is the sum of the body inertia and added mass matrices, C. € R®%6 results
from the sum of the Coriolis and centrifugal terms from body inertia and added mass, D, €
IR®%6 is the viscous damping matrix, g € R® is the vector of restoring forces and moments
and 7, € R® is the vector of actuation forces and moments.

Such system is complex and the task of deriving control laws that ensure stability is not trivial,
having led to order reduction in several works (see Ferreira, Matos, Cruz & IEEE (2010);
Fossen (1994); Teixeira et al. (2010), for example). By taking advantage of the body shape
symmetries and of the configuration of the actuators on the body, it is usual to decouple
the complex motion in more elementary ones. However, this has consequences since some
cross-coupling terms are eliminated but their influence is often small and can be neglected
or considered disturbances. Such approach has been implemented in the MARES AUV and
the corresponding performances were already demonstrated in Ferreira, Matos, Cruz & Pinto
(2010). The current thruster configuration on the MARES makes it possible to decouple the
motion into the vertical and the horizontal plane. Since the roll angle is stable (and ¢ ~ 0)
two reduced order models are extracted. See Ferreira, Matos, Cruz & Pinto (2010), for further
details.

3. Fault detection and identification

Under normal operation, the vertical thrusters of MARES provide the capability to control
almost independently the pitch and heave degrees of freedom (DOF). In the same way, the
horizontal thrusters make possible the control on the surge and yaw DOFs. As it will be
exposed later, the vehicle remains controllable if one of the vertical thrusters fails. As an
aside, note that the same is not verified if one the two horizontal thrusters fails since the surge
and the yaw motion can no longer be decoupled. The derivation of the control laws is left to
the next section.
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Several approaches for fault identification and detection have been proposed, commonly
based on observation of the residuals Frank & Ding (1997) either by using state observers
or by using accurate models. Our approach makes use of an extended Kalman filter to detect
the faults, indirectly exploiting the residuals to estimate actuation bias variables additionally
incorporated in the state. A similar approach was already carried out by Zhang & Jiang (2002)
where they used a two stage Kalman filter to identify the faults on actuation of a linear system.
The method presented here makes it possible not only to detect faults but also to identify the
faulty actuator. By taking advantage of the cyclic predictions and corrections, the main idea
behind our approach is to estimate the biases on the actuation (or deviation from the nominal
value, commonly referred to as loss of control effectiveness factor in Wu et al. (2000); Zhang
& Jiang (2002) whose values should theoretically equal zero when no fault is occuring.

3.1 Vertical plane dynamics

The implementation of the extended Kalman filter assumes the use of a reasonably accurate
dynamics model that recreates mathematically the behavior of the system for the prediction
step. As it was pointed out in the previous section, the use of the complete model of the
vehicle dynamics is complex and computationally expensive. Thus, from 2, we derive the
reduced model for the vertical motion, considering that cross-terms are negligible:

Mv = —C(v)v — D(v)v — g(112) + Prfe(t) ®)
where v = [u,w,q]T and
m— Xy 0 —X; 0 —mgq —Zyw — Z4q
M= 0 m—Zy =Z;|,Clv) = —mgq 0 Xupu+X4q9 |,
My —Myp —M; Zypw + Zzq —Xuu — X4q 0
X\u\ul”' 0 X\q\q|ﬂ| (W —B)sin6
D(V) = - 0 Z|w|w|w| Z|q\q|q| ’ g(iyz) = - (B - W) cosf |,
M|u|u‘u| M|w|w|w| M|q\q|q| —zcpBsinf
110 0 fp(t)
Pp=1001 1,f(r)= }’:Eg
00 Xts Xtp fb(t)

The authors recommend Fossen (1994); Triantafyllou & Hover (2002) for details about the
parameters above and their derivation, and Hoerner (1993); White (2008) for further details.
Notice that f¢(t) is the vector of forces applied by the thrusters that are generated according
to a given control law, and fp, fr, fs and f, are scalars that represents the force applied by
the port, starboard, stern and bow thrusters, respectively. We assume that such forces can be
directly measured during operation. The inclusion of the surge velocity is required in this
reduced order model due to the nonnegligible influence it has on the vertical plane dynamics.
The parameters used in the reduced model are listed in the table 1.

3.2 Augmented state extended Kalman filter formulation

Our final goal in this section is to detect and to identify a fault occuring on one of the vertical
thrusters. To this end, one aims to quantify the loss of control effectiveness of the referred
actuators: The effective force applied by the vertical thrusters may differ from the commanded
one. We will consider that fs; and f;, are the commanded forces, which may not correspond
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Parameter Value units Description

m 3.20 - 10! kg  Vehicle’s mass

14 3.14 - 10? N Vehicle’s weight

B 3.16 - 10? N Vehicle’s bouyancy

Zcp —440-1072 m  zp of CBw.rtCG

Xy —~1.74-10° kg  Added mass longitudinal term
X —3.05-1072 kg-m Added mass cross-term

Zy —4.12-10! kg  Added mass heave term

Z; —1.23-10"! kg-m Added mass cross-term

My, —3.05-1072 kg-m Added mass cross-term

My, -123-107! kg-m Added mass cross-term

My —6.07-10° kg -m? Added mass pitch term

Xjulu —~1.04-10' kg -m~! Drag longitudinal term

Xiglq 4.84-1072  kg-m Drag cross term

Ziwlw —1.16-10> kg -m~! Drag heave term

Ziglq —-5.95-10° kg-m Drag cross-term

My —211-10"! kg  Drag cross-term

Miyjw -8.26-10° kg  Drag cross-term

Mgl —~1.56-10' kg -m? Drag pitch term

Xts —321-1071 m xp of stern vertical thruster w.r.t CG
X 5.34-1071 m  xp of bow vertical thruster w.r.t CG

Table 1. Reduced model terms

to the effective applied force. Like in many other problems in robotics, it is often difficult or
even impossible to measure such forces. Measuring relative or absolute motion variables then
becomes an alternative and the choice of the state to be observed is directly influenced by the
variables that can be actually measured. Therefore, we propose the following model for the

fault free ideal system:
X = {xl]
X2

y =h(x) +oa(t),

. & N

A(x)x+ fu(x,u) + f(x,u, fy) + w*(t)

4)

where w* € R* is a zero-mean Gaussian noise vector with autocorrelation matrix Q¥ (t),
x1 = [z,0]T, xa = [w,q]T, A; and f,(-) are easily derived from the kinematics model in 1 as

00 cos6 0
00 0 1
A =100 0 0
00 0 0

—usinf
0
O 4
0

, fulxu) =
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assuming ¢ = 0, and f(-) results from the dynamics model 3 as

0
flou )= |9 =50 =SMT(~Clu)v— Dw)v - g(xa) + Pofi (1)),
q
000

0 0
1000 . . fs(t)
S = 010/’ P,=11 1], fv—{fh(t)}.

001 Xts Xtp

Regarding the output y of 4, the dimension of the function &(x) depends on the measurements
and consequently on the on-board sensors. Here, we will assume we are able to observe the
depth z, the pitch angle 6 and the pitch rate g. Thus it results

1000
h(x) =Cyx, Cp= 10100
0001

The vector v, € R® is the output noise, assumed to be zero-mean, Gaussian noise with
autocorrelation matrix R”.

Notice that x; is the vector containing the last two entries of the velocity vector v, i.e., v =
(1, x2]. For simplicity of notation, in the expressions above we wrote v instead of [u, x]. Recall
that we assumed that u is a measured variable, or at least, it can be accurately estimated.
Indeed, it could be included in the state in 4 but the complexity of this latter would increase
without advantages in the approach.

In order to model the possible loss of control effectiveness, let us define v = [vs,7;]T as the
vector of loss of control effectiveness factors, adopting the same notation as in Wu et al. (2000).
Introducing these multiplicative factors in 4, the augmented state model results in

X = A 0)x+ fulxu) + f(x u, fv) + E(fv)y +w™(£)
i = w(1) ®
y=Cux +on(t),

where w7 € R? is a zero-mean, Gaussian noise vector with autocorrelation matrix Q7,
uncorrelated with w*, and

E(fy) = SM~1P, diag(fy).
As it can be seen in 5, vy is assumed to be driven only by the noise w?. This comes from the
fact that, in real scenarios, it is impossible to predict how the fault and, consequently, how -y
evolve. In such situation, the most appropriate is to model the evolution with a noise vector
w? with a sufficiently large autocorrelation (see Wu et al. (2000)), whose entries can play an
important role in the design of the augmented state estimator, as it will be seen later on.
Making s = [xT,9T]T, we rewrite 5 on the form

$ = As(s)s + fus(s,u) + fs(s,u, £v) + Es(fv)s + ws(¢)
(6)
y = Css +vn(t).
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where
AI 04><2} {fu} { f ]
A, = L fus = o= ,
s |:02><4 0252 fus 021 fs 021

_ 04><4 E _ w* _
ES - |:02><4 02><2 ; Ws = w’y CS - [Ch 03><2} .

The discrete time representation of 6 follows

k41 = Ask(5k)8k + fusk (ki) + for (Sk, ks fvi) + Esk(fvi)sk + ws
(7)

Vi1 = CsSkq1 + Uky1,

where By represents the discrete time equivalent vector, or matrix,  at time f.
We assume that the process noise wg, and the output noise vy are uncorrelated, i.e.,
E{wgol} = 0. The autocorrelation of the process noise and of the output are respectively
given by
E Ty _o, - |9 O Ty _

{wawg} = Q= [ 0 QZ} , E{oo} = Ry )
The formulation of a Kalman filter assumes the use of a model of the process which is a
mathematical representation of the dynamics. However, the mathematical translation of the
dynamics of a given system may be inaccurate or may not describe entirely its behavior. This
is the case in hydrodynamics, where the models are complex, difficult to extract. Moreover,
there is no complete theory that allows for determining an accurate model and calculations of
parameters mostly rely on empirical or semi-empirical formulas.
Hence, we define /3 as the estimate of the generic vector, or matrix, 8. The augmented
state extended Kalman filter formulation follows now directly from Gelb (1974). During the
prediction stage, the state estimate and the covariance matrix evolve according to

Skrtfe = Aske($)8k + fusk (S i) + fore (31 e o) + Esic (i) S )
Pesaik = BePF] + Qg (10)

where F; stands for the Jacobian of § evaluated at §:

0$

=2
k aS‘S=§k

The so-called Kalman gain and the updates of the estimate and of the covariance matrix are
respectively given by

Kir1 = PesaeCd (CsPeypeCd + Re) ™ (11)
St1jk+1 = Sk + Kir1 (Va1 — CoSpepape) (12)
Peiajisr = (I = Kis1Co) Pryy e (13)

From the state estimate, it is now possible to extract the vector 7, whose entries constitute the
base to determine whether a fault has occured or not.

As it was stated earlier, the autocorrelation matrix QZ can play a significant role to avoid
divergence or guarantee faster convergence of the estimate of the loss of control effectiveness
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factors. For the sake of clarity, from 10 and 13 we can decompose Py as

P B
Pk: PX'Y P'Y
k k

Thus, from 10 and 13, we can conclude
Y _ pY Y
P = P +

Y Y
Pk = Pk
where we used the fact that P > 0. Hence, the autocorrelation matrix QZ can be set such
that P7 lies in an interval, preventing state corrections to be excessive, when P7 is too large,
or to be insufficient with slow convergence, when P7 is too small. Taking the eigenvalues A7
of PY as measures, we propose the following function

dia , , if max(AT,A)) < A
Q"Y_{ (7, 9v) (A1,A3) < Amax "

0 , if max()q,/\;) > Anax

where g, is the autocorrelation of y;,i = 1,2 and A4y is a preset maximum constant.

3.3 Fault identification
The loss control effectiveness factors provide an estimate of the performances of the actuators.
Ideally, a fault would be identified whenever the absolute value of one of the factors would
rise above a preset threshold. However, model uncertainties will be directly reflected in these
factors. Even in normal operation, with the actuators working perfectly, the loss of control
effectiveness factors may diverge from zero, reflecting, for example, the effect of a damping
force greater than the modeled. As these errors are frequently commited on the overall model,
their effects are verified on all actuators either by increasing or decreasing the loss of control
effectiveness factors. Hence, for the present case, a reasonable measure of the malfunction of
one of the thrusters is given by the difference of the corresponding loss of control effectiveness
factor estimate. On the other hand, taking a decision about the malfunction of a given thruster
should also be based on the confidence of the factor estimate, which can be indirectly taken
from the eigenvalues A7 of rY, avoiding taking decisions on transient state, while considerable
corrections on the state are being performed. Thus, we propose the following measure for fault
detection: | |
_ s~ ) 15
AOT+AD) 1)

where f) is a monotically increasing function of its argument.
Whenever § is greater than a preset threshold, a fault is detected and the identification is made
according to the greater A, i.e., if s > < then the stern thruster is faulty and vice-versa.

4. Control of MARES

In the presence of a faulty vertical thruster, the reconfiguration of the actuation is required.
Otherwise, keeping the same actuation will likely lead to instability or to other pratical
problems such as thruster dammage or large battery consumption, for example. Therefore,
the control law for normal operation could be inadequate and another control law must take
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Fig. 3. Operation of the fault overall fault detection and recovery algorithm

over. In this section, we first start by deriving such controller and present the main concepts
behind the derivation of the control for normal operation in order to make the result section
clear.

4.1 Control under fault

We consider now the scenario in which only one of the vertical thrusters is available to control
the motion of the vehicle. Under such situation, the heave DOF is no longer controllable
but the depth is still controllable by manipulating pitch. Based on the Lyapunov theory we
will derive a controller that makes it possible to control the vehicle’s depth, while assuming
that the absolute value of the surge velocity is sufficiently large to compensate the vehicle’s
flotation. The derivation of the controller employs the well know backstepping method as
well as conditional integrators to achieve asymptotic regulation.

As the final goal in this section is to control the vehicle depth, we will assume that roll angle
is null (¢ = 0), resulting:

z = —usinb + wcosH (16)

Let us introduce the error variable e, = z — z;, which we want to drive to zero, and the
quadratic Lyapunov function:

1
vV = Eeg, (17)
whose time derivative results
Vi = ez6, = e(—usin® +wcosh — z;). (18)

Although u, 6 and z are measured by sensors or estimated, it is hard to accurately compute w
due to model uncertainties and measurement noise. Thus we will assume that it constitutes
a disturbance acting on the system, shifting the equilibrium point e, = 0 to an uncertain
value. Throughout the following developments, we will consider that the surge velocity is
maintained constant in order to simplify our approach. Indeed, in most missions the surge
velocity is intended to be constant along the trajectory. Moreover, the limited actuation on the
vertical thruster makes the pitch angular velocity to lie in a bounded interval. Hence, from
the vertical dynamics, we can assume that there exists an upper bound on the absolute value
of w € [—Wmax, Wmax)-
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yi

Fig. 4. Depth control by actuating either f; or f,

Inspired by Singh & Khalil (2005), let us suppose we are able to handle 6 directly through the
virtual control law

. 1,. e
0 =0;(e;) :arcsm[— a(zd—a(ez)q)(ﬁz))], (19)
where ¢(-) : R — R is the continuous infinitely differentiable sigmoid function
(1) = g 1 0)
P = e

which verifies x¢(x) > 0, x # 0, and a(-) > 0 is a continuous function left to be determined
later. Of course, handling 8 directly and instantaneously is not realistic and such assumption
will be lifted next. In opposition to Singh & Khalil (2005), we have selected a sigmoid function
¢ instead of a saturated linear function due to the differentiability characteristic. Let us take
take ¢ = 2, which will make ¢(-) equal to the hyperbolic tangent function.

Assuming z; sufficiently smooth, # > 0 and imposing

€z

1
— (2 — Z) <
L a—alee(2) <1, @
the time derivative of the Lyapunov function in 18 results
7 o— e — &
V= ez< alez)g( " )+ wcos@)
e
< —ea(e)(2)) + leslwnax, (22)
where we used the fact that | cos8| < 1 and w be bounded. By choosing appropriately a(-)

and ¢(-), the system can now be made pratically stable (see Singh & Khalil (2005)). Hence, let

us define ¢ € (0,1) and take y = tanhlfl(s) , then choosing a(e;) = Kz, K; € (®22x, 4 + 2], such
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that it satisfies 21, it comes
Vi <0, |lez]] >1

) e
V < *82“(32)‘1’(5) + lez|wmax, |lez|| < 1.

Thus, the system is made pratically stable and the invariant set for which the error tends
to can be made arbitrarily small by handling y. However, a too small y induces chattering
phenomena which are intended to be minimal.

Taking into account that V; is a strictly increasing function of e, from the last inequalities,
we can state that the error enters a positively invariant set QO = {ez < 1}. However,
due to non-null disturbances considered above, asymptotic stability can not be achieved.
Therefore, following the same idea as in Singh & Khalil (2005), the conditional integrator is
now introduced to obtain asymptotic convergence to the origin e, = 0. Modifiyng the control
law in 19 to include an integral component, it results

==

64(e;) = arcsin [— (24 — tx(ez)qo(eZ ;r 0))}, (23)

where
e, +0

o=—y0+ug( ), v>0, o(tg) =0.

Since |¢(x)| < 1, Vx € IR, it is easy to check that o < % In order to guarantee convergence to
zero, one has to set v and y such that the maximum absolute value of the integral satisfies|c| >
! (wﬁ—’z‘”) |. Although conservative, this will allow the integral component to compensate
the disturbance effect. By applying theorem 1 in Singh & Khalil (2005), convergence to e, = 0
as t — oo is ensured.

So far, we have considered that we are able to handle 6 directly, which is not true, as it was

stated before. Thus, based on the backstepping method Khalil (2002), let us introduce the new
error variable eg = 6 — §; and the new augmented Lyapunov function as follows

1
w:w+§@ (24)

whose time derivative results _ ) o

Vo=V + 69(9 — 9[1), (25)
with 5 .

9- 2d_KZ§(P(€Z‘uU)
d=- /2
. 2

(12— (24 - Kep(59))?)

Then by imposing

6 =qq =604 — Koeg, Ky >0, (26)

the time derivative of the augmented Lyapunov function satisfies Vo < V; — ng(%. Taking into
account the previous result about the convergence of e, to zero and the fact that V; is a class
K function, we can deduce that V, — 0 ast — oo.

Nevertheless, we are not able to handle 6 directly and, as it can be seen from 1 and 2, a last
step is required. Hence, we define e; = g — g4 = Sqv — q4, with S5 = [0,0,1], as the pitch rate
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error variable as well as the new augmented Lyapunov function:
Va="V,+ la (27)
271
Considering 3, the time derivative results
V3 = V2 +e4(Sqv — qa)
= Vo +e4(SgM™ 1 (=C(v)v — D(v)v — g(112) + P; fpi) — da)- (28)

where P; and fpi, i = {s,b}, are given as functions of the actuator configuration. When
the vehicle is operating with only one thruster, either stern or bow thruster, P; and fp,- are
respectively given by

110 110 fp fr
Po=10001|, P,=1{0001, fos=|fr|, foo=|Fr
00 x4 OOxtb s b

Note that P; takes the form P = [P,|P,;], where P}, € R3*? is the submatrix composed by the
first two columns of P; and P,; € R3*! is the last column of P;. Further, let us decouple the
input vector into f,; = | flf ,fI1T, where f, € R? is composed by the first two entries of fpi
and f; is the last entry of this latter, which we can manipulate directly. By considering the
decoupled form of P;, we can rewrite 28 as

Va3 = Vo +e4(SyM ™ (—C(v)v — D(v)v — g(112) + Pufi + Poifi) — da)-

Clearly S,M ~1P,f, = 0, which means that the horizontal thrusters have no direct influence
on the pitch dynamics (see the entries of Ps and P).
Finally, defining the proportional gain K; > 0 and choosing the control law

fi = (SgM 7 Pyy) M (SqMTH(C(v)v + D(v)v +g(1)) + 44 — Kgeg), i={s,b},  (29)
the time derivative of the Lyapunov function 28 becomes
V3 = Vz - Kq@é. (30)

Therefore, the convergence of the error e, to zero is then guaranteed by setting the input f;
according to the control law 29. Note that Equation 29 gives the two control laws for either
actuating with only stern or bow thruster, being different on the entries of P,; only.

4.2 Control without fault

Under normal operation, the two through-hull thrusters provide controllability on the heave
and the pitch DOFs. We will not give emphasis to the derivation of this controller since it
was previously derived in Ferreira, Matos, Cruz & Pinto (2010). We aim at exposing the main
concepts that led to the control law, in order to better understand the results of the next section.
The controller was derived using common backstepping with no integral terms.

In opposition to the previous subsection, the errors considered for the control with the two
thrusters are bidimensional vectors. Naturally, the error vector for vertical position comes

r_ Z_Zd
€ = {9—9‘1}'
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assuming that 6,6; # /2. Following the same method as previously, a first Lyapunov
function is defined as a quadratic function of the error ¢, and its time derivative is made
negative definite by adequately choosing z and @ as virtual control variables to achieve
asymptotic stability.

A new augmented Lyapunov function is then introduced by adding a quadratic term of the

error
El// = |:w B Wd:| 7
q—44
and, from the reduced dynamics model 3, the control law for the two vertical thrusters fpz, =
X(e;, e, u,72) € R?is determined such that the time derivative of the augmented Lyapunov
function is made negative definite.

5. Experiments and results

To validate the method described in the previous sections, several experimental tests were
conducted. The results will be presented in a decoupled way in order to facilitate the
exposition and the analysis. First, the results obtained from the ASEKF will be exposed for the
system under normal operation with induced faults. Then the performances of the controller
derived in the previous section will be presented.

5.1 Fault detection

Several tests were performed in order to verify the behavior of the fault detection and
identification algorithm. Under normal operation, we have intentionally induced faults in
the thrusters with the aim of analyzing the behavior of our approach. The following graphs
expose the evolution of some of the most relevant variables referred in section 3. The model
errors and uncertainties were not corrected so that we could observe behaviors similar to
those occuring with real faults. Although not explicitly written, the units of the loss of control
effectiveness factors, their difference, the eigenvalues of the corresponding covariance matrix
as well as the fault measure are dimensionless, while angles and linear distances are expressed
in radians and meters, respectively.

The fault in one of the thruster can be simulated by a conteracting force in the same axis of
force application, with an opposite direction. The following tests were carried out such that a
force with an opposite direction was applied in an axis near the axis of force application along
all the operation or along part of it. The fault measure computed and exposed in the graphs
below was set, according to 15, equal to

s— rs—ml
i i
VAT + A3

Fig. 5 presents the evolution of the state estimate in normal operation without conteracting
forces. It can be seen in Fig. 5(a), however, that the loss of control effectiveness factors are
non-null, in opposition to what would be expected. Indeed, such behavior is due to errors
of model parameters, neglected dynamics effects, discretization errors as well as linearization
in the extended Kalman filter formulation. Nevertheless, it can be seen they are limited and
their differences in Fig. 5(b) are confined to a well defined interval. This effect is unavoidable
since deviations of the mathematical model will be directly reflected in the loss of control
effectiveness factors.

On the other hand, the eigenvalues of the submatrix P7 (Fig. 5(c)) are monotically increasing
along the operation due to the reduced actuation, and consequently poor observability. In
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fact, the vertical thrusters are mainly compensating the difference between the weight and the
bouyancy of the vehicle, which is less than 1.5 Newton, well below the maximum actuation
(24N in each thruster). Although it is not shown in the graph, the eigenvalues would stabilize
after some more time of operation.

In Fig. 6, the graphs show the evolution of the variables during the operation for which 1.5N
and 2.5N of force are opposing the vertical bow and stern thrusters, respectively. It can be
seen that the eigenvalues (Fig. 6(c)) reach their "steady stade" after 40 seconds. In this case, the
controller compensates the effects of the opposition force by increasing the actuation, which,
in turn, makes the observability better than in the previous case (compare Fig. 6(c) with Fig.
5(c)). Regarding the loss of control effectiveness factors, one can observe that the bow thruster
is more affected by the added forces than the stern one when compared with Fig. 5(a). This
behavior is explained by the fact that the opposition forces were applied asymetrically with
respect to the center of gravity of the vehicle.

In Fig. 7 and Fig. 8, we present the same variables as in the previous figures, but now with
a disturbance occuring at time t = 60s, approximately. The graphs in Fig. 7 are related to
the disturbance applied in the stern thruster while the graphs in Fig. 8 corresponds to the
disturbance in the bow thruster. Comparing the results in Fig. 5 and Fig. 6 with those in
Fig. 7 and Fig. 8, the occurence of faults in the last two experiences is evident through simple
analysis of Fig. 7(b) and Fig. 8(b).

By comparing the results exposed in Fig. 5(d), 6(d), 7(d), 8(d), we can conclude that setting
the threshold dy, = 7 would adequatly detect the occurence of a fault, while ensuring a
sufficiently large margin to avoid false dectections. The choice of such threshold has to be
made according to the sensitivity desired for the detections of faults which must be mainly
related to the accuracy of the model.

The identification is made according to the stated before, being the thruster with bigger || the
one that is identified as faulty. In both situations (Fig. 7(a) and Fig. 8(a)), the faulty thruster
is easily identifiable. Still, practical considerations have to be made at this stage: One can
observe that 6 reaches larger values in the initial transient instants due to small eigenvalues,
which could lead to false detections (depending on the threshold). To avoid so, a possibility
would be integrating the value of § when it is above the threshold, while using a forgetting
factor, and defining another threshold for the value of the integral. Nonetheless, the simple
method with the threshold defined above would be sufficient for the present work, as it can
be seen from the experiments.

On the other hand, the relation between the actuation amplitude and the eigenvalues of the
matrix P7 is now notable in Fig. 7(c) and Fig. 8(c). With the application of the disturbance,
the controller increases the actuation and, as a consequence, the observability is made greater
(see 7(c) and 8(c)).

5.2 Control

The control laws derived in section 4 were implemented in MARES and tested in real
conditions. The results of the operations are shown in this section, being the analysis of the
performances of the controllers the main topic. The vehicle missions were programed such
that it navigates at a constant depth reference with a given constant orientation. We must
highlight that several unconsidered disturbances have acted on the vehicle during operations:
The vehicle was subject to more bouyancy than the assumed in the mathematical model;
the fedback depth measurement is actually performed in the nose of MARES instead of the
vehicle’s center of gravity. Such disturbances induce undesired effects on the controllers.
However, the following figures show the robustness of our approach. The variables shown in
the graphs have the following units correspondence: Depth is expressed in meters, the pitch
angle is expressed in radians while the surge velocity is expressed in meters per second.
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Figures 9 to 11 show the results obtained during the operation of the controllers. The missions
were set so that the vehicle starts diving with the two vertical thrusters simultaneously
controlling pitch and depth, with surge velocity u = 0. At time t = 20s, a fault is simulated
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Fig. 9. MARES controlling depth with bow and horizontal thrusters only (z; = 0.7 m)
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and one of the controllers for degraded mode with only one vertical thruster starts operating.
The figures show the results for different surge velocities and for the two controllers.

The Fig. 9 shows the variables directly measured from the sensors for a mission with a depth
reference z; = 0.7m, only with bow thruster. One can verify that the depth (9(a)) is reasonably
close the reference and the small oscillation is due to natural disturbances that the vehicle
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Fig. 10. MARES controlling depth with bow and horizontal thrusters only (z; = 0.6 m)
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founds in practical operations. Moreover, the commanded forces are affected by delays and
thruster model is subject to uncertainties, which certainly influence the behavior.

On the other hand, the Fig. 11(a) shows that the oscillation amplitude is bigger than in Fig.
9(a) and 9(a), having been induced by more disturbances. Moreover, for stern-only control,
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Fig. 11. MARES controlling depth with stern and horizontal thrusters only (z; = 0.8 m)
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more actuation is needed for the same pitch angle, in steady state. Such behavior is originated
by the smaller distance at which the stern thruster is placed relatively to the center of gravity,
comparing to the bow thruster (see Table 1).

Figures 9 to 11 show the robustness of the control laws, independently of the surge velocity.
Even in the presence of unconsidered disturbances naturally induced by the environment, the
graphs 9(a), 10(a) and 11(a) demonstrate that the controllers provide satisfactory results in real
operation.

6. Conclusions

In this work, we have presented a complete method for fault detection, identification and
automatic reconfiguration of the MARES AUV. Although we have focused on this particular
system, the concepts and ideas can easily be extended to other problems, even beyond
robotics.

Based on the dynamics and kinematics models, we have formulated a filter to estimate
possible actuation biases. The augmented state extended Kalman filter was chosen to
handle the problem, contemplating a reduced order model to simplify the analysis and the
formulation. Bias variables were introduced in the state to be estimated as loss of control
effectiveness factors whose values reflect the commanded underactuation/overactuation.
Along with these estimated variables, the eigenvalues of the corresponding submatrix in the
state estimate covariance matrix were taken to define a fault measure. Such measure was
then used to generate a fault detection warning through comparison of its value with a given
threshold. Finally, the faulty thruster is identified through analysis of the biases amplitude.
When a fault occurs and the corresponding thruster is set off, a suitable control law has to
take over to ensure that the on-going mission succeed. To achieve so, we have defined two
control laws for which we have based the derivation on Lyapunov theory and on backstepping
method and further applied conditional integrators in order to drive the vehicle depth to a
given reference with a null error in steady state.

At last, we demonstrated the performances of the developed method through real
experiments in which we verified the operation of both estimator and controllers. Even in
the presence of unconsidered disturbances, naturally induced by the environment, we have
demonstrated that the controllers provide satisfactory results for several surge velocities and
different thruster configurations.
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1. Introduction

The steady rise in fuel prices and the increased awareness on climate issues led and still lead
to considerable efforts in the development of automotive engines and drivetrains (Guzzella
& Sciarretta (2005)). Thus, fuel savings and emission reduction are of general interest and
obviously as important as improved riding comfort or driveability.
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Fig. 1. Evolution of memory size, computing power and number of calibration parameters of
an automotive engine control unit from 1996 to 2009 (ETAS GmbH (2010))

However, it is hard to find a suitable trade-off between all of these requirements and many
resulting solutions lead to increased complexity of the vehicle systems. This is in particular
true for common automotive combustion engines where the number of free calibration
parameters of the corresponding electronic control unit (ECU) software has been increased
up to five times during the last fifteen years (see Figure 1). From today’s state of the art it
takes up to five calibration engineers one whole year to finish all the calibration work on a
series-production engine (Reif (2007)). Consequently, this time consuming calibration results
in considerable development cost. Since the complexity of future drivetrains (e.g. battery
electric vehicles or hybrid electric vehicles) will be drastically increased (Ehsani et al. (2010))
an ongoing rise on development cost is inevitable. However, with this effect cars may become
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unaffordable to many customers in the near future. Thus, novel control design strategies have
to be introduced such that today’s and future calibration work is minimized.

Vi Vi
=2
Y & e M /I & —-

Fig. 2. Comparison of black box approach (left) and model based approach (right) for control
design in ECU software development

Since several years common black box control design approaches are more and more replaced
with model based design strategies (see Figure 2). Here, the corresponding control parameters
are referred to a single subsystem of the plant and no longer to the entire process. Thus, each
parameter has a clear physical meaning and any model uncertainties or unknown load torque
disturbances can be systematically incorporated within the control design process. With this
strategy a considerable reduction of calibration efforts can be achieved (Schopp et al. (2010)).
However, the efforts for the design of a suitable process model have to be taken into account
as well, since it is not easy to find a trade-off between model accuracy and complexity. Thus,
it becomes clear that model based control design strategies are not the unique solution to
minimize the development cost on ECU software. Often the desired reduction of efforts is
less than expected. To overcome this major drawback a combination of model based and
robust control design strategies is proposed since it is the best way to reduce the modeling
and calibration efforts similarly (Alt (2010)).

Among robust control design methods the class of variable structure controllers (especially
sliding mode controllers (SMCs)) is well known for their low burden on model accuracy.
Regarding the operating range of a common combustion engine it is well known that the
operating range of sliding mode control is enlarged compared to conventional solutions
with gain scheduling techniques and heuristically tuned PI or PID controllers even if simple
linear system models are used for control design (Edwards & Spurgeon (1998)). Hence, the
total number of required operating points can be considerably reduced thus leading to less
calibration efforts (see Figure 3). Moreover, sliding mode control shows good robustness
properties against a wide class of model uncertainties and external disturbances including
environmental influences, aging and tolerance effects (Hung et al. (1993); Utkin (1977)).

Due to its discontinuous nature a high frequency oscillation may arise and deteriorate the
performance of closed-loop systems with SMCs (Utkin et al. (2009)). These so called chattering
effects take usually place if the plant includes actuator dynamics which cannot be neglected
(e.g. electromechanical actuators) or if the discretization effects affect the overall system
behaviour. To alleviate the chattering phenomenon several control design approaches have
been investigated. Among these control design methods second order sliding modes (SOSM)
controllers attract great attention since they guarantee excellent robustness properties and
even better accuracy compared to conventional SMCs (Alt et al. (2009a); Bartolini et al. (1998);
Butt & Bhatti (2009); Khan et al. (2001); Levant (1993)).

In this contribution a SOSM based control strategy will be applied to a typical automotive
control design task, namely the idle speed control (ISC) of a spark ignition (SI) engine (Alt
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Fig. 3. Operating ranges of heuristically tuned PI or PID controller (left) and SMC controller
(right)

et al. (2009b)). For this purpose a short introduction on SMCs and SOSM based controllers
will be given. Here, the robustness properties will be analyzed and it will be shown
how chattering effects can be alleviated efficiently. Then, the ISC control design task will
be outlined and a corresponding simulation model will be introduced and validated on a
research vehicle. Finally, the SOSM based control design approach will be applied to the ISC
problem. Since the control parameters remain fixed no gain scheduling technique is necessary.
Thus, the overall design and calibration efforts are considerably reduced compared to the
series-production solution. However, representative nonlinear simulation and experimental
results show impressively that the proposed controller is still able to satisfy all current ISC
design requirements.

2. Sliding mode control and second order sliding mode control

Sliding mode control theory has attracted great interest among scientists and control engineers
within the last decades. The resulting control laws can be applied but are not restricted to
affine nonlinear single input single output (SISO) systems

X(t) = £(x(t)) + g (x(£)) u(t) +z(x(t))
y(t) =R (x(t))

where x = x(t) € R", u = u(t) € Rand y = y(t) € R. The system nonlinearities
f e R", g € R"and h € RR are considered to be sufficiently smooth (Bartolini et al. (1998)).
The discontinuous structure of these sliding mode controllers allows to switch between
different system structures (or components) such that a new type of system motion, called
sliding mode, exists in a dedicated manifold ¢ (x) = 0. In particular the corresponding
system trajectory moves onto this sliding manifold in finite time which leads to better system
performance than the asymptotic behaviour of e.g. linear control systems. After reaching the
manifold o (x) = 0 the system motion is uniquely characterized from the design of the sliding
manifold and independent to any of the corresponding subsystems. Thus, once the system
trajectory reached the sliding manifold its motion is insensitive to model uncertainties and
disturbances that satisfy the so-called matching conditions (see Drazenovic (1969)). Here, the
term matching conditions means that all these model uncertainties and disturbances enter the
system through the control channel.

)

Regarding the overall control gain of the sliding mode control law the aforementioned
robustness properties are easy to understand. As soon as the system trajectory reaches the
sliding manifold the corresponding sliding variable o (x) is equal to zero. Since o (x) appears
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in the denominator of the overall control gain k = % this variable is drastically increased.
In practice that means that the discontinuous control law acts directly with its maximum
but finite control input if the system motion on the sliding manifold is affected. Due to that
high gain effect the robustness properties of the sliding mode control system are similar to a
closed-loop system with high-gain control law (Khalil (1996)). On the contrary to this class
of nonlinear controllers the corresponding sliding mode control input doesn’t suffer from
unrealistic large control efforts. Instead it is well known that this control input is bounded
by a finite value as shown in Figure 4. In the remainder of this section the following second

Fig. 4. Nonlinear single input single output (SISO) system with sliding mode controller, high
gain effect with good robustness properties against matched model uncertainties and
external disturbances after the system trajectory has reached the sliding manifold

order system

xl = X2,

Xp = a’u @)
with a > 0 is considered to explain the design of first order and second order sliding mode
control laws. First, a so-called first order sliding mode control law (Perruquetti & Barbot
(2002)) is given that guarantees the existence and the reachability (Edwards & Spurgeon
(1998)) of the sliding motion in the entire state space:

dlx1] for o(x) <0
—d x| for o(x)>0"

Usme = —0 |x1]sgn (0 (x1,x2)) = { 3)
As soon as the system trajectory reaches the sliding manifold ¢ (x) = 0 the control input
usme shows a switching effect with infinite frequency. Of course, this infinite fast switching
effect cannot occur in practical applications since each actuator has a limited bandwith and
the corresponding control laws are calculated with finite sampling rates. Thus, the intended
ideal sliding motion is also not realizable and the system trajectory oscillates around the given
manifold as shown in Figure 5. These so-called chattering effects have to be alleviated in
practical applications since chattering may lead to high power loss or even damages on the
actuators or the overall system (Utkin et al. (2009)). Thus, the alleviation of chattering effects
has been also intensively studied in the last decades (Bartolini et al. (1998); Hung et al. (1993);
Utkin (1977); Utkin et al. (2009); Young et al. (1999)). Here, the so-called boundary layer
approach (Edwards & Spurgeon (1998)) represents an efficient solution for many practical
applications. However, it is well known that this alleviation approach suffers from reduced
robustness properties since the system trajectory is no longer able to reach the sliding manifold
exactly. Instead it can only be guaranteed that the trajectory moves within a dedicated
boundary layer around the sliding manifold.

Another interesting approach for the alleviation of chattering effects can be found within the
class of second order sliding mode (SOSM) controllers (Bartolini et al. (1998); Levant (1993);
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Fig. 5. Nonlinear simulation results for example in (2) with first order sliding mode control
law in (3), sampling time t; = 20 ms, phase portrait of closed-loop system (up, left), zoom-in
of phase portrait (up, right), system states x; (blue) and x; (red), (low, left) and control input
u (low, right)

Utkin et al. (2009)). The corresponding design of this specific control law which is referred
to super twisting algorithm (STA) is briefly discussed in the remainder of this section. For
this purpose the class of affine nonlinear SISO systems is considered as already introduced in
(1). Additionally, it is assumed that the system trajectory should reach the sliding manifold
¢ = ¢ = 0in finite time and that the relative degree of this system is one, i.e. the control input
appears in the first time derivative of the sliding variable ¢ (x). Although this assumption
looks restrictive it has been shown in Alt (2010) that many systems in the field of automotive,
electric drive or robotic systems fulfill this requirement. Finally, the first and second order
time derivatives of ¢ (x) have to be calculated for the following control design steps:

(r—ia+ia(f(X)+g(X)u+Z(X))/

ot ox
. 9. 0d, 9 . 4)
U—&U—&—&U(f(x)—l—g(x)u—i—z(x))—}—@au.
—~—
$(x) (%)

From ¢ and & it can be clearly seen that the lumped model uncertainties and external
disturbances z (x) appear within ¢ (x) and v (x). However, no detailed knowledge of these
nonlinear relationships is required for the following control design steps. Instead it turned
out to be sufficient to introduce dedicated lower and upper bounds |¢ (x)| < Pand 0 < T, <
v (x) < I'pron ¢ (x) and 7y (x), respectively to cope with the matched model uncertainties and
external disturbances where ®,T;,,Tj; € RT. Thus, the robustness properties are considered
to be similar to those of a closed-loop system with first order sliding mode control law.
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For a better general understanding the reduction of the chattering effects can be related to the
additional integrator within the well-known form of the super twisting algorithm (Fridman
& Levant (2002)) control law

Ustg = Usta1 + Usta2 ,

o e forfu > 1
sta,1 _ngn (0’) for |u5tg| < 1 ’ (5)

L —Alog|Psgn (o) for|o| > o
sta2 =\ _ ) ‘0-|P sgn (0’) for |0'| <o0p. "

Thus, the discontinuous first order sliding mode control law in (3) is replaced by a continuous
alternative. However, the resulting implementation and calibration efforts are increased with
regards to practical applications.

For the calculation of the control gains W, A and p the first order time derivative 1, of the
control variable from (5) has to be inserted in the right hand side of the second order time
derivative ¢ in (4) where |us;| < 1and |o| < op:

F=¢(x) -7 (ngn (0) + pA”") . ®)

o]

Considering the lower and upper bounds @, I, and I'y; of ¢ (x) and 7y (x), the right hand side
of & turns from an ordinary differential equation into a differential inclusion (Emelyanov et al.
(1996); Levant (1993)):

. o

geImW-—o,TyW—->o]— [l"m,l"M]quAHﬁ . 7)
o
With regards to the calibration of the control gains W, A and p it can be clearly seen from (7)
that no unique bounds can be given such that the system trajectory reaches ¢ = ¢ = 0 in finite
time. However, with some further dedicated assumptions some more conservative bounds
(Fridman & Levant (2002)) on W, A and p can be introduced to satisfy this stringent condition:

@

W=

2> 48 In (W+ o) (8)
T2 Tu(W—9)’

0<p<05.

Here, it has to be noted that the assumptions on these conservative bounds for deriving W,
A and p may vary from reference to reference (see Levant (1993; 1998)). In practice, these
sufficient conditions on W, A and p are often used to simplify the heuristic calibration process
(Bartolini et al. (1999)).

Finally, the introductionary example in (2) is considered to show the efficiency of the super
twisting algorithm in terms of chattering alleviation purposes. The corresponding simulation
results are depicted in Figure 6 and it can be clearly seen that the system trajectories reach the
sliding manifold & = ¢ = 0 in finite time. Additionally, the chattering effects are considerably
reduced.
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Fig. 6. Nonlinear simulation results for example in (2) with second order sliding mode
control law in (5), sampling time f; = 20 ms, phase portrait of closed-loop system (up, left),
zoom-in of phase portrait (up, right), system states x; (blue) and x, (red), (low, left) and
control input u (low, right)

3. Nonlinear engine model

In this section a mathematical model of the spark ignition (SI) engine is briefly discussed.
In the remainder of this contribution this engine model will basically be used as a nonlinear
simulation model and thus as virtual engine test rig. It incorporates both the overall system
dynamics of the engine and the torque structure of current engine management systems. For
modeling purposes of the engine a continuous time mean value modeling approach turned
out to be sufficient at idle condition (Guzzella & Sciarretta (2005)). This means, that all internal
processes of the engine are spread out over one combustion period and differences from
cylinder to cylinder are neglected. Thus, it is sufficient to take only the electronic throttle
with its position controller, the intake manifold and the rotational dynamics of the crankshaft
into account:

1
Ky = ———Qppp + —& ,
thr Tinr thr T thr,u
. ROy, , . )
Pim = V‘Zm (mthr - mcc) ’ (9)
i
. 30
N = ?](Tind = Toss — Tloud) ’

where Ty, represents the time constant of the closed loop behaviour of the electronic throttle.
The variables rity,, = titg, (Pim, €thy,y) and titee = titee(pim, N) denote the air mass flow rates
into the intake manifold and the combustion chamber, respectively. For the calculation of
the indicated torque Tjug = Ting(tite, Tignu(t — 74)) per combustion cycle the air mass flow
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rate into the combustion chamber has to be related to the crank-angle domain based software
features of the electronic control unit:
) 120 |

T, = NN ee (10)
Additionally, the physical actuator inputs (throttle position ay,, and ignition setting a;¢y, 5p)
are transformed into torque demands Ty;, ,, and Tign,u on the air path and on the ignition path,
respectively. In general the torque demand Tjg,, ,, is considered as only control input acting
directly on the indicated torque T;,,; and hence on the engine speed N. The remaining control
input Ty, on the air path influences however the maximum brake torque Ty,5 = Tpgs (7, N).
Thus both control inputs affect also the torque reserve

Tres = Thas - Tind . (11)

Tbas T —=
Ting +—

Xign,SP Xign,bas Rign

Fig. 7. Engine torque over spark ignition setting a;¢,, with fixed intake manifold mass flow
Mgy = gy (Pims ®hr,u ), this characteristic is also known as spark sweep

As seen in Figure 7 the torque reserve T,s represents the amount of torque that is available on
the ignition path. Hence there exists a unidirectional coupling between the torque demands
on the air and the ignition path and the system outputs because the air path is able to adjust
the dynamic actuator constraints on the ignition path. With equations (9), (10), (11) and the
ECU related software structure from Alt (2010) a nonlinear state space representation can be

T
derived, where x = [ay;, Pim N]T, u= [T,-gn,u Tm-,,u] andy = [N Tms]T:

%1 fi (x1, %2, x3,u2)
Xo | = | fo (x2,%3) + foo (x1) |
X3 31 (x2,x3) + fa2 (u1) (12)

nl=1 ° }
2 o1 (x2,x3,u2) — hop (X2, x3,11) |

The structure of the overall nonlinear engine model is shown in Figure 8. Here, it can be
clearly seen that there exists a unidirectional coupling between the control inputs Ti¢s,u, Tairu
and the outputs N and Ty,;. In the remainder of this paper the nonlinear model (12) is used as a
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Fig. 8. Structure of nonlinear engine model

virtual test rig for the simulation studies. To show the performance of the proposed modeling
approach a validation process has been carried out on a series-production vehicle with a 2.01
SI engine and a common rapid control prototyping system. Since the validation should cover
the whole idle operating range different engine speed setpoints have to be considered. In
Figure 9 and 10 two representative examples are shown where the corresponding engine
speed setpoint Ngp = 800 1/min is situated in the middle of the idle operating range. For
identification purposes a step in the torque demand T,;.,, on the air path and a step in the
torque demand Tj,,,, on the ignition path are applied to the system. In the first case the
maximum torque Tj,, of the engine is increased while the indicated torque Tj,,; remains nearly
the same. Due to the unidirectional coupling the engine speed N is not affected. In the second
case the engine speed N and the torque reserve are both affected due to the step demand on
the control input Tign,u- From both Figures it can be also seen that there exists a good matching
between the outputs of the simulation model and the real plant measurements.

4. ldle speed control design

In this section a decoupling controller is proposed that will be able to hold the engine speed
N and the torque reserve T, at their reference values Ngp and T, sp, respectively. Whenever
the engine runs at idle condition and the reference value of the torque reserve T}, sp is greater
than zero, this ISC controller will be active. The corresponding control structure is shown in
Figure 11. Here, it can be seen that the novel ISC controller includes two individual feedback
controllers and a decoupling compensation.

First, the design of the decoupling compensation is shown which will improve the driver’s
impression on the engine quality. In particular he should not registrate any influence on the
engine speed N when changes in the reference value of the torque reserve Ty, sp occur. As
seen in (12) the unilateral coupling between the control inputs Tig, ,, Tpir,, and the outputs N
and Ty, has to be taken into account such that any influence on the engine speed N vanishes.
This decoupling compensation is based on a linear time invariant (LTI) model that can either
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Fig. 9. Experimental results for validation of the nonlinear engine model, step on the air path
torque demand: Control input Tig;, ,, (up, left), control input Ty, (up, right), engine speed N
(low, left), torque reserve Ties (low, right), experimental results (blue), simulation results (red)
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Fig. 10. Experimental results for validation of the nonlinear engine model, step on the
ignition path torque demand: Control input T}, , (up, left), control input Ty, (up, right),
engine speed N (low, left), torque reserve T (low, right), experimental results (blue),

simulation results (red)

be derived using analytical linearization or by system identification methods (Ljung (1999)).
In many automotive control problems the latter techniques are more common since often no
detailed nonlinear mathematical model is available. Instead test rig measurements are easily
accessible. For this reason the remainder of the work is also based on identification methods.
The resulting LTI models are generally valid in the neighbourhood of given operating points.
Here, the required test rig measurements are taken from the validated nonlinear simulation
model of (12) for the sake of simplicity. The aforementioned operating point with its reference
values for the engine speed Ngpy = 800 1/min and the torque reserve Ty, spo = 8 Nm
represents a good choice for the following control design steps since it is situated in the middle
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Fig. 11. Block diagram of the decoupling controller at idle condition

of the range at idle condition. If the behaviour of the nonlinear engine model at this operating
point has to be described with a LTI model it is clear that the unidirectional coupling structure
is still conserved. Hence, the LTI model can be written as

N(s) = G12(5) Tignu(s) ,

Tres (S) = GZl (S)Tair,u (S) + GZZ(S)Tign,u (S) .

(13)

The operating point dependent continuous time transfer functions Gy (s), Go1(s) and Gy (s)
are calculated from various step responses using MATLAB’s System Identication Toolbox
(Ljung (2006)):

246.4

C1a(s) = 75535 -
4.618

Gy (s) = S 14625 (14)
—26.14s — 91.07

G (s)

T 2145035 +909

The parameters of Gi5(s), Gy1(s) and Gy (s) are calculated numerically using a maximum
likelihood criterion. That means the underlying identification algorithm is based on
continuous time low order transfer functions and it includes an iterative estimation method
that minimizes the prediction errors. From the LTI model in (13) it can be seen that the transfer
function

_ Gnl(s)

~ Guls)

helps to compensate the influence of the torque demand Tig, , on the torque reserve Ties
efficiently. Hence, the decoupled system with its inputs Tign,u and Tg;y,,, can be controlled by
two feedback controllers which are designed independently of each other. Since the dynamics
of the air path are generally much slower than the dynamics on the ignition path a second
order lag is additionally introduced to smooth the transient behaviour of the decoupling
compensation in (15), see Figure 11. The corresponding damping of this filter and its natural
frequency have to be determined experimentally.

Gps(s) (15)
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For the design of both feedback controllers linear control theory would be generally sufficient
as shown in current series-production applications or even in Kiencke & Nielsen (2005).
Nevertheless, it is well known that classical linear controllers often do their job only in the
neighbourhood of an operating point and the control parameters have to be scheduled over
the entire operating range. This leads to time-consuming calibration efforts. In this work the
potential of sliding mode control theory will be particularly analyzed with regards to reduced
calibration efforts. Hence, both feedback controllers are designed using a second order sliding
modes (SOSM) control design approach that has already been introduced in Section 2. This
so-called super twisting algorithm (STA) has been developed to control systems with relative
degree one in order to avoid chattering effects. Furthermore, it does not need any information
on the time derivative of the sliding variable. For these reasons the super twisting algorithm
has become very popular in recent years and it has been adopted to many real world control
applications so far (Alt et al. (2009a); Butt & Bhatti (2009); Perruquetti & Barbot (2002)). In the
following steps the control law for the engine speed N is derived while the engine runs at idle
and the condition Tes > 0 holds true. This control law includes two major parts:

UN = UN1 T UN2,

—UN1 for ‘MN,]| >1

uNg = (16)
—Wnasgn(on) for |unq| <1,

un2 = —Ana lon |V sgn(oy) ,

where oy = 0 with oy = N — Ngp represents the engine speed related sliding manifold.

For the application of the super twisting algorithm it has to be guaranteed that the considered
system has relative degree one. For this purpose the time derivative

oN = fa1(x2,x3) + fa2(u1) — Ngp (17)

is calculated using the nonlinear model in (12). Here, it can be clearly seen that the
control input 1y appears in f3;(u1) and thus in the first time derivative of oy. Thus, the
aforementioned relative degree one condition is fulfilled for this case and the super twisting
algorithm can be applied. For the calibration of the control gains Wy 1, An1 and py 1 sufficient
conditions for finite time convergence to the sliding surface oy = 0 are derived in Levant
(1993). Here, it is shown that starting from an initial value o at an arbritary time instant
tno the variable o converges to oy = 0 if the following sufficient conditions (Fridman &
Levant (2002); Levant (1993; 1998)) on Wy 1, An 1 and py 1 are satisfied:

Py
Wna > =,

0 I'nm
22 4PN 1 Tyt (W +Pnt) (18)
N =12 TNt (Wni—@ng)

7

0 < PN1 <05.
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Here, the variables I'y ;1 and I'y 1 denote lower and upper limitations of the nonlinear
relationship f31(xp, x3) — Ngp, where

0<Tnm < fs1(x2,x3) — Nop < Tyma - (19)

Additionally, the variable ®y ; represents an upper bound for all effects which appear in case
of model uncertainties due to the inversion of f3(u1):

If32(f32(u1))| < PNt - (20)

Here, f3,(u1) denotes the nominal value of f3;(u1). Hence, the design of the engine speed
controller is complete. The design of the torque reserve controller runs similarly to (16). The
corresponding control law includes also an integral and a nonlinear part:

UTres = UTres,1 + UTres,2 s

. —UTres,1 for |uTres,1‘ >1
UTres,1 = P < (21)
7WTres,1sgn(UTres) or |”Tres,1‘ <1,
UTres,2 = _ATres,l |(7Tr€s|loms’l Sgn(‘TTres) .
where 07,5 = 0 with o705 = Tres — Tyes,5p represents the torque reserve related sliding

manifold.

For the application of the super twisting algorithm it has to be again guaranteed that the
considered system has relative degree one. For this purpose the time derivative

. oh oh ,
OTres = aTéfm(Xz/X?,) + ﬁfzz(ﬁ) — Tres,sp - (22)

is calculated using the nonlinear relationship from (12) while the corresponding time
derivative of Ty, is simplified to

ohy
axz
From (22) it can be clearly seen that the state x; appears in the nonlinear relationship
g% f22(x1) and thus in the first time derivative of or,s. However, to satisfy the relative
degree one condition the dynamics of the subordinated electronic throttle control loop X1 =
f1(x1, x9,x3,12) in (12) have to be neglected for the following control design steps. This
assumption is justified since the time lag of the subordinated throttle control loop is ten times
smaller than the remaining ones of the SI engine model. With this simplification the state
X1 = &y, is assumed to be equal to the control input &y, sp of the subordinated closed-loop
system.

Under these conditions the time derivative of the torque reserve related sliding surface is
given with

X . (23)

Tres ~

. oh oh w(— .
OTres = Taéf21(x2’x3) + aT;fzz(fzz( Y (up)) — Tres,sp - (24)

With this assumption the corresponding system fulfills the relative degree one condition.
Thus, the super twisting algorithm can be also applied to the torque reserve controller.

Regarding the control gains Wryes 1, ATres1 Und pryes1 it has to be guaranteed similar to the
engine speed controller that starting from an initial value o7y, at an arbritary time instant



86 Challenges and Paradigms in Applied Robust Control

tTres,0 the sliding variable oy,s converges to o7, = 0 in finite time. For this purpose the
following sufficient conditions (Fridman & Levant (2002); Levant (1993; 1998)) have to be
fulfilled:

qDTres 1
WTres,l > T —,
Tres,ml
A2 > AD 151 rTres,Ml(WTres,l + Dies,1) (25)
Tres,1 =
res, I2 rTres,ml (WTres,l - <IDTres,l) ’

Tres,m1

0< OTres,1 < 05.

Here, the variables I'7yes ;1 and I'ryes pm1 denote lower and upper limitations of the nonlinear

. . oh
relationship 572 f21(x2,x3) — Tres sp:

ohy .
0 < Tyes,m < EfZl (x2/ X3) —Tres,5P < T'Tres,M - (26)

The variable ®7, represents similar to ®x ; an upper bound for all effects which appear
due to possible model uncertainties that are related to the inversion of fy (u5):

oh w(—
TéfZZ(fzé 1)(Tuir,u)) < (DTres,l- (27)

Here, f},(12) denotes the nominal value of f»(uz). Note that, in practice the engine
speed control and the torque control loops are affected by model uncertainties and
external disturbances leading to imperfect decoupling properties of the multivariable system.
Nevertheless, it is well known from literature (Alt et al. (2009a); Bartolini et al. (1999); Levant
(1993; 1998)) that the sliding surfaces oy = 0 and oq,s = 0 can still be reached in this
case. Thus, the engine speed control and the torque reserve control loops are supposed to
be robust against any disturbances due to improper decoupling. Finally, it has been shown
in Alt (2010) that this multivariable control design approach leads to better performance and
less calibration efforts than a similar approach without decoupling compensation.

5. Nonlinear simulation and experimental results

This section illustrates the efficiency and the robustness properties of the proposed decoupling
controller. For this purpose some representative nonlinear simulation and experimental
results are shown. All the simulations are based on the nonlinear engine model of Alt (2010)
with a controller sampling time of fs = 10 ms. The experimental results include representative
field test data with a 2.0l series-production vehicle and a common rapid control prototyping
system.

In the first scenario the disturbance rejection properties of the closed-loop system are
evaluated. For this purpose an additional load torque of Tj,,; = 8 Nm (e.g. power steering)
is applied to the engine at t; = 4 s and removed again at t; = 9s. From Figure 12 it can be
seen that due to this load torque the engine speed N and the torque reserve Ty,s drop below
their reference values while the corresponding transients stay below AN = 40 1/min and
ATes = 8 Nm, respectively. However, the proposed idle speed controller steers both variables
back to their reference values Ngp = 800 1/min and T,ssp = 8 Nm within less than 2 s.
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Fig. 12. Nonlinear simulation and experimental results for super twisting algorithm based
decoupling controller, disturbance rejection properties: Engine speed N (left), torque reserve
Thes (right), experimental results (blue), simulation results (red)

When disabling the load torque similar effects take place. Considering the engine speed N it
can also clearly be seen that there exists a good matching between the nonlinear simulation
data and the experimental measurements. For the torque reserve Ty, this matching is less
perfect since this variable is much more prone to unmodelled dynamics and tolerance effects
that have not been considered in the nonlinear simulation model. This effect will be further
evaluated in Section 6. In a second representative scenario the engine speed reference value
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Fig. 13. Nonlinear simulation and experimental results for super twisting algorithm based
decoupling controller, tracking of an engine speed reference step profile: Engine speed N
(left), torque reserve Ty, (right), experimental results (blue), simulation results (red)

Ngp is increased at t; = 4 s and lowered again at t, = 14 s. The corresponding simulation
results are shown in Figure 13. Regarding the step response of the engine speed N it can be
clearly seen that no overshoot occurs and the settling times are within less than 2 s and thus
reasonable small. Additionally, the torque reserve T;s shows only small deviations due to the
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Fig. 14. Nonlinear simulation and experimental results for super twisting algorithm based
decoupling controller, tracking of a torque reserve reference step profile: Engine speed N
(left), torque reserve Ty, (right), experimental results (blue), simulation results (red)
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step changes on the engine speed N and it returns to its reference value T,,; sp within a short
settling time.

Similar results can be seen from Figure 14 where the torque reserve reference value T}, sp
is increased at t; = 3s and lowered again at t, = 14s. During these changes on the
torque reserve Ty,s the minimization of any effects on the engine speed N is considered as
most important design criteria since this behaviour would affect the driver’s comfort. From
Figure 14 it can be clearly seen that the proposed idle speed controller is able to fulfill this
requirement as specified. As known from existing series-production ISC controllers this
overall performance can not be achieved using classical linear control design approaches
without gain scheduling. Finally, the step response of the torque reserve Ty, is also without
any overshoot and faster than that for the engine speed N.

6. Robustness analysis

After the first experimental studies the robustness properties of the closed-loop system
have to be analyzed in detail. For the sake of simplicity this analysis will be performed
using the validated nonlinear simulation model from Alt (2010). Here, a representative
disturbance rejection scenario is used to illustrate the major effects of model uncertainties
on the closed-loop system performance. This simulation scenario includes an external load
torque disturbance of Tj,,; = 10 Nm which is applied to the engine at t; = 10 s and removed
again at f = 20s. The overall robustness analysis covers variations of £ 10 % in up to
19 different characteristic maps of the nonlinear simulation model. In particular, the system
nonlinearities f1, fo1, fa2, f31, fa2 and hy = hy (hp1, hh22) are varied one after another using
multiplicative uncertainty functions:

fl = dl,i'fl,nom mit dl,i € [09 1.1
fo1 = dox - fo1,00m mit dyx € [09,1.1
fo2 = doa i - foomom mit dp g € (09,11
f31 = d31,+ - f3r,nom mit dzy e € [0.9,1.1
f32 = d34 - fao,nom mit dzp 4 € [09,1.1
hy = dZ,i 'hZ,nom mit dp 4 € [09 1.1

Furthermore, the intake-to-torque-production delay 7; has been increased up to 4 times to
cope with any signal communication problems

T4 = Tdnom + Aty with Aty = 20 ms. (29)

All these nonlinear simulation results are depicted in Figure 15.

In a second step all resulting deviations dev(N) and dev(Tyes) on the nominal behaviour of
the engine speed and the torque reserve are scaled with the reference values of the operating
point (Nspo = 800 1/min, Ty 5p0 = 8 Nm):

_ |max(AN=+(t)) — ANyom ()]
Nsp

_ |maX(ATresi (t)) - ATres,nam (t)
Tres,SP

dev(N(t)) -100, (30)

dev(Tres(t)) -100, (31)

where ANyom () = |Nsp(t) — Nuom(t)| and ATes nom (£) = |Tres,sp(t) — Tres,nom ()| represent
the resulting errors to the corresponding reference values Ngp and T, sp while the engine
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Fig. 15. Simulation results of engine speed N (left) and torque reserve Ty, (right) for load
torque disturbance rejection scenario with multiplicative variations on the system
nonlinearities and the intake-to-torque production delay

operates in nominal condition. In Figure 16 the calculated deviations dev(N) and dev(Ts)
are shown for all 20 variations with strongest impact max(AN+ (t)) = |Ngp(t) — N+ ()| and
max(ATres +(t)) = | Tres,sp(t) — Tres,+ (t)| on the closed-loop system.

dev(N) [%]

Fig. 16. Simulation results of engine speed deviations dev(N) (up) and torque reserve
deviations dev(Tyes) (low) for load torque disturbance rejection scenario with multiplicative
variations on the system nonlinearities and the intake-to-torque production delay
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From Figure 16 it can be seen that the engine speed deviation dev(N) is bounded with about
1 % while the deviation dev(T}es) on the torque reserve is bounded with about 15 %. This
large peak deviation on the torque reserve seems to be not reasonable since the impact on
the system parameters is bounded with only 10 %. However, it has to be noted that the
calibration of the controllers allows to find a trade off between the accuracy on N and Ty
and thus to penalize the engine speed error more than the torque reserve error. Since the
comfort and the driver’s impression on the engine quality are mainly affected by deviations
on the engine speed it becomes clear that large control errors on N should be more penalized
than deviations on T.s. Keeping this effect in mind it can be anyhow summarized that the
proposed control framework shows good robustness properties despite any uncertainties in
the system parameters, e.g. aging, tolerance effects or environmental influences.

7. Conclusion and future work

The paper deals with the idle speed control problem which represents an interesting
multivariable control design application in the field of modern automotive spark ignition
engines. In idle condition the engine speed and the torque reserve should be held at their
reference values. The key design requirements include the decoupling of the underlying
multivariable system and the improvement of the robustness properties against unknown
load torque disturbances and tolerance effects. In the first step a nonlinear engine model
is introduced that includes both the main dynamics of the engine internal processes and
also the major parts of the torque structure of current engine management systems. The
resulting nonlinear simulation model is validated on a series-production vehicle and it is
used as a virtual engine test rig. Then, a decoupling control framework is introduced that
is able to hold the idle engine speed and the torque reserve at their reference values despite
external load torque disturbances or even uncertainites in the system parameters or the
intake-to-torque-production delay.

The multivariable control framework consists of two independent feedback controllers and
a decoupling compensation. Each of these two controllers is based on a second order
sliding modes control design method that is also known as super twisting algorithm. The
decoupling compensation is based on an identified linear time invariant model of the plant
that is valid around a given operating point which is situated in the middle of the idle
operating range. Here, the required LTI model is deduced from test rig measurements using
system identification methods. The efficiency of the proposed control framework is shown
by nonlinear simulation results. It can be seen that the controller shows good performance
for the large signal behaviour although it is only designed for the neigbourhood of the
given operating point. Nonlinear simulation and experimental results show as well that the
proposed controller is able to handle a wide operating range at idle condition while the control
gains remain unchanged. Hence, the proposed control framework is easier to calibrate since
the number of control parameters is severly reduced compared to classical series-production
control design methods using gain scheduling techniques. The efficiency and the robustness
properties against system uncertainties and variations in the intake-to-torque production
delay are evaluated by extended simulation studies. Current research includes the application
of this second order sliding modes based multivariable design approach in the field of other
automotive control design tasks (i.e. hybrid electric vehicles) and aerospace applications (i.e.
smart aeroengines).
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Robust Active Suspension Control for
Vibration Reduction of Passenger's Body

Takuma Suzuki and Masaki Takahashi

Keio University
Japan

1. Introduction

An automotive performance has improved from the demand of ride comfort and driving
stability. Many research have proposed various control system design methods for active
and semi-active suspension systems. These studies evaluated the amount of reduced
vibration in the vehicle body, i.e., the vertical acceleration in the center-of-gravity (CoG) of
the vehicle’s body (Ikeda et al., 1999; Kosemura et al., 2008; Itagaki et al., 2008). However, any
passengers always do not sit in the CoG of the vehicle body. In the seated position that is not
the CoG of the vehicle body, vertical acceleration is caused by vertical, roll and pitch motion
of the vehicle. In nearly the resonance frequency of the seated human, the passenger’s
vibration becomes larger than the seated position’s vibration of the vehicle body due to the
seated human dynamics.

The seated human dynamics and human sensibility of vibration are cleared by many
researchers. So far some human dynamics model has been proposed (Tamaoki et al., 1996,
1998, 2002; Koizumi et al., 2000). Moreover, some of them are standardized in ISO (ISO-2631-
1, 1997; 1SO-5982, 2001). At the research as for automotive comfort with the passenger-
vehicle system, M.Oya et al. proposed the suspension control method considering the
passenger seated position in the half vehicle model (Oya et al., 2008). G.J. Stein et al.
evaluated passenger’s head acceleration at some vehicle velocities and some road profiles
(Guglielmino et al., 2008). There are few active suspension control design methods which are
positively based on a passenger’s dynamics and the seating position. These methods can be
expected to improve the control performance.

In this paper, new active suspension control method is developed to reduce the passenger’s
vibration. Firstly, a vehicle and passenger model including those dynamics at seated
position is constructed. Next, a generalized plant that uses the vertical acceleration of the
passenger’s head as one of the controlled output is constructed to design the linear H.,
controller. In this paper, this proposed method defines as “Passenger Control”. “Passenger
Control” means passenger’s vibration control. Moreover, in an active suspension control, it
is very important to reduce the vibration at the condition of the limited actuating force.
Then, we design two methods which are “Vehicle CoG Control”, and “Seat Position
Control”, and compare the proposed method with two methods. “Vehicle CoG Control”
means vibration control of vehicle. “Seat Position Control” means vibration control of seat
position. Finally, several simulations are carried out by using a full vehicle model which has
active suspension system. From the result, it was confirmed that in nearly the resonance



94 Challenges and Paradigms in Applied Robust Control

frequency of a passenger’s head in the vertical direction, “Passenger Control” is effective in
reducing a passenger's vibration better than “Vehicle CoG Control” and “Seat Position
Control”. The numerical simulation results show that the proposed method has the highest
control performance which is vibration reduction of the passenger's head per generated
force by the active suspension. Moreover, the results show that the proposed method has
robustness for the difference in passenger’s vibration characteristic.

2. Modeling

2.1 Modeling of the vehicle

Figure 1 shows a full vehicle model which is equipped with an active suspension between
each wheel and the vehicle body. The weight of the vehicle body is supported by the spring.
We assume that a vehicle model is a generic sedan car as shown in Table 1. The equations of
motion which are, bounce, roll, pitch and each unsprung motion are as follows:

4
szcg = Zfsz s (1)
i=1
. T T,
L= (fa =)+ (o fu) + Mgt g, ®
Ipé:_Lf(fsl+f52)+Lr(fs3+fs4)+thHp0’ (3)
Mz, =—F; +Kizy (i=1,--,4). “)

where H, is the distance from a roll center to the CoG of the vehicle body, and H, is the
distance from a pitch center to the CoG of the vehicle body. These parameters are constant.
The spring coefficients of each wheel are different from each other, and were set to Ky,» = K¢,
Ks, 4 = K;, z; means a suspension stroke of each wheel, z;; means deformation of the each tire.

Zq =2 + 17 [2¢-Ls0 -2,
Zp =2, —T; [2¢-L0 -2,

Z3 =2, +T,/20+ L0~z )
Zgy = ch - Tr/2¢ + Lr‘9 —Zyg
Zi =2z, -2, (i=1,--, 4)

The spring and damping forces which act between the wheels and the vehicle body, are
given by the following equation.

Fyi=-Kiz; -Ci(Hzy; (i=1,--,4) (6)

i
2.2 Modeling of the passenger
Various models of a seated human have been proposed so far. In this paper, the passenger's

motion is expressed to the seated human model shown in Fig. 2. Therefore, it is easy to
understand the passenger’s motion. To the seated position, Ps, the body part has three
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Side view Rear view
Fig. 1. Full vehicle model
Symbol Value Symbol Value
M, 1900 kg Ty 1.53 m
M; 50 kg T, 1.50 m
I 600 kgm? H, 0.45 m
I, 3000 kgm? H, 0.53 m
Ky 33x103 N/m P2 0.04 m
K, 31x103 N/m Pyl 0.4 m
Ki 260x103 N/m Py2 -04 m
Ly 1.34 m pa.2 -0.045 m
L, 1.46 m

Table 1. Specification of vehicle mode

degree of freedom (DOF) which is longitudinal, lateral, and vertical motions. The head has 3
DOF. First, the head moves up and down to the body parts. Second, the head rotates around
the point, Pp, at the pitch direction. Third, the head rotates around the point, Pr, at the roll
direction. Thus the passenger model has a total of 6 DOF. Between the each part, it has a
spring and a damper. The equation of motion of the passenger model is as follows.
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Front view Side view

Fig. 2. Passenger model

kyi Cpi Tyi
i [N/m] [N/m/s] [m]
1 40000 2000 0.1
2 15* 0.9** 0.1
3 96000 1120 0.05
4 22500 600 0.2
5 2000 400 0.3
6 20* 1.2%* 0.3

Table 2. Specification of passenger model (:Nm/rad, **:Nm/rad/s)
My, %), = 2klf,4 (xr, - xb) +2C,4 (ip - J'cb) + (—szé’/, - kpzﬁ,, )/r4 (7)
My ijy, = 2k,5 (yp - ]/h) +2C)5 (9;; - %) - (_Cp6¢h — ket )/’5 )

Mz, = kps(Zp —Zb) +Cp3(2,, _Zh)_[kpl (zf7 —zh) +cp1(2b —2“}

+ (—cpzéh —k,50, )/r3

myZy =k (25 —2)+ Cp1 (25 —2,) - (—széh —k,26, )/r3 (10)
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Ihr(%h = _Cpé(zgh - kp6¢h

+ Myt [2’(,75 (yp - yb) +2¢cp5 (f/p ~ ¥ ) - (_Cpéﬁz;h —kp6on )/%} -
L0, = =€yl — kol + [km (20— 24)+ €1 (2~ 2 )}@
- [Zk,,4 (3, =20 )+ 20,0 (%, — 3, ) + (€00, ~ k,26,) /rd (12
Where,
My, =11, + 11y, My, = mb"ibmh .

Each parameter of the passenger model is set to m, = 45 kg, my, = 7.5 kg, I, = 8.3x10-2 kgm?2,
Inp = 5.0 kgm?, and Ij;, = 5.5x102 kgm? based on the adult male's height and weight data. In
addition, the acceleration of the passenger’s head is derived from a geometric relation.

&), =%, +6,/r,

. 13)
yh:yh+¢h/r1 (

As shown in Table 2, the spring, the damper, and length were adjusted to conform the
passenger model and an experimental data which was reported in previous research
shown in Figs. 3 and 4 (Tamaoki et al., 1996, 1998). The results shown in Figs. 3(c) and 4(c)
demonstrate that the gain characteristics of the model were nearly equal to the
experimental ones. However, as shown in Figs. 3(b) and 4(b), there were some differences
in the high-frequency band for the phase properties. To reduce these differences, the
passenger model must be made more complex, but this necessitates the use of a higher
order control system. Because the purpose of our controller is to reduce the vertical
vibration of the passengers in comparison with the lateral vibration, we designed it using
this passenger model.

2.3 Vehicle-passenger model

In this section, the passenger for the vehicle model was assumed to sit in the front-left seat
in designing the control system to reduce passenger vibration and motion. The vehicle-
passenger model is shown in Fig. 5. The passenger model is set to the vehicle model in a
front-left seat to design the controller. The translational motion of the position of the seat
and the motion of the vehicle have the following relation;

xpl :(Hp +plz)9
Y =—(H, +p1.)¢ (14)

Zpl = ch + p1y¢ - plxg
The equation of state of the vehicle-passenger model is defined as the following equation.

x(t)= Apx(t) + Byw(t) + Bou(t) (15)
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Passenger 2 Passenger 1 Passenger 3

Passenger 1

Front view Side view

Fig. 5. Vehicle-passenger model
Where,

PR . . T
x(t) = [Zul Zy2 Zy3Zy4 ch ¢ 0 Zu1Zu2 Zu3 Zus ch¢ o Xp1 Yb1 261 21 ¢/zl 9]11 Xp1Yv1 26121 ¢/zl 9}11 :|
T
w(t) = |:Zrl Zr22r3%r4 :|

”(t)=[F1F2F3F4JT

3. Design of controller

3.1 Disturbance accommodating control

We found that feedforward control of disturbance information in the finite frequency range
and feedback control improve performance (Okamoto et al., 2000). The power spectral
density of the actual velocity of disturbances had flat characteristics in a low frequency, and
decreased according to frequency at a region of high frequency. We assumed that it
regarded as the colored noise formed by shaping filter which has a transfer function with
low-pass characteristics. This filter of the each wheel is based on the road condition which
defined by ISO (ISO-8608, 1995). The filter is as follows:

[ Fai(t) = Agixgi(f) + Bywg; (£)
i w;(t) = Cyx g (t) (i=1,-,4)
w;i(s) _ wdz
We;(s) s+ 28w 8+ @,

(16)

where, wy; is road input of the each wheel, w; is road input of the vehicle-passenger model of
the generalized plant to design the controller as shown in Fig. 6. It was referred to as
@;=50x27 and &; =0.706 .
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3.2 Disturbance accommodating H- control.

The feedforward control of disturbances resulted in worse accuracy outside the assumed
frequency (Okamoto et al., 2000). Furthermore, because each resonance frequency of the
vehicles, passenger, and tire differs, the control system design considering each resonance
frequency is needed. Therefore, the control system was designed by using the H., method in
the control theory.

We integrated each state variable of the road disturbance model and frequency weights for
controlled values. The frequency weights are as follows:

{xwi(t) = Awixwi(t) + Bwizpi(t)
wi

- Zgi(t)zcwixwi(t) (l :1/“'14) ) (17)
2O K@ (=1
Zpi(s)

where, z,; is controlled value of the vehicle-passenger model, zy; is controlled value of the
generalized plant. Figure 6 shows a block diagram of the generalized plant to design the
controller, and the state-space form of the generalized plant is as follows:

o (1) = Agx, (1) + Byywog (1) + Boou(t)
2o (1) = Corxy (1) +Dgppu(t) . (18)
Yo (1) = Copxy (£) + Dygpywg (1)

H., norm of the transfer function from disturbance wg(f) to controlled value z(t) is expressed
by the following equation.

gHZ (19)

‘szu)x . su H H
w wg N
min‘ G, » H =y (20)
u 878 Moo

where, y* is a minimum of H., norm of the generalized plant realized with H., controller.
The controller is the following equation (Glover & Doyle, 1988).

X (1) = Awxye (1) + By (1)
u(t)=Cpx, (t)

The measured outputs, y(t), are four vertical accelerations of the wheel position of the
vehicle body. The controlled values, z(t), are vertical acceleration of the passenger’s head,
vertical velocity of the sprung, tire deformation, and actuating force. Frequency weight WV,
shown in Fig. 7 was determined by trial and error.

A bandpass filter, Wi, that had a peak frequency equal to the resonance frequency of the
passenger’s head was used based on sensitivity curves (ISO-2631-1, 1997), such as that being
standardized by ISO and shown in Fig. 8. In order to prevent the increase of response in
each resonance, a low pass filter W, and a bandpass filter W3 are used. Moreover, to prevent
steady control input and minimize energy consumption, a high pass filter, IV, was used.

(1)
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We compare the proposal method and two generalized control methods to verify the control
performance. As one of the generalized control methods, the controller in which the one of the
controlled values is vertical acceleration of the body CoG (Vehicle CoG Control), is designed.
Another is that one of the controlled values is vertical acceleration of a seated position (Seat
Position Control). The design of two generalized control methods are changed the controlled
value z; into the vertical acceleration of CoG of the vehicle body and seated position,
respectively. Frequency weights, Wi(s), Wa(s), Wh(s), Wa(s), Kw2 =400, Kus= 5000, and K =1.31,
use the same value also in the three methods. The following section describes K.

L Generalizedplant________________ -
O ,
Disturb(a;weR 1] L [T
wo() = B T < C
g ¥ dj 148 I dl Controlled
; 4 values
Road distur})ance model- ---d--------"-.—" Zg(t)

: Bpl Frequency weights
: K T for controlled values
I — - > !
: ; Bp2 + s Cp 1 :

; I
| Vehicle-passenger A 1+ :
: model P I
N S

_ Measured outputs
(Il?g)rl;t:) X, () =A4x,()+B.y() (Vertical acceleration
i of sprung)
u(t)=Cx, (¢
u(?) () X0
Controller
Fig. 6. Generalized plant for “Passenger Control”
1.2 ——— e
(s TI(s)
. | (Vertical acceleration) | |\(Tire displacement)
"l 72 il e s B s e

0.8 | -,(s)

Frequency [Hz]

Fig. 7. Frequency weights for controlled value
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Fig. 8. Sensitivity curve of vertical vibration (ISO-2631-1, 1997)

4. Simulation

In this section, two kinds of numerical simulations were carried out. One is to verify control
performance in comparison with other methods. Another is to verify robustness for the
difference in passenger’s vibration characteristic.

4.1 Assumption

We verified the effectiveness of the proposed method by using the vehicle-passenger model
with H.,, controller. We used MATLAB (The Math Work Inc.) for the calculations, and the
Runge-Kutta method for the differential equations. The computational step size is 1 ms. In
addition, it assumes that we perform the evaluation in an ideal condition, and the model to
design the controller and the model for evaluation are same models.

4.2 Driving condition

It assumes that the PSD characteristic of the road surface is C class defined by ISO (ISO-
8608, 1995). The vehicle speed is 16.6 m/s (60 km/h). The vehicle runs the straight for 10
seconds, and the input of the road surface to each wheel is independent. Figure 9 shows the
PSD of the road disturbance. Figure 10 shows the road displacement.

4.3 Design of the frequency weight K1

In each method, if the evaluation function of acceleration is raised, it is clear that each
acceleration set as the controlled value is reduced, and the actuating force increases. To set
the same actuating force, frequency weight Ky1 of each method was adjusted so that RMS
value of the actuating force of the four wheels sets to 1000 N. The each frequency weight,
K1, of “Vehicle CoG Control”, “Seat Position Control” and “Passenger Control” is 244, 315,
and 78 respectively.

4.4 Difference of vehicle-passenger model
In the numerical simulation, there are some diffidence in the vehicle-passenger model as
shown in Table 3. In sections 4.5.1 and 4.5.2, passenger models sit in the front-left seat and
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front-right seat. In section 4.5.2, some specifications of the passenger model are different
from the generalized plant to design controller.

4.5 Results

4.5.1 Comparison with the “Vehicle CoG Control” and “Seat Position Control”

Figure 11 shows the time histories of the vehicle and the passenger 1’s vertical acceleration
for 3 second. In this paper, passenger 1 sits a front-left seat, and passenger 2 sits a front-
right. In the acceleration of the vehicle body, it was confirmed that there is few differences
among the three methods. On the other hand, in the acceleration of the passenger's head, the
proposed method is the smallest, and it was confirmed that the proposed method is effective
for the passenger’s vibration reduction.

The actuating force of each wheel in each method is shown in Fig. 12. In the Vehicle CoG
Control, the actuating force of all wheels is generated in the same direction. In the other
method, the actuating force of the left/right wheel is generated in a different direction.
Therefore, the vertical accelerations of the seated position and the passenger’s head are
reduced by controlling the roll motion of the vehicle body.

Figure 13 shows the Lissajous figure of lateral and vertical accelerations of the seated
position, the passenger's body and the head part respectively. This figure is seen from the
front of vehicle. In upper-right figure of Fig. 13 (c), the proposed method has control effect
which vertical acceleration of the passenger 1's head is reduced in comparison with “Vehicle
CoG Control”. Moreover, the proposed method has not only the vibration reduction effect
of the passenger 1's head, but also the vertical acceleration reduction effect of the passenger
1's body.

I NN o I
—_ FL
< SRIRERER BRIRREER | FR
S T~ o I RL
B0 T S L IS0G R f
£ T~ F IREERE R
2o ‘ BRI BRIRRRIE
‘A 10 il 4L L
g» l N BRIRRRIE
I I I RN
= o I ‘\‘r BN
S o | | R
= 10710 T TSI TSRO T T
3 o ~J T
o [ | || | ™
n [ I i
R Rt EEER I B A i
% I NN o I ““
.m BRIERRERE BRIRREER R
I NN o I [
10.]0 1 1 I N B B B 1 1 1 L1l 1l 1 1 L1 L1
102 10! 10° 10!

Spatial Frequency [cycle/m]

Fig. 9. PSD of road surface profile
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Figure 14 shows power spectrum density (PSD) of the vertical acceleration of the
passenger’s head in each method, and actuating force. In the frequency band of 4-7 Hz
with resonance of a passenger’s head, although the proposed method has the vibration
reduction effect better than other methods. On the other hand, PSD of the actuating
force does not necessarily have the highest value in the frequency band. In this
frequency band, the proposed method can reduce the passenger's vibration by the
limited actuating force.

0.02 ‘ ‘

0.01 |-~ fow i

|||l
-0.01 F--
-0.02
0

Road disp. [m]
=)

time [s]

Fig. 10. Road displacement

Generalized plant Simulation model
to design controller Section 4.5.1 Section 4.5.2
Vehicle Fig. 1, Table 1 — —
Passenger Fig. 2, Table 2 — Table 4
Seated position Front-left -Front-l.eft —
Front-right

Table 3. Vehicle-passenger model

In each frequency band, the sensitivity of the vertical acceleration for the human is
defined by sensitivity curves (ISO-2631, 1997). In this paper, we estimate the root mean
square (RMS) value which is added the sensitivity compensation expressed by a high
order transfer function (Rimel & Mansfield, 2007). Figure 15 shows the ratio of the RMS
value of each vertical acceleration to those values of “Vehicle CoG Control”. In the
passenger 1, it was confirmed that the proposed method can reduce the RMS value of the
passenger 1's head (head 1). Moreover, in the passenger 2, it was confirmed that the RMS
value of the passenger 2's head (head 2) is not increased by the proposed method, and the
proposed method had the vibration reduction effect equivalent to the generalized control

methods.
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Fig. 15. RMS value of vertical acceleration

From these results, it was confirmed that the proposed method can effectively reduce
passenger's vibration by using H., control which including the dynamics of human body
and seated position. By means of setting the passenger’ motion to one of the amounts of
evaluation function, the proposed method can directly control the passenger's vibration.

4.5.2 Comparison with the different passenger model
In this section, the robust performance against the difference in a passenger’s vibration
characteristic is verified. In previous research, there are many reports about seated human

3

Magnitude [-]

Frequency [Hz]

Fig. 16. Frequency response from seat to the head (Vertical motion, dot : Experiment
(Varterasian & Thompson, 1977), Line : Model)
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dynamics. Varterasian & Thompson reported the seated human dynamics from a large
person to a small person(Varterasian & Thompson, 1977). Robust performance is verified by
supposition that such person sits in the vehicle. Figure 16 shows the frequency response
from vertical vibration of seat to vertical vibration of the head. Dot is 15 subjects' resonance
peak. In this section, three outstanding subjects' data of their report is modeled in the
vibration characteristic of vertical direction. The damper and spring were adjusted to
conform the passenger model and an experimental data. The characteristic of the passenger
model of three outstanding subjects are shown in Table 4.

kys Cp3
[N/m] [N/m/s]
Nominal model 960000 1120
Subject 1 1320000 1150
Subject 2 576000 960
Subject 3 960000 2550

Table 4. Difference of specifications

= Nominal model Subject 1 — Subject 2 Subject 3

I

PSD [(m/s))*/Hz]

—IA -+

Frequency [Hz]

Fig. 17. PSD of vertical acceleration (Passenger 1’s head)

The numerical simulation is carried out on the same road surface conditions as the section
4.5.1. Figure 17 shows PSD of the vertical acceleration of the passenger 1’s head and Fig. 18
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shows RMS value. In PSD of 7 Hz or more, RMS value of vertical acceleration of subject 1’'s
head becomes higher than the nominal model. Moreover, RMS of subject 1 is the highest. On
the other hand, RMS of subjects 2 and 3 is reduced in comparison with the nominal model.
The physique of subject 1 differs from other subjects. When such a person sits, the specified
controller should be designed. From these results, the proposed method has robustness for
the passenger of the general physique.

W Nominal [ Subject 1 Subject 2 [ Subject 3
140
130
120
110
100
90
80
70
60
50
40

RMS ratio to Nominal controller[%)]

Head 1 Head 2
Fig. 18. RMS value of vertical acceleration of passenger 1's head

5. Conclusion

This study aims at establishing a control design method for the active suspension system in
order to reduce the passenger's vibration. In the proposed method, a generalized plant that
uses the vertical acceleration of the passenger’s head as one of the controlled output is
constructed to design the linear H,, controller. In the simulation results, when the actuating
force is limited, we confirmed that the proposed method can reduce the passenger's
vibration better than two methods which are not include passenger’s dynamics. Moreover,
the proposed method has robustness for the difference in passenger’s vibration
characteristic.
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1. Introduction

Safety and energy are two key issues to affect the development of automotive industry. For
the safety issue, the vehicle active collision avoidance system is developing gradually from a
high-speed adaptive cruise control (ACC) to the current low-speed stop and go (SG), and
the future research topic is the ACC system at full-speed, namely, the advanced ACC
(AACC) system. The AACC system is an automatic driver assistance system, in which the
driver's behavior and the complex traffic environment ranging are taken into account from
high-speed to low-speed. By combining the function of the high-speed ACC and low-speed
SG, the AACC system can regulate the relative distance and the relative velocity adaptively
between two vehicles according to the driving condition and the external traffic
environment. Therefore, not only can the driver stress and the energy consumption caused
by the frequent manipulation and the traffic congestion both be reduced effectively at the
urban traffic environment, but also the traffic flow and the vehicle safety will be improved
on the highway.

Taking the actual traffic environment into account, the velocity of vehicle changes regularly
in a wide range and even frequently under SG conditions. It is also subject to various
external resistances, such as the road grade, mass, as well as the corresponding impact from
the rolling resistance. Therefore, the behaviors of some main components within the power
transmission show strong nonlinearity, for instance, the engine operating characteristics,
automatic transmission switching logic and the torque converter capacity factor. In addition,
the relative distance and the relative velocity of the inter-vehicles are also interfered by the
frequent acceleration/deceleration of the leading vehicle. As a result, the performance of the
longitudinal vehicle full-speed cruise system (LFS) represents strong nonlinearity and
coupling dynamics under the impact of the external disturbance and the internal
uncertainty. For such a complex dynamic system, many effective research works have been
presented. J. K. Hedrick et al. proposed an upper+lower layered control algorithm
concentrating on the high-speed ACC system, which was verified through a platoon cruise
control system composed of multiple vehicles [1-3]. K. Yi et al. applied some linear control
methods, likes linear quadratic (LQ) and proportional-integral-derivative (PID), to design
the upper and lower layer controllers independently for the high-speed ACC system K41. In
ref.[5], Omae designed the model matching control (MMC) vehicle high-speed ACC system
based on the H-infinity (Hinf) robust control method. To achieve a tracking control between
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the relative distance and the relative velocity of the inter-vehicles, A. Fritz proposed a
nonlinear vehicle model for the high-speed ACC system with four state variables in refs.[6,
7], and designed a variable structure control (VSC) algorithm based on the feedback
linearization. In ref. [8], ].E. Naranjo used the fuzzy theory to design a coordinate control
algorithm between the throttle actuator and the braking system. It has been verified on an
ACC and SG cruise system. Utilizing the model predictive control (MPC) method, D. Coron
designed an ACC control system for a SMART Car [°l. G. N. Bifulco applied the human
artificial intelligence to study an ACC control algorithm with anthropomorphic function [10].
U. Ozguner investigated the impact of inter-vehicles communications on the performance of
vehicle cruise control system [11l. J. Martinez, et al. proposed a reference model-based
method, which has been applied to the ACC and SG system, and achieved an expected
tracking performance at full-speed condition [12I. Utilizing the idea of hierarchical design
method, P. Venhovens proposed a low-speed SG cruise control system, and it has been
verified on a BMW small sedan [3]. Y. Yamamura developed an SG control method based on
an existing framework of the ACC control system, and applied it to the SG cruise control [14].
Focusing on the low-speed condition of the heavy-duty vehicles, Y. Bin et al. derived a
nonlinear model [1> 16 and applied the theory of nonlinear disturbance decoupling (NDD)
and LQ to the low-speed SG system [17, 18],

In the previous research works, the controlled object (i.e. the dynamics of the controlled
vehicle) was almost simplified as a linear model without considering its own mass, gear
position and the uncertainty from external environment (likes, the change of the road
grade). Furthermore, the analysis of the disturbance from the leading vehicle’s acceleration/
deceleration was not paid enough consideration, which has become a bottleneck in limiting
the enhancement of the control performance. To summarize, based on a detailed analysis of
the impact from the practical high/low speed operating condition, the uncertainty of
complex traffic environment, vehicle mass, as well as the change of gear shifting to the
vehicle dynamic, an innovative LFS model is proposed in this study, in which the dynamics
of the controlled vehicle and the inter-vehicles are lumped together within a more accurate
and reasonable mathmatical description. For the uncertainty, strong nonlinearity and the
strong coupling dynamics of the proposed model, an idea of the step-by-step transformation
and design is adopted, and a disturbance decoupling robust control (DDRC) method is
proposed by combining the theory of NDD and VSC. On the basis of this method, it is
possible to weaken the matching condition effectively within the invariance of VSC, and
decouple the system from the external disturbance completely while with a simplified
control structure. By this way, an improved AACC system for LFS based on the DDRC
method is designed. Finally, a simulation in view of a typical vehicle moving scenario is
conducted, and the results demonstrate that the proposed control system not only achieves
a global optimization by means of a simplified control structure, but also exhibits an
expected dynamic response, high tracking accuracy and a strong robustness regarding the
external disturbance from the leading vehicle’s frequent acceleration/deceleration and the
internal uncertainty of the controlled vehicle.

2. LFS model

The LFS is composed of a leading vehicle and a controlled vehicle, and the block diagram is
shown in Figure 1. The controlled vehicle is a heavy-duty truck, whose power transmission
is composed of an engine, torque converter, automatic transmission and a final drive. The
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brake system is a typical one with the assistance of the compressed air. On-board millimetric
wave radar is used to detect the information from the inter-vehicles (i.e., the relative
distance and the relative velocity), which is installed in the front-end frame bumper of the
controlled vehicle.

Millimetric Wave (MMW) Onboard Radar
(Mounted on the; Front Bumper)
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Fig. 1. Block diagram of LFS

X1, X4, U1, Var are absolute distance (m) and velocity (m/s) between the leading vehicle and the
controlled vehicle, respectively. d,=x;-x; is an actual relative distance between the two
vehicles. Desired relative distance can be expressed as dj,s=duintvasty, where, dyi=5m, #,=2s.
v=v-vgr is an actual relative velocity. The purpose of LFS is to achieve the tracking of the
inter-vehicles relative distance/relative velocity along a desired value. Therefore, a
dynamics model of LFS at low-speed condition has been derived in ref. [15], which consists
of two parts. The first part is the longitudinal dynamics model of the controlled vehicle, in
which the nonlinearity of some main components, such as the engine, torque converter, etc,
is taken into account. However, this model is only available at the following strict
assumptions:

e the vehicle moves on a flat straight road at a low speed (<7m/s)

e assume the mass of vehicle body is constant

e  the automatic transmission gear box is locked at the first gear position

e neglect the slip and the elasticity of the power train

The second part is the longitudinal dynamics model of the inter-vehicles, in which the
disturbance from frequent accelartion/deccelartion of the leading vehicle is considered.

In general, since the mass, road grade and the gear position of the automatic transmission
change regularly under the practical driving cycle and the traffic environment, the
longitudinal dynamics model of the controlled vehicle in ref. [15] can only be used in some
way to deal with an ideal traffic environment (i.e., the low-speed urban condition). In view
of the uncertainties above, in this section, a more accurate longitudinal dynamics model of
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the controlled vehicle is derived for the purpose for high-speed and low-speed conditions
(that is, the full-speed condition). After that, it will be integrated with a longitudinal
dynamics model of the inter-vehicles, and an LFS dynamics model for practical applications
can be obtained in consideration of the internal uncertainty and the external disturbance. It
is a developed model with enhanced accuracy, rather than a simple extension in contrast
with ref. [15].

2.1 Longitudinal dynamics model of the controlled vehicle

Based on the vehicle multi-body dynamics theory [, modeling principles, and the above
assumptions, two nominal models of the longitudinal vehicle dynamics are derived firstly
according to the driving/braking condition:

The driving condition:

B ot ] B

where two state variables are xi=w; (turbine speed (r/min)) and x>=w.; (engine speed
(r/min)); a control variable is ay (percentage of the throttle angle (%)); definitions of

nonlinear items fi1(X), fe2(X), ga1(X) and guw2(X) are presented in Appendix (1).
The braking condition:

. X far (X) 81 (X)
X :de(X)+de(X)ub = XZ = fde(X) + gd'a2(X) Uy (2)
XS fdv3(X) gdv3(X)

where x3=a; is a braking deceleration (m/s?); uy is a control variable of the desired input

voltage of EBS (V); definitions of nonlinear items fi1(X)~f#3(X) and gu1(X)~gaws(X) are

presented in Appendix (2).

As mentioned earlier, models (1) and (2) are available based upon some strict assumptions.

In view of the actual driving condition and complex traffic environment, some uncertainties

which this heavy-duty vehicle may possibly encounter can be presented as follows:

1. variation of the mass 10,000kg < M < 25,000kg

2. variation of the road grade -3°<¢.<3°

3. gear position shifting of the automatic transmission i;1=3.49, i;»=1.86, iz=1.41, ixs=1,
i5=0.7, 156=0.65.

4. mathematical modeling error from the engine, torque converter and the heat fade
efficiency of the braking system.

Considering the uncertainties above, two longitudinal dynamics models of the controlled

vehicle differ from Egs. (1) and (2) are therefore expressed as

Driving condition:

X =[F,(X)+AF,(X)]+][ G, (X)+AG,,(X)]ay, €)
Braking condition:

X =[F, (X)+AF, (X)]+[ Gy (X) + AG, (X) |u, (4)
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where AF, (X),AG,,(X),AF;(X),AG,,(X)are system uncertain matrixes relative to the

nominal model. They are influenced by various factors, and are described as

Afn AGun Af g Agun
AFav(X):|:Af 2:|' AGuU(X):|:Ag 2:|'APdU(X): Afdvz ’ AGdU(X): AgdUZ .
W “ Af o3 A g3

In terms of multiple factors of the uncertain matrixes, it is difficult to estimate the upper and

lower boundaries of Egs. (3) and (4) precisely by using the mathematical analytic method.

Therefore, a simulation model of the heavy-duty vehicle is created at first by using the

MATLAB/Simulink software, which will be used to estimate the upper and lower

boundaries of the uncertain matrixes. To determine the upper and lower boundaries, an

analysis on extreme driving/breaking conditions of models (3) and (4) is.

At first, the analysis of Eq. (3) indicates that with the increase of the mass M, road grade ¢

and the gear position, the item of f1(X) converges reversely to its minimum value relative

to the nominal condition (at a given o, w.q). Similarly, the extreme operating condition for
the maximum value of f,,1(X) can be obtained. The analysis above can be applied equally to
other items of Eq. (3), and can be summarized as the following two extreme conditions:

(al) If the vehicle mass is M=10,000kg, the road grade is ¢;=-3° and the automatic
transmission is locked at the first gear position, then the upper boundary of Af;,1 can be
estimated.

(@2) If the vehicle mass is M=25,000kg, the road grade is @,=-3° and the automatic
transmission is shifted to the third gear position (supposing that the gear position can
not be shifted up to the sixth gear position, since it should be subject to a known gear
shift logic under a given actual traffic condition), then the lower boundary of Af;,1 can
be estimate.

On the analysis of Eq. (4), two extreme conditions corresponding to the upper and lower

boundaries can also be obtained:

(b1) If the vehicle mass is M=10,000kg, the road grade is @s=-3°, the braking deceleration is
a=0m/s? and the gear position is locked at the first gear position, then the upper
boundary of Af:1 can be estimated.

(b2) If the vehicle mass is M=25,000kg, the road grade is ¢:=3°, the braking deceleration is
ay=-2m/s? (assuming it as the maximum braking deceleration commonly used) and the
gear position is locked at the third gear position, then the lower boundary of Af;;1can be
estimated.

By the foregoing analysis, the extreme and nominal operating conditions will be simulated
respectively by using the simulation model of the heavy-duty vehicles. In order to activate
entire gear positions of the automatic transmission, the vehicle is accelerated from Om/s to
the maximum velocity by inputting a engine throttle percentage of 100%. After that, the
throttle angle percentage is closed to 0%, and the velocity is slowed down gradually in the
following two patterns:

1. according to the requirement of (bl) condition, the vehicle is slowed down until stop by
the use of the engine invert torque and the road resistance.

2. according to the requirement of (b2) condition, the vehicle is slowed down until stop
through an adjoining of a deceleration a;,=-2m/s? generated by the EBS, as well as the
sum of the engine invert torque and the road resistance.
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According to the above extreme conditions (al), (a2), (b1), (b2), the variation range of each
uncertainty can be obtained by simulation, as shown in Figures 2 and 3. For removing the
influence from the gear position, the x-coordinates in Figures 2 and 3 have been transferred
into a universal scale of the engine speed.

For instance (see solid line in Figure 2), during the increase of the engine speed in condition
(al), the upper boundary of the item Af,,1 increases gradually, while the items Afr, Agmo2
change trivially. As to the increase of the engine speed in condition (a2) (see dashed line in
Figure 2), the lower boundary of the item Af;,1 increases rapidly at the beginning, and then
drops slowly. The minimum value appears approximately at the slowest speed of the engine
(i.e., the idle condition). The items Afyo, Aga2 decrease during the engine speed increases.
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Fig. 3. Changes of uncertain items under braking condition

From the above simulation results, it is easy to calculate the upper and lower boundaries of

the uncertain matrixes in Eqgs.

(3) and (4):
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Driving condition:

86 < Afyy <127, —275<Af,, <15, Aguy =0, —0.0127 <Ag,,, <0.001.

Braking condition:

~188 < Afy; <155, —7 < Afy, <845, 0<Afy; <0124, Agsy =Agun =0,
~0.0174 < Ag,,, <0.029

where a unit of Af,.,Af.ist /min®, two units of Ag,.,Ag,- arer / (min2~ %) andm / (53 ~V) ,
respectively.

To verify the proposed models, some profiles are prepared in Figure 4 according to the
aforementioned extreme conditions. They include the throttle angle percentage, EBS desired
braking voltage and the road grade containing two values of +3°. Figures 5 and 6 are the
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Fig. 4. Profiles of throttle angle percentage, EBS desired braking voltage and road grade
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comparison results corresponding to 10,000kg and 25,000kg, respectively. The dashed lines
and the solid lines are the results of the control models (3) and (4) and the simulation
models, respectively. It can be seen from the comparison results that the control models (3)
and (4) are able to approximate the simulation models very closely, even in the case of a
wide variation ranges of the velocity (0m/s~28m/s), mass (10,000kg~25,000kg) and the gear
positions of the automatic transmission (1~6 gears). Because the models (3) and (4) only
present the longitudinal dynamics of the controlled vehicle, the inter-vehicles dynamics has

to be considered furthermore such that a completed dynamics model of the LFS at full-
speed can be obtained.

2.2 Longitudinal dynamic model of the inter-vehicles

For the purposes of vehicular ACC or SG cruise control system design, many well-known
achievements on the operation policy for the inter-vehicles relative distance and velocity
have been intense studied [20.21l. Focusing on the AACC system, the operation policy for the
inter-vehicles relative distance and relative velocity should be determined so as to

e  maintain desirable spacing between the vehicles

e  ensure string stability of the convoy

Inspired by previous research [1l 21 [l on the design of upper level controller, the operation
policy of inter-vehicles relative distance and relative velocity can be defined as

&g =dy—d, = (dmin + Udfth) _(xl _xdf)

®)
&y = agpty — U, = ayet, —(Uz - Udf)
where ag is a controlled vehicle acceleration (m/s2); ¢; is a tracking error of the longitudinal
relative distance (m); & is a tracking error of the longitudinal relative velocity (m/s).
As the illustration of the vehicle longitudinal AACC system (see Figure 1), it should be
noted that an item a4y, is introduced to define the inter-vehicles relative velocity &, so as to



Modelling and Nonlinear Robust Control of Longitudinal Vehicle Advanced ACC Systems 121

fit the dynamical process from one stable state to another one. In contrast to Eq. (5),
conventional operation policy of inter-vehicles relative velocity is often defined as e,=vi-vyy,
which only focuses on the static situation of invariable velocity following. However, on
account of the dynamic situation of acceleration/deceleration, the previously investigation
[15 161 has demonstrated that it is dangerous and uncomfortable for the AACC system to
track a vehicle in front still adopted conventional operation policy. Therefore, an item of aat
is proposed to capture accurately the human driver’s longitudinal behavior aiming at this
situation. Generally, Eq. (5) can be regarded as the dynamical operation policy.

The accuracy of Eq. (5) is validated by the following experimental tests, which is carried out
under complicated down-town traffic conditions in terms of five skillful adult drivers
(including four males and one female). Two cases including an acceleration tracking and a
deceleration approaching are considered. In the case of acceleration tracking, the driver is
closing up a leading vehicle without initial error of relative distance and relative velocity.
Then, the driver adjusts his/her velocity to the one of the vehicle in front. The headway
distance aimed at by the driver during the tracking is essentially depending on the driver’s
desire of safety. In the case of deceleration approaching, the driver is closing down a leading
vehicle with constant velocity. The driver brakes to reestablish the minimal headway
distance, and then follow the leading vehicle with the same velocity. The experimental data
presented in Figure 7 are the mean square value of five drivers’ results. The comparison
results confirm that Eq. (5) shows a sufficient agreement with practical driver manipulation,
which can be adopted in the design of vehicle longitudinal AACC system.
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Fig. 7. Comparison results between experimental data and operation policy

By virtue of the operation policy (5), the mathematical model of inter-vehicles longitudinal
dynamics is created
&g =&, =yl — (vl - Udf)
&y = ety — (171 - i)df)

©)

where 7, is a leading vehicle acceleration (m/s2), which is generally limited within an

extreme acceleration/ deceleration condition, i.e,, —2m /s> < 0,<2m/ s2.
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Although the inter-vehicles dynamics is considered in Eq. (6), the dynamics of the controlled
vehicle that has great impact on the performance of entire system has been ignored instead.
Actually, two aforementioned models are interrelated and coupled mutually in the LFS. To
overcome the disadvantages of the existing independent modeling method, a more accurate
model will be proposed in the following to describe the dynamics of the LFS reasonably. In
this model, the longitudinal vehicle dynamics models (3) and (4) with uncertainty and the
longitudinal inter-vehicles dynamic model (6) are both taken into account. As a result, a
control system can be designed on this platform, and an optimal tracking performance with
better robustness can also be achieved.

2.3 LFS dynamics model
Firstly, take the time derivative of the state variable &, in Eq. (3), and obtain &, . After that,

2z,
601,

@y, &, are substituted into Eq. (6) by virtue of the relationship a; =, = @, . Finally,

an LFS dynamics model for the driving condition is derived according to Egs. (3) and (6). It
is a combination of the dynamics between the controlled vehicle and the inter-vehicles, as

well as the uncertainty from actual driving conditions.

X =[F,(X)+ A, (X)]+[G,(X) + AG, (X) ]ay, + P, (X)w

£4=fn
PN év = (faZ + Afu2)+(gal + Agul)ath + palz}l (7)
d)t :fa3 +Afll3

d’ed = (fn4 +Afn4)+(8u2 + AgHZ)ath

T. . - .
where X =[g;, ¢, o, @,] is a vector of the state variables, w=10,is a disturbance

variable, and e, is a control variable. The definition of each item in Eq. (7) can be referred to
Appendix (2).
Similarly, an LFS dynamics model for the braking condition is achieved:

X =[F(X)+AF;(X)]+[G(X)+AG, (X) Ju, + Py (X )w
éa=fn
&y =(fur + Maz) + (841 + Aga1 )y + Pan®y
S0 = faz + Mg
Ooq = fas+ s
ay = (fus +Afys) + (842 + 8842 thy
®, o

el

T . . .
. 4 @] is a vector of the state variables, u,is a control variable.

where X =[¢; &
The definition of each item in Eq. (8) can be referred to Appendix (4).

According to the analysis of the extreme driving/braking conditions in 2.1, an approximate
ranges of the upper and lower boundaries regarding uncertain items in Eqgs. (7) and (8) can
be calculated through simulation.
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Driving condition:

~104 < Af,, <203,-0.031 < Ag, <0.0027

Braking condition:
-192 < Af;, <174,-0.0153 < Ag,;; <0.022

where an unit of Af. is m/s?, units of Ag,;,Ag,; are m/(s2-%) and m/(s2 V), respectively.

The analysis of the dynamics models (7) and (8) indicates that the LFS is an uncertain affine
nonlinear system, in which the strong nonlinearities and the coupling properties caused by
the disturbance and the uncertainty are represented. These complex behaviors result in
more difficulties while implementing the control of the LFS, since the state variables ¢, &, are
influenced significantly by the nonlinearity, uncertainty, as well as the disturbance from the
leading vehicle’s acceleration/deceleration. However, because the longitudinal dynamics of
the controlled vehicle and the inter-vehicles can be described and integrated into a universal
frame of the state space equation accurately, this would be helpful for the purpose of
achieving a global optimal and a robust control for the LFS.

The LFS AACC system intends to implement the accurate tracking control of the inter-
vehicles relative distance/relative velocity under both high-speed and crowded traffic
environments. Thus, the system should be provided with strong robustness in view of the
complex external disturbance and the internal uncertainty, as well as the capability to
eliminate the impact from the system’s strong nonlinearity at low-speed. Focusing on the
LFS, refs. [22-27] presented an NDD method to eliminate the disturbance effectively, which
was, however, limited to some certain affine nonlinear systems. Utilizing the invariance of
the sliding mode in VSC, the control algorithm proposed in refs. [28, 29] can implement the
completely decoupling of all state variables from the disturbance and the uncertainty. But, it
is not a global decoupling algorithm, and should also be submitted to some strict matching
conditions. Refs. [30-34] studied the input-output linearization on an uncertain affine
nonlinear system, but did not discuss the disturbance decoupling problem. On a nonlinear
system with perturbation, ref. [35] gave the necessary and sufficient condition for the
completely disturbance decoupling problem, but did not present the design of the feedback
controller. To avoid the disadvantages of those control algorithms mentioned above, a
DDRC method combining the theory of NDD and VSC is proposed in regard to the complex
dynamics of the LFS.

3. DDRC method

The basic theory of DDRC method is inspired by the idea of the step-by-step transformation
and design. First, on account of a certain affine nonlinear system with disturbance, the NDD
theory based on the differential geometry is used to implement the disturbance decoupling
and the input-output linearization. Hence, a linearized subsystem with partial state
variables is given, in which the invariance matching conditions of the sliding mode can be
discussed easily via VSC theory, and then a VSC controller can be deduced. Finally, two
methods will be integrated together such that a completely decoupling of the system from
the external disturbance, and a weakened invariance matching condition with a simplified
control system structure are obtained.
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3.1 NDD theory on certain affine nonlinear system

At first, consider a certain dynamics model of the LFS, where uncertain items of AF,(X),
AGu(X), AF4(X) and AG,(X) are considered as zero. Hence, a certain affine nonlinear system
can be simplified as

{X—P(X)+G(X)u+P(X)w o)

y=h(X)

where XeR" and u, w, yeR are system state variable, control variable, disturbance variable
and output variable, respectively, F, G, P, h are differentiable functions of X with
corresponding dimensions.

The basic theory of NDD is trying to seek a state feedback, and construct a closed-loop
system as follows

{X =F(X)+G(X)a(X)+G(X)B(X)v+P(X)w=F(X)+G(X)v+P(X)w
(10)
y=h(X)
If there is an invariant distribution A(X) that exists over E (x ),G(X ), and satisfies
span{P} c A(X)c Q" (X) (11)

where

Q(X)=[dn(X) dLph(X) - dL'h(X)] .
Then, the output y can be decoupled from the disturbancew , and we have a r-dimension
coordinate transformation
T r— T
Z=y(X)=[z,2] =[h(X), L 'h(X)] (12)
as well as an n-r-dimension coordinate transformation

= 8(X) =10 (X), 1, (X)]' (13)

where y satisfies
dp;(X)G(X)=0, vXel, i=1,-,n-r (14)

In this way, the original closed-loop system (9) can be modified as a following form over the
new coordinate

Zi =24 1<i<r-1 (15)
z
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Obviously, Eq. (15) is a linearized decoupling subsystem, while Eq. (16) is a nonlinear
internal dynamic subsystem subject to the disturbance. The invariant distribution A(X )is

defined as [IE,AJ(X )= A(X), Lis a Lie derivative, defined as LG = (%G(JF , r is a relative

degree, defined as gLy 'h(X ) #0136, #is an orthogonal of” * 7137, Eq. (10) is a necessary

and sufficient condition of the disturbance decoupling problem, which can be expressed in
the equivalent form

Q(X)P(X)=0 (17)
State feedback is
_ _ -Lh(X)+v
u—a(X)+ﬂ(X)v—7LGU£1h(X) (18)

If the disturbance w is measurable, the following state feedback can be considered

=a(X)+p(X)o+r(X)w = ‘Urh(X)L:;F—li,(a}Lf)lh(x)w

(19)

In this way, a weakened necessary and sufficient condition of the disturbance decoupling
problem is achieved as

X)[G(X)y+P(X)]=0 (20)

As a result, some existing linear control methods (likes, LQ, pole placement) can be used to
implement the pole placement over the linearized decoupling subsystem. In the following,
the NDD theory is used to discuss the VSC problem of the affine nonlinear systems under
the impact of the uncertainty.

3.2 VSC of uncertain affine nonlinear systems based on NDD
Considering Egs. (7) and (8) with uncertainty, they can be simplified as a more general
forms for the analysis, i.e.,

{X =[F(X)+AF(X)]+[G(X)+AG(X)|u+[P(X)+AP(X)]w
y=h(X)
where F, G, P, I indicate the certain part of the system, and they are defined as Eq. (8), AF,

AG, AP indicate the uncertain part correspondingly.
At first, take first derivative of the output variable y=h(X):

(1)

dy

Z, =
T

7)()[1—" (X)+G(X)u+P(X w]+ah(X)

[AF(X)+AG(X)u+AP(X)w]| (22)

=[Lph(X)+Lh(X)u+Lph(X)w |+ Lyph(X) + Lygh(X)u+Lyph(X)w |
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Obviously, if
Lyeh(X) = Lygh(X) = Lyph(X)=0 23)

then according to the definition of the relative degree and Eq. (17), Eq. (22) becomes

5 =Leh(X) =2 (24)
Differentiate Eq. (24) again yields
_dLeh(X)
2 dt
8LF OLph(X)
[F u+P(X)w]+T[AF(X)+AG(X Ju+AP(X)w | (25)

- [szh( )+ LGLFh( Ju+ LpLph(X)w |+ [ LypLeh(X) + LygLeh(X )u + LypLeh(X)w]
which in turn deduces
LppLph(X)=LygLph(X)=LypLph(X)=0 (26)
By the definition of relative degree and Eq. (17), Eq. (25) becomes
zy =Lph(X) =1z, (27)
After differentiating r times, we find that
2, =LeLy (X )u+ Lph(X) + LypLF 'h(X) + LygLy 'h(X)u + LypLy 'h(X)w
= [LapLy 1(X) + @(X) LygLi '1(X) | +[ 1+ B(X) Lag L 1(X) Jo + Lyp L (X )

Based on the above proof, the disturbance decoupling problem of uncertain affine nonlinear
systems can be solved, if there exist VSC matching conditions such that

(28)

(c1) LypLph(X)=0,LLph(X) =0,L,pLih(X) =0, LypLeh(X)=0,(0<i<r-2)

(@) |AF(X)| < £, AG (X)] < g, JAP(X)| < o, 0] < 0,
( )nxn ?213222‘ g’”/ Pm/ Wm

are perturbation boundaries of the corresponding given matrixes.

Summing up the definition of the relative degree, matching conditions (c1) and the
coordinate transformation Z=y(X), we obtain a closed-loop system over the new coordinate
by substituting the state feedback (18) or (19) into Eq. (21), which has the form

Z; = Ziq, 1<i<r-1,

2= LpL 1(X) + @(X) Lyg L 'h(X) |+ [ 1+ B(X) Lag L 1(X) Jo + Lp L (X ) *)

j1=Q(Z, 1)+ AQ(Z, ) + AR(Z, p)v + [ K(Z, ) + AK(Z, r) Jw (30)
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It can be noticed from Eq. (29) that for the state variables z; of the first r-1 dimensions, the
linearization and the disturbance decoupling have been achieved, except for the remaining
z; (Eq. (30)). By virtue of the invariance of the sliding mode in VSC 28], it will be used in
consequence to eliminate the disturbance and the uncertainty on z.

Based on the VSC theory 28], a switching function is designed easily by taking advantage of
the linearized decoupling subsystem (29) over the new coordination

SZ:S(Z):C[zlmz,]T (1)

where C=[cy,...,cr1,1] is a normal constant coefficient matrix to be determined. Once the
system is controlled towards the sliding mode, it satisfies

S;=C[z-2] =0 32)
yielding the following reduced-order equation
Zi=2z4, 1<i<r-1 (33)

Clearly, a desired dynamic performance of each state variable in Eq. (33) can be achieved by
configuring the coefficient C.

As the desired dynamic performance of the sliding mode has already been achieved, an
appropriate VSC law is to be defined so as to ensure the desired sliding mode occurring
within a finite time. It is convenient to differentiate the switching function (31), and derive
the following equation in terms of Eq. (29) :

Sy =Ag, + M, +(BSZ +ABg_ )U+ACSZw (34)

where
r=1
ASZ :zciii,AAsz :¢'AF+C¥¢)~AG, Bsz :1’ABSZ :,B¢'AG,
i=1

r-1
ACSZ :¢-AP, ¢:6LF67;1(()().

Considering an VSC law below

v=-B5 [ A +aS,+bsgn(S,)]  (a,20,b,>0) (35)
an inequality below can be derived from the matching condition (c2), Eqs. (31) and (34).

S287 =52 {Ms, + ACs,w—a,S, ~b,sgn (S, )-ABs, B [ As, + a5, +b.sgn(S,)]|

(L8
<[8zlll(fn ~lelgn ) + 18 Ml 2o = I (36)
0.5 |+ 180l ([B52 45, I+ a s + o] )
=[5 IF a. (1~ 5ol ) - I521{b. (1~ [Bole.,)

[l ~lalgn + paton ) + Lol BsL 4s, |2 ]}

<[5 la4s,

w5, l[ACs, w| - a5, b5, ]+ |aBs,

I2[1+ e[S + b
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It is noticed from Eq. (36) that if the perturbation boundary g,, of uncertain part AG satisfies

gn <ol (37)
then defining
b> H¢H(fm - HaHgm + PnWy, ) + Hﬂ(oHHB;;ASZ Em (38)
S 1-[ ol
may lead to the following inequality:
$,5,<0 (39)

Namely, the convergence condition of the sliding mode is achieved.

From the above verification, the desired sliding mode is achievable under the VSC law (35),

as long as the matching condition (c2) and the constraints (38) are satisfied. Since Eqs. (31)

and (35) are the switching function and the control law over the new coordinate X, they

should be transferred back to the original coordinate Z by adopting the inverse
transformation Z=y(X). Finally, the DDRC law can be achieved by substituting the VSC law
over the original coordinate into the disturbance decoupling state feedback control law (Eq.

(18) or Eq. (19)).

To summarize, for an uncertain affine nonlinear system, if the disturbance decoupling

condition (17) or (20) and the matching conditions of (c1) and (c2) hold respectively for the

certain part and the uncertain part, the DDRC method with the combination of NDD and

VSC theories can be figured out as the following design procedure:

Step 1. According to the NDD theory of affine nonlinear systems, the feedback control law
(Eq. (18) or (19)) and the coordinate transformation (Eqs. (12) and (13)) are derived
to transfer the original system into the linearized decoupling normal form (Eq. (15))
over the new coordinate.

Step 2. Give the VSC matching conditions (c1) and (c2) for the uncertain part of the affine
nonlinear systems.

Step 3. Utilize the linearized decoupling normal form (Eq. (15)) over the new coordinate to
design the switching function (Eq. (31)), and determine its coefficients accordingly.

Step 4. Design the VSC law (Eq. (35)) based on the perturbation boundary (37) of the
uncertainty part, and the convergence condition of the sliding mode (39).

Step 5. Define the coordinate transformation (12) to transfer the switching function (Eq.
(31)) and the VSC law (Eq. (35)) from the new coordinate Z back to the original
coordinate X.

Step 6. Substitute the VSC law (Eq. (18) or (19)) over the original coordinate into the
feedback control law, and yield the DDRC method.

A block diagram of the closed-loop system for the aforementioned DDRC method is shown

in Figure 8, which includes two feedback loops. The nonlinear loop (i.e., the NDD loop) is

used to achieve the disturbance decoupling and the partial linearization, regarding the
system output y from the disturbance w . On the other hand, the linear loop (i.e., the VSC

loop) is used to restrain the system’s uncertainty and regulate the closed-loop dynamic
performance.
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Fig. 8. Block diagram of closed-loop system for DDRC method

4. LFS AACC system

In this section, the proposed DDRC method will be used to design the LFS AACC system
with respect to the driving and the braking conditions.

4.1 LFS AACC system for driving condition

Recall the procedure in 2.2, the disturbance decoupling problem on the LFS dynamics model
without the impact of the uncertainty is considered (i.e., for the uncertain items of Eq. (7) let
AF,(X)=0, AG4(X)=0). On the purpose of LFS AACC system, the following affine nonlinear
system with the output variable is defined:

{X:FH(X)+GH(X)% + P, (X)w (40)

y=h(X)=¢,

By adopting the NDD theory of certain affine nonlinear system, the relative degree of
system (40) is calculated as

Lph(X)=¢,Lgh(X)=[1 0 0 0]G,=0,Lg Lyh(X)=[0 1 0 0]G,=0.

Obviously, the relative degree is r =2, which results in the following matrix

Q,,(X)—{ dh(X) }_{1 00 0} @)

dLeh(X)| [0 1 0 0

Then, it is easy to verify that

QXP—lOOOP—O 0 42
a( )a_|:0 1 0 0:| a_|:pa1j|¢ ( )
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That is to say, the disturbance decoupling from system (40) can not be achieved by the state
feedback (18), because the necessary and sufficient condition (17) is not satisfied. Thus, one
can turn to the state feedback (19) with measurable disturbance. Note that if

Va= _[pﬂl} (43)
8a1

then the necessary and sufficient condition (20) is satisfied, i.e.,

1000

01 0 O}[Ga}/u+Pu]:0 (44)

Q,(X)[G,7, +P,] {
By Eq. (19), the decoupling state feedback is obtained as

_ _faZ (a)t/wed) + Uy, —Pn@

ay, zaa(X)+,Bg(X)vua+yﬂ(X)w gg1(0’t/“)ed)

and the corresponding coordinate transformation with r=2 dimensions is

cone [

v

where

L%ﬂh(X) = faszPaLFah(X) = pal’LGaLFah(X) =&a1-

Additionally, in order to complete the coordinate transformation, the remaining n-r=2
dimensional coordinates y1, p.2 should satisfy the following condition:

0
a/uﬂi Ga — 6/“01' a;um' a;uai a/uﬂi &a1 -0 (l _ 1’2) (47)
oX 0e; Og, 0w, Owy |l 0
82

The purpose is to ensure the diffeomorphism relationship of the coordinate transformation
between the original and the new one (in other words, it is a one-to-one continuous
coordinate transformation between the original and the new one, the same is for the inverse
transformation). Obviously, one solution of the partial differential Eq. (47) is

Hpy = O

3 48
Hopp ==&, + antll [bwtwed + chzd + dwt] ( )
Deq

Hence, the transformation of the remaining 2 dimensional coordinates is

oo ]
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Up to now, the decoupling state feedback (Eq. (45)) and the coordinate transformation (Egs.
(46) and (49)) have been obtained for the certain part of the LFS dynamics model under the
driving condition.
Further consideration on the uncertain part of model (7) will be continued. On the basis of
the design procedure (Step2) in 3.2, the matching conditions (c1) and (c2) have to be verified
at first, and

Ly h(X)=[1 0 0 0]AF, =0 50
LAGah(X):[l 0 0 0 0]AG,=0 0)

It should be noticed from 1.2 and 1.3 that the uncertain items AF,(X), AG,(X) and the
disturbance w are subject to the following limited upper boundaries:

|IAF, (X)| < f,, =203

IAG, (X)|< g, =0.031 (51)

HwH S Wy =2
By substituting the decoupling state feedback u=ay, (Eq. (45)) into model (7), and making use
of the coordinate transformations (46) and (49), a linearized subsystem below can be
achieved, in which the certain part is completely decoupled from the disturbance.

Part of uncertain and disturbance

Certain part ,
. fo 1 0 0 0 0
Zn Zn
= A
|:Zu2:| |:0 0:||:Za2:|+|:1j|vua ! AfuZ _%Agﬂl " ggﬂ1 e _hAgal v (52)
al al al
y=é4

Besides, a nonlinear dynamic internal subsystem without separating from the disturbance
and the uncertainty is yielded

].la = Qa(Za’”a)+AQa(Za’”a)+|:Ka (Za’”a)+AKa(Zu’Fa):|w (53)
where

+z
Ha2 a2 +1

a th 0
, Ka(za,m{ }

n

1 2 —Pa1

za/ual + t}(anthaﬂul t Mt 2t anthl) !
h

2
aly +

Qu(Z, )= _(

Based on the analysis of the extreme operating conditions in 2.1, it can be noticed that the
items AQ,, AK, are constants with limited upper boundaries.

For the certain part of Eq. (52), it is clear that the state variables z,1, z,» have been completely
decoupled from the disturbance w. In order to enhance the system’s robustness from the
remaining uncertain part and the disturbance within the linearized decoupling subsystem
(52), we may design the following switching function over the new coordinate by making
use of Eq. (52).
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SaZ = Ca |:Z”1i| (54)

Za2

where C,=[ca1 1] is a coefficient matrix to be determined. Once the system is controlled
towards the sliding mode, it obeys

saZ =CnZp tZpn = 0= Zp2 = —Ca1Zm (55)
and the order of Eq. (52) can be reduced to

Zq1 = Zg2 (56)

Clearly, the disturbance and the uncertainty have been separated from Eq. (56). In this way,
substituting Eq. (56) into Eq. (55) yields

ial TCa1Zg1 = 0 (57)

By the Laplace transform, an eigenvalue equation of Eq. (57) is obtained as

s+c, =0 (58)

To achieve a desired dynamic performance and a stable convergence of the sliding mode,
the coefficient c,; can be determined by employing the pole assignment method. That is, the
eigenvalue of Eq. (58) should be assigned strictly in the negative half plane. Without loss of
generality, it can be chosen herein as c;=1.

The VSC law is designed below by the procedure (Step4) of 3.2, in order to guarantee that
the desired sliding mode occurs within a finite time. First, a VSC law is obtained on the basis
of Eq. (35):

V0 =—Bs. [ASaz +a,S,7 + b, sgn(S”Z)J (59)

where 4; =c;12,1,B;  =1. For determining the coefficients d., bss, the perturbation
boundary of g, should be verified such that

Zan <82 (60)

where ¢,=[01 0 0]. According to Eq. (45) and the analysis of 3.2, it is easy to obtain

1
Hﬂu%H_l = [max ] =0.98 (61)

g al (a)t 1 Wy )
Clearly, the condition of Eq. (60) is satisfied. Then, the parameter b, will be determined by
f a2 (a)t 1 Weg )
g al (wt 1 W )
given. On this basis, it is reasonable to suppose that the absolute value of the extreme

relative velocity tracking error is max | &, | =35m/s. It can be presented as a scenario that the
leading vehicle moves forward with a maximum velocity 35m/s relative to the statical

the inequality (38). Recalling the analysis results of 3.1, =16.33 is

a,|=max
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controlled vehicle (assuming this given value is an actual maximum velocity). The values
above will be substituted into the right hand side of the inequality (38), and we have

H¢uH(fam _HaaHgam)-'—Hﬂa¢uH B;,}ZASHZ 8am

1- H/Bn¢quam

=210.25 (62)

Then, the parameter b,;=250 can be determined, and a,=10 is achieved separately by the
condition of a,>0.

By the procedure (Step5) in 3.2, the coordinate transformations Z,=tp,(X) and p,=¢.(X) will
be used to transfer the new coordinates (Z,, p.) back to the original coordinate X. In this
way, the switching function over the original coordinate becomes

Z,=y,(X)
SuZ =Cp1Zq1 t 2 = SuX =Cnéq T & (63)

the VSC law (57) over the original coordinate has the form

Oyg = _[Cﬂlgv + uasSaX + bﬂs SgI‘l(S”X ):| (64)

With substitutions of S,x and v, into Eq. (45), a AACC system based on the DDRC method
is finally obtained as

fu2 Wy, O, gd [Calg + Ay ulgd + &y ) + bas Sgn(SaX ):| +pu1w

gul(a)t' d) gul(a)t'a)ed)

Ay =

(65)

The control laws designed above only satisfy the convergence stability and the robustness of
the linearized decoupling subsystem. In order to ensure the stability of the total system, the
stability of the remaining nonlinear internal dynamic subsystem has to be verified, so that
the problem of tracking control can be solved completely. Based on ref. [38], the study on
the stability of nonlinear internal dynamic subsystem can be turned into the study on its
zero dynamics correspondingly. Therefore, let AQ,=AK.=0, i.e., ignore the tiny impact of the
uncertain part. Then the zero dynamics of the nonlinear internal dynamic subsystem (53)
owing to zu1, Zs, w=0 is obtained as follows

iy = aply +E2 1]
n‘h
(66)

. 1 2
Happ = _(za:ual + tJ(antha:ual + Hpn + anthl)
h

To verify the asymptotic stability of Eq. (66) at the equilibrium point (zux1, Za2, a1, pa2)=0, a
candidate Lyapunov function is chosen:

Va (:ual rHa2 ) = _(antual + Hao )2 (67)

The time derivative with respect to the Lyapunov function Eq. (67) is



134 Challenges and Paradigms in Applied Robust Control

av, S
dta = =2( 0ty gy + Mo ) (Cubta + 112
3 (68)
2 2 @
=2au, (antha,uul + L + anthl) x| a,m + a,ty, [b@a’ed +cay + da)]
ed

Becausea,b,c,d,a,,t,,1,0,,@,; >0and @&, >0under the driving condition of the vehicle

acceleration, we have
2 . . or -
anthutual + M t+ anthl = anth:ual = antha)f > 0' (lf o # 0 ) (69)

In addition, it is easy to verify

3
a0, +a,t, [ba)ta)ed +cwl + d;’f] >0 (fo,z0,%0) (70)
ed

a

Therefore, d > 0. The following inequality is satisfied:

v, dd‘? <0 (isw, #w,y #0and @, #0) (71)

The zero dynamics is asymptotically stable.

4.2 LFS AACC system for braking condition

The design of LFS AACC system under the braking condition is similar to under the driving
condition. Regarding the purpose of the LFS AACC system (8), the output can be defined as
y=h(X)=¢4. Then, the relative degree is obtained as r=2, and the decoupling state feedback is
achieved according to Eq. (19) as

y = g (X)+ 4 (X) 0,4 +74(X)w = ~fan 90001 05) + 0pg ~ P (72)
8a1(@1,ay)

The corresponding coordinate transformation is given as

z [ h(X) £
Zd:Wd(X):sz:_LFdh(X)}:Lj (73)
,Udl(X)_ @
Hq :¢d(X) = ﬂdz(X) = Deq (74)
Has(X) | & —autydany

Taking further account of the influence from system’s uncertainty, we have

Ly i(X)=[1 0 0 0]AE,=0

LAGdh(X):[l 0 0 0 0]AG,=0 (75)
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That is to say, the matching condition (c1) is satisfied with respect of uncertain items AF;(X),
AG4(X). Besides, on the analyses of 2.2 and 2.3, the uncertain items AF4(X), AG4X) and the
disturbance w are subject to the following limited upper boundaries:

IAE, (X)] < S, =192 .
IAG, (X)| < g =0.029

By substituting the decoupling state feedback (72) into model (8), and making use of the
coordinate transformations (73) and (74), a linearized subsystem (77) can be achieved, in
which the certain part is completely decoupled from the disturbance.

Part of uncertain and disturbance

Certain part 0 0 0
: [0 1 0
{%M}_{ }{Zﬂ}[ :|Uud + fd2 T A% |Vua T Par w (77)
Zp | [0 0][z Afgp - —= ——=Agn
&a1 8a1
Yy=¢&

Additionally, a nonlinear internal dynamic subsystem with the influence of the disturbance
and uncertainty is presented

= Qd(Zd/Fd) + AQd(Zd/Vd) +[Kd(zd/ﬂd)+ AK, (deﬂd):|w (73)

where

2 2, THaiztZp
Aty + byl fgy + Cqltin + T &
n‘h

2 2 .
eqktin + fattarMan + Satin +hattgy +1g

Qu(Zy1a)= (

dy

“Haz +Zap
o)
anth

2=y + 7 L flgy +—— T ]X[ad/udl bttty + Catt +
4 !

b c 2 2 .
_(dd;udl + deﬂdz] x (edﬂdl + fatlarHaz + aklar + Mgty + ld)
L 4 d

0

Kd(Zd/I‘d) = 0
—Pa

According to the analysis of 2.1, items AQ,, AK; are the constants with limited upper
boundaries.
Similarly, the VSC law can be designed as

v, =Bg,, [Asd, + 455z + by Sgn(sdz)] (79)
where the sliding mode surface is

Saz =CaZa1 + Zao (80)
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By ignoring the tedious calculation process, the parameters are given directly as
As, =cnzp,Bs, =1, ¢y =1,a;,=10, by =185. By transferringv,, back to the original

coordinate and substituting it into Eq. (72), the AACC law is finally obtained as

Ja (@, @.4,a;) 3 [Cdlgv + 4 (Cq184+ &) + b 580 Sy )]*’Pﬂw

8d1(0)t/‘1b) 8d1(01t/‘1h)

Uy = (81)

where S,x= ca€4 + €, which is a sliding mode surface over the original coordinate.

The remaining nonlinear internal dynamic subsystem (78) should be verified as well to
ensure the stability of the total system. At first, if zs, zs, w=0 and the impact of uncertain
items AQ, AK; can be neglected, then the zero dynamics becomes

. 2 2 Mg
Fy = Aghtgy +bapig gy + Caplgy — =94
anth

fgp = eqphgy + fatbarfan + Saklin +Nattar +1ig

. a b 1 82
Haz = —{2;%11 + ;dﬂdz + ] x [adﬂgl + bkl iy + Cartin — i3 _ Sd] (%2
d d tudy ayty
b c .
- [dd My + zddﬂdzj x (edﬂ§1 + fatarbar + 8atti + Maktan + Zd)
d d
Then, a candidate Lyapunov function is chosen as
2z, t,d
Vi (M1, tan s Mz ) = Hap + [Wﬂdl + Iﬂd3dt} (83)
il
Since z,=0, it is easy to obtain
Vi (Ha1s tans ta3) = Hap = @pg >0 (if 0,4 #0) (84)
The time derivative with respect to the Lyapunov function Eq. (83) is
av, . 27a,t,dgt, . . .
7: = Hap + [Wﬂdl + ﬂd3] = Haz = Oy (85)
gl
For the braking condition, the engine operates under the decelerating mode, hence
%: 2y <0 (if iy #0) (86)
Assembling Eqgs. (84) and (85), the following inequality is hold
Vd%w (if @, #0and a; #0) 87)

Thus, the zero dynamics of the nonlinear internal dynamic subsystem (78) is asymptotically
stable as long as zg1, za, w=0.
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5. Simulation and analysis

Base on above analysis of the control system under the driving/braking conditions, the LFS
AACC system applying the DDRC method can be designed as the block diagram in Figure
9. The system consists of three parts: the controlled object of a convoy with two vehicles,
DDRC system, and the input/output signals.

In order to verify the control performance of the LFS AACC system, a typical driving cycle
of the leading vehicle’s aceeleration/deceleration, velocity, as well as the road grade are
given in Figure 10. The road grade changes from 0c~+3c to 0c~-3¢ in a period of 80s~90s and
110s~120s, respectively. Furthermore, the conditions from the high-speed to low-speed SG,
and two cases of mass equaling 10,000kg and 25,000kg are included. The initial errors at Os
for the inter-vehicles relative distance and relative velocity are set to Om and Om/s,
respectively. Table 1 and the solid lines in Figures 11 and 12 are the coefficients and the
simulation results, respectively for the proposed control system. In contrast, the coefficients
and some simulation results of an upper LQ+lower PID hierarchical control system
proposed in ref. [1] are also presented respectively in Table 2 and by the dotted lines in
Figures 11 and 12. The comparison results of the throttle angle, desired input voltage of EBS,
engine speed, automatic transmission gear position, relations of relative distance/relative
velocity tracking error verses time scale, as well as the phase chart of the relative
distance/relative velocity tracking error are shown in Figures 11 and 12 in sequences of

(@)~(®).

Driving condition |cn=1 1,s=10 bas=250

Braking condition |cs1=1 a45=10 bys=185

Table 1. Control parameters of DDRC system

Upper layer LQ Lower layer PID
Conditions parameters parameters
Q R P,I,D
Driving 800, 560, 15
- [70,04] |10
Braking 350, 150, 20

Table 2. Control parameters of hierarchical control system

As illustrated by Figures 11 (a)~(d), for the proposed control system, the throttle angle and
the EBS desired input voltage exhibit smooth response characteristic, rapid convergence and
small oscillation, even at the moment of gear switching. However, for the hierarchical
control system, it shows intense and long time oscillations especially at low-speed condition
(shown as dashed border subfigures inside the Figures 11 (a) and (b)), which have impacts
on the vehicle's comfortability severely.

This is because the small parameters are adopted by the proposed control system as the
consequence of applying DDRC method (shown as Tables 1), and thus the unmodeled high
frequency oscillation can be effectively eliminated, in contrast with the hierarchical control
system adopting large parameters (shown as Tables 2). Moreover, during the time period of
0s ~ 73s and 130s ~ 200s in Figures 11(e) and 12(e), the simulation results of the proposed
control system indicate that the errors of the relative distance and the relative velocity are
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constrained within the range of + 0.02m and -0.05m/s~0.02m/s, respectively. The tracking
accuracy of the proposed control system is enhanced and almost frees from the disturbance
of the leading vehicle’s acceleration/deceleration. However, for the hierarchical control
system, it is affected obviously by the change of the leading vehicle’s acceleration/
deceleration, and touches the maximum value of + 0.1m. Finally, the comparison between
(e) and (f) in Figures 11 and 12 demonstrates a superior robustness for the proposed control
system in spite of the uncertainties caused by the road grade, gear position and the vehicle
mass. Particularly, while the road grade changes between + 3¢ in the time period of
80s~120s, the tracking error of the relative distance and the relative velocity for the
proposed control system are less than + 0.05m and -0.04m/s ~ 0.02m/s, in contract to larger
than £ 0.15m and * 0.05m/s of the hierarchical control system.

uhllll v[ ) dd fllll Vdf
; Controlled Vehicle

Leadlng.Vehche Vehicle convoy

Sliding mode
surface

Vos = €8, + s (Cunfs +8,) + By 580 (S ) | Ve = [ 0ty + S +5,,580(S ) |
i o) T ,,;
- =_f;z(‘i’na’.n”b)+"m —Pa¥ ga“: 7fﬂ(a),,md)+vmfpmw§ N"D;'i"m;d“’l:’::il:“"“
Ea (a’nab) La (a’u Wu)
; i, it o rrrt]
| Braking Driving subsystem

Fig. 9. LFS ACC system using the DDRC method
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Fig. 10. Profile of leading vehicle driving cycle and road grade
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From above analysis and the simulation results, it seems that the influence of nonlinearity,
external disturbance and the variable uncertainties have been eliminated by adopting the
proposed DDRC method for the LFS AACC system, and it results in a significant
improvement of the tracking accuracy, robustness, as well as the response characteristics of
the actuator system (i.e., the throttle angle and the EBS desired input voltage). In addition,
the control structure and the parameters are simplified, and easy to determine in
comparison with the hierarchical control algorithm.

6. Conclusion

In this study, an LFS nonlinear dynamics model is proposed by integrating the dynamics of

the inter-vehicles and the controlled vehicle. Then, a DDRC method is developed, and used

to design the LFS AACC system. Finally, the control performance is verified by the
numerical simulation under a typical driving cycle. The simulation results confirm the
followings:

1. The proposed LFS model not only can describe the vehicle’s strong nonlinearity at low-
speed conditions and the uncertainty induced by the complex traffic environment and
the road condition, but also is able to express the strong coupling characteristics due to
frequent change of the leading vehicle’s acceleration/deceleration at high-speed
condition. Particularly, the dynamics of the inter-vehicles and the controlled vehicle are
lumped together within a universal state space equation.

2. The tracking accuracies at high-speed and low-speed SG condition, as well as the
robustness to the external disturbance and the model parameter uncertainty have been
improved simultaneously, because the DDRC method is applied in the design of the
LFS ACC system.

3. The actuators’ high frequency oscillation caused by the unmodeled part has been
restrained through using small parameters, and this leads to a control system with
simplified structure.

7. Appendixes

Appendix 1. Definition of the matrix items in Eq. (1)

2
2 »h D +ty .. m s +M(n, +sing,)g, | . .
, , , , Lo 107k n & g dp
ot (X)=q| 1| == | +72| — [+ 73 —= R = - 2 -
av

Wy 8 g Ty 8 g Oc

2 2
, @, [2)
= [ 2 v ) 25T
8avl (X) 0
gg772

8av2 (X) = (klwed + k3)17

e
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Appendix 2. Definition of the matrix items in Eq. (2)

2
o, .
o). (o 0 ' i ’h[ntj MO eino)gs i iy
2
fan (X) = rdl[wtj +fd2(a)’]+rd3 [—“’d) 81 + Ma, — &1

60 7, 8 oc

2 2
- @, , @,y T
far (X) = (kza’ed+k4)g8_[rdl[%] +Td2[wed]+1d31(60j I,

fdv3(X):_tlab

r

ed

Appendix 3. Definition of the matrix items in Eq. (7)

ful (‘gv) = gv
@7 o>
_ } . }
fur (@, 0,0) = ayty,| 200, + bar,y +3d +a, |0 +a,ty| bo, +2cw,, —d—
(2] Wyq
2 2 .
em; + f,0,; + gy +ha,; +1
2 2 o
_ 3
fus (@, 0,1) = 405 +bay,w,; + caryy + d—a) -9
ed

2 2 :
fu4(a)t'a)ed) = ew; +fa)ta)ed + EWeg +hwed +1

3
, .
8a1 (a)t’a)ed) = anth (ba)t + an)ed - déJ(]wed + k)
ed
&8a2 (a)ed) = (jwed + k)
Pa1 = -1
2 3
@i @D
Afor (@, 0,) = {anth (Zaa)t +ba,,; + de] + an}Afw1 +a,t, [ba}t +2caw,,; — dszfgv2
ed ed

3
,
Agul (wt’wed) = anth [bwt + 260)&1 -d a); ]AguUZ
ed

Aqu = Afuvl'Afa4 = AfavZ’AgaZ = AguzJZ
wherea,b,c,d,e, f,g,h,i,j,k, 9 are constant coefficients, their specific values can be referred
to ref. [16].
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Appendix 4. Definition of the matrix items in Eq. (8)

fdl (gv) =&
fir (0, 0,4,8,) = @,y (2840, + by,g) + @, |y + &ty (by; +2,40,4) g + Aty

2 2
fas wt'wed'ah) = 0,0; + by, +cqwyy + dya, — 9,

’lh) = o,

(
(
fas( @, 0,4) = Ca] + 10y + 84y + Ny +ig
fas (
(@) = @, tydy (ke o, +1;)

(

82 (@, 0,) = kg + 1y

Par=-1

Afgo (07, 0,5) = [anth (2840, +by0,4) + @, J Af g + Aty (6304 +204055) M gon + @ty A3

A1 (@, 1,) = ety dg (kdalgwt + ld)Agdv3

Mgz = M1 A as = Mava Mas = Maws A8a2 = A8uwa

wherea,,b;,c ,d5,e4, f1,84 04,14, ja.ka.1;,9; are constant coefficients, their specific values
can be referred to ref. [16].

Appendix 5. The vehicle parameters are as follows:

iy =5.571 - final reduction ratio;
i o = 3.49 - first position gear ratio of the automatic transmission;

1, = 0.507 - effective tire radius (m);

I, =3.189 - rotational inertia of the engine flywheel (kg m2);

7 = 0.98 - total transmission efficiency;

n, =0.01 - rolling resistance coefficient;

M =10,000 - vehicle nominal mass (kg);

@, =0 - nominal road grade (°);

k; =5.2x% 10_3,k2 =-0.25,k; =-1.1,k, =145 - engine fitting coefficients;

t, =-0.85,t, =1.75,7, =-7.19x 1072, 7, =3.97x 10?75 =3.68x 10> - torque converter fitting
coefficients for the forward transmit condition;

T5 =-21x1072,7,, =6.76x 102,75 =—4.59x 1072 - torque converter fitting coefficients for
the reverse transmit condition;

t, =0.2 - time constant of the dynamic response for the braking system;

k,=-43x107,k, =029 - fitting coefficients of the heat fading efficiency model for the
braking system;

1,1, ,0¢ - constant coefficients:

2
0.377r-60 60 M M-1.55
=(0232g, )| =————| ' e ="hgn’ Oc = + ’
h ( gg)(3-6igi0 .zﬁJ 276283 °C [gg ~18.8J [g§ : 18.8]

[ =9.8m/s?.
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1. Introduction

Designing active controllers for minimizing mechanical vibration of structures is a challenging
task which presents several levels of difficulties. Due to the continuous nature of the
structures, they have an infinite number of degrees of freedom which leads to infinite
vibration modes. This requires a model reduction and modal truncation considering
the controller objectives, in order to achieve a viable numerical model which may allow
the designed controller to perform satisfactorily within the frequency range of interest
(Zhou & Doyle, 1997). But for real structures, even for truncated models, it may be expected
a significant number of vibration modes to consider, conducting to mathematical and
computational issues, besides the natural consequences of the reduction of the model order
leading to unexpected behavior due to the controller feedback.

Considering the now vast literature in the vibration control area, there is no consensus
regarding the most suitable control design method. Several techniques seem to give
similar results, as shown in the works of Baz & Chen (2000); Bhattacharya et al. (2002);
Hurlebaus et al. (2008). Linear matrix inequalities methods, due to powerful yet simple
formulation and computational solution to implement the theory of robust control, present
nowadays a slight predominance (Boyd etal., 1994; Zhou & Doyle, 1997). Several recent
works that use this approach may be cited such as Barrault et al. (2007; 2008); Cheung & Wong
(2009); Halim et al. (2008).

The Ho control technique emerged in the last decades as a robust control technique in the
context of multiple-inputs and multiple-outputs (MIMO) feedback problems. The usual
formulation involves the minimization of the H norm from the disturbances inputs to the
performance outputs, corresponding to the minimization of the worst possible response.
Vibration control of structures is a well reported application using this approach (Gawronski,
2004). Usually, performance outputs are selected based on the interest points distributed over
the structure, and taken for the formulation of the objective function in the minimization
problem.

However, the control problem, stated as the transfer matrix between the vibration actuator
and sensor positions, has a known drawback. Because it does not clearly impose the
desired behavior on the whole structure, it is not possible to guarantee the vibration level
minimization beyond the sensor isolated position points. This approach may present
acceptable reduction levels for simple structures, but more comprehensive methods are
needed to achieve good results with real engineering structures, guaranteeing a vibration
reduction through regions of the structure instead of isolated points.
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The overall vibration energy distribution is then necessary to be considered, which renders the
control problem always a non-collocated one. Additionally, real structures require in general a
significant number of transducers, increasing the complexity of the system due to the number
of transfer function combinations of inputs and outputs.

The spatial Ho control looks for an equivalent worst case output performance norm, in
order to have a weighted performance over an specific region of the structure, instead of
points. Addressing regions of interest instead of points, this methodology is attractive to the
vibration control area. Particularly, for the common case of using a finite element model for
the formulation of the spatial He control, it results in a simple formulation.

Some works have discussed the spatial He control, specially in the case of plate vibration
(Halim, 2002; 2007; Halim et al., 2008). In these works, the spatial He design is solved
trough a convenient algebraic manipulation which converts the spatial norm formulation to
an equivalent ordinary He control problem.

Decentralized control is another promising approach recently studied for the vibration
problem. Its basic architectural idea is to adopt several distributed controllers with lesser
authority, instead of a big controller for the whole structure. Each controller accesses a subset
of inputs and outputs, being responsible for a region of the structure. Decentralized control
has been used for sound irradiation control of plates in Bianchi et al. (2004), with semi-active
control in Casadei et al. (2010), using an optimal controller with static feedback in Jiang & Li
(2010) and with decentralized velocity feedback in Zilletti et al. (2010). It is obviously useful
for big structures in particular, where its constructive robustness represent an immediate
advantage, since it may be implemented using independent microcontrollers and the system
can easily accommodate actuator or sensor failures. Another advantage is the numerical
simplicity of the controller algorithms, since each one deals with a smaller number of inputs
and outputs. One problem is to decouple the controllers in order to avoid mutual undesired
interference.

The purpose of this work is to compare an application of the spatial norm and the
decentralized approaches to the vibration control of a plate including the He control
technique, and adopting a linear matrix inequalities formulation.

The finite element method is used here to determine the vibration model of a plate. The
plate is divided in Mindlin finite elements generating a discretized finite dimensional model
that captures the vibration modes (Ferreira, 2008). The finite element method is suitable to
determine the mass and stiffness matrices using interpolation functions of each finite element
of the mesh, and the assemblage of these results for all the elements leads to a representation
of the structure. This model is then used to generate the state-space model used to design the
active controller.

This chapter is divided according to the following main topics: Structural modeling, where
the main aspects of the dynamic equations, modal analysis fundamentals to describe the
model, and model reduction are described; Heo control, where the optimization problem
to minimize the Ho norm and aspects of multi-variable control are discussed; Spatial Heo
control technique, where a more global and spatial vibration performance along the structure
is considered as vibration reduction objective; Decentralized control, where controllers are
designed in an independent form in order to reduce the design effort and also to increase the
reliability in case of failures, is presented. Finally, the concluding remarks are presented.

The notation used in this work is: matrices are denoted by uppercase bold (M, K, A etc);
vectors are denoted by lowercase bold (x, z, y etc); transposition of a matrix is denotes by the
apostrophe (transpose of C is denoted by C’ etc); time is denoted by variable t; frequency is
denoted by w.
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2. Mechanical structures modeling

2.1 Dynamic equation
The movement equation of a generic structure can be written as

Mq(t) +Dq(t) + Kq(t) = Bof(t), )

where q(t) denotes the displacements, M is the mass matrix, D is the damping matrix, K is
the stiffness matrix, f(¢) is the vector of all external forces and By is a localization matrix for
the external forces.

The main features of the dynamic response of a vibrating structure (Gawronski, 2004) are:
1) presence of resonance (amplification of response in specific frequencies); 2) the vibration
models are decoupled (they can be excited independently); 3) the total response can be
obtained by the summation of each mode contribution; 4) the impulse response consists of
harmonic components, which are related to complex poles with small real parts; and 5) the
system is controllable and observable.

2.2 Modal model
The structural model described in Eq. (1) can be represented also in modal coordinates
(Ewins, 2000; Gawronski, 2004). The advantages of this kind of description are that the
modal properties become evident such as the natural frequencies and damping factors for
each structural mode.
The solution for the undamped free vibration is given by q(t) = ge/*!. Substituting this
solution in the undamped free vibration movement equation it is obtained the eigen-problem
given by

K3 = w’Maq. )
A structural system with n degrees of freedom presents n natural frequencies and n vibration
modes. These natural frequencies and modes are determined through the solution of the
eigen-problem related to the characteristic equation given by

det(K — w?*M) = 0 ®3)
The natural frequencies w; can be stored in a diagonal matrix Q) given by
Q =diag(wy wy ... wy), 4)
and the vibration modes ¢; can be stored in the matrix ® according to

Q=[¢p; § ... P, ()

The model represented by the matrices K and M is the spatial model. The model denoted by
the matrices (2 and ® is the modal model.

A very important property is the orthogonality that allows the diagonalization of mass and
stiffness matrices, i.e.,

O'M® = diag[my my ... my] = diag[m;), (6)
' M = diaglky ky ... ku] = diaglk;). (7)

A specific situation which is mathematically convenient is the proportional damping where
D = aM + BK. In this case it can be verified directly that the damping matrix is also
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diagonalized since M and K can be diagonalized, i.e.,
O'DP = a®'M® + BO'KD = diagldy dy ... dy] = diag|d;] (8)

Considering a coordinate transformation given by p(t) = ®q(t), and pre-multiplying the Eq.
(1) by @, it is possible to obtain for proportional damping

®'MPp(t) + ®'DPp(t) + D' KPp(t) = ®'Bof(t), )
which can be rewriten as
diag[m;]p(t) + diag[d;|p(t) + diag[k;]p(t) = ®'Bof(t) (10)

One can verify that Eq. (10) corresponds to a set of uncoupled second order differential
equations similar to the movement equation of the one degree of freedom system. Each
decoupled equation corresponds to a specific vibration mode of the system and can be written
as

mifi(t) +dipi(t) + kipi(t) = fi(t), (11)
or in a standard form of second order system as
pi(t) + 28wipi(t) + wipi(t) = yw?fi(h). (12)

It is possible to write for the i-mode the corresponding conjugate pair of poles

— Gjwj & jwiy /1 -2 (13)

where w; is the natural frequency and ¢; is the non-dimensional damping factor, both related
to the i vibration mode.

The modal model is a convenient way to include damping in models obtained by the
finite element method, for example. The damping factor of each mode can be included
independently. The proportional damping is not a mandatory hypothesis in this work since
the control techniques can be applied to non-proportional damping also.

2.3 State-space model
The Eq. (1) can be rewriten as

q(H) +MIDq(t) + M 1Kq(t) = M~ 1Byf(t). (14)

Two kinds of external forces may be present in the active vibration control problem: the
disturbance forces, denoted by w(t), and the control forces, denoted by u(t). Two kinds of
outputs of the system can be defined: the measured outputs, denoted here by y(¢), and the
performance outputs, denoted by z(t).

Defining the state-space vector as x(t) = [q(t) q(t)]’, which corresponds to the displacements
and velocities in this case, it is possible to write the state-space model in the form

x(t) = Ax(t) + Byw(t) + Bou(t), (15)
z(t) = Cix(t) + Dyyw(t) + Dyau(t), (16)
y(t) = Cox(t) + Dyyw(t) + Dpou(t), (17)
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where the state-space matrix A is given by

0 I

A= _MIK-M K|

(18)

The matrices By and B; are constructed with the structure [0 M~1B)’ where the appropriate
position matrix By is used for w(t) and for u(t). Itis convenient to mention that the number of
columns of By is the number of disturbances and the number of columns of B; is the number
of control forces.

The matrices C1, Dy and Dy, are constructed to define the performance output in terms of
the displacements, velocities and accelerations, or linear combinations of these values. The
number of lines of C; is the number of performances outputs to be monitored.

The matrices Cy, D1 and Dy, are constructed to specify the measured output also in terms of
the displacements, velocities and accelerations. The number of lines of C; is the number of
measures.

This dynamic system can be represented in a compact form according to

x(t) A B; By | [x(t)
z(t) | = |Cy Dy Dip | | wi(t) |- (19)
y(t) Cy Dy Dy | | u(t)

The transfer matrix of the system in Laplace domain variable s, relating each input to each
output, can be writen as

P(s) = C(si—A)"'B+D, (20)
where c
D1 D
B=[B; By, C=| 1|, D=| 1 12}. 21
[ 1 2] |:C2}:| |:])21 D22 ( )

2.4 State-space model in modal form

Considering that in modal coordinates the differential equations are decoupled for each mode,
it is possible to reorganize the state-space in a modal form. Based on the standard form given
by the Eq. (12), a state-space model for each mode can be generated.

One usual form of modal model (Gawronski, 2004) considers the states defined as

=, @i 2
Xi {éiwipi + Pz} 2)
For this case, the state-space matrix for the i-mode is given by
—Giwi  w; }
A= . 23
' [ —wi —Giw; @)

The state-space matrix will be a block diagonal matrix with the contribution of each mode in
the form

A = diag(A;). (24)
This formulation is used in this work through the function canon with the option modal in
the MATLAB® software.
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2.5 Model reduction

A real structure is a continuous system with infinite degrees of freedom. It is necessary to have
a finite dimensional representation for the system. This representation can be obtained by
techniques such as finite elements or direct experimental identification. These two approaches
lead to models that are finite dimensional but that can present a number of degrees of freedom
yet considered excessive large. In this case, in order to have a feasible numerical treatment and
feasible controller design, it is necessary to have a reduced order model.

The model reduction can be performed according to some techniques (Qu, 2004). The most
usual and simple technique is the model truncation, where a number of modes is kept under
a critical frequency value of interest. Upper frequency modes are simply discarded. This
technique is adequate for the objectives of this work, and it is adopted here. Obviously the
lost information can affect the dynamic representation of the structure and bring undesirable
effects, such as spillover, implying the use of additional performance filtering to the model.
In most situations, the interest in the dynamic response of the structure is limited to a specific
range of frequencies, and the model reduction can be performed considering this information.
In the present case, the model reduction is conducted using the function modreal of the
software MATLAB. This function performs the model reduction selecting the frequency
ordered blocks of the modal model corresponding to the indicated frequency range, i.e., the
selection is based on the blocks of the Eq. (24).

3. Structural and control models - plate vibration

It is considered in this work a finite element model of a plate. The MATLAB codes given
in Ferreira (2008) were employed to obtain the mass and stiffness matrices considering the
Mindlin plate formulation. The plate finite element has four nodes and three degrees of
freedom in each node: rotations in axes x and y and displacement in axis z. The plate in this
work was considered with all boundaries free. The finite element mesh is shown in Figure 1,
and Table 1 shows the physical parameters used in the finite element model of the plate.

This finite element model presents 90 nodes with 3 degrees of freedom per node. This leads
to a model of 270 degrees of freedom and 540 states. This model was reduced to a model with
24 states for control design purposes.

This model is used in this work to evaluate the spatial and decentralized Ho control
techniques. There are, in this plate model, three convenient orientations for the transducers:
horizontal, vertical and with an orientation of 45 degrees (representing identical actuation in
the degrees of freedom in x and y directions of the same node). The placement of these sensors
and actuators are indicated in Figure 1.

Height Im
Width Im
Thickness 2 mm

Density 2710 kg /m?3
Poisson Modulus 0.33
Young Modulus 70 GPa

Table 1. Physical properties of the plate

In order to have a more realistic dynamic system in the simulations, damping should be taken
into account. In this case, it was included a modal damping of 3 x 10~ to all vibration modes
of the plate.
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Fig. 1. Finite element mesh for the plate with four partitions - A denotes actuators and S
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It is considered that the actuators and sensors are piezoelectric (PZT). The actuator receives a
voltage and apply a pair of opposite moments in nearby nodes. The sensor generates a voltage
proportional to its deformation, i.e., proportional to the difference between angles in nearby
nodes. Figure 2 shows schematically the actuator and sensor representation used in this work.

input voltage

@

MD structure

actuator

output voltage

@

tructs
ga structure

sensor

Fig. 2. PZT actuator and sensor relations to the respective degrees-of-freedom
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Actuators Sensors
Number DOF Nodes|Number DOF Nodes
Disturbance| 1(w) (O 86

Partition 1 2(up) ¢ 36-37) 1(z1) 1 43-37
3(u) T 49-42] 2 (1) T 43-36

Partition 2 4 (u3) < 40-41) 3 (zp) 1 47-41
5(uy) T 53-46| 4 () T 47-40

Partition 3 6 (us) «» 64-65 5(z3) 1 78-72
7 (ug) L 84-77| 6 (y3) T 78-71

Partition 4 8 (u7)  « 68-69) 7(z4) 1 8B2-76
9 (ug) T 88-81] 8 (y4) T 82-75

Table 2. Definition and placement of actuators and sensors for the mesh in the Figure 1.

Table 2 shows actuators, sensors and nodes location for the mesh of Figure 1. The arrows
indicate the respective degrees of freedom. The partition reveals which actuators and sensors
are used in each local model for the case of the decentralized control. The disturbance is
considered a force in the z direction applied in the node 86. Actuators numbered from
2 to 9 are chosen as control inputs. Sensors 2, 4, 6 and 8 are measuring outputs. The
performance parameters are the sensors numbered as 1, 3, 5 and 7. The uncontrolled system
was normalized to have an H norm equal to 1 (normalized plant).

4. H - control formulation

The Hoo control design method consists of designing a controller transfer function K(s) in a
closed loop with a plant P(s) in order to minimize the o norm of the closed loop transfer
function T(s) from the disturbance w to the performance z in the frequency domain w. The
loop is usually represented as in Figure 3.

w Z
— —

u

Fig. 3. Heo closed loop diagram

The He norm of a system, from the disturbance input w(t) to the performance output z(t)
(Skelton et al., 1998), can be defined as

oz (t)z(t) dt

Joo = ITO)lleo = v oy

(25)

The Ho norm can be calculated as

IT(s)[lo = sup 7(T(jw)),
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where 7 is the maximum singular value of the transfer function T(s) (Zhou & Doyle, 1997).
This is a measure in the frequency domain of the worst response of T(s). If the worst response,
in the sense of the higher amplitude, is achieved to an acceptable level, the performance is
evidently guaranteed for all cases.

Weighting functions are used in this work to compel the performance output and control
signals to follow the specified frequency distributions. In general, low-pass weighting
functions W;(s) are used to balance the performance output levels and high-pass functions
Wiy (s) are applied to the control forces. Commonly used filter functions (Zhou & Doyle, 1997)

are:
k k
svM + w, s+ we'M
WP(S) = x ’ WM(S) = x ’
s+ we/e s¥/€ + we

where w; is the cut frequency, k is the filter order, M is the gain at pass band and € is the gain
at rejection band.

Specifying the correct weighting functions for each problem is very important in the controller
design process. They define the frequency regions where the disturbance signals response
should be minimized and where the control signals should be effective, avoiding the excitation
of neglected vibration modes in the model, which is fundamental to avoid the spillover effect
(Balas, 1978).

An H controller design problem can be written as an optimization problem. The controller
K(s) can be obtained by the minimization of the o norm of the closed-loop T(s), i.e.,

mings) [[T(s)]|eo
subjected to K(s) stable
T(s) stable.

This optimization problem can be considered a global design, since it involves all the inputs
and outputs of the plant. Provided an acceptable level of vibration, a sub-optimal solution
of this problem may be obtained solving the associated Riccati equations or by the solution
of a linear matrix inequality problem (Boyd et al., 1994; Zhou & Doyle, 1997). The solution of
this problem can be obtained using the MATLAB Robust Control Toolbox with the hinfsyn
function for example.

5. Spatial /., control

5.1 Spatial . norm

The Ho norm may be generalized considering a spatial distribution for the performance
parameters. This can lead to a weighted response over the specified spatial region.

The spatial He norm (Skelton et al., 1998) for a dynamic system considering the disturbance
input w(t) to the spatial performance output z(r, t) can be defined as

_ I3 Jr 2 (61)Q(r)z(t,7) drdt

Joo [ w! (tyw(t) dt ’

(26)

where R denotes the spatial region and Q(r) is a spatial weighting function.

5.2 Spatial and non-spatial 7 ..-control parallel
The spatial Ho norm allows to generalize the H o control design problem. Consider a system
in which the performance output z(r, t) depends both on space (r) and time (), whilst the
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measured output y(f) depends only on time. The state space model may be described as:

x(t) = Ax(t) + Biw(t) + Bou(t)
z(t,r) = Cy(r)x(t) + D11 (r)w(t) + Dy (r)u(t) (27)
y(t) = Cox(t) + Dayw(t) + Dopu(t).

It is possible to notice that r stands for a vector position and can represent two or
three-dimensional problems. The definition of the spatial norm is a multiple integral
depending on the problem dimensionality according to the Eq. (26).

The purpose of control design is to obtain a dynamic controller given by

Xi(t) = Apx(t) + Bry(t)
u(t) = Cex(t) + Dyy(t),

which reduces the particular norm of interest.

The spatial Ho problem is solved through the conversion to an equivalent punctual He with
a modified performance output Z(t), which is responsible for taking into account the desired
vibration region. The ordinary H., norm based on Z(t) according to Equation (25) is

e AGHGEE

oo — oo—. 28
J Jo W/ (t)w(t)dt (28)

Comparing equations (28) and (26) it is possible to establish the equivalence
2 (1)2(t) = /R 2/ (t,1)Q(r)z(r, ) dr. (29)

This equivalence allows to convert the spatial He control design problem into the standard
‘Heo problem with the modified performance output.
From Equation (27):

z(t,r) = [C1(r) D11(r) D1a(r)] {W] ,

u

and the equivalent punctual output
X
zZ(t) =T |w|. (30)
u

Using Equation (29), it is possible to write

x]’ [ x ]
w| I'T|w| =
u u

x 7" T Ci(r) X
- /R w| [ D} (r) | Q(r)[Ci(r) Dy(r) Dia(r)] | w | dr,
u| DL u
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)

x 7’ Cy(r) X
—|w /72 Dj;(r) | Q(r) [Ci(r) Di1i(r) Dip(r)] dr | w
u D'lz(r) u

The equivalence results in the following equality

I'T =

-/ Dal Q(r) [C1(r) Dy (r) Dya(r)] . (31)
R D/
12(r
By defining a spatial weighting functlon Q(r), the matrix I'T can be found from Equation
(31) and I may be determined. One should notice that I is the transformation that allows the
punctual He problem to represent equivalently the spatial o problem.
Using Equation (30), the performance output Z is defined as

X X
z=T|w :[H®1 @2} W,
u u

in which II, ® and ©; are simultaneously defined as matrix partitions of I according to the
signal dimensions.
So, the final plant model is written as

()

Ax(t) + Byw(t) + Bou(t)
Ix(t) + O w(t) + Ozu(t)
zx(t) + D21W(f) + Dzzu(t).

<@ N
=
=
H H

5.3 Calculation of T’

Equation (31) defines I'T as an integral of a square matrix of order n + ny + n,, where n is
the number of plant states, 1, is the number of disturbances and 1, is the number of control
signals. T has dimensions p X (n + ny + ny,), where the number of lines p represents the
number of performance outputs, i.e., the number of lines of Z. The number of elements of T is
p X (n+ ngy + n,) and the number of elements of I'T is (1 + 1y, + ny,) X (1 + 1y + ny,). Since,
I'T is symmetric, the number of unknowns elements are (1 + 1y + 1y) (1 + 1y + 1, +1) /2. A
convenient choice is p = 1 + 1y + 1y, which amounts to a square matrix for I', and in this case
a Cholesky factorization can be applied in I'T to obtain I. Another possibility to determine I
involves a specific situation related to finite element models as described in the next section.

5.4T for the case of constant spatial weighting

Taking the spatial weighting function constant inside every element allows some simplifying
results. In this case the spatial performance output can be discretized for the degrees of
freedom that are the model states and the spatial performance output can be interpolated from
the degrees of freedom. The integral of Equation (31) that defines I'T may be approximated
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as
Cy(r)
I'T~)Y f(ri) | Diy(ri) | Q(ri) [Ci(r;) D1a(r;) Daa(ri)], (32)
i Diz (I’i)
by supposing an integration method such as the gaussian quadrature (Bathe, 1995), where the
values f(r;) represent the contribution to the specific degree of freedom. In this case, f(r;) can
be considered the gauss weightings and r; the respective integration points (in this case the
degrees of freedom).
If the finite element mesh is homogeneous in terms of the element size, a simplification of a
constant value of the integrand inside each element can be used leading to less calculations.
The integral in Equation (31) becomes a summation according to

Cyi

I'r=), D:n,- Qi [C1i D11;i Dioi] 4;, (33)
T | D
12i

with A; as an elementary length, area or volume, according to the dimension in the integral,
and Q; is the weighting function value related to point i in Equation (32). A simplification of
notation, taking i to denote the corresponding r;, was employed.

Defining t; = Q;A;, it is possible to write Equation (33) as

C;
I'T=}), D:11i Vi (\/E[Cli Dyy; D12i]>-
i Diy;

This summation can be rewritten as

&F
I'T = Z\/E D:ni (Z\/E[Cu Dyy; Dm}) -X,
1

Dy, i
where ,
i#j 1
X=) ) ti Dy [Clj Dyy; Dle] :
b 12

Since finite element models are considered in this work, where the degrees of freedom are
model states, the matrices [Cl j D11j Dle] are orthogonal. Cj; is a matrix of zeros with a

one in the position j of the convenient degree of freedom. Dy i and Dyy;j are null since the
displacement and velocities are the states. Acceleration outputs are not considered in this
work. This yields X = 0 and consequently

Cy;
r'r= Z \/E DY,
i /

D12

(Z\/E[Cu Dy D12J)

i
i
where one can choose

I =Y \/t[Cy Dy Diyl. (34)

i
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In this way, a numerical definition of the output matrix I of the H« spatial control is achieved
for the particular case of finite element models, where the degrees of freedom are the states.

6. Decentralized ., control

The decentralized control design problem can be obtained by imposing a block-diagonal
structure to the controller. If the order of inputs and outputs in the transfer function respects
physical proximity, a block diagonal structure for the controller can be obtained such as:

where K;(s) are the local controllers.

It is difficult to formulate the decentralized control design with a problem structure that
can be solved easily. When the optimization problem is formulated through linear matrix
inequalities, the requirement to impose a particular structure in the decision variable K(s)
represents a mathematical difficulty that can lead to a non-convex problem. This difficulty
motivates the investigation of other approaches for the decentralized control.

One alternative is that the original plant can be divided in several local plants with their own
inputs and outputs and with spatially close actuators and sensors. In this case, it is possible
to design local controllers corresponding to each plant subdivision. The closed-loop can be
generated by employing these controllers along with the original plant in all its input and
output signals, i.e., it is possible to solve several optimization problems such as

ming;s) [|Ti(s)]/eo
subjected to K;(s) stable
T;(s) stable.

where the controllers K;(s) are obtained. In this case, the closed-loop is a function of all
controllers and of the global plant.

Through this approach no additional mathematical development is necessary, since the
solution is taken as a combination of solutions of several simultaneous optimizations
problems.

7. Simulated results

Using H control for both the centralized and decentralized designs the same configuration
of actuators and sensors already described were adopted in order to permit to compare the
results.

The control design is performed using the linear matrix inequalities formulation for the He
controller design using the function hinfsyn of MATLAB 7.2 (default parameters).

The parameters of the weighting filters used in this work are shown in Table 3. The same
filters were employed in all simulations of this work.

A simulation test is performed according to the presented configuration of inputs and outputs.
A linear sine sweep of 10 s from 0 to 2 KHz is used as a disturbance signal in all cases.
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we kM €
W, (s) - low-pass weight for performance 1500 1 0.1 0.001
W, (s) - high-pass weight for control force 2000 1 0.1 0.001

Table 3. Weighting filters parameters

7.1 Centralized control

The centralized control case is the ordinary punctual He applied to the finite element model
of the plate described above. Control results for the centralized control are shown in time
domain in Figure 4 and in frequency domain in Figure 5.

Response disturbance to performance
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Fig. 4. Centralized control - control result from disturbance signal to spatial performance
output

The time scale in Figure 4 is the duration of the sweep disturbance signal, and it may be
interpreted as a frequency scale. It is possible to observe a good attenuation increasing as the
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Fig. 5. Centralized control - control result from disturbance signal to spatial performance
output in frequency domain

disturbance frequency increases. It is possible to notice also the presence of four predominant
natural frequencies in the plate, but only in the attenuated response.

In the spectral response of Figure 5 it is possible to observe clearly the four natural frequencies,
but only the first and the second peaks are attenuated, achieving a reduction of approximately
50% in the amplitude. The bigger reduction on the time response of Figure 4 for the highest
frequencies is due to the low damping regularly found in these structures, and the respective
transient response.

7.2 Decentralized control

Frequency and time domain results for the decentralized control in contrast with centralized
control are shown in Figures 6 and 7.

In Figure 6 it is possible to see that the attenuation of the decentralized controller is practically
the same, but just a bit less amplitude is present in the middle frequencies.
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Response - disturbance to performance
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Fig. 6. Centralized and decentralized control - control result from disturbance signal to
spatial performance output

In Figure 7 this slightly bigger attenuation is not present in any of the four peaks, with a
complete superposition of the responses. Once again, the difference seen in Figure 6 is due to
the low damping of the plate.

7.3 Spatial control

In the spatial control case the performance is the spatial output defined in the original design,
which in this case is a constant and equal weighting of all the nodes except for the boundary

of the plate.

The first four sensors are used as performance measurements with the same control loop
design for the spatial performance defined for the whole plate, in order to compare it with Heo
decentralized design. The control results obtained are shown in frequency and time response
respectively in Figures 8 and 9.
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Disturbance to performance - frequency
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Fig. 7. Centralized and decentralized control - control result from disturbance signal to
spatial performance output in frequency domain

In Figure 8 it is possible to notice that the spatial attenuation is bigger than in the decentralized
controller results, in the low and middle frequency regions.

In Figure 9 the attenuation attained by the spatial controller is on the range around 10 and
20%, in comparison to the decentralized controller, which presented a similar result to the
centralized controller on the order of 50%. This means that the spatial controller achieved
indeed a good vibration attenuation result. But in the high frequency range, the two peaks
once again were not attenuated.
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Response - disturbance to performance
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Fig. 8. Decentralized and spatial control - control results from disturbance signal to spatial
performance outputs

7.4 Control signal comparison

The control signal levels for the spatial and decentralized controlled are presented in Figure 10
in the time domain. It is possible to have some insight into the behavior of the controllers
results by analyzing these curves.

The closed loop frequency response, through the associated controllers efforts to attenuate
the correspondent natural frequencies, is very clear on the curves of Figure 10. The spatial
controller presented a bigger effort to attenuate the first and the second peaks, while the level
of the decentralized controller does not reflect clearly the passage of the natural frequencies.
That is the reason that made the spatial controller the better one. Other higher frequencies
also presented controller effort, but the respective attenuation was not possible to be seen in
the spectral responses in Figure 9. It would be interesting to further investigate if some other
points of the region is presenting attenuation on these peaks.
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Disturbance to performance - frequency
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Fig. 9. Decentralized and spatial control - control results from disturbance signal to spatial
performance outputs in frequency domain
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8. Concluding remarks

Two recently proposed H controller design methods dedicated to active structural vibration
control were presented, and simulated results based on a finite element model of a plate were
analyzed. The spatial norm based method aims to attenuate the vibration over entire regions
of the structures, using the controller energy in a more effective way. The decentralized control
method also tries to achieve a good energy distribution based on the application of the control
effort through different controllers. A third controller, based on a standard He design for the
complete plate, and using the same sensors and actuator, was evaluated also, to serve as a
comparison base.

The decentralized control presented a similar behavior to the centralized one, but with a
somewhat smaller control effort. Centralized control can demand more expensive equipment
and is less robust in case of failures when compared to the decentralized approach. The results
validate the option for a decentralized control as opposed to the regular centralized control.
The spatial control as compared to the decentralized control presented the better results
in terms of attenuation. The analysis was based on the response on the same punctual
performance points, instead of the complete region. But it is possible to affirm that a better
attenuation on the complete region is present on the performance of this controller, based on
the mathematical definition of the spatial norm.

A future investigation is related to the stability of the decentralized case, since each
decentralized control can affect the others. In this work, this aspect was checked by the
direct verification of the closed-loop stability, but only for the specific configuration of the
four decentralized controllers considered here.

Also the choice of weighting function in the spatial control is an open problem, that heavily
depends on the problem’s practical requirements.
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1. Introduction

Control of mechanical systems has been an important problem since several years ago. For
free-motion systems, the dynamics is often modeled by ordinary differential equations arising
from classical mechanics. Controllers based on feedback linearization, adaptive, and robust
techniques have been proposed to control this class of systems (Brogliato et al., 1997; Slotine
& Li, 1988; Spong & Vidyasagar, 1989).

Many control algorithms proposed for these systems are based on models where practical
situations like parameter uncertainty, external disturbances, or friction force terms are not
taken into account. In addition, a complete availability of the state variables is commonly
assumed (Paden & Panja, 1988; Takegaki & Arimoto, 1981; Wen & Bayard, 1988). In practice,
however, the position is usually the only available measurement. In consequence, the velocity,
which may play an important role in the control strategy, must be calculated indirectly, often
yielding an inaccurate estimation.

In (Makkar et al., 2007), a tracking controller that includes a new differentiable friction model
with uncertain nonlinear terms is developed for Euler-Lagrange systems. The technique is
based on a model and the availability of the full state. In (Patre et al., 2008), a similar idea is
presented for systems perturbed by external disturbances. Moreover, some robust controllers
have been proposed to cope with parameter uncertainty and external disturbances. Heo
control has been a particularly important approach. In this technique, the control objective
is expressed as a mathematical optimization problem where a ratio between some norms of
output and perturbation signals is minimized (Isidori & Astolfi, 1992). It is used to synthesize
controllers achieving robust performance of linear and nonlinear systems.

In general, the control techniques mentioned before yield good control performance.
However, the mathematical operations needed to calculate the control signal are rather
complex, possibly due to the compensation of gravitational, centrifugal, or Coriolis terms,
or the need to solve a Hamilton-Jacobi-Isaacs equation. In addition, if an observer is included
in the control system, the overall controller may become rather complex.

Another method exhibiting good robustness properties is the sliding mode technique
(Perruquetti & Barbot, 2002; Utkin, 1992). In this method, a surface in the state space is
made attractive and invariant using discontinuous terms in the control signal, forcing the
system to converge to the desired equilibrium point placed on this surface, and making the
controlled dynamics independent from the system parameters. These controllers display good
performance for regulation and tracking objectives (Utkin et al., 1999; Weibing & Hung, 1993;
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Yuzhuo & Flashner, 1998). Unfortunately, they often exhibit the chattering phenomenon,
displaying high-frequency oscillations due to delays and hysteresis always present in practice.
The high-frequency oscillations produce negative effects that may harm the control devices
(Utkin et al.,, 1999). Nevertheless, possibly due to the good robust performance of sliding
mode controllers, several solutions to alleviate or eliminate chattering have been developed
for some classes of systems (Bartolini et al., 1998; Curk & Jezernik, 2001; Erbatur & Calli, 2007;
Erbatur et al., 1999; Pushkin, 1999; Sellami et al., 2007; Xin et al., 2004; Wang & Yang, 2007).
In the previous works, it is also assumed that the full state vector is available. However,
in practice it is common to deal with systems where only some states are measured due to
technological or economical limitations, among other reasons. This problem can be solved
using observers, which are models that, based on input-output measurements, estimate the
state vector.

To solve the observation problem of uncertain systems, several approaches have been
developed (Davila et al., 2006; Rosas et al., 2006; Yaz & Azemi, 1994), including sliding mode
techniques (Aguilar & Maya, 2005; Utkin et al., 1999; Veluvolu et al., 2007). The sliding mode
observers open the possibility to use the equivalent output injection to identify disturbances
(Davila et al., 2006; Orlov, 2000; Rosas et al., 2006).

In this chapter, we describe a control structure designed for mechanical systems to solve
regulation and tracking objectives (Rosas et al., 2010). The control technique used in
this structure is combined with a discontinuous observer. It exhibits good performance
with respect to parameter uncertainties and external disturbances. Because of the
included observer, the structure needs only the generalized position and guarantees a good
convergence to the reference with a very small error and a control signal that reduces
significantly the chattering phenomenon. The observer estimates not only the state vector
but, using the equivalent output injection method, it estimates also the plant perturbations
produced by parameter uncertainties, non-modeled dynamics, and other external torques.
This estimated perturbation is included in the controller to compensate the actual disturbances
affecting the plant, improving the performance of the overall control system.

The robust control structure is designed in a modular way and can be easily programed.
Moreover, it can be implemented, if needed, with analog devices from a basic electronic
circuit having the same structure for a wide class of mechanical systems, making its analog
implementation also very easy (Alvarez et al., 2009). Some numerical and experimental results
are included, describing the application of the control structure to several mechanical systems.

2. Control objective

Let us consider a mechanical system with n—degree of freedom (DOF), modeled by
M(q)§+C(q,4)q + G(g) +(4,4,§)0 + 7(t) = u = 10 + Ar. ©)

q € R", 4 = dq/dt, § = d>q/dt* denote the position, velocity, and acceleration, respectively; M
and C are the inertia and Coriolis and centrifugal force matrices, G is the gravitational force,
@9 includes all the parameter uncertainties, and -y, which we suppose bounded by a constant
o, thatis, ||y(f)|| < o, denotes a external disturbance. 7y and A are control inputs. Note that,
under this formulation, the terms M, C, and G are well known. If not, it is known that they
can be put in a form linear with respect to parameters and can be included in ®6 (Sciavicco &
Siciliano, 2000).
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We suppose that 7y, which may depend on the whole state (g, §), denotes a feedback controller
designed to make the state (g, §) follow a reference signal (g, §,), with an error depending on
the magnitude of the external disturbance 7 and the uncertainty term ®6, but keeping the
tracking error bounded. We denote this control as the “nominal control”. We propose also to
add the term A, and design it such that it confers the following properties to the closed-loop
system.

1. The overall control u = 1y + A greatly reduces the steady-state error, provided by 7 only,
under the presence of the uncertainty 6 and the disturbance .

2. The controller uses only the position measurement.

Note that, for the nominal control, the steady state error is normally different to zero, usually
large enough to be of practical value, and the performance of the closed-loop system may be
poor. The role of the additional control term A is precisely to improve the performance of the
system driven by the nominal control.

The nominal control can be anyone that guarantees a bounded behavior of system (1). In this
chapter we use a particular controller and show that, under some conditions, it preserves the
boundedness of the state. In particular, suppose the control aim is to make the position g track
a smooth signal g, and define the plant state as

e1=9—4qr, €2=49—4r. @
Suppose also that the nominal control law is given by
T = —M(") [Kper + Koez — G (t)] + C(-)(e2 + 4r) + G (), ®)

where Kj, and K, are n x n-positive definite matrices. However, because the velocity is not
measured, we need to use an approximation for the velocity error, which we denote as é, =
4 — gr. This will be calculated by an observer, whose design is discussed in the next section.
Suppose that the exact velocity error and the estimated one are related by e; = &, + €5. Then,
if we use the estimated velocity error, the practical nominal control will be given by

T = —M(-)(Kper + Kol — ) + C() (&2 + dr) + G(-). ()
Moreover, the approximated Coriolis matrix ¢ can be given the form
C() =C(q,9) = C(,é2+4r) = C( e2 +dr) — AC(),
where AC = O(||ez||). Then the state space representation of system (1), with the control law
(4), is given by
b = e, ©)
éy = —Kpey — Kyeo + (e, t) + Au,

where
&)= -M[(C— MKy)er + AC(ez +Gr) + PO + 7], (6)
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and Au = M~1(-)Ar is a control adjustment to robustify the closed-loop system. When Au =
0, a well established result is that, if

lG(e )| < prllell +po, pi >0, %)

then there exist matrices K, and Ky such that the state e of system (5) is bounded (Khalil,
2002). In fact, the bound on the state e can be made arbitrarily small by increasing the norm
of matrices K and Ky.

The control objective can now be established as design a control input Au that, depending
only on the position, improves the performance of the control %y by attenuating the effect of
parameter uncertainty and disturbances, concentrated in ¢.

Note that disturbances acting on system (5) satisfy the matching condition (Khalil, 2002).
Hence, it is theoretically possible to design a compensation term Au to decouple the state
e1 from the disturbance . The problem analyzed here is more complicated, however, because
the velocity is not available.

In the next Section we solve the problem of velocity estimation using two observers that
guarantee convergence to the states (e1,ep). Moreover, an additional property of these
observers will allow us to have an estimation of the disturbance term ¢. This estimated
perturbation will be used in the control Au to compensate the actual disturbances affecting
the plant.

3. Observation of the plant state

In this section we describe two techniques to estimate the plant state, yielding exponentially
convergent observers.

3.1 A discontinuous observer

Discontinuous techniques for designing observers and controllers have been intensively
developed recently, due to their robustness properties and, in some cases, finite-time
convergence. In this subsection we describe a simple technique, just to show the observer
performance.

The observer has been proposed in (Rosas et al., 2006). It guarantees exponential convergence
to the plant state, even under the presence of some kind of uncertainties and disturbances.
Let us consider the system (5). The observer is described by

&l _ &+ Cre ®)
ép _erl — Kyéy + Au+ Cie1 + Cgsign(el) !

where é; € R" and é, € R" are the states of the observer, €1 = e; — é;. Cp, C1, and C, are
diagonal, positive-definite matrices defined by

C; = diag{ci1,cip)- - -, Cin} fori=0,1,2.
The signum vector function sign(+) is defined as

sign(v) = [sign(vy), sign(vy), ..., sign(v,)]".
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Then, the dynamics of the observation error € = (€1, €) = (e1 — é1,ep — &), are described by

€1 _ € — Creq )
é —Cie1 — Kyep — Cosign(er) +¢(e t) |-

An important result is provided by (Rosas et al., 2006) for the case where p; = 0 (see
equation (7)). Under this situation we can establish the conditions to have a convergence
of the estimated state to the plant state.

Theorem 1. (Rosas et al., 2006) If (7) is satisfied with p; = O, then there exist matrices Cy, Cq,
and Cy, such that system (9) has the origin as an exponentially stable equilibrium point. Therefore,
limy 00 é(t) = e(t).

The proof of this theorem can be found in (Rosas et al., 2006). In fact, a change of variables
given by v] = €1, vp = € — Cy€1, allows us to express the dynamics of system (9) by

01 =0y, (10
Uy = 7(C1 + KyC2)Ul — (C2 + Kv)’(')z — Cosign(vl) + C(e, t),

where v and v; are vectors with the form
T. ; _
v = (Uilrvi21'~'/vin) s 171/2-

Then system (10) can be expressed as a set of second-order systems given by

01 = U2i,
Upi = —C1i01; — C2iva; — coisign(v1;) +Gi(), (11)
where ¢1; = c1; + kyicj, C2i = cpj +ky, fori = 1,...,n, and |&;| < B;, for some positive

constants ;. The conditions to have stability of the origin are given by

¢1; >0, (12)

Gy >0, (13)

co > Dmax(B) 52 (BB, a9
min 1

for some 0 < 6 < 1, where P; is a 2 x 2 matrix that is the solution of the Lyapunov equation
Al.TP,- + P;A; = —1I, and the matrix A; is defined by

0 1
Ai = [—511‘ —521'] '

System (10) displays a second-order sliding mode (Perruquetti & Barbot, 2002; Rosas et al.,
2010) determined by v; = v; = 97 = 0. To determine the behavior of the system on the
sliding surface, the equivalent output injection method can be used (Utkin, 1992), hence

U1 = —ueg +C(e,t) =0, (15)
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where u,, is related to the discontinuous term Cysign(v;) of equation (10). The equivalent
output injection u,, is then given by (Rosas et al., 2010; Utkin, 1992)

ueg = (e, t). (16)

This means that the equivalent output injection corresponds to the perturbation term, which
can be recovered by a filter process (Utkin, 1992). In fact, in this reference it is shown that the
equivalent output injection coincides with the slow component of the discontinuous term in
(10) when the state is in the discontinuity surface. Hence, it can be recovered using a low pass
filter with a time constant small enough as compared with the slow component response, yet
sufficiently large to filter out the high rate components.

For example, we can use a set of n second-order, low-pass Butterworth filter to estimate the
term ueq. These filters are described by the following normalized transfer function,

2

C .
= ! , i=1,...,n, 17
2 + 1.4142w¢;s + w?, 17

w,

Fi(s)

where we, is the cut-off frequency of each filter. Here, the filter input is the discontinuous
term of the observer, cg,sign(vy;). By denoting the output of the filter set of as x r € R", and
choosing a set of constants w, that minimizes the phase-delay, it is possible to assume

lim x¢ = §(-) = ¢(-), (18)

t—o0
where [|E(-) = &(-)| < p for p < po.

3.2 An augmented, discontinuous observer

A way to circumvent the introduction of a filter is to use an augmented observer. To simplify
the exposition, consider a 1-DOF whose tracking error equations have the form of system (5).
An augmented observer is proposed to be

e1 = wy +cp1(ey — é1),
Wy = c1(e1 — &) +corsgn(er — 1), (19)

ey = wy +cxp(wy — &) — Kpey — Kyéy + Au,

Wy = c1p(wy — &) + copsgn(wy — é2).

If we denote the observation error as € = e — &1, € = ey — &, we arrive at

€1 = —C1€1 — W1 + e,
Wy = c11€1 + corsgn(er), (20)
€ = —(Ky+cn)er —wr —cop(wy —ep) + &,

Wy = c1p(w1 — €2 + €2) + copsgn(wy — ez + €2).
A change of variables given by

v11 = €1,
U1y = —C21€1 — Wy €3,
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Uy = w1 —ex+ €,
Uy = Uy = —CpUp1 — K€y + 01 —ép —wp + ¢

converts the system to

011 = V12,

U1 = —C11011 — €21012 — 018N (v11) + €2, (21)
Up1 = V22,

gy = —E12021 — C2002p — Copsgn(v21) + &,

where &5 = c1p — Kycpy and € is a disturbance term that we suppose bounded. Under some
similar conditions discussed in the previous section, particularly the boundedness of é; and
E, we can assure the existence of positive constants Cij such that vjj converges to zero, so é;
converges to ey, wy and &, to ey, and w, converges to the disturbance §. This observer Hence
we propose to use the redesigned control Au, or Az, as (see equation (5))

Au=—wy; — =& Ar=-M()w,

to attenuate the effect of disturbance ¢ in system (5) or in system (1), respectively.

4. The controller

As we mentioned previously, we propose to use the nominal controller (4) because the velocity
is not available from a measurement. We can use any of the observers previously described,
and replace the velocity e; by its estimation, é,. The total control is then given by

T=1)+Ar = —M(-) [v+ Kpey + Koby — i (£)] + C(+) (62 + 47) + G(-), (22)

where v is the redesigned control. This control adjustment is proposed to be v = x¢, where x
is the output of filter (17), if the first observer is used (system (8)), or v = wy, where w; is the
last state of system (19), if the second observer is chosen.

The overall structure is shown in figure 1 when the first observer is used.

A similar structure is used for the second observer. An important remark is that the nominal
control law (a PD-controller with compensation of nonlinearities in this case) can be chosen
independently; the analysis can be performed in a similar way. However, this nominal
controller must provide an adequate performance such that the state trajectories remain
bounded.

5. Control of mechanical systems

To illustrate the performance of the proposed control structure we describe in this section its
application to control some mechanical systems, a Mass-Spring-Damper (MSD), an industrial
robot, and two coupled mechanical systems which we want them to work synchronized.

5.1 An MSD system
This example illustrates the application of the first observer (equation (8), Section 3.1).
Consider the MSD system shown in figure 2. Its dynamical model is given by equation (1),
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Fig. 2. Mass-spring-damper mechanical system.

with

my 0 01+ 0y —0p (k1 + k2)x1 — kpxs3 T
M = , C= , G= ,u:<0),
0 my —0 & ko (x5 — x1)

where x1 = g1, x3 = qp. Consider that parameters k;, 6;, and m;, for i = 1,2, are known. Note
also that the system is underactuated, and only one control input is driving the system at mass
my. Therefore, we aim to control the position of mass 1 (x1), and consider that the action of
the second mass is a disturbance. Hence, the model of the controlled system is again given
by equation (1), but now with M = m;, C = 61, G = k14. If we denote x; = g, x, = ¢, and
x = (x1,x2,x3,x4) = (x1,%1, X3, %3) (see figure 2), then

T(x,%0) = (x,%)0 + v = ka(x1 — x3) + 62 (x2 — xq),
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where x3 and x4 are the solutions of the system

groups the effect of uncertainty and disturbance terms ®6 + < of equation (1).
Now denote as ey = x1 — gy, & = %2 — g, then the nominal control input 1) is proposed as
equation (3), that is,

Tp = —1mq [erl + Kyéy — qr(t)} + k1x1 + 61 %2, (23)

where K, and K; are positive constants. Because the velocity is not measured, in (23) we have
used the estimation £, = é; + ¢, delivered by the observer given by (8).

With an adequate selection of the constants K, and Ky we can guarantee that the perturbation
[(-) in (1) is bounded (see Section 2 and (Khalil, 2002)). Therefore, from equation (16), ey =
r().

Using the filter (17), we can recover an estimation of the disturbance, denoted as x s. Therefore,
the redesigned control will be Ar = myx 1 which, added to (23), adjusts the nominal control
input to attenuate the effect of the disturbance T'.

A numerical simulation was performed with plant parameter values k; = 10 [kgm/ secz},
ky = 20 [kgm/sec?], & = 6 = 0.1 [kgm/sec], my = 1[kg], and my = 4[kg]. The observer
parameter values were set to c; = 2, ¢co = 2, and ¢y = 3, with controller gains K, = Ky = 10,
and filter frequencies w, = 500[rad /sec|. In this simulation the nominal control 1y was applied
from 0 to 15 sec. The additional control term A+ is activated from 15 to 30 sec. The aim is to
track the reference signal g,(t) = 0.25sin(t).

Figure 3 shows the response of this controlled system.

Figures a) and b) show the convergence of the observer state to the plant state, in spite of
disturbances produced by the mass my. Figure c) shows the disturbance identified by this
observer. The response of the closed-loop system is presented in Figures d), e), and f). Here we
see a tracking error when the additional control term A; is not present (from 0 to 15 seconds).
However, when this term is incorporated to the control signal, at t = 15 sec, the tracking error
tends to zero. It is important to note that, contrary to typical sliding mode controllers, the
control input (Figure 3.f) does not contain high frequency components of large amplitude.

5.2 An industrial robot

This is an example of the application of the first observer (Section 3.1) to a real system.

In this section we show the application of the described technique to control the first two
joints of a Selective Compliant Assembly Robot Arm (SCARA), shown in figure 4, used in the
manufacturing industry, and manufactured by Sony®.

In this experiment we have an extreme situation because all parameters are unknown. The
control algorithm was programed in a PC using the Matlab® software, and the control signals
are applied to the robot via a data acquisition card for real-time PC-based applications, the
DSpace® 1104. The desired trajectory, which was the same for both joints, is a sinusoidal
signal given by g, (t) = sin(#).
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Fig. 3. Response of the closed-loop MSD system. a) x; (red) and £; = &; + g, (black); b) x»
(red) and %, = é; + g, (black), c) identified disturbance, x s d) reference g, (black) and
position x; (red); e) error e; = x1 — gr; f) control T = 19 + A+.

In the design of the observer (8) the following matrices were selected,

_[300 0 [0 1 [55549 0
CO_[ 0300]' Cl_cz_{ozs}' M _[ 055.549}'

A cut-off frequency w.; = 75 rad/seg was selected for the filter(17). The control law is given
by the controller (22), where

668 0 379 0
KP_{ 0391}'“_{ 049}'

Note that a nominal value of matrix M was used. Differences between nominal and the actual
matrix M(q) are supposed to be included in the perturbation term, as well as the Coriolis,
centrifugal, and friction forces, external disturbances, parametric variations and coupling
effects.

The perturbation terms ¢;(-) for i = 1,2 that correspond to perturbations present in the two
joints are displayed in Figure 5.
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Fig. 4. A SCARA industrial robot.
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Fig. 5. Identified perturbation terms in the joints of an industrial robot. Up: joint 1
perturbation. Down: joint 2 perturbation.
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To verify the observer performance, the observation errors ¢; = 6; — é,-, fori = 1,2, are
displayed in Figure 6, showing small steady-state values.
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Fig. 6. Observation position errors of the industrial robot.

Figure 7 shows the system output and the reference. Control inputs for joints 1 and 2 are
displayed in Figure 8.

Although these control inputs exhibit high frequency components with small amplitude, they
do not produce harmful effects on the robot. Also, it is interesting to note that the control
input levels remain in the dynamic range allowed by the robot driver, that is, between —12 V
and +12 V.

5.3 Two synchronized mechanical systems

This example illustrates the practical performance of the proposed technique, using the
augmented observer given by (19). It refers to a basic problem of synchronization.
Synchronization means correlated or corresponding-in-time behavior of two or more
processes (Arkady et al., 2003). In some situations the synchronization is a natural
phenomenon; in others, an interconnection system is needed to obtain a synchronized
behavior or improve its transient characteristics. Hence, the synchronization becomes
a control objective and the synchronization obtained in this way is called controlled
synchronization (Blekhman et al., 1997). Some important works in this topic are given by
(Dong & Mills, 2002; Rodriguez & Nijmeijer, 2004; Soon-Jo & Slotine, 2007).

In this subsection we present a simple application of the control technique to synchronize two
mechanisms connected in the basic configuration, called master-slave (see figure 9).

The master system is the MSD described in Section 5.1, manufactured by the company ECP®,
model 210, with only the first mass activated. The slave is a torsional system from the same
company, with the first and third disks connected. The master sends its position x to the
slave, and the synchronization objective is to make the slave track the master state, that is, the
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Fig. 7. Reference signal (dotted line) and position (solid line) for each joint of the industrial
robot. Up: joint 1. Down: joint 2.
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Fig. 8. Control input for each joint of the industrial robot.
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position x

\ 4

rectilinear system (master)

torsional system (slave)

Fig. 9. Two synchronized mechanisms in a master/slave configuration. The master is the
rectilinear system, model 210, from ECP®. The slave is the torsional system, model 205, from
the same company.

angular position 6 and velocity 6 of the torsional system must follow the position x and the
velocity x of the master, respectively. The relation between the two states is 1em of the master
corresponds to 1rad of the slave.

The rectilinear system is modeled by

mx + cmX + kmx + ym (t) = F(),

where x is the position of the mass; m, c;, and k;, are the mass, damping, and spring
coefficients, respectively, and F is an external force driving the system. The torsional system
is described as

J61 + by + ke (01 — 602) +1e(t) = 0 + Ar,
where 0] and 6, are the angular positions of the first and third disks, respectively; J, ¢;, and
k¢ are the inertia, damping, and spring coefficients of the first disk. <, and 7; are external
disturbances possibly affecting the systems. The force driving the MSD system is set as F(t) =
1.5sin(1.57tt). All positions are available, but the velocities are estimated with the second
observer (19) (see Section 3.2).
The nominal values of the coefficients are given in Table 1.

System | Parameter |Value Units
MSD m 1.27 kg

km 200 N/m

Cm 2.1 N/m/sec
Torsional ] 0.0108] Kg-m?

ct 0.007 |N-m/rad/sec

kt 1.37 N-m/rad
Observer|cy1, €12, €21, 22| 500

o1 50

co2 100

Table 1. Parameter values for the synchronization example.
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If we define the synchronization error as

eg=x—0, ep =x—0,

the control objective es to make e = (ey, ep) converge to zero.
Let us consider the nominal control

T = —J(kper + koé2) + ciby + ki1 — ki,

where él and é; are the estimated velocity and the estimated velocity error obtained from the
observer. From the last equations it is possible to get the synchronization error dynamics as

é=e
—kper — kyea + Au — ¢,

é
where Au = ]‘1AT and
E=(Jet —ky)ex + ]717t(t) —m ! (em% + kmx — F(t) + ym(t)),

with ey = ey — é5.

We have then formulated this synchronization problem in the same framework allowing us
to design a robust controller. Therefore, we can use one of the observers described previously,
and use a redesign control Ar = | é.

We describe the results obtained from this controller to synchronize these devices. Figure 10
shows its performance, using the augmented observer (19).
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Fig. 10. Responses of the synchronized mechanisms (Figure 9). One unit corresponds to 1 cm
(1 rad) for the position, or 1 cm/sec (1 rad/sec) for the velocity, of the master (slave) system.

This figure shows how the slave (torsional) system synchronizes with the master (rectilinear)
system in about 1 sec. In 2 sec the synchronization error (position and velocity) is very small.
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The control input designed for the slave is saturated at 2 N-m, and after 1 sec maintains
its values between —1 and +1 N-m. This is accomplished even under the presence of the
disturbance introduced by the third disk, which is not modeled.

6. Conclusions

A robust control structure for uncertain Lagrangian systems with partial measurement of the
state has been presented. This control structure allows us to solve tracking and regulation
problems and guarantees the convergence to a small neighborhood of the reference signal, in
spite of nonvanishing disturbances affecting the plant.

This technique makes use of robust, discontinuous observers with a simple structure. An
important property of these observers is its ability to estimate the disturbances acting on the
plant, which can be conveniently incorporated in the control signal to increase the robustness
of the controller and decrease the steady-state tracking error. The observer structure can
even be built with conventional analog circuits, as it is described in (Alvarez et al., 2009).
An adequate tuning of the observer parameters guarantees the convergence to the reference
signal in an operation region large enough to cover practical situations.

The numerical simulations and the experimental results described in this chapter exhibited
a good performance of the proposed technique, and the control signal showed values inside
practical ranges.

An interesting and important problem that has been intensively studied recently is the
synchronization of dynamical systems. Synchronization of mechanical systems is important
as soon as two or more mechanical systems have to cooperate. The control technique
described in this chapter has been applied to the simplest configuration, that is, the
master/slave synchronization, exhibiting a good performance. This same control strategy,
based on robust observers, can be also successfully applied to synchronize arrays of
mechanical systems, connected in diverse configurations. A more detailed application can
be found in (Alvarez et al., 2010).
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1. Introduction

Conventional hydraulic actuator (CHA) systems have been widely used as power units
because they can generate very large power compared to their size. In general, a CHA
system consists of an electric motor, a pump, a reservoir, various valves, hoses, which are
used to transfer the working fluid and an actuator. CHA systems, however, have some
problems such as environmental pollution caused by the leakage of the working fluid,
maintenance load, heavy weight and limited installation space. These shortcomings can be
overcome by compactly integrating the components of CHA systems and by applying a
suitable control scheme for the electric motor. To overcome these shortcomings of CHA
systems, electro-hydraulic actuator (EHA) systems have been developed, having merits such
as smaller size, higher energy efficiency and faster response than existing CHA systems
(Kokotovic, 1999). However, for the robust position control of EHA systems, system
uncertainties such as the friction between the piston and cylinder and the pump leakage
coefficient have to be considered.

To solve these system uncertainty problems of EHA systems and to achieve the robustness
of EHA systems with system disturbance and bounded parameter uncertainties, Wang et. al.
presented a sliding mode control and a variable structure filter based on the variable
structure system (Wang, 2005). Perron et. al proposed a sliding mode control scheme for the
robust position control of EHA systems showing volumetric capacity perturbation of the
pump (Perron, 2005). However, these control methods have some chattering problem due to
the variable structure control scheme. The chattering vibrates the system and may reduce
the life cycle of the system. Jun et. al. presented a fuzzy logic self-tuning PID controller for
regulating the BLDC motor of EHA systems which has nonlinear characteristics such as the
saturation of the motor power and dead-zone due to the static friction (Jun, 2004). Chinniah
et. al. used a robust extended Kalman filter, which can estimate the viscous friction and
effective bulk modulus, to detect faults in EHA systems (Chinniah, 2006). Kaddissi et. al.
applied a robust indirect adaptive back-stepping control (ABSC) scheme to EHA systems
having perturbations of the viscous friction coefficient and the effective bulk modulus due
to temperature variations (Kaddissi, 2006). However, in spite of the variation of the effective
bulk modulus due to the temperature and pressure variations, Chinniah et. al. considered
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only the case of constant effective bulk modulus and Kaddissi et. al. used EHA systems that
are not controlled by an electric motor but by a servo valve.

In this chapter, an ABSC scheme was proposed for EHA systems to obtain the desired
tracking performance and the robustness to system uncertainties. Firstly, to realize a stable
back-stepping control (BSC) system with a closed loop structure and to select new state
variables, EHA system dynamics are represented with state equations and error equations.
Defining the Lyapunov control functions, we can design a BSC system, which can guarantee
exponential stability for the nominal system without system uncertainties. However, the
BSC system cannot achieve robustness to system uncertainties. To overcome the drawback
of the BSC system, an ABSC scheme for EHA position control systems with classical discrete
disturbance observer was proposed. To evaluate the tracking performance and robustness of
the proposed EHA position control system, both BSC and ABSC schemes were evaluated by
computer simulation and experiment.

2. System modeling of EHA system

Figure 1 shows the simplified schematic diagram of an EHA system that consists of an
electric servo motor, bi-directional gear pump and actuator. The servo motor rotates the
gear pump, which, in turn, generates the flow rate. The pressure generated by the flow rate
changes the position of the piston rod. The movement direction of the piston is related to the
rotational direction of the servo motor. The chamber volumes of the actuator depend on the
cross sectional area and the displacement of the piston as follows

{VA(t) =Voa + Ax(t) (1)
V(t) = Vop — Ax(t)
X |
{ || Cylinder
|
P, | Pg Piston rod
| C
|

QA \ QB

Piston

()b

=

®

J') Internal
Electric @ bidirectional
Motor gear pump

Fig. 1. Simplified schematic diagram of an EHA system
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where V and V|, are the chamber volume and the initial chamber volume, respectively, A
and x are the pressure area of a double rod hydraulic cylinder and displacement of the
piston, respectively, and subscripts ‘A" and ‘B” denote the chamber notations of the actuator.
Considering the fluid compressibility and continuity principle for the actuator, the flow rate
equations of both ports of the actuator can be represented as (Merritt, 1967)

+V0A+AxPA

Q, = Ax +LP,

e
2
Vop — Ax @)

Qp = Ax — Py —LD,

e
where Q is the flow rate in the actuator, S, is the effective bulk modulus of the working
fluid, and L and P are the actuator external leakage coefficient and the pressure in the

chamber, respectively.
It is assumed that there is no fluid leakage of conduits because the conduits of EHA systems
are very short and hard. Then, (2) can be expressed as

Q, = Ai+Joat A%
QB:AX—%XPB

The electric motor, directly connected to the hydraulic pump, changes the flow direction
and adjusts the flow rate through the ports. In addition, the pressure generated by the
continuous supply of flow in the actuator can produce a minute fluid leakage of the pump.
Hence, the equations for the fluid leakage of the pump are expressed as

=C,w, - L¢P,

Qb = _Qa

where Q is the flow rate of the pump, whose subscripts a and b denote the ports of the
pump, C, is the volumetric capacity of the pump, ), is the rotational velocity of the electric
motor, L, is the leakage factor of the pump and the load pressure P, =P, —P;. From (4),

the inflow and outflow of the pump are expressed as functions of the rotational velocity @, .
In addition, the actuator dynamic equation of EHA systems is expressed as

(Py—Ps)A=Mi+F, +F, )

where M and x are the mass and displacement of the piston, respectively, F; is the
friction force between the cylinder and piston and F,, is the external disturbance force.
In order to substitute (3) into (5), the derivative of (5) is expressed as

(Py—Pp)A=M% +F; +F, (6)

In addition, it is assumed that the conduits connected between the actuator ports and the
pump ports are very short. Then, the flow rates in (3) and (4) can be represented as Q, =Q,
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and Qp =Q, . Substituting (1) through (4) into (6), therefore, the dynamic equation of EHA
systems can be represented as

vt Lo Llssteh 2L Nin o)
To represent the characteristics of the friction F; between the piston and cylinder, the
LuGre friction model is considered. The LuGre friction model is based on bristles analysis,
which is represented with the average deflection force of bristles stiffness. The deflection
displacement equation of bristles z, which is actually unmeasurable by experiment, is
expressed as (Choi, 2004)(Lee, 2004)

dz . X

d2_; wlil, @®)

dt 8(%)
where o, is the bristles stiffness coefficient, z is the unmeasurable internal state and the
nonlinear function g(¥) depends on the material property, grade of lubrication and
temperature; that is

§0)=F, + Ee /™) ©)

where F., F, and v, represent the Coulomb friction force, static friction force, and Stribeck
velocity between the cylinder and piston, respectively.

If the relative velocity of the contact materials increases gradually, the friction force
decreases instantaneously and then it increases gradually again; this effect is called the
Stribeck effect and the relative velocity is the Stribeck velocity. This phenomenon depends
on the material property, grade of lubrication and temperature. The friction force F; can be
represented with the average deflection z and the velocity of the piston i as follows

Fy=opz+0y2+ pux (10)

where o; and u represent the bristles damping and viscous friction coefficients,
respectively.

3. Controller design for the EHA position control systems

The EHA position control system consists of the inner loop for the angular velocity control
of the servo motor/pump and the outer loop for the position control of the piston. For the
velocity control of the motor in the inner loop, Kokotovic et al. applied an adaptive control
scheme so that the EHA position control systems can have robustness (Kokotovic, 1999).
Habibi et. al. presented that if the inner loop dynamics are stable, the control gains of the
PID velocity controller in the inner loop can have relatively large values and then the
disturbance effect can be sufficiently rejected (Habibi, 1999). The velocity controller in the
inner loop is very important because it regulates the electric motor. However, the case of
(Kokotovic, 1999) is very complicated and the case of (Habibi, 1999), although it is
theoretically possible, has a physical limitation that increases the control gains of the inner
loop controller. Therefore, it is desirable to handle the controller in the outer loop rather
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than in the inner loop to improve the performance and robustness of EHA position control
systems.

In this chapter, the BSC and ABSC schemes based on EHA system dynamics are considered
as the position controller. Firstly, to design a BSC system, (7) is transformed to a general
form (Slotine, 1999) as follows

K= f+bu 1

where

1 of 1 1), - = 1 1
=——<pA | —+— |x+F+E,-pBLA —+—|P ¢,
f M{ﬂe [VA VB} f ex ﬂc f [VA VBJ L}
_ ﬂeA(VA + VB )Cp
MV, V,

u:wp

Now, let (11) represent state equations as follows

Xy =%
Xy = X3 12)
X3=f+bu

And, in order to design the BSC system, new state variables are defined as follows

Z1 =X =Xy (13)
Zy =%, —o4(z) (14)
Z3 =X3 — y(21,2;) (15)

where x,; is the desired position input, and «; and «, are the functions for new state
variables, which can be obtained through the following BSC design procedure.

Step 1.

From (13), the state equation for z; can be described as

Z =2y +on(z1) - %y (16)
a;(z;) is the virtual control which should be selected to guarantee the stability of the control
system through the Lyapunov control function(LCF) which is defined as

Viz) =57 17)

Then,

Vi(z1) = 2121 = z1ley (21) — 241+ 212, (18)
From (18), if ay(zy)=-kz; +%;, (16) can be exponentially stable when  — . And k;(>0)
is a design parameter.
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Step 2.
From (14), the state equation for z, can be described as
2y =23+ (21,2) — (7)) (19)
where
oa; . Oa . "
a(z) = 67121 Ry =k iy =k (2 - kz) iy
21 Xq

Since (19) includes the information of (16), the second LCF for obtaining the virtual control
to guarantee the stability of the control system can be selected as

Vol 22) =Va(a)+ 53 0)
Then,
Vi(21,20) = Vi(21) + 22 = —ki 21 + 225 + 2521 + @3 (21,25) = 6y (21)] 1)
If the virtual control «, in the last term of (21) is defined as
oy (21,2y) = —kyzy — 21 + &y (21)

where k,(>0) is a design parameter, then another expression of @, can be rearranged as

y(21,2) =—(ky +ky)z, — (1= k12)7~'1 +Xy (22)
Therefore
Vz =ZpZ3 — kﬂ% - kzz§ (23)
Step 3.
From (15), the state equation for z; is described as
23 =%3—ay(21,2y) = f +bu—a;y(2,2y) (24)
where
bp(2,2) =225 4% (OB s _ s _pos s (25)
0z, 0z, Oay
and
=% 0%, 0Ny k2 ks 4 (26)
024 0z, 0%y

Substituting (16), (19), and (26) into (25), (25) can be rearranged as

@y(21,25) = (kf = 1)z, = (ky +ky) 2, + %, (27)
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Since (24) uses the information of z; and z, due to the property of the design procedure of
the back-stepping control, the third LCF for (15) can be defined as

1
V3(Zlfzzfz3):V2(21122)+EZ§ (28)
Then,
Va(2y,29,23) = Vs + 2325 = =Ky 22 — k25 + 25(2 + f + bt — ct) 29)
If the last term of (29) for satisfying the system stability is defined as
—kyzy =z, + f+bu—a, (30)
then the BSC law can be selected as
1,.
”:E(az—kaza—zz—f) (31)

From (31), if the information of f is assumed to be known, the negative semi-definite of V,
can be obtained by substituting (31) into (29) as

V(21,20,25) = Vy + 2325 = =k, 23 —ky23 —ky23 <0 (32)

From (32), it is found that EHA position control systems using the BSC law of (31) can
guarantee exponential stability.

If system uncertainties can be exactly known, the BSC law of (31) can achieve the desired
tracking performance and the robustness to the system uncertainties of EHA systems.
However, the BSC law of (31) will cause a tracking error and does not achieve the
robustness to the system uncertainties because the value of f cannot be exactly known. To
improve the tracking performance and the robustness to the system uncertainties, the value
of f,in which system uncertainties are included , should be estimated.

Therefore, in this chapter, an ABSC scheme is proposed, which is the BSC scheme with the
estimator of f . In order to design the ABSC system, the BSC law of (31) is modified as

”:%(dz—ks%—zz—f) (33)

where f is the estimator of the system uncertainties.
Substituting (33) into (12), (12) is modified as

X1 =X
Xy = X5 (34)

Yy=f+a,—kyzz—2,

where ]‘:f—f'.
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From (13), (14), and (15), these equations are the error equations for the velocity, acceleration
and jerk of the piston, which include «;(z;) and a,(z;,2,) that guarantee the exponential
stability of EHA position control systems. Substituting these equations into (34), the error
dynamics can be represented as

=2~k
Ly =z3-kz -7 (35)
Zy=f-kyzz3 -z,

From (35), the LCF is defined as

1, 1, 1, 1+
Vi==—zi+=2+—=2z5+— 36
iqAryEgRe T (36)
where y is a positive constant.
The derivative of (36) can be described as
y _ . . . 1 -~ _ 2 2 2 -~ 1 [
V=202 + 202y + 2325 +— ff =—kq27 —kyz5 — k325 + f(z3—— ) <0 (37)
4

From (37), an estimation rule to guarantee the system stability can be obtained as

F=f-rz (38)

Equation (38) uses the information of z;, which depends on the information of z; and z, .
Therefore, (38) closely relates to @; and «a,, which guarantee the stability of BSC systems.

However, (38) cannot be used to the estimation rule because the value of f is unknown. On
the other hand, if f is assumed as a lumped uncertainty, system uncertainty f can be
estimated by f:—j/z3. However, since the value of f for the EHA system is changed
according to the operating condition, it cannot be assumed as the lumped uncertainty.
Therefore, to obtain the value of f, the classical discrete disturbance observer scheme was
used. Assuming that the sampling rate of the control loop is very fast, the classical discrete
disturbance observer expressed by the difference equation is induced from (31) as follows

F(k=1) = bu(k) — iy () + kyz5(K) + 25 (k) (39)
To analyze the stability of the proposed control scheme, (38) is substituted into (37). Then,
v, = —klzlz - kZZ§ - k3Z§ =—2"Kz<0 (40)

where K is the diagonal matrix of k,, k, and ks, z=[z, z, z;]',and V, =0 if z=0.
If z is bounded, (40) can be defined as

d(H)=2"Kz>0 (41)

Integrating (41) from 0 to ¢, the following result can be obtained
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[y®(@)dr =V, (2(0), £(0)) - V(1) (42)

Applying Barbalat’s Lemma(Krstic, 1995) to (42), we can obtain that ®(t) >0 as t > .
Therefore,

lim [, ®(c)dz < V,(2(0), £(0)) < (43)

t—>0

4. Computer simulation

In order to evaluate the validity of the proposed control scheme for EHA position control
systems, a sinusoidal reference input was considered as follows

x4 =5sin(0.257 t) +sin(0.057t) [cm] (44)

This sinusoidal reference input is suitable for evaluating the tracking performance and the
robustness of EHA position control systems because it reflects the various changes in the
magnitudes of the velocity and position of the piston. Table 1 shows the system parameters
of the EHA system which are used to computer simulation. Figure 2 shows the block
diagram of the EHA position control system.

Notation Description Unit
Vo Initial volume of the chamber 3.712x107* m®
A Pressure area of the piston 5.58x107° m?

Piston mass 5kg
B, Effective bulk modulus 1.7x10% MPa
Ly Leakage factor of the pump 316x107® m®/Pa
o) Bristles stiffness coefficient 5.77x10° N/m
o1 Bristles damping coefficient 2.28x10* N/m/s
Dy max Maximum speed of the motor 178 rad/s

Cp Volumetri; :rar}:;city of the 15911076 m? /rad
Ho Coulomb friction coefficient 370N
H Static friction 217N
H Viscous friction coefficient 2318 N/m/s
Uso Stribeck velocity 0.032m/s

Table 1. System parameters of the EHA
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Fig. 2. Block diagram of the EHA position control system

Figure 3 shows the tracking errors of the BSC and ABSC systems for the sinusoidal
reference. This result shows that the ABSC system has better tracking performance than the
BSC system and has error repeatability precision of higher reliability than the BSC system.
In addition, in both position and control schemes relatively large tracking errors occur at the
nearly zero velocity regions. This is due to the effect of dynamic friction characteristics,
which produce an instantaneous large force at the nearly zero velocity regions. For the
transient response region of the initial operation of EHA position control systems, the ABSC
system with the estimator for system uncertainties yields approximately 40% improvement
compared with the BSC system without the estimator because the f in (31) including
system uncertainties is estimated by (43), as shown in Fig. 4. Figure 4 shows the estimated
value j‘ for the system uncertainties of EHA systems obtained by the proposed adaptive
rule. The estimated value plat a role in the consideration of nonlinearity and uncertainties
included in EHA systems.

6
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I
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N
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Fig. 3. Tracking errors of the BSC and ABSC systems for the sinusoidal reference input
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Fig. 4. Estimated value for the system uncertainties of the ABSC system for the sinusoidal
reference input
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Fig. 5. Tracking errors of the BSC and ABSC systems with the perturbation of the system
parameters
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Figure 5 shows the tracking errors of the BSC and ABSC systems having perturbations of the
system parameters such as the Coulomb friction, viscous friction and pump leakage
coefficient in the EHA system for the sinusoidal reference input. It was assumed that the
system parameters have a perturbation of 50%. From Fig. 5, it was found that the
perturbations of the system parameters of the EHA system are closely related with the
tracking performance of the EHA system. Table 2 shows the tracking RMS errors of the BSC
and ABSC systems according to the perturbation of the system parameters. The variations of
the tracking RMS errors due to the 50% perturbation of the system parameters for the BSC
and ABSC systems are 17.6% and 3.02%, respectively. These results show that the proposed
position control scheme has the desired robustness to system uncertainties such as the
perturbation of the viscous friction, Coulomb friction and pump leakage coefficient.

Control scheme Perturbation ratio RMS value
0% 1.878 mm
BSC
50% 2.209 mm
0% 0.265 mm
ABSC
50% 0.273 mm

Table 2. Tracking RMS errors of the BSC and ABSC systems according to the perturbations
of the system parameters

5. Experimental results and discussion

Figure 6 shows the experimental setup of the EHA system. To evaluate the effectiveness of
the proposed control system, the PCM-3350(AMD Geode processor, 300MHz) was used. The
control algorithms were programmed by Turbo-C++ language on MS-DOS, in order to
directly handle the PCM-3718 as a data acquisition board. The PCM-3718 is a fully
multifunctional card with PC/104 interface. In addition, to measure the position of the
piston, an LVDT(linear variable differential transformer) sensor was used. The sampling
rate was set to 1 kHz.

Fig. 6. Experimental setup of the EHA system
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Figure 7 shows the tracking errors of the BSC and ABSC systems for the sinusoidal reference
input, which was used in the computer simulation. The tracking error of the BSC system is
relatively large when the direction of the piston is changed because the BSC system cannot
compensate the friction of the EHA system. In addition, the tracking error of the BSC varies
according to the direction of the piston because of the system uncertainties of the EHA
system. However, the ABSC system has better tracking performance than the BSC system
because the ABSC system can effectively compensate the system uncertainties as well as the
nonlinear friction effects by using the estimated value f , which is shown in Fig. 8.

Figure 9 shows the speed of the motor as the control input for the sinusoidal reference input.
Figure 10 shows the tracking errors of the BSC and ABSC systems for the square wave type
reference input. The characteristics of the transient responses of the BSC and the ABSC
systems are almost same. In the BSC system, however, steady-state error occurs relatively
large in the backward direction. This shows that the BSC system cannot compensate the
system uncertainties of the EHA system. But we can show that the ABSC system can
effectively compensate the system uncertainties regardless of the piston direction. Figure 11
shows the estimated value j‘ for the system uncertainties of the ABSC system for the square
wave type reference input. The estimated value f' for the system uncertainties makes the
desired tracking performance and robustness to the EHA system with system uncertainties.
Figure 12 shows the speed of the motor as the control input for the square wave type
reference input.
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N
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Fig. 7. Tracking errors of the BSC and ABSC systems for the sinusoidal reference input
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Fig. 8. Estimated value for the system uncertainties of the ABSC system for the sinusoidal
reference input
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Fig. 9. Speed of the motor as the control input for the sinusoidal reference input
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Fig. 11. Estimated value for the system uncertainties of the ABSC system for the square
wave type reference input
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Fig. 12. Speed of the motor as the control input for the square wave type reference input
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Table 3 shows the tracking RMS errors of the BSC and ABSC systems for the sinusoidal
reference input and the square wave type reference input at steady-state. From Table 3, it
was found that using the ABSC system instead of the BSC system yields about 5 times
improvement in the tracking performance of the EHA position control system.

Square wave type reference
Control system Sinusoidal reference input input
at steady state
BSC 1.762 mm 0.395 mm
ABSC 0.309 mm 0.114 mm

Table 3. Tracking RMS errors of the BSC and ABSC systems

6. Conclusion

A robust position control of EHA systems was proposed by using the ABSC scheme, which
has robustness to system uncertainties such as the perturbation of viscous friction, Coulomb
friction and pump leakage coefficient. Firstly, a stable BSC system based on the EHA system
dynamics was derived. However, the BSC scheme had a drawback: it could not consider
system uncertainties. To overcome the drawback of the BSC scheme, the ABSC scheme was
proposed having error equations for the velocity, acceleration and jerk of the piston,
respectively, which were induced by the BSC scheme. To evaluate the performance and
robustness of the proposed EHA position control system, BSC and ABSC schemes were
implemented in a computer simulation and experiment. It was found that the ABSC scheme
can yield the desired tracking performance and the robustness to system uncertainties.
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1. Introduction

Since the 1980s, a stream of papers has appeared on system uncertainties and robust control.
The robust control relies on He control and p synthesis rather than previously favored
linear-quadratic Gaussian control. However, highly mathematical techniques have been
difficult to apply without dedicated tools. The new methods have been consolidated in the
practical applications with the appearance of software toolboxes, such as Robust Control
Toolbox from Matlab. This chapter focuses on the application of this toolbox to the active
magnetic bearing (AMB) suspension system for high-speed rotors.

AMBs are employed in high-speed rotating machines such as turbo compressors, flywheels,
machine tools, molecular pumps, and others (Schweitzer & Maslen, 2009). The support of
rotors using an active magnetic field instead of mechanical forces of the fluid film, contact
rolling element, or ball bearings enables high-speed operation and lower friction losses.
Other major advantages of AMBs include no lubrication, long life, programmable stiffness
and damping, built-in monitoring and diagnostics, and availability of automatic balancing.
However, AMB rotor system forms an open-loop unstable, multiple-input multiple-output
(MIMO) coupled plant with uncertain dynamics that can change over time and that can vary
significantly at different rotational speeds. In practical systems, the sensors are not collocated
with the actuators, and therefore, the plant cannot always be easily decoupled. Additionally,
the control systems face a plethora of external disturbances.

The major drawback of an AMB technology is a difficulty in designing a high-performance
reliable control and its implementation. For such systems, the p and Hc control approaches
offer useful tools for designing a robust control (Moser, 1993; Zhou et al., 1996).

The high-performance and high-precision control for the nominal plant without uncertainties
can be realized by using model-based, high-order controllers. In the case of control synthesis,
which is based on the uncertain plant model, there is a tradeoff between the nominal
performance (time- and frequency-domain specifications) and the robustness. The modeled
uncertainties cannot be too conservative or otherwise obtaining practical controllers might
be not feasible (Sawicki & Maslen, 2008). Moreover, too complex uncertainty models lead to
increased numerical complexity in the control synthesis. The models applied for the control
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synthesis of AMBs can vary from a point mass (Oliveira et al., 2006) to very complex MIMO
plants (Li, Lin, Allaire & Luo, 2006).

The literature presents different weighting or interconnection design schemes. Each of the
schemes has its contradictive objectives and tradeoffs. For the point mass levitated systems,
the load uncertainty is typically applied. As an example, Li, Lin, Allaire & Luo (2006)
present an S/T/KS scheme, where the S, T, K, and G are the sensitivity, complementary
sensitivity, controller, and plant transfer functions. The corresponding weights are tuned
using engineering judgment and manual trial and error simulations. Losch (2002) splits the
available design schemes to signal-based and the loop-shaping schemes. The signal-based
schemes are considered to be more complex and conservative. The loop-shaping schemes,
for example, discussed by Losch (2002) include KS/SG/T for the control of the rigid rotor
and KS/SG/T/S for the control of the flexible rotor. Another loop-shaping procedure
is developed by Glover & McFarlane (1989). It applies robust stabilization of normalized
coprime factorization of the plant using two weights: pre- and post-compensators. Skogestad
& Postlethwaite (2005) give a general recommendation on the selection of these weights.

This chapter reviews different weighting schemes for building the robust control of AMB
systems. The presentation starts with the point mass levitation and then undertakes
non-gyroscopic and gyroscopic coupled AMB rotor systems. The aim of the robust control is
to stabilize the rotor suspension independently to the assumed uncertainties. The robustness
must be satisfied in the full range of the operating frequencies and for the selected range of
the state variables. The work studies how to select the optimal control weighting functions
for selected schemes based on genetic algorithms and experimental data obtained from the
test rig. The Linear Parameter-Varying (LPV) technique is applied to suppress the influence
of the variable rotational speed on the plant dynamics, thus reducing the uncertainty set.
The real-time controller operating conditions are considered. The nonlinear simulations of
the synthesized controllers and the accurate plant models in Simulink are compared with
experimental results.

2. Suspension of the point mass

2.1 Introduction

The main component of the AMB system is an electromagnet that is used for the levitation
purposes to keep the ferromagnetic object (e.g. rotor) levitated. The electromagnetic force
value is controlled by the coil current steered by the external regulator. The introduction to
the robust control is described by the example of Active Magnetic Suspension (AMS), which
is also referred as Active Magnetic Levitation (AML). The robust approach can be applied to
the uncertainty of the electromagnetic actuator and the levitated object mass. The controller
synthesis and experiments are devoted to the MLS2EM (InTeCo, 2008) system (see Fig. 1) that
extends the standard single electromagnet AML and represents one axis of the typical four
horse-shoe AMB configuration.

2.2 Why robust control is required

In the classical state-feedback control approach for locally linearized AML model (Pilat,
2002) the mass uncertainty affects the control quality and object position. For the designed
state-feedback controller with different closed-loop properties the 90 % mass perturbation has
been introduced and presented with Bode diagrams in Fig. 2. One can find the influence of
the mass change on the phase and amplitude depending on the designed controller properties.
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Fig. 1. Dual electromagnet Active Magnetic Levitation System - concept and test-rig.

The closed-loop characteristics remain unchanged due to the fixed and non-robust structure

of the controller.
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Fig. 2. Influence on the mass perturbation for the state feedback controller: a) for k = 250
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The robust controller can be realized in the intelligent form by the application of the
Fuzzy-Logic approach (Pilat & Turnau, 2005), where the controller is pre-tuned and optimized
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at the modelling and simulation stage, or by the application of an on-line adopted neural
network (Pilat & Turnau, 2009), where the weights and biases are updated while the real-time
control is pending. Another approach is based on the linear control theory and parameter
uncertainty. Some applications to the magnetic levitation and bearing systems can be found
in (Fujita et al., 1995; Gosiewski & Mystkowski, 2008; Mystkowski & Gosiewski, 2009). The
following section will present a robust controller design to stabilize the levitated object
independently to its mass uncertainty. More detailed, simulation results and comparison to
the state feedback controller can be found in (Pilat, 2010).

2.3 AML modelling and control

2.3.1 Nonlinear and linear AML model

The open loop structurally unstable model of the current driven single electromagnet AML
(Pilat, 2009) is given by Equation (1).

(io +1)?

M m(x10 + x1)2
where: x7 - object displacement with respect to the x1y [m], x19 - nominal object distance from
the electromagnet surface [m] (x;>0), x, - object velocity [m s71], m - object mass [kg], g -
gravity acceleration [m $72], Kem - actuator constant describing its construction [N m2A~2] i
- coil current [A], ip nominal coil current for the object distance x1g. This research will use the
laboratory setup (Fig. 1b) characterized by the following parameter values: m = 0.056 kg, Kem
=5.594-10"°> Nm? A~2. By analyzing the nonlinear model one can observe that the variable
mass affects the system dynamics so that heavier objects require an increase in the coil current
when the actuator construction remains the same. It means that the controller should react to
the variable load using the robustness property. The steady-state coil current depends on the
nominal object distance and the levitated object mass and the actuator design 2.

ig(x10,m) = X190 \/@ )

One can notice that the mass variation with respect to the nominal object mass is a source of
demand for the coil current change. This should be satisfied automatically by the controller.
To perform the controller synthesis for a chosen object position a linear model is required.
The nonlinear model is linearized in the steady-state point ¢y = [0 0]T resulting in the linear
model in the form & = Ax + Bu, where:

Ll o)

with: a4y = 2Kemi%xi)3 kg s72, Bo = —2I<emi0xfo2 kgmA*1 s 2.

X = —Ke +g @)

2.3.2 Robust controller design

The Hy, Heo and p-synthesis theory allows to perform an analysis and synthesis of the robust
control systems (Battachatyya et al., 1995; Gu et al., 2005a; Kwakernaak, 1993; 2002) in the
case of model-system uncertainties and perturbations. In the AML, the exact physical value
of the levitated object mass is not known, but can be measured before an experiment. When
applying the AML in real applications the mass value can vary. It can be assumed that the
mass value is known with a certain, known interval. Thus, we can represent the mass as
follows:



Discussion on Robust Control Applied to Active Magnetic Bearing Rotor System 211

m = (1 + pmdm), 4)
where 71 is the nominal value of m, and pm and d, represent the relative perturbation on the
object mass. The 6, € [—1,1] allows to perturb the mass vs. nominal value with a given
ratio pm € [0, 1] corresponding to the percentage uncertainty. Let Gy o denote the open-loop
dynamics of the AMS taking into account the uncertainty of the levitated object mass. Thus,
the AMS dynamics is given in the following form:

X1 X1
X X2
=G , 5
Y MLO |~ )
y u
where:
A B; B,
0 1 0 0
Gmpo=|Ci D1 0 ’A:{m*a O},Bl={_ }’Bz:{mflﬁ } (6)
C,D; 0 0 Pm 0

Cp = [ 0], Ca=[10], D1 = —pm Dy =71 'By.
Note that the Gy depends only on the nominal AML parameters and the possible
perturbation of a nominal object mass. The objective is to design the robust feedback controller
K(s) applied in the form:
u(s) = K(s)y(s). )
The stability (8) of the nominal plant model as well as closed-loop robust stability (9) must be
fulfilled.

Wp 1 +GMLOK) :| ’
<1 8
H[ K(1+ GproK) ™ ] || ®
W (1 + Fu(Gmeo, 6m)K) ™ }
<1 9
H[ K(1+4 Fu(Gmro, 6m)K) 71 ] ||, ©)

The closed loop system with the designed controller, mass uncertainty and added weighting
functions is presented in Fig. 3. The performance criterion is to have transfer functions from
d to ey and e, small in the sense of || - || for all possible mass uncertainties. The weighting
functions are used to reflect the relative significance of the performance requirement over
different frequency ranges.

Om ]
d
r=0 u [ +é €p

——(—| K Gmro —

eu
Wy —

Fig. 3. AML closed loop system with an uncertain mass.

Thus, a key point in the controller design is to develop the sensitivity function to satisfy the
required closed-loop performance over a specified frequency range. There are many possible
approaches to propose the weighting functions, for example they can be chosen as follows:
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Wno

Wy(s) = W5 + By (10)
The control weighting function W;(s) is chosen as a scalar value of 1073. By adjusting the
values of wyg, w4y, and wqg the performance of the robust controller could be tuned up.
The robust u-synthesis based on the D-K iteration procedure involving a set of optimizations
produces the controller in a continuous form. The resulting controller order can be high and
depend on the mass perturbation, formulation of the weighting function, and the number
of iterations executed to find the optimal controller. The obtained 3 order controller has
the following parameters: a,=-1.473-10%, a,=-8.457-107, ay = -8.552:10%, b, = 1.648-10°, b; =
3.014-10°, by = 3.012-10* and it is given by equation (11).

u252 +ais+ag

K(s) = .
(S) S3 + b252 + bls + bo

(11)

2.3.3 Real-time experiments

The realization of the AML controller is carried out using the MATLAB/Simulink and
additional toolboxes. When steered from the PC-based platform, the I/O board is installed
in the PC and RTW/RTWT toolboxes are applied to provide a real-time simulation in the
Windows environment. When the control unit is based on the dSPACE controller and the
Control Desk toolbox, the real-time controller is executed on the target embedded platform.
The dual electromagnet AML system driven by a frequency-based current hardware feedback
controller was used to test the performance of the robust controller. The MLS2EM system
was steered from the PC with a FastDAQ custom I/O board (Pilat & Piatek, 2008) from
MATLAB/Simulink via RTWT at a sampling frequency of Fs = 4kHz. The extra force
generated in the programmable way and produced by the lower electromagnet was attracting
the levitated object and therefore simulating mass uncertainty. To show the performance of
the robust controller, the experimental data has been filtered to remove the high frequencies
from the measured signals.

In the case of a step-type load representing a narrow mass change of 15 % the object is brought
down to the desired level in 100 ms. The maximal overshoot versus desired object position is
equal to 317 ym while for the triangular load corresponding to the low-frequency mass change
of 33% is equal to 237 pm.

2.3.4 Conclusions to AML robust control design

The analytical robust control approach requires a good model of the system at the operating
point. The parameter uncertainty does not cancel the structural nonlinearities, but is
satisfactory for the required control performance. In some cases, the obtained high-order
controller structure could not be realized by the hardware resources. In this case, the order
reduction under special attendance of the controller quality is required.

3. Modelling of the AMB rotor systems

The second case study plant is a laboratory test stand with an AMB-supported custom rotor.
The machine was originally a solid rotor induction motor for general industrial high-speed
applications with the rated speed 12000 rpm. The original machine was produced by Rotatek
Finland Oy. The AMB setup consist of two radial actuators and one axial actuator. The control
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Fig. 4. Real-time experimens: a) narrow load change, b) slow load change.

layout comprises the inner current control loop and the outer position control loop. This
section focuses on the radial suspension.

The studied AMB system is non-symmetric and non-collocated. The rotor is of a long rotor
type without a significant gyroscopic effect. The machine is subcritical, that is, the maximum
rotational speed is below the first flexible bending mode. From the radial position control
point of view, the measured outputs are rotor displacements in two axes in two sensor planes
and the applied control signals are four control currents of two radial eight-pole magnetic
bearings. The system parameters are presented in Table 1.

Current stiffness and position stiffness |k; = 268 NA~! and ky = 992 Nmm !
Rotor mass 46.2 kg
Rotor transverse moment of inertia 4.8 kgm?
Rotor polar moment of inertia 0.041 kg m?
Damping ratio of 1-3 flexible modes 0.0041, 0.0022, 0.0043
DC link voltage 150 V
Bias current and maximum currents 25Aand 10 A
Equivalent coil inductance and resistance L=0.042Hand R =043 O
Equivalent average modulation delay PwM = 25 us
Nominal magnetic air-gap lengths 0.6 mm

Table 1. Key AMB system parameters and their nominal values.
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The technical details of the plant are given by Jastrzebski (2007), Jastrzebski & Polldnen (2009)
and Jastrzebski et al. (2010). The plant model comprises the actuator model and the rotor
model.

3.1 Modelling of an AMB radial actuator

For each input-output channel, a complete nominal actuator model consists of a 27d-
order system with a pulse width modulation (PWM) delay and a motion-induced back
electromotive force. The magnetic force relation for a single axis in each actuation plane in
the close vicinity of the operating point is assumed to be

f = kjic + kxx, (12)

where k; and ky denote the current stiffness and the position stiffness. ic and x are the control
current and the position at the location of the bearings, respectively. Each of the inner current
control loops is modeled as

L i . : , i
|:1§:|:Aa'|:;:|+Barx+Balc,refr lc:CaLj]/ (13)

_R 1 Kk 0
Aa:|:_ C%p _Ll :|/ Bar:|: OL]/ Ba:|:Gp+Gﬁ

TPWM TPWM TPWM

1
, Ca= {0} (14)

i ref 18 the reference control current provided by the position control loop. G, and G are the
proportional and feed-forward gains of the inner controllers.

3.2 Modeling of a mechanical subsystem

The rotor is modeled using a finite element method (FEM) custom code (Jastrzebski, 2007).
The FEM model has 32 nodes, which corresponds to 128 degrees of freedom. The FEM code
model is tuned to better correlate with the results of an experimental modal analysis of the
free-free rotor and the results of frequency responses of the AMB levitated rotor (Jastrzebski
et al., 2010). It is sufficient to retain only few lowest frequency modes. We apply the reduced
unsupported rotor model for the controller synthesis. The model retains three flexible bending
modes calculated at standstill in each plane (in the xz and yz planes). The equation of motion
for the rotor spinning with the rotational speed () in the modal coordinates is

The matrices of the mechanical system description M™, K™, G™ and D™ are the diagonal
mass matrix, the diagonal stiffness matrix, the skew-symmetric gyroscopic matrix, and the
damping matrix, respectively. f™ and n™ are the vector of the modal forces acting on the
rotor and the vector of modal coordinates. In fact, the first four coordinates correspond to the
rigid rotor modes in the center of gravity coordinates. This reduced rotor model has in total
ten coordinates.

In order to include the bearing stiffness matrices K; and Ky in the rotor model, a
transformation C¢ from the position of actuators to the center of mass is applied. Additionally,
the model has to provide rotor displacements in the position of sensors and velocities at the
location of bearings. Thus, another transformation matrixes are necessary Cs and Cj,.
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Finally, after removing the superscript ‘m’” for modal, the state space equations of the
rotor-bearing system has the following form

A — I
T K CIK.C;) —-M~! (D +QG)
B = { M- 1CTK}
Crs = [Cs 0],
Cp = [0Cp.] (16)

3.3 Complete nominal plant model
The resulting equation for the full system, which combines the rotor and actuator has the
following form
_ | Aa BaCy _ |Ba —
A’{Brca A, |- B=|o| c=l0¢c]. (17)
The open-loop transfer function of the plant in the Laplace domain using the state variable

form can be written as
y =G (s)u=C(sI—A) ! Bu. (18)

G(s) is a transfer function matrix of the plant. w and y are the vectors of the control currents
and the measured displacements, respectively. A, B, and C are the state matrix, the input
matrix, and the output matrix in the state-space representation, respectively. The combined
actuator and rotor models form a coupled plant, which has 28 states. The coupling between
the transversal and tilting rotor movements is caused by the radial actuators. The coupling
between the xz and yz planes appears as a result of the gyroscopic coupling (Jastrzebski, 2007).
In order to decrease the condition number of the plant, the MIMO coupled plant model applies
a similarity transformation leading to a normalized per-unit (pu) system. Such a per-unit plant
is less prone to numerical problems when designing a controller.

3.4 Modeling of uncertainties

We divide uncertainties into dynamic perturbations and disturbance signals (Gu et al., 2005b).
The disturbances originate from the inverter, motor and the load transmitted forces, as well
as sensor and actuator noise. These disturbances are difficult to measure and model but
some rough estimations can be applied. The dynamic perturbations comprise unstructured
uncertainties, when the perturbations are only considered by upper and lower bounds,
and the structured uncertainties when the perturbations appear in particular parameters
(Skogestad & Postlethwaite, 2005). The former ones are unmodelled dynamics of the base
and truncated high-frequency modes of the rotor. The letter ones are neglected nonlinearities
of the actuators and sensors and other variations of nominal system parameters.

The structured uncertainties in the actuator include:

* variable current stiffness and position stiffness because of modeling inaccuracies, actuator
nonlinearities, and changes of the operational point (=10 %)

¢ variation of electrical parameters of the actuator (£10 %)

The effects of hysteresis and time delays (of the modulation, digital control, and sensors) can
be neglected for the applied system components.
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The structured uncertainties when considering mechanical models and position sensors are:

¢ variable mass resulting from external low-frequency loads depending on applications, e.g.,
in compressors and pumps (£10 %)

¢ variable sensor gain and offset (£5 %)

e uncertain sensor locations (+1 %)

e variation of the rotational speed

* uncertainties in the modal mass and damping matrices (£2 %)

The uncertainty in the sensor locations emulates uncertainty of the mode shapes of the
bearings, which are more difficult to implement. The most notable variations occur because of
changes in the operational speed and shifting of the operational point. The shifting occurs for
the nonzero reference position, in the presence of sensing errors, rotor runout, and external
forces.

All or some of the dynamic perturbations can be lumped into a single perturbation block
A. A is referred to as an unstructured uncertainty and it is complex whereas the parametric
uncertainties are assumed to be real.

Differences between the measured frequency responses of the test-rig and the nominal
plant model that are significant and otherwise not covered by the structured uncertainties
(Jastrzebski et al., 2010) are modeled as an unstructured uncertainty. In particular, the
structural resonance of the base of the machine at about 1130 rad /s (180 Hz), is modeled using
an output multiplicative uncertainty A = A,.

The uncertain plant with a multiplicative output uncertainty in each input-output channel is

Gp = (1+woBo) G, [|Boll, < 1. (19)

lleo

wo(s) is an uncertainty scalar weight with appropriately selected coefficients 4; such as

[wo(je0) | > Io(w) ¥, lo(w) = max ((Gp - G) G’l(jw)) , (20)

wy(jo) = A E 0
$% + a3s + a4s
||.|lo and & denote the H o norm and the maximum singular value (Skogestad & Postlethwaite,
2005), respectively. When the uncertain parts are separated from the dynamics, the system can
be presented in a well-known upper linear fractional transformation (LFT) F (M, A), where M
represents a standard interconnection of the system with uncertainties taken out. Now, A
consists of both the unstructured and parametric uncertainties. The uncertain block A is a
diagonal matrix.
The analysis and design are more difficult when the structural uncertainties are real numbers.
Unfortunately, the use of the lumped full model also results in a pessimistic analysis and a
conservative design (Gu et al., 2005b). Therefore, a proper selection of modeled uncertainties
is not straightforward.
After analyzing the suspension of the point mass, which can be treated equivalently to the
axial suspension of the rotor, we focus on the radial suspension.

(21)
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4. H control of the AMB rotor system with insignificant gyroscopic effect

Different weighting schemes are applicable to form a cost function subject to the He norm
in (sub)optimization problems. Perhaps the most commonly applied schemes are the S/KS
and S/T schemes. The S/KS scheme can achieve nominal performance in tracking or
disturbance rejection and robust stability against the additive perturbations. The weighted
mixed sensitivity S/T scheme can achieve nominal performances and robust stability against
multiplicative perturbations. However, in the aforementioned schemes there is a danger of
pole-zero cancellation between the nominal model and the controller (Sefton & Glover, 1990).
They are also limited by the condition of the number of the right-half plane poles. In the
perturbed system the number should be the same as in the nominal one (Lunz, 1989). In
response to these limitations, another weighting scheme features robust stabilization against
normalized coprime factor perturbation of the nominal plant. The He loop-shaping design
relaxes the right-half plane restrictions and produces no pole-zero cancellation. The solution
is obtained directly without the need for iterations.

4.1 Loop-shaping Glover-McFarlane control of an AMB rotor system

A loop-shaping He design procedure was introduced by Glover & McFarlane (1989). Later, it
was extended to the two-degrees of freedom problem by Limebeer et al. (1993). The approach
gained its popularity as it does not require a <y-iteration and provides a result by solving two
Riccati equations.

To achieve a controller based on a loop-shaping technique, two weights should be selected.
This is a pre-compensator Wy and a post-compensator Wy. They alter the open-loop transfer
function of the plant G to the desired shape Gs. Selection of weights depends on the
performance and robustness criteria. Additionally, weights can be selected based on the
presented multiplicative uncertainties. Structured uncertainty is not supported directly by
the method. In a case where there are many sources of uncertainties, other methods prove to
be conservative or too difficult to apply. Hence, multiplicative uncertainty approximated on
the representative set of plants is a useful solution.

After selecting weights and multiplying the nominal plant from left and right, the system is
stabilized with an He controller K see Fig. 5(a). The final controller K is obtained as

K = W; K W,. (22)

7]

(a) Glover-McFarlane controller structure (b) Two degrees-of-freedom design problem

Fig. 5. Loop-shaping controllers

As a next step, a feedforward part is added. For that, a reference transfer function T, should
be chosen. The feedforward controller K¢ is obtained by minimizing the following problem

(1= GsKs) ' GsKg — Treflloo < 7 (23)
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The described method is based mainly on the weight selection. The pre-compensator is
usually a low-pass filter. Additional features can be included in the weight such as a notch
filter, which is particularly useful in the described application to suppress the flexible modes.
The post-compensator is used to emphasize one output over the other. As in the AMB system,
all the outputs are equivalent, and this weight is a constant diagonal matrix. The last weight
Tt should describe the desired transfer function of a closed-loop plant. Thus, a first-order
transfer function with a steady state gain equals one, and a crossover frequency is chosen to
correspond to the desired bandwidth of the system.

This procedure for an AMB system was applied by Fujita et al. (1993), where the authors
give a review how to choose weights based on the multiplicative uncertainties in the system.
The applied model of the system was relatively simple accounting only for rigid modes. The
loop-shaping method was combined with a y-synthesis procedure by Lanzon & Tsiotras (2005)
to guarantee performance specifications and tolerate structured uncertainties. The resulting
controller was successfully applied to the AMB system.

In this work, for the controller synthesis, the procedure suggested by (Skogestad &
Postlethwaite, 2005, ch. 9.4.2) is applied. The process is the same as described earlier with
an addition of calculation gains to ensure the desired steady-state response. The reference

function T is chosen as
1
Tref = Laxa TH/

Whw

(24)

where wy,, = 215 rad/sec is the bandwidth of the closed-loop system.

The pre-compensator transfer function is chosen to be a low-pass filter with a DC gain of
78.1 dB. Additionally, the weight includes a notch filter as a second-order transfer function.
The damping frequency is 1.664 - 10° rad s ! and the damping ration is 0.08. The final transfer
function is as follows

2
0.3-0.08
54110 (1.66451-103) + 1é6a1005 T 1
4x4 : .
s + 0.01365 . 03
(1.664~103) + Teea109° 1

Wy =1 (25)

Using the weight (25) presented in Fig. 6(a) and the reference function (24), a two-degrees of
freedom controller is synthesised. The order of the controller is reduced to fit the real-time
implementation using a Schur method (Safonov & Chiang, 1988). The evaluation of the
controller with a p-analysis is presented in Fig. 6(b).

The plot shows that the controller is capable of handling the modeled structured uncertainty.
All the values are below one. As it was expected, the highest values are spotted near the
first flexible mode. However, the use of a notch filter helps to alleviate the problem. The
experimental evaluation of the controller is discussed in section 4.6.

4.2 1, signal-based control of an AMB rotor system

For the simple weighting schemes in the frequency domain, for example, such as the S/KS
mixed sensitivity problem, which provides good tracking and limits control energy, we are not
able to include more complex specifications. The more versatile schemes are signal-based Hoo
approaches. However, the more complex the resulting lower LFT becomes, the more difficult
the selection of the multiple design weights and the more complex and difficult the numerical
solution of the minimization problem are. We modify the Skogestad & Postlethwaite (2005)
scheme by lifting up the restrictions on all of the states but instead adding application-specific
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voltage limitation and displacement limitations at critical locations other than sensor planes.
Now, a magnetic bearing system can be described using a general control configuration (Fig.
7). The stabilizing controller can be found by minimizing the He norm from the exogenous
inputs w = [wy, wy, ws]' to the exogenous outputs z = [21, 23, z3]'. The inputs to the
controller v; and vy are the vector of the position reference signals and the vector of the
distorted signals received from the displacement sensors, respectively. The augmented plant
input vectors wy, wy and ws are the vector of the input distortion signals, the vector of the
output distortion signals, and the vector of the reference signals, respectively. The augmented
plant output vectors z1, z;, and z3 are the vector of the voltages and displacements obtained
using the output matrix C,y, weighted system input signals, and the vector of the weighted
position error signals, respectively.

The signal limitations result in the unitary weight for the normalized plant special outputs
W, = L The sensor noise spectrum is approximated by the first-order high-pass filter Wy,
with the dc gain and the high-frequency gain equal to 0.2 % and 5 % of the measuring range.
The crossover frequency is 250 Hz.
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The weights W4 (s), Wy (s), and W,(s) are defined as first-order transfer functions multiplied
by a 4x4 unitary matrices. The coefficients of these functions are treated as design parameters.
Applying the Heo control problem, the admissible controller K is found, if one exists, so that
fory >0

[E1(P, K) [, = max? (F| (P, K) (jw)) <. (26)

lleo

4.3 Control design specification

For all of the schemes, the appropriate choice of the weighting functions, which provide
guaranteed stability, robustness margin, and tracking nominal performance, is required. The
structure and order of the weights should deliver enough flexibility but without too much
added complexity in the optimization. The order of the weights together with the order of
the nominal plant decide if and how easily the satisfactory solution can be obtained using
necessary numerical procedures.

When defining the control design specification the major points are:

¢ closed-loop stability

e limitations of actuators, i.e., maximum coil current and limited DC link voltage and as a
result, limited force slue rate

* no steady-state error

* sufficient input disturbance rejection and noise rejection of the sensors (output)
* robust stability and robust performance

¢ minimization of the output sensitivity peak

Additionally, the minor objectives are: desired step responses and the closed-loop bandwidth
within the desired range.

The most of the listed objectives are easily tested. However, in order to test robust stability, the
structural singular value y has to be computed (Gu et al., 2005b; Skogestad & Postlethwaite,
2005; Zhou, 1998)

ut(M) = min {7(A) : det (I - MA) = 0}. (27)

M is the interconnected closed-loop system transfer function matrix and A € As represents
uncertainties. M(s) is formed with respect to the uncertainty set As

As = {diag [(511“,.-' JOslrs Ay, - - ,Af] 16, €CAj € c'”fxmf}, (28)

where } 3, r; + Z]le m; =nwith M € C"*". n equals to the dimension of the block A. s and
f are the dimensions of the scalar and full uncertainty blocks, respectively.

The structural singular value of M(s) is a measure of the robust stability of the uncertain
system

pa (M(s)) = sup pa (M(jw)) - (29)

weR
For normalized uncertainties, the system in a standard configuration is robustly stable if M(s)
is stable and p (M(s)) < 1. The robust performance requires that the closed-loop control
system performs satisfactorily even in the presence of the defined plant uncertainties. The
robust performance problem can be solved by generalizing to the robust stabilization problem



Discussion on Robust Control Applied to Active Magnetic Bearing Rotor System 221

with the uncertainty block replaced by A € As := diag {A, A, }, where the uncertainties are
normalized and the fictious performance uncertainty block is bounded by the norm ||Ap ||, <
1. Ap is unstructured with appropriate dimensions defined by the exogenous inputs and error
outputs of the system M to represent system performance specifications.

4.4 Weighting functions as design parameters

An elegant solution to alleviate the weight selection procedure is the p-synthesis approach.
For the system with a specified uncertainty set, the algorithm gives the weights that result in
a robustly stable controller obtained by an H synthesis. The main drawback is that there
is no analytical solution for the problem. The procedure is iterative and computationally
expensive. It results in a controller of a very high order. What is more, the performance
requirements are again specified as initial weights, and the designer should also choose a
specific weighting scheme. Last but not least, the resulting order of the controller depends
on the complexity of the applied weighting scheme, plant order, and applied uncertainties.
Detailed interconnections lead to controllers, which are difficult to implement and are not
transparent.

For complex systems, such as the flexible AMB rotor system, finding appropriate performance
weights by trial and error is very time consuming. To find the weights that produce a design
meeting the multiple requirements, we could use the optimization based on the method of
inequalities (Whidborne et al., 1994) or the linear matrix inequalities (Scherer et al., 1997).
Another option for such a multibjective design is to apply a basic genetic algorithm (GA)
(Jastrzebski et al., 2010).

For a signal-based weighting scheme, the coefficients of the weights Wy (s), Wy, (s), and W(s)
are limited by its minimum and maximum selected values because of numerical reasons. Also
for numerical reasons and to prevent unwanted pole-zero cancellation (Gu et al., 2005b) the
stable and minimum-phase weights are applied. For continuous-time weights in the Laplace
domain both the zeros and poles of a minimum phase weight must be strictly inside the
left-half s-plane.

4.5 Genetic algorithm approach to multiobjective synthesis

The H optimization and the y-synthesis result in the complex controllers of the higher order
than the plant. In an effort to obtain a lower-order controller, we could reduce the plant model
by truncating the high-frequency modes beyond the actuator bandwidth prior to the controller
synthesis. In the iterative design, the resulting lower-order controller could be tested in
each iteration together with the higher-order non-reduced plant against the multi-objective
performance function. An alternative procedure to obtain a lowest-order controller is to
use the detailed plant model for the synthesis and to apply the controller-order reduction
afterwards. Both approaches replace a direct design of the low-order controller.

For the signal-based weighting scheme, some of the signal weights are kept constant while
the others, which are the free parameters in the optimizations, are varied in order to reach the
optimal design in the multi-objective control design problem. The basic genetic algorithm
search is improved by limiting the feasible solution space. This improves the numerical
conditioning, and the weights without physical relevance are excluded from the solutions
(Jastrzebski et al., 2010).

The design objectives are normalized by the desired limiting values and are proportional to
the square of the following performance indices:
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¢ Output sensitivity peak Mg = ||S,||, and the closed-loop bandwidth (the frequency where
7(So,) first crosses 0.7 from below.

¢ High controller gain (a small maximum singular value of the sensitivity) at low frequencies
7 (So(w)), where w — 0.

e Input disturbance attenuation Mr; = ||beGSi GS; ||0o and output disturbance
attenuation Mr, = || GKgSo KgpSo

Hoo'

e Value of v.

The norms Mt; and M1, minimize the usage of control signals and the plant output signals in
the presence of the input and output distortion signals, respectively. The sensitivity functions
are defined as

o=(I+GK)™', 8§=(I+KG) . (30)

After applying GA and obtaining a final H controller the closed-loop uncertain system is
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Fig. 8. u analysis for robust stability.

tested for robust stability (Fig. 8) and performance. In order to limit design conservativeness
in Heo control the uncertainties in the plant model, which is applied for design synthesis, are
limited to the uncertain speed. In the case of the structured uncertainty, the computation of
the structural singular value y has to be applied and the y synthesis remains an open problem.
When applying the weights obtained using the GA to the y synthesis, the p synthesis cannot
considerably improve the initial y value.

4.6 Control validation

The controller achieved in section 4.1 is applied for radial AMBs in the test rig. First, the
frequency responses are compared. The output sensitivity function for the B-end of the
rotor is measured. The results are presented in Fig. 9. The theoretical values coincide the
values obtained from the prototype. One peak that is not presented in the theoretical model
corresponds to the natural frequency of the foundation. The foundations were not taken
into account in the described synthesis method. Additionally, the values vary between 100
and 300 rads~!. This can be explained by the water-bed effect. The surface below one and
above one closed by the curve must be equal. Thus, these lower values compensate the higher
frequency peak.

The next experiment was carried out in the time domain. Two type of step responses
are measured; the reference step response and an input disturbance step response. The
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results of the measurements are presented in Fig. 10. The reference response shows a good
correspondence in the settling time. The disagreement with rise time can be explained by the
presented nonlinearities of the system or position of the rotor away from the operational point.
Disturbance response shows slightly higher maximum amplitude. Additional oscillations
come from the first flexible mode, which is difficult to suppress by the feedback.
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Fig. 11. Output sensitivity function of the He control.

Similarly, the step responses of the signal-based H control (from section 4.2) are presented
in Fig. 12. The measured positions for the step responses are filtered by the controller with
a relatively low bandwidth of about 110rad/s. The measured output sensitivity function
(Fig. 11) does not differ significantly from the analytical result. The peak unaccounted in the
analytically computed values is caused by the structural mode of the base. For the rotational
speed in the range from 0 to 6000 rpm the output sensitivity peek varies from 2.618 to 2.625 pu.
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5. LPV method applied to a gyroscopic AMB rotor system

The rotating speed of the rotor in AMBs is a source of significant uncertainty. What is
more important is that it affects the frequency of the flexible modes; these are known to be
challenging to suppress with the feedback control (Li, Lin & Allaire, 2006). Especially, the
problem is significant for highly gyroscopic systems. The system is considered as a gyroscopic
one if a polar moment of inertia is greater than the diametral one I, > Iy or the rotational
speed is significant (Schweitzer & Maslen, 2009). A good illustration to the problem is a
Campbell diagram presented in Fig. 13.
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Fig. 13. Campbell diagram.

The significant splitting of the first flexible mode causes the corresponding peak to shift
considerably in the frequency response. That affects the controller significantly as it must
stabilize the system all the way from the start and up to the nominal speed. The most
challenging part of the acceleration curve is around the points where the rotor crosses the
flexible mode. In Fig. 13 this happens around 6500 rpm at that point the structural mode
gets in resonance with the rotor speed resulting in a significant oscillation magnitude. To
overcome this problem, a set of different controllers are synthesized for different rotational
speeds. In that case a problem during the switch appears as different controllers have different
levels of signals for the same operational point. The problem gets even more significant in
MIMO systems. This drawback is treated with bumpless switch techniques (Li (2007); Turner
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& Walker (2000)). Another approach to avoid bumps is to interpolate the controllers along
with a changing parameter, which is the rotor speed in this case. The last method provides
some restrictions, such that interpolated controllers should have the same order and structure.
The interpolated controllers are called gain-scheduled controllers (Leith & Leithead, 2000). In
particular, the implementation of the AMBs can be presented as a system where the rotor
speed is a linear varying parameter. Thus, it is referred to as a category of LPV systems, for
which a special LPV gain-scheduling methods can be applied. These methods are free of the
above-mentioned drawbacks and provide a unified approach for controller synthesis.

An idea to systematically utilize the rotor speed for the controller adjustment in AMBs was
proposed by different authors in different ways. One of the first examples is presented in the
work of Matsumura et al. (1996). The authors synthesize a robust loops-shaping controller,
which is able to reject sinusoidal disturbance with the rotor rotational frequency. It is carried
out by adopting additional boundary constraints for an He problem. The model used by the
authors contained only rigid modes and the rotor under consideration was without unbalance.
Lu et al. (2008) applied an LPV technique for an AMB system. Their model also contained
only rigid modes, and additionally, a special technique was used to identify uncertainty and
provide weighting functions for the controller synthesis. The authors presented the controller
in a set of parameter-dependent LMIs via a Lyapunov function. The basic controller was a
general Heo problem with weighting functions.

The problem of LPV controllers was also investigated in the work of Li (2007), where the
author compared an LFT approach with a Lyapunov function approach and additionally,
with a “frozen” He controller. The model used was highly accurate, including not only
higher-frequency modes but also structural resonances resulting in a nominal model with as
many as 48 states. The author provided the comparison based only on the theoretical y values
of an Heo controllers.

Here, the system model in an LPV form is presented. Based on the Lyapunov function
approach to an LPV gain-scheduling a controller synthesis procedure is described. The
achieved controllers are compared with the optimal He controllers based on the maximum
singular values. Additionally, simulations with a non-linear model and unbalance presented
in the rotor are discussed. An LPV model of an AMB system is obtained by the same
linearization around the operational point as an ordinary AMB model. The system is assumed
to be in the operational point in the center of magnetic forces. Only small deviations from that
point are considered as a rotor displacement. The rotor movement is translated to the center of
mass resulting in a system with five degrees of freedom. The system is decoupled between the
z and x, y axes, providing four states for the radial case. The states are displacements in the x
and y and rotations around the x and y axes. They are respectively denoted as g; = [x y a f].
It can be seen that the model (16) and the following (17) has the form of an LPV system

& =A(Q)x + Bu,
y = Cax. (31)

In general, there are two approaches to the controller synthesis for the LPV plants. The
first approach is based on a Lyapunov function. A quadratic Lyapunov function was used
to achieve a set of parameter dependent LMIs by Becker & Packard (1994). Later, less
conservative results were obtained by incorporating boundaries on parameters variation rates
by Wu et al. (1996). As LMIs in this approach are parameter dependent, in general, there
are an infinite number of them to solve. Usually, it is suggested to grid the space of varying
parameters and achieve a solution for a limited number of points. The method is proposed for
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a small number of varying parameters. In an AMB controller synthesis one parameter can be
considered as varying. However, the order of the system is rather high and griding with more
than five points results in an unrealistically long synthesis time (Li, 2007). Another drawback
is that an implementation requires a matrix inversion in real time that is quite challenging
with the desired sampling rate on available microcontrollers.

The second one is based on a small gain theorem. The plant is considered as a linear time
invariant (LTT) system, which is closed by the feedback loop with a varying parameter. Thus,
the full system can be presented as a lower fractional transformation (LFT) of an LTI part and
a parameter as presented in Fig. 14(a). Solutions for continuous- and discrete-time cases in
a form of LMIs were presented by Apkarian & Gahinet (1995). The solution is conservative
compared with the first approach as the realness of parameters is not used. Helmersson (1995)
provided an additional research to reduce conservatism by introducing a rate of variation of
parameters, which, however, leads to infinite dimensional solvability conditions. A more
detailed overview of the research in that field is given by (Leith & Leithead, 2000).

In this work the first approach is taken and in particular, its extension to an affine system
proposed by Apkarian et al. (1995). It can be seen from (16) that the system provides a
convex set on the speed parameter (). Thus, the problem of infinite LMIs is avoided by
solving them only at vertexes of the varied parameter. An additional benefit is that the
controller implementation is simple and does not require matrix inversion. However, the
system considered by Apkarian et al. (1995) neglects the varying state, input, and output
transformations, and provides sufficient results under the assumption of a slow-varying
parameter as discussed by Leith & Leithead (2000). The slow-varying parameter assumption
is valid for an AMB system as the speed variation is relatively slow compared with state
variations.
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(a) LPV controller structure (b) Mixed sensitivity control problem

Fig. 14. Controller structures.

The general linear Heo problem is to find a controller K such that it minimizes (26). The
generalized plant P is obtained from the original plant by providing additional exogenous
inputs w and outputs z with specified weights to tune the desired system. The particular
scheme for the mixed sensitivity problem is presented in Fig. 14(b). The following weights
were used to shape the plant to the desired objectives

s+ 144 s+0.01

We =Igs- 050" 2% Wy =1T4,4-0. .
s = laxa - 05— Wr = laxs - 05705

(32)
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The general rule is that the weight for the sensitivity function is a low-pass filter and for the
complementary sensitivity one is a high-pass filter.
Having the generalized plant P in the form

P(s) =D+ C(sI—A)"'B (33)

we follow the authors of (Apkarian et al., 1995) and solve the following LMIs

Aelo)! AR +RA] RC]| By Aelo
( ) CliR —’)/I Dlli < ) < 0, i= 1, R (34)
0|1 o7 e 0|1
1i 118 |~
Aelo\ T A;S+SAT SBy;| CT, Aelo
( 051> BlS 1D, ( oS1> <0, i=1...,r (35)
Cyi Dlli‘_'ﬂ
(II‘ ;) >0, (36)

where the bases of the null spaces of (BI,D],) and (Cp,Dy;) are denoted N and N,
respectively. Next, the unique solution X of the matrix equation II = X II; should be

computed, where
S 1I I R
I, = (NT o) o = (0 MT) (37)

and the matrices M and N are such that
MNT =1-RS. (38)
The controllers for each vertex can be found by solving the following LMI
A X +XaAxi XaBki Cg;
Bl Xy —I DL | <O. (39)
Cki Dg; —11

Having the state-space matrices for each vertex Ag;, By;, Ck;i, Dk; the controller for the
particular point is obtained as

{éﬁgg glli((g))} = i“i |:AKi BKi:| ) (40)

where a; is such that
14 v
QI{ZIXI'(UZ'ZOCI'ZO, leizl}. (41)
i=1 i=1

The r denotes the total number of vertices and w; the particular vertex. The parameter ()
is measured in real time and the controllers are updated on each step. For the controller
testing, we use the system with the Campbell diagram (see Fig. 13) presented above. The polar
moment of inertia I, = 10.6 kg m? is greater than the diametral moment Iy = 0.59 kgm?.
However, the speed varies from 0 to 10 000 rpm, and thus, the system has significant
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gyroscopic effect. The controller is synthesized using the above-mentioned weighting
functions (32). As the main objective is the stability of the system, a maximum singular value
of sensitivity functions is evaluated. A good starting point for a comparison is an output
sensitivity function S, (Li, Lin & Allaire, 2006). Additionally, an output complementary
sensitivity function T, is used for the evaluation.

To = GK(I+GK) . (42)

The evaluation of the controller is carried out in each point of a variation parameter. It means
that the closed loop transfer functions (30) and (42) are calculated at each rotor speed and their
peak value is found. The peak values of the MIMO system are defined as maximum singular
values in the same fashion as in (26). The achieved results are presented in Fig. 15.
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Fig. 15. Maximum values of sensitivity functions.

It is seen that an LPV controller provides a stable system with low values of sensitivity
functions. For comparison a robust He controller is synthesized using the same weights and
the same structure. In this synthesis, speed is treated as a structured uncertainty. In Fig. 15 it
is seen that the robust controller has higher peak values and additionally, the values do not
change over the parameter variation. The LPV controller peak values are smaller and have
some deviation. In general, Fig. 15 shows that the LPV controller provides a greater stability
margin.

The previous assessment was based on a theoretical model and provides the basic insight into
the stability margins. For a deeper evaluation, simulations with a non-linear model are carried
out. The rotor for the simulations is considered to have an imbalance of 0.01 kg, and a system
with three flexible modes is used. The force-current relations are non-linear; they include the
actuator delay and are based on look-up tables from the switch-reluctance network model.

A typical case of the rotor acceleration is simulated. The speed increases linearly from zero
up to the maximum value. The beginning and ending phases of acceleration are smoothed
to avoid unrealistic sharp edges. The results are evaluated for an LPV and a robust He
controllers. The displacements at the A-end in the x direction are presented in Fig. 16.

The LPV controller shows worse performance for the transient response. The magnitude of
oscillations is significantly higher around two times. The oscillations take place around the
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Fig. 16. Rotor acceleration responses.

point of 6500 rpm where the system crosses the first flexible mode. The second point where
the system experiences oscillations is close to the maximum speed and it can be explained by
the deceleration of the rotor. The LPV controller has a lower magnitude of oscillations around
this point; the difference is 35 %. Such a behavior can be explained by an adaptive nature
of an LPV controller. In each step, the gains are modified according to the rotational speed.
During the acceleration process, the system does not have enough time to adapt. This results
in a higher amplitude of oscillations. During the later deceleration phase, the coefficients
do not change that fast and performance is better. The speed of the parameter variation is
a significant problem for the LPV controllers, and usually the main point of conservatism in
that approach (Leith & Leithead, 2000).

The second simulation experiment in the steady state proves that LPV controller provides
a better performance. In this experiment, a step disturbance to the x channel of the rotor
A-end is applied at the maximum rotational speed. The simulation results are presented
in Fig. 17. The magnitude of the disturbance response for an LPV controller is about three
times smaller than that of a robust controller. Additionally, the LPV controller does not have
coupling between different ends, so the disturbance does not propagate through the system.

6. Real-time operating conditions

The AMB-based system requires hard-real time controllers. In the case of a robust control
strategy, the control law is of higher complexity than other solutions. Therefore, the
implementation of the control law must fulfill the requirements of the target control system
such as finite precision of the arithmetic and number format and available computational



230 Challenges and Paradigms in Applied Robust Control

300 ‘ ‘
g —— LPVEnd A
*é 200 - -=-- LPVEnd B =
GE’ Robust End A
§ 100 - - - Robust End B
[
A 0 \ \ Mpoent” \ \

0 0.05 0.1 0.15 0.2 0.25 0.3
Time, s

Fig. 17. Step disturbance response for controllers in the x direction.

power. The digital control realization requires a digital controller that matches the continuous
form in the operating frequency range. The controllers for the radial suspension of the AMB
rotor system are tested using a dSpace DS1005-09 digital control board and a DS4003 Digital
Input/Output system board as a regulation platform. The Simulink and Real-time Workshop
software are applied for automatic program code generation. The selected sampling rate is
10 kHz. The resolution of the applied ADCs is 16 bits. The control setup limits the maximum
number of states of the implemented controllers to 28 states.

7. Conclusions

The chapter discusses options and feasible control solutions when building uncertain AMB
rotor models and when designing a robust control for the AMB rotor systems. The review of
the AMB systems is presented. The recommendations for difficult weight selection in different
weighting schemes are given. Design-specific problems and trade-offs for each controller
are discussed. It is shown that the operating conditions of the selected real-time controllers
satisfy the control quality requirements. The resulting order of the controller depends on
the complexity of the applied weighting scheme, plant order, and applied uncertainties. The
detailed interconnections lead to controllers, which are difficult to implement and are not
transparent. However, the too simple weighting schemes cannot provide sufficient design
flexibility with respect to the multi-objective specification. For the systems with considerably
gyroscopic rotors and high rotational speeds, the LPV method provides a significantly better
solution than nonadaptive robust control methods.
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1. Introduction

Reactive Distillation (RD) is the combination of reaction and distillation in a single vessel
(Backhaus, 1921). Over the past two decades, it has emerged as a promising alternative to
conventional “reaction followed by separation” processes (Towler & Frey, 2002). The
technology is attractive when the reactant-product component relative volatilities allow
recycle of reactants into the reactive zone via rectification/stripping and sufficiently high
reaction rates can be achieved at tray bubble temperature. For equilibrium limited reactions,
the continuous removal of products drives the reaction to near completion (Taylor &
Krishna, 2000). The reaction can also significantly simplify the separation task by reacting
away azeotropes (Huss et al., 2003). The Eastman methyl acetate RD process that replaced a
reactor plus nine column conventional process with a single column is a classic commercial
success story (Agreda et al., 1990). The capital and energy costs of the RD process are
reported to be a fifth of the conventional process (Siirola, 1995).

Not withstanding the potentially significant economic advantages of RD technology, the
process integration results in reduced number of valves for regulating both reaction and
separation with high non-linearity due to the reaction-separation interaction (Engell &
Fernholtz, 2003). Multiple steady states have been reported for several RD systems (Jacobs &
Krishna, 1993; Ciric & Miao 1994; Mohl et al., 1999). The existence of multiple steady states
in an RD column can significantly compromise column controllability and the design of a
robust control system that effectively rejects large disturbances is a principal consideration
in the successful implementation of the technology (Sneesby et al., 1997).

In this Chapter, through case studies on a generic double feed two-reactant two-product
ideal RD system (Luyben, 2000) and the methyl acetate RD system (Al-Arfaj & Luyben,
2002), the implications of the non-linear effects, specifically input and output multiplicity,
on open and closed loop column operation is studied. Specifically, steady state transitions
under open and closed loop operation are demonstrated for the two example systems. Input
multiplicity, in particular, is shown to significantly compromise control system robustness
with the possibility of “wrong” control action or a steady state transition under closed loop
operation for sufficiently large disturbances.
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Temperature inferential control system design is considered here due to its practicality in an
industrial setting. The design of an effective (robust) temperature inferential control system
requires that the input-output pairings be carefully chosen to avoid multiplicity in the
vicinity of the nominal steady state. A quantitative measure is developed to quantify the
severity of the multiplicity in the steady-state input output relations. In cases where an
appropriate tray temperature location with mild non-linearity cannot be found, it may be
possible to “design” a measurement that combines different tray temperatures for a well-
behaved input-output relation and consequently robust closed loop control performance.
Sometimes temperature inferential control (including temperature combinations) may not
be effective and one or more composition measurements may be necessary for acceptable
closed loop control performance. In extreme cases, the RD column design itself may require
alteration for a controllable column. RD column design modification, specifically the balance
between fractionation and reaction capacity, for reduced non-linearity and better
controllability is demonstrated for the ideal RD system. The Chapter comprehensively treats
the role of non-linear effects in RD control and its mitigation via appropriate
selection/design of the measurement and appropriate process design.

2. Steady state multiplicity and its control implications

Proper regulation of an RD column requires a control system that maintains the product
purities and reaction conversion in the presence of large disturbances such as a throughput
change or changes in the feed composition etc. This is usually accomplished by adjusting the
column inputs (e.g. boil-up or reflux or a column feed) to maintain appropriate output
variables (e.g. a tray temperature or composition) so that the purities and reaction
conversion are maintained close to their nominal values regardless of disturbances. The
steady state variation in an output variable to a change in the control input is referred to as
its open loop steady state input-output (IO) relation. Due to high non-linearity in RD
systems, the IO relation may not be well behaved exhibiting gain sign reversal with
consequent steady state multiplicity.

From the control point of view, the multiplicity can be classified into two types, namely, input
multiplicity and output multiplicity as shown in Figure 1. In case of output multiplicity,
multiple output values are possible at a given input value (Figure 1(a)). Input multiplicity is
implied when multiple input values result in the same output value (Figure 1(b)).

To understand the implications of input/output multiplicity on control, let us consider a
SISO system. Let the open loop IO relation exhibit output multiplicity with the nominal
operating point denoted by “*'(Figure 1(a)). Under open loop operation, a large step decrease
in the control input from uy to u; would cause the output to decrease from y to y;. Upon
increasing the input back to u, the output would reach a different value yo" on the lower
solution branch. For large changes in the control input (or alternatively large disturbances),
the SISO system may exhibit a steady state transition under open loop operation. For RD
systems, this transition may correspond to a transition from the high conversion steady state
to a low conversion steady state. The transition can be easily prevented by installing a
feedback controller with its setpoint as y,. Since the output values at the three possible
steady states corresponding to u are distinct, it is theoretically possible to drive the system
to the desired steady state with the appropriate setpoint (Kienle & Marquardt, 2003). Note
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that for the IO relation in Figure 1(a), the feedback controller would be reverse acting for
Yo/ yo' and direct acting for 10" as the nominal steady state.

The implications of input multiplicity in an IO relation are much more severe. To
understand the same, consider a SISO system with the IO relation in Figure 1(b) and the
point marked “** as the nominal steady state. Assume a feedback PI controller that
manipulates u to maintain y at yy. Around the nominal steady state, the controller is direct
acting. Let us consider three initial steady states marked 4, b and c on the 1O relation, from
where the controller must drive the output to its nominal steady state. At 4, the initial error
(ySP-y) is positive and the controller would decrease u to bring y to the desired steady state.
At b, the error is again positive and the system gets driven to the desired steady state with
the controller reducing u. At ¢, due to the ySP crossover in the IO relation, the error signal is
negative and the direct acting controller would increase u, which is the wrong control action.
Since the IO relation turns back, the system would settle down at the steady state marked
¥ For large disturbances, a SISO system with input multiplicity can succumb to wrong
control action with the control input saturating or a steady state transition if the IO relation
exhibits another branch with the same slope sign as the nominal steady state. Input
multiplicity or more specifically, multiple crossovers of ySP in the IO relationship thus
severely compromise control system robustness.

(a) Output Multiplicity (b) Input Multiplicity
3P set point

'y 'y
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Fig. 1. Steady state multiplicity, (a) Output multiplicity, (b) Input multiplicity

The suitability of an input-output (IO) pairing for RD column regulation can be assessed by
the steady state IO relation. Candidate output variables should exhibit good sensitivity
(local slope in IO relation at nominal operating point) for adequate muscle to the control
system where a small change in the input drives the deviating output back to its setpoint. Of
these candidate sensitive (high open loop gain) outputs, those exhibiting output multiplicity
may be acceptable for control while those exhibiting input multiplicity may compromise
control system robustness due to the possibility of wrong control action. The design of a
robust control system for an RD column then requires further evaluation of the IO relations
of the sensitive (high gain) output variables to select the one(s) that are monotonic for large
changes in the input around the nominal steady state and avoid multiple ySP crossovers. If



238 Challenges and Paradigms in Applied Robust Control

such a variable is not found, the variable with a y5F crossover point (input multiplicity), that
is the furthest from the nominal operating point should be selected. It may also be possible
to combine different outputs to design one that avoids crossover (input multiplicity). The
magnitude |uo-u.|, where u. is the input value at the nearest y5F crossover can be used as a
criterion to screen out candidate outputs. For robustness, Kumar & Kaistha (2008) define the
rangeability, r, of an IO relation as

r=|ug-uc|

where u. is obtained for y = ySP - yoffet as shown in Figure 1(b). The offset from the actual
crossover point ensures robustness to disturbances such as a bias in the measurement. In
extreme cases, where a suitable output variable is not found that can effectively reject large
disturbances, the RD column design may require alteration for improving controllability.
Each of these aspects is demonstrated in the following example case studies on a
hypothetical two-reactant two-product ideal RD column and an industrial scale methyl
acetate RD column.

3. RD control case studies

To demonstrate the impact of steady state multiplicity on RD control, two double feed
two-reactant two-product RD columns with stoichiometric feeds (neat operation) are
considered in this work. The first one is an ideal RD column with the equilibrium reaction
A + B < C + D. The component relative volatilities are in the order ac > aa > ag > ap so
that the reactants are intermediate boiling. The RD column consists of a reactive section
with rectifying and stripping trays respectively above and below it. Light fresh A is fed
immediately below and heavy fresh B is fed immediately above the reactive zone. Product
C is recovered as the distillate while product D is recovered as the bottoms. The rectifying
and stripping trays recycle the reactants escaping the reactive zone and prevent their exit
in the product streams. This hypothetical ideal RD column was originally proposed by
Luyben (2000) as a test-bed for studying various control structures (Al-Arfaj & Luyben,
2000).

In terms of its design configuration, the methyl acetate column is similar to the ideal RD
column with light methanol being fed immediately below and heavy acetic acid being fed
immediately above the reactive section. The esterification reaction CH;COOH + CH3;0H «
CH3COOCH;3 + H>O occurs in the reactive zone with nearly pure methyl acetate recovered
as the distillate and nearly pure water recovered as the bottoms.

Figure 2 shows a schematic of the two RD columns. The ideal RD column is designed to
process 12.6 mol s of stoichiometric fresh feeds to produce 95% pure C as the distillate
product and 95% pure D as the bottoms product. Alternative column designs with 7
rectifying, 6 reactive and 7 stripping trays or 5 rectifying, 10 reactive and 5 stripping trays
are considered in this work. For brevity, these designs are referred to as 7/6/7 and
5/10/5 respectively. The methyl acetate RD column is designed to produce 95% pure
methyl acetate distillate. The 7/18/10 design configuration reported by Singh et al. (2005)
is studied here. Both the columns are operated neat with stoichiometric feeds. The
reaction and vapor liquid equilibrium model parameters for the two systems are provided
in Table 1.
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Fig. 2. Schematics of example RD columns. (a) Ideal, (b) Methyl acetate

Ideal RD column Methyl acetate RD column
Reaction | B+A < D+C Acetic acid + Methanol « Water + Methyl Acetate
Relative L Extended Antonie Equations are used for the
o ac:a,ag:ap L ;
volatility estimation of saturation vapour pressure,
=8:4:2:1 temperature dependent
Liquid Ideal Wilson
phase
activity
Vapour | Ideal Ideal with Marek Method (Marek, 1995)
phase (Vapour dimerization of Acetic acid)
Reaction a [ uMcOAcuHV }
Mck ANeOH — 2
Kinetics o (mol / mol s ) o cKr| AHAAMeOH K,
= kfoxB B kbexD [1 +Kpactpac + Kyronmeon + Kyeoactmeoac + KHZO“HZ()]
Kijac =3.18;Kypeon =4.95;Kpy,0 =105
Ky =24260x10% /T | Kyeose =082
9 ,-52275.93/(RT
k= 211768107 | Ky (kmol / kg /) = 69.42x10% /(RT)
Keq _ 2.326782'98/]"
Heat of - 41840 kJ /kmol - 33566.80 kJ /kmol at 330 K
reaction | Temperature Temperature dependent
independent

Table 1. VLE and reaction parameters of the example RD systems
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3.1 Output multiplicity effects

To demonstrate the impact of output multiplicity on column operation, the 7/6/7 design
with 1 kmol reaction holdup per reactive tray is considered for the ideal RD system. For 95%
pure distillate and 95% pure bottoms, the reflux ratio and vapor boilup is found to be 2.6149
and 28.32 mol s, respectively. For the methyl acetate RD column, the 7/18/10 design is
considered. At the nominal design, the reflux ratio and reboiler duty is 1.875 and 4.6021 MW
respectively for 95% methyl acetate distillate and 96.33% water bottoms.

3.1.1 Ideal RD column

The variation in the bottoms D purity with respect to the vapor boilup at constant reflux rate
in the 7/6/7 ideal RD column design is shown in Figure 3(a). Both input and output
multiplicity are present in the relation with respect to the nominal steady state. Output
multiplicity is observed with three distinct purities for the product D other than the basecase

Distillate Flow Rate -—-= O

01 | Base case K

2s 285 29 295 30 305 31
\fapor boilup rate, mol s

Xy, Bottoms

0.8}

28.31 2832 2833 2834

Base case

0.85!
27 27.5 28 285 29 205 30
= 3
Vapor boilup rate, mol s~

(b)
Fig. 3. Variation of ideal RD column bottom product purity with boilup at
(a) fixed reflux rate, (b) fixed reflux ratio
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design purity of 95%. At point K on the solution diagram, the distillate flow rate almost
reaches 0 beyond which a steady solution is not found.

Figure 3(b) shows that IO relation of bottoms purity with vapor boilup at constant reflux to
distillate ratio, a common operating policy implemented on distillation columns. Output
multiplicity at the nominal steady state is evident in the Figure. Notice that a feasible steady
state solution now exists for boilups below its nominal value, unlike for column operation at
fixed reflux rate. From the column operation standpoint, maintaining reflux in ratio with the
distillate is therefore a more pragmatic option as a feasible steady state exists for large
changes in the vapor boilup in either direction.

To understand the implication of the observed steady state solution diagrams on column
operation, the dynamic column response to a £5% pulse change of one hour duration in the
vapor boilup is obtained at a fixed reflux rate or at a fixed reflux ratio. The reflux drum and
bottom sump levels are maintained using respectively the distillate and the bottoms flow (P
controller with gain 2). The dynamic response is plotted in Figure 4. At constant reflux rate
(Figure 4(a)), for the -5% boilup step change, the distillate rate quickly goes down to zero
corresponding to no feasible solution in the solution diagram. For the +5% pulse change, the
distillate rate settles at a slightly higher value of 12.623 mol s'! (nominal value: 12.6 mol s1)
implying an open loop steady state transition. This new steady state corresponds to Point B
in the bifurcation diagram in Figure 3(a). For the -5% pulse, the distillate valve shuts down
due to the absence of a feasible steady state solution for a large reduction in the boilup.

At fixed reflux ratio, a stable response is obtained for the 5% pulse in boilup (Figure 4(b)).
The column however ends up transitioning to different steady states for a +5% and a -5%
pulse change, respectively. This is in line with the bifurcation diagram in Figure 3(b) with
the column transitioning to a high conversion steady state (A) or a low conversion steady
state (B) solution under open loop column operation.

Given the possibility of an open loop steady state transition due to output multiplicity, a PI
controller is implemented that adjusts the reflux rate/reflux ratio to hold the distillate purity at
95%. The loop is tuned using the ATV method (Astrom & Hagglund, 1984) with Tyreus-
Luyben settings (Tyreus & Luyben, 1992). At constant reflux rate, a boilup pulse change of -5%
is handled with the column returning to its nominal steady state. In addition, a -5% step
change is also handled with a stable response implying the existence of a steady state solution
(feasibility) at low boilups with the distillate purity held constant. This is in contrast to the no
feasible solution at reduced boilups for column operation at constant reflux rate. With the
composition control loop on automatic, an unstable response is however observed for a large -
20% step change which is likely due to the absence of a feasible steady state for low boilups at
constant distillate composition. With the composition control loop, a +5% pulse change in the
vapor boilup does not result in a steady state transition unlike for column operation at
constant reflux and the column returns to its nominal steady state.

The implementation of a feedback loop controlling distillate purity by adjusting the reflux
ratio results in the column returning to its nominal steady state for a £5% pulse change in
the boilup. The open loop steady state transition observed for the same pulse disturbance at
constant reflux ratio is thus prevented. In addition, a -20% step change in the boilup results
in a stable response with the column settling at a new steady state implying feasibility.
These dynamic results serve to highlight that the implementation of feedback control serves
to mitigate the non-linear effects of output multiplicity so that an open loop steady
transition is prevented (Dorn et al., 1998). Feedback control also ensures feasible operation
over a larger disturbance range.
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3.1.2 Methyl acetate RD column

The 7/18/10 methyl acetate RD column design is studied (Singh et al., 2005). The steady
state variation of reaction conversion with respect to reboiler duty at a fixed reflux ratio and
a fixed reflux rate is shown in Figure 5. At fixed reflux ratio, the nominal steady state is
unique with a 97.77% conversion while two additional low conversion steady states
(conversion: 72.95% and 59.66%) are observed at fixed reflux rate. The column dynamic
response to a 5 hour duration -3% pulse in the reboiler duty at alternatively, a fixed reflux
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rate, a fixed reflux ratio or controlling a reactive tray temperature using reflux rate is shown
in Figure 6. The liquid levels in the reflux and reboiler drums are controlled using the
distillate and bottoms, respectively (P controller with gain 2). Whereas the column returns to
its nominal steady state for a fixed reflux ratio or for reactive tray temperature control using
reflux, a steady state transition to a low conversion steady state is observed at a fixed reflux
rate. This transition is attributed to the output multiplicity at constant reflux rate in Figure 5.
Maintaining the reflux in ratio with the distillate is thus a simple means of avoiding output
multiplicity and the associated open loop column operation issues (Kumar & Kaistha, 2008).

3.2 Input multiplicity and its implications on controlled variable selection

As discussed, the existence of input multiplicity in an IO pairing can severely compromise
control system robustness due to the possibility of wrong control action. In this section, we
demonstrate wrong control action in the ideal and methyl acetate RD systems. We also
demonstrate the systematic use of steady state IO relations to choose CVs (controlled
variables) that are better behaved (more robust) in terms of their multiplicity behavior and
the consequent improvement in control system robustness for the two example RD systems.

3.2.1 Ideal RD column

The 5/10/5 design with 1 kmol reaction holdup per reactive tray is considered here. For
95% distillate and bottoms purities, the reflux ratio and vapor boilup are respectively 2.6915
and 29.27 mol s-1 respectively. As with the 7/6/7 design, maintaining reflux in ratio with the
distillate mitigates nonlinear effects and is therefore implemented. The simplest policy of
operating the column at fixed reflux ratio is first considered.

At a fixed reflux ratio, there are three available inputs for control, namely the fresh A feed
(Fa), the fresh B feed (Fp) and the vapor boilup (Vs). Of these, one of the inputs must be used
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to set the production rate (throughput) with the remaining two inputs available for column
regulation. Fp is chosen as the throughput manipulator as the dynamic response of the tray
temperatures (potential controlled outputs) to Fp is sluggish compared to Vs or F4 due to the
associated large liquid hydraulic lags. Vs and F4 would thus be more effective manipulation
handles for column regulation. From sensitivity analysis, a stripping tray temperature is the
most sensitive to a change in Fa. Accordingly, Fa is paired with the sensitive stripping tray
temperature (T2, bottom-up tray numbering). Vs is then used as the manipulation handle for
controlling a non-stripping (reactive or rectifying) tray temperature. Sensitivity analysis
shows Tis to be the most sensitive rectifying tray temperature with T;; being the most
sensitive reactive tray temperature, which is however lower than T15. We therefore consider
two alternative pairings namely Tis-Vs or Ti»-Vs. A schematic of the two-temperature
control structure is shown in Figure 7. The Niederlinski Index and Relative Gain Array of
the two alternative control loop pairings are also given in the Figure and are found to be
acceptable. These local metrics suggest T1s to be the better controlled variable.

The steady state input-output relations between the manipulated and controlled variables
are now evaluated for multiplicity. The variation of three tray temperatures (T, T1s and T12)
with respect to all three inputs (Fs, Fa and V5s) is plotted in Figure 8. For easy comparison,
the difference in the temperature from its nominal value is plotted with respect to
percentage change in the inputs around the nominal steady state. Input-output relations are
nearly monotonic with respect to Vs with an increase in Vs causing the tray temperature to
increase. Although gain sign reversal is seen in T1; and T for large negative change in Vs,
the IO relations remain away from a crossover. On the other hand, crossover is seen with
respect to Fp. In the Tis-Fp IO relation, crossover is observed at -22.5% and -30.8% and
+22.7% change in Fp. With respect to F4, directionality in response is observed with no
change in Ty, or Tys for an increase in F4 but a visible change for a decrease in Fa. The
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response of T, (controlled using Fa) is better behaved with gain sign reversal for a decrease
in Fa. But the IO relation remains away from crossover for a £35% input change.
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Fig. 8. Open loop variation of ideal RD column tray temperatures with inputs (Fp, Fa and Vs)

The open loop IO relation that a control loop ‘sees’ can be significantly different depending
on whether the other loop is on manual (its input is fixed) or automatic (its output is fixed).
To evaluate the same, open loop IO relations for the Tis-Vs pairing and T»-F4 pairing are
obtained with the output for the other loop (1> or Tis) maintained at its setpoint (nominal
value). Similarly the T1>-Vs (T2 fixed) and T>-Fa (T2 fixed) IO relations are also obtained.
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These are shown in Figure 9. The nominal steady state is marked O and the corresponding
crossover points are marked A, B etc. A non-nominal steady state on a solution branch is
stable if the local slope in the IO relation has the same sign as for the nominal steady state O,
else it is unstable. Accordingly, the stable solution branch is shown as a continuous curve
while the unstable solution branch is shown as a dashed curve.

For the Tis-Vs and T»>-Fa pairing, the input multiplicity steady states A and B are unstable
with respect to controller action (reverse or direct) as the local slope sign of at least one of
the IO relations is opposite the nominal slope sign. Steady state C on the other hand is
stable. Disturbances that push the column towards A i.e,, cause a large decrease in Fa/ Vs,
can result in wrong control action with saturation of a control input. On the other hand,
disturbances that cause large increases in Fa/Vs can result in a closed loop steady state
transition to steady state solution C. For the Ti»-Vs and T»-Fa pairing, both the input
multiplicity steady states A" and B’ are unstable with respect to controller action so that
wrong control action with consequent valve saturation is expected for large changes in
Fa/ Vs in either direction (increase or decrease).
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Fig. 9. Ideal RD column IO relations,
(a) Tz—FA (fixed T18) & Tlg—Vs (fixed Tz) (b) Tz—FA (fixed T12) & le—Vs (fixed Tz)

Which pairing (T1s-Vs/ T>-Fa versus T1;-Vs/ Tr>-Fa) would handle larger disturbances without
succumbing to wrong control action depends on the degree of tightness of control of the
outputs. Usually tightest tray temperature control is usually possible with boilup as the
manipulation handle. T3/ T12 is therefore likely to be controlled tightly without significant
deviations from its nominal setpoint. Larger deviations in T, (controlled using F4) can result
in wrong control action due to input multiplicity corresponding to higher F4 feed into the
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column (Figure 8 and Figure 9). In the T>-Fa IO relation (Figure 9), notice that a crossover in
T, occurs earlier when Tis is held constant compared to when T, is held constant.
Accordingly, one would expect controlling T7, to handle larger disturbances without wrong
control action.

Using Tis/T12 and T, as controlled variables to manipulate Vs and F4 respectively, two
different series of step changes are given to the throughput manipulator Fz to demonstrate
the impact of input multiplicity under closed loop operation. The temperature controllers
are tuned individually using the relay feedback test. The Tis-Vs loop must be detuned by a
factor of 5 from its Tyreus Luyben settings to avoid a highly oscillatory response while not
detuning is necessary when the T1;-Vs loop is implemented. In the first (second) series of
step changes, the Fp flow rate value is decreased (increased) to 15% (20%) and then 30%
(40%) below its basecase value at time 0 and 15 hr respectively, and then restored back to its
nominal value of 12.6 mol s at 30 hour. The closed dynamic results for these step changes
when T1g is controlled are shown in Figure 10(a).

For the first series of step changes, stable closed loop responses are obtained for the changes
made at 0 and 15 hr (Figure 10(a)). Tight control of the product purities with less than 1%
deviations is achieved suggesting that two-point temperature inferential control provides
effective column regulation holding the reaction and separation close to the nominal steady
state. Upon restoration of the Fp flow rate to its nominal value at 30 hrs with a large 30%
step increase, the F4 and Vs valves are completely closed. A sudden large increment of Fg
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flow rate from 8.82 to 12.6 mol s brings the column operation in the vicinity of point A in
Figure 9 (relatively low Fa) with the consequent wrong control action causing a valve
shutdown.

For the second series of step changes (+20%, +20% and -40%), a stable and well behaved
response is observed for the two +20% step changes with acceptably small product purity
deviations. However, for the -40% step change to bring Fp back to its nominal value, the
column drifts to new steady state, i.e., settles at steady state C in Figure 9. The large Fp flow
value decrease 17.64 to 12.6 mol s at 30 hr, results in excess A input which causes a steady
state transition to the stable steady state C in Figure 9. The same series of step changes in Fp
(-15%, -15%, +30% and +20%, +20%, -40%) is effectively handled with no valve saturation or
steady state transition due to wrong control action when Ti; is used as the controlled
variable manipulating Vs instead of Tis. The closed loop dynamic response is shown in
Figure 10(b). The small steady state product purity deviations for the large throughput
changes again highlight two-point temperature inferential control as an effective means of
column regulation.

These results clearly demonstrate that proper choice of the controlled output variable can
significantly improve the robustness of the control system in rejecting large disturbances.
The results also highlight that the conventional wisdom of choosing controlled variables
using local steady state metrics such as open loop gain or Niederlinski Index/relative gain
may lead to the wrong conclusions. In the current example, the open loop sensitivity and
relative gain for the Tis-Vs pairing are better than for the T-Vs pairing. A more
comprehensive bifurcation analysis however reveals T, to be the more robust CV. Such a
comprehensive steady state analysis is strongly recommended for designing robust control
systems for highly non-linear RD systems.

3.2.2 Methyl acetate RD column

In this RD column, column trays are numbered from top to bottom with the condenser as
tray 0. As seen earlier, column operation at fixed reflux ratio avoids output multiplicity.
Accordingly, the simple constant reflux ratio policy is implemented leaving the remaining
three inputs, namely acetic acid feed (Fuac), methanol feed (Faeon) and reboiler duty (Q;) for
column regulation. Sensitivity analysis shows that the temperature of tray 18 in the reactive
section is very sensitive with respect to Fya. and Q. In the stripping section, temperature of
tray 34 is sensitive to all three inputs. Based on these sensitivities, two decentralized
temperature inferential control structures, labelled CS1 and CS2, are synthesized, which are
schematically depicted in Figure 11. In CS1, Q; is the throughput manipulator, Fga. controls
a reactive tray and Fueon controls a stripping tray. This control structure was originally
proposed by Roat et al. (1986). In CS2, Fpa. is the throughput manipulator with a reactive
tray temperaure controlled using Q, and a stripping tray temperature controlled using
Fumeon.

Further analysis is now conducted to check for multiplicity in the IO relations. As shown in
Figure 12(a), all reactive tray temperatures (including the most sensitive T1g) exhibit input
multiplicity with respect to changes in Fpac and Q,. To quantify the severity of input
multiplicity, the rangeability (with a 3K offset) of the reactive tray temperatures with respect
to Qr and Fpua, are reported in Table 2. Even as reactive tray temperature, Tys, is the most
sensitive to Fyacand Q; as evidenced from the slope at the nominal steady state in Figure
12(a), its rangeability is lower compared to reactive tray temperature T». To eliminate a
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crossover in the IO relations for high rangeability, we also consider a combination of tray
temperatures. The difference between two reactive tray temperatures (AT = T - Ts) was
found to avoid input multiplicity with respect to Fya and Q, with the corresponding IO
relations in Figure 12(b).

In the T34-Fameon 1O relation, a crossover does not occur (data not shown) so that this pairing
is fixed in both CS1 and CS2. For the reactive tray temperature control loop, there are three
candidate controlled outputs in both CS1 and CS2, namely, Tis, T2 and AT (T2 - Tp).
Superscripts ‘a’, ‘b’ and ‘c’ are appended to the control structure label (CS1 or CS2)
corresponding to Tis, T2o and AT, respectively, as the controlled reactive zone measurement.
Note that Tis exhibits the highest sensitivity but low rangeability, T»o exhibits reasonable
sensitivity with higher rangeability while AT exhibits the best rangeability with reasonable
sensitivity. The three variants of each control structure are tested using rigorous dynamic
simulations for the maximum throughput change handled in the worst-case direction. From
the IO relations in Figure 12(a), for CS1, a step decrease in Q; is the worst-case direction due
to input multiplicity at reduced Q. while for CS2, a step increase in Fya. is the worst-case
direction due to input multiplicity at increased Fyac.

Nzﬁger HAc Reboiler Duty MeOH
Decrease Increase Decrease Increase Decrease Increase
16 >20 0 0 >20 >20 0
17 >20 0 6.9 >20 >20 0
18 >20 8.8 17.32 >20 >20 0
19 >20 10.9 24.63 >20 >20 0
20 >20 11.1 25.19 >20 >20 0
21 19.2 7 31.14 >20 >20 0

Values are in % change about their basecase values
A 3K offset is used in calculating rangeability

Table 2. Rangeability of reactive tray temperatures

The PI temperature loops are systematically tuned (Kumar & Kaistha, 2008). The two level
controllers are P only with a gain of 2. The column pressure is assumed fixed, which is
reasonable as in practice tight pressure control is achieved by manipulating the condenser
duty. Also instantaneous flow control is assumed which is again reasonable in that tray
temperature dynamics are significantly slower than flow dynamics.

Table 3 reports the maximum throughput step change handled by the different variants of
the two control structures. CS1a and CS1P fail for a 20% and 30% throughput decrease
respectively while CS1¢ effectively handles 40% (larger changes not tested). The throughput
increase for which CS2a and CS2b fail are respectively 25% and 40% while CS2¢ works even
for a 50% throughput increase (larger increase not tested). The trend in both CS1 and CS2 is
in direct agreement with the increasing rangeability of the controlled outputs T (CS1/23),
T (CS1/2P) and AT (CS1/2<). The result confirms the direct relationship between control
system robustness and input multiplicity with rangeability being a useful metric for
selecting ‘robust’ controlled variables. The result also shows that a well designed controlled
variable such as AT with high rangeability and acceptable sensitivity results in a robust
control system that effectively rejects large disturbances.
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CSla Cs1p CSle CS2a Cs2e CS2¢
-15% | 40% | -25% | 40% | -40% | 40% | -40% | 20% [ -40% [ 35% | -40% | 40%

Table 3. Maximum throughput change in either direction handled by the control structures

cSs

For the sake of brevity, the dynamic response to throughput change for CS1 and CS2 is not
shown and may be found in Kumar & Kaistha (2008). These dynamic results show that
controlling AT better prevents the breakthrough of heavy acetic acid from the reactive zone.
In fact, the cause of input multiplicity in the IO relations is heavy acetic acid moving down
and breaking through the reactive zone. This breakthrough would occur if the Fpac is
sufficiently increased above Fyron or if Q, is sufficiently reduced, which results in the input
multiplicity in the IO relations in Figure 12(a). For successful regulation of the RD column,
such accumulation or breakthrough of acetic acid must be prevented and the same is
effectively achieved by controlling AT.

In this example, an appropriate temperature based measurement could be designed that
does not exhibit output multiplicity for robust column control. If such a temperature-based
measurement is not evident for an RD system, controlling an appropriate tray composition
may be considered. Even as online composition measurements are expensive, the additional
expense would be justified in order to make the practical implementation of RD technology
feasible.

4. RD design for controllability

The two case studies on control of RD columns clearly demonstrate that the existence of steady
state multiplicity can result in hard-to-fathom nonlinear dynamic phenomena such as an open
loop or a closed loop steady state transition, which can be particularly confusing for operators.
In extreme cases where the non-linear effects cannot be sufficiently mitigated by appropriate
choice/design of the controlled variable (including composition control), it may be necessary
to alter the design of the column to mitigate the non-linearity for better controllability.

How to alter the column design to mitigate the non-linear effects? Several researchers have
attempted to address this question for the ideal RD system with often contradictory claims
(Huang et al., 2006; Kumar & Kaistha, 2008a, 2008b). To us, it appears that design
modifications that help prevent escape of reactants from the reactive zone improve the
controllability. To that end, for RD systems with exothermic reactions, the extension of the
reactive zone into the stripping section with catalyst redistribution helps prevent the
breakthrough of the heavy reactant from the reactive zone. Alternatively, the lower feed tray
location may be moved up into the reactive zone. Reduced energy consumption has been
demonstrated using a catalyst redistribution and lower feed tray location alteration. With
respect to the original 5/10/5 ideal RD column design, controllability improves with
catalyst redistribution only but deteriorates significantly when the lower feed tray location
is moved up. A combination of the two provides acceptable controllability with significant
energy savings. The extension of reactive zone into the rectifying section or upper feed tray
alteration does not help improve controllability or energy consumption as the exothermic
reaction causes the light reactant to escape up the top. For an endothermic reaction however,
such a strategy may have merit (Huang et al., 2006).

For the methyl acetate column studied earlier, input multiplicity caused the control system
to succumb to wrong control action for large throughput changes. Redistributing the
catalyst onto the adjacent eight stripping trays results in significantly improved
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controllability and energy savings (Kumar & Kaistha, 2008b). Figure 13 plots the variation in
the methyl acetate purity with reboiler duty at a fixed reflux rate for this alternative design.
Notice that unlike the original 7/18/10 design with conventional feed tray locations, the
revised design does not exhibit output multiplicity with respect to the nominal steady state
(compare with Figure 5). The non-linearity is thus mitigated in this alternative design with
expectedly improved control performance. Thus for example, where CS1 for the original
design with the most sensitive reactive and stripping tray temperatures as the controlled
outputs succumbs to wrong control action for a -20% step change in the reboiler duty, the
corresponding change is easily handled in the revised design (Kumar & Kaistha, 2008b).

The IO relation of product purity (top or bottom) with respect to a column input can be a
useful tool to screen out poor designs exhibiting output/input multiplicity with respect to
the nominal steady state. To demonstrate this for the ideal RD system, we consider the
7/6/7 design which is the most difficult to control using temperature inferential control
(Luyben, 2000). The catalyst hold up on each tray is kept fixed at 1 kmol. Keeping the
distillate rate equal to the fresh feed rate, the reflux ratio can be adjusted for reaction
conversions of 90%, 95% or 98.5% with corresponding product purities of 90%, 95% and
98.5%. As shown in Figure 14, for a column pressure of 9 bars, the distillate and bottoms
purity IO relations exhibit input and output multiplicity with respect to the nominal steady
state for high conversions (and purities) of 95% and 98.5%. The multiplicity disappears for
90% conversion suggesting that high conversion RD columns are likely to exhibit
multiplicity and therefore susceptible to consequent non-linear dynamic phenomena.
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Fig. 13. Steady state variation of methyl acetate purity with respect to reboiler duty

We now consider column re-design for the highest considered conversion (and purity) of
98.5%. Holding the number of stripping trays equal to the number of rectifying trays, the
number of reactive trays is increased and the IO relation of the distillate purity with respect
to vapor boilup at constant reflux ratio is obtained. Similarly, holding the number of reactive
trays constant, the number of stripping trays (equal to rectifying trays) is altered and the
distillate purity-boilup 1O relation is generated. Table 4 reports whether input or output
multiplicity is observed in the different designs. From the Table, observe that simply
reducing the number of rectifying (and stripping) trays from 7 to 4 causes the IO relation to
be well behaved with no input/output multiplicity. The boilup is however too high and the
design is uneconomical. No multiplicity is also observed for column designs with higher
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number of reactive trays and not too many fractionation trays, specifically, in the 4/9/4 and
7/12/7 designs. Of these, the latter consumes much less energy with a 30.17% lower boilup
than the former. This design thus appears to be a good one both from the process economics
and controllability perspectives.
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Fig. 14. Variation of xc P & xp? with vapour boilup and distillate for ideal RD 7/6/7 design

Design Input Output Reflux Vapor boilup, mol s
multiplicity multiplicity ratio

4/6/4 No No 12.4400 151.4698
7/6/7 Yes Yes 3.2841 36.1073
10/6/10 Yes Yes 2.8155  30.2030
13/6/13 Yes Yes 27311  29.1397
4/9/4 No No 4.0037 45.1734
7/9/7 Yes Yes 2.8312  30.4013
10/9/10 Yes Yes 2.7868  29.8415
13/9/13 Yes Yes 2.7774  29.7223
4/12/4 No No 3.0407  33.0401
7/12/7 No No 29055  31.3368
10/12/10  No Yes 29007  31.2766
13/12/13  No Yes 2.8996  31.2621
16/12/16  No Yes 2.8989  31.2543

Table 4. Nature of the IO relation of bottom product purity versus vapour boilup (Ideal RD)
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The multiplicity trends in the Table also suggest that excess fractionation capacity causes
output multiplicity to ‘appear’ in the IO relations (compare e.g. 4/9/4 design with 7/9/7
design). The process design must therefore seek the appropriate balance between reaction
capacity and fractionation capacity for well behaved IO relations (Bisowarno et al., 2004).
For an economical design, sufficient reaction capacity must be provided.

We have dynamically tested both the 4/9/4 and 7/12/7 designs of 95% conversion (xc,
Distillate = xp,, Bottoms = 0.95) using two-point temperature inferential control structures similar to
the ones studied earlier. Large throughput changes (up to 40%) in either direction are
handled without wrong control action suggesting that these designs are inherently more
controllable. This simple example demonstrates the power of steady state bifurcation
analysis in arriving at economical RD column designs with good controllability.

5. Conclusions

To conclude, we hope that this Chapter has convinced the reader that a systematic
evaluation of steady state multiplicity in RD systems is fundamental for designing robust
control systems that effectively reject large disturbances. Specifically, the possibility of an
open loop steady state transition due to output multiplicity and wrong control action under
closed loop operation due to input multiplicity has been demonstrated for the example
systems studied here. To improve the robustness of the control system, the controlled
variables should be selected with care for a larger operating window around the nominal
steady state without a crossover in the IO relation. In conjunction with local linear tools such
as open loop gain, Niederlinski Index and relative gain, the proposed rangeability metric is
a useful tool for selecting ‘robust’ controlled variables and rejecting poor choices that may
potentially succumb to non-linear dynamic phenomena. The steady state IO relations
(bifurcation analysis) can also help in arriving at an inherently more controllable and
economical RD process design.
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1. Introduction

Distillation is one of the most important unit operations in the chemical industry. Among
various distillation operations, control of high-purity column poses difficult control due to a
number of characteristics of these systems, including strong directionality, ill-conditioning
and strongly nonlinear behavior. At the same time, the potential benefits that can be
obtained through tight and economic control of the product compositions are very large.
This is due to different reasons including the large energy consumption required by the
columns and the market requirements which are becoming stricter and stricter. Because of
these obvious features of high-purity distillation, this type of column has been studied
extensively.

Control systems for chemical processes are typically designed using an approximate, linear,
time-invariant model of the plant. The actual plant may differ from the nominal model due
to many sources of uncertainty, such as nonlinearity, the selection of low-order models to
represent a plant with inherently high-order dynamics, inaccurate identification of model
parameters due to poor measurements or incomplete knowledge, and uncertainty in the
manipulative variables. Considering the differences between the actual plant and nominal
model, it is necessary to insure that the control system will be stable and meet some
predetermined performance criteria when applied to the actual plant. The identification and
control of distillation columns have been subjects of frequent study due to the ill-
conditioned nature of the distillation process. An ill-conditioned plant is very close to
singular, and unless care is taken, very small errors can make the model useless. In
distillation, this means that a model may have features that are in conflict with physical
knowledge (Luyben, 1987; Jacobsen & Skogestad, 1994; Boling & Haggblom, 1996). In
addition, ill-conditioned dynamics of high-purity distillation columns leads to high
sensitivity to uncertainties in the manipulated variables (Skogestad & Morari, 1988). This
effect causes even small errors in the manipulated variables show significant deterioration
of the product quality, a fact which explains why open-loop control of high-purity
distillation columns is hardly ever satisfactory. The model of a high-purity distillation
process has a steady-state gain matrix with a high condition number. The gain matrix is
almost singular and its determinant may be affected by quite small model errors, and if
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determinant of the gain matrix of the model and that of the plant have different signs, no
controller with integral action exists that can stabilize both the model and plant (Grosdidier
et al., 1985).

Many control design techniques have been applied to the high-purity distillation columns
(e.g. Georgiou et al., 1988; Skogestad and Lundstrom, 1990; Sriniwas et al., 1995; Christen et
al., 1997; Shin et al., 2000; Razzaghi & Shahraki, 2005, 2007; Biswas et al., 2009). Some
possible improvements for linear multivariable predictive control of high-purity distillation
columns are proposed by Trentacapilli et al. (1997) and a simple way of inserting a local
model that contains part of the process nonlinearity into the controller is described also. In
addition, a reliable model of the column is generally considered as a prerequisite for the
design of efficient two-product control by multivariable methods. Another important aspect
of distillation control design is the choice of a good configuration. In fact, poor control
performance can result from the improper choice of manipulated/controlled variable
pairing (Hurowitz et al., 2003). Some authors have been considered control configuration
selection (Shinskey, 1984; Skogestad and Morari, 1987a; Finco et al., 1989; Stichlmair, 1995;
Heath et al., 2000; Hurowitz et al., 2003; Luyben, 2005; Hori & Skogestad, 2007; Razzaghi &
Shahraki, 2009), but there is no general agreement among these authors in choosing the best
control configuration, however, a complete review in this field is performed by Skogestad et
al. (1990). The main works for selection of manipulated/controlled variable pairings have
focused upon using controllability measures, such as relative gain array (Bristol, 1966) and
structured singular value y (Doyle, 1982). The relative gain array (RGA) provides a steady-
state measure of coupling in multivariable systems and can be used to evaluate the steady-
state coupling of configurations. RGA is still the most commonly used tool for control
structure selection for single-loop controllers. Shinskey (1984) used the relative gain array to
choose configuration which is applied widely in industry. Several authors such as Skogestad
et al. (1990) and Kariwala et al. (2006) have demonstrated practical applications of the RGA
that it depends on the plant model only, that it is scaling independent and that all possible
configurations can be evaluated base on the a single matrix. The structured singular value
(SSV) approach provides necessary and sufficient conditions for robust stability and
performance for the situation in which uncertainty occurs simultaneously and
independently in various parts of the overall control system (e.g. input and output
uncertainty) but the perturbation matrix is still norm-bounded. One of the most difficult
steps in analysing the robust stability and performance of any control system is the
specification of an estimate of the uncertainty associated with the nominal process model.
This is a critical step because an overestimation of the model inaccuracy will lead to
extensively poor control performance and an underestimation may lead to instability
(McDonald et al., 1988). Several papers discuss ways in which model inaccuracy can be
described and methods that can be used for assessing robust stability. The most common
multivariable approaches that use singular values (Doyle and Stein, 1981; Arkun et al., 1984)
and structured singular values assume that the actual plant can be described by a norm-
bounded perturbation matrix in the frequency domain. In chemical process control,
nonlinearity is one of the most significant sources of model inaccuracy. We usually have
some knowledge about the structure of model inaccuracy due to nonlinearity, however, and
this knowledge should be exploited in our robustness studies. In formulating the SSV
problem, use of physically-based uncertainty description is important. Simplified models
that predict gain and time constant changes as the process is perturbed over the expected
operating regime can be used to characterise the uncertainty (McDonald et al., 1988).
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The objective in this chapter is to show that acceptable closed-loop performance can be
achieved for an ill-conditioned high-purity distillation column by use of the structured
singular value p. The distillation column model used in this case study is a high-purity
column, referred to as “column at operating point A” by Skogestad and Morari (1988). Table
1 summarizes the steady-state data of the model in detail. The following simplifying
assumptions are also made for the column: (1) binary separation, (2) constant relative
volatility, and (3) constant molar flows. To include the effect of neglected flow dynamics, we
will add uncertainty when designing and analysing controller.

Column data
Relative volatility a=15
Number of theoretical trays Nr=40
Feed tray (1 = reboiler) Nr=21
Feed composition zp=0.50
Operating data
Distillate composition yp =0.99
Bottom composition xg = 0.01
Distillate to feed ratio D/F =0.500
Reflux to feed ratio L/F=2706

Table 1. Steady-state data for distillation column.

2. Process description

A simple two time-constant dynamic model presented by Skogestad and Morari (1988) is
chosen as the basis for the controller design. The model is derived assuming the flow and
composition dynamics to be decoupled, and then the two separate models for the
composition and flow dynamics are simply combined. The nominal model of the column is
given by
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where 7 is the number of trays in the column (Nr - 1). Fig. 1 shows a schematic of a binary
distillation column that uses reflux and vapor boilup as manipulated inputs for the control
of top and bottom compositions, respectively. This is denoted as the LV-configuration
(structure). This structure is commonly used in industry for one-point composition control.
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However, severe interactions often make two-point control difficult with this configuration.
Although the closed-loop system may be extremely sensitive to input uncertainty when the
LV-configuration is used, while it is shown that it is possible to obtain good control behavior
(i.e. good performance) with the LV-configuration when model uncertainty and possible
changes in the operating point are included (Skogestad and Lundstréom, 1990). The
simultaneous control of overhead and bottoms composition in a binary distillation column
using reflux and steam flow as the manipulated variables often proves to be particularly
difficult because of the coupling inherent in the process. The result of this coupling, which
cause the two control loops to interact, leads to a deterioration in the control performance of
both composition control loops compared to their performance if the objective were control
of only one composition. Since high-purity distillation columns can be very sensitive to
uncertainties in the manipulated variables, it is important for successful implementation
that a controller guarantees its performance in the presence of uncertainties. This particular
design task is frequently solved by modeling a multiplicative uncertainty for a nominal
plant model and subsequently calculating the controller using p-synthesis (Doyle, 1982).

FIZF_@_>

B, XB

Fig. 1. Schematic of a binary distillation column using the LV-configuration. L and V:
manipulated inputs; xg and yp: controlled outputs.

2.1 General control problem formulation

Fig. 2 shows general control problem formulation, where G is the generalized plant and C is
the generalized controller. The controller design problem is divided into the analysis and
synthesis phases. The controller C is synthesized such that some measure, in fact a norm, of
the transfer function from w to z is minimized, e.g. the Ho-norm. Then the controller design
problem is to find a controller C (that generates a signal u considering the information from
v to mitigate the effects of w on z) minimizing the closed-loop norm from w to z. For the
analysis phase, the scheme in Fig. 2 is to be modified to group the generalized plant G and
the resulting synthesized controller C in order to test the closed-loop performance achieved
with C. To get meaningful controller synthesis problems, weights on the exogenous inputs w
and outputs z are incorporated. The weighting matrices are usually frequency dependent
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and typically selected such that the weighted signals are of magnitude one, i.e. the norm
from w to z should be less than one.

W — — Z

G

u v
C

Fig. 2. General control problem formulation with no model uncertainty.

Once the stabilizing controller C is synthesized, it rests to analyze the closed-loop
performance that it provides. In this phase, the controller for the configuration in Fig. 2 is
incorporated into the generalized plant G to form the system N, as it is shown in Fig. 3. The
expression for N is given by

N =Gy +Gp,C(I- Gzz)_lcﬂ =£(G,0) 3

where F; (G, C) denotes the lower Linear Fractional Transformation (LFT) of G and C. In
order to obtain a good design for C, a precise knowledge of the plant is required. The
dynamics of interest are modeled but this model may be inaccurate and may not reflect the
changes suffered by the plant with time. To deal with this problem, the concept of model
uncertainty comes out. The plant G is assumed to be unknown but belonging to a class of
models, P, built around a nominal model G,. The set of models P is characterized by a
matrix A, which can be either a full matrix or a block diagonal matrix that includes all
possible perturbations representing uncertainty to the system. The general control
configuration in Fig. 2 may be extended to include model uncertainty as it is shown in Fig. 4.

W—> N >z

Fig. 3. General block diagram for analysis with no model uncertainty.

A
w1 Z1
—p
W) = G — 7>
u 0
C

Fig. 4. General control problem formulation including model uncertainty.

The block diagram in Fig. 4 is used to synthesize the controller C. To transform it for
analysis, the lower loop around G is closed by the controller C and it is incorporated into the
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generalized plant G to form the system N as it is shown in Fig. 5. The same lower LFT is
obtained as in Eq. (3) where no uncertainty was considered.

A
w1 Z1

W) — N —> 22

Fig. 5. General block diagram for analysis including model uncertainty.

To evaluate the relation between w = [w; w»]T and z = [z1 z2]T for a given controller C in the
uncertain system, the upper loop around N is closed with the perturbation matrix A. This
results in the following upper LFT:

Fu(N/A)Esz+N21A(I—N11)71N12- 4)

To represent any control problem with uncertainty by the general control configuration in
Fig. 4, it is necessary to represent each source of uncertainty by a single perturbation block
A;, normalized such that &(A;)<1. The individual uncertainties A; are combined into one
large block diagonal matrix A,

AZdiag{A11A2/---1Arn}’ (5)
satisfying
a(A)<1. ©)

Structured uncertainty representation considers the individual uncertainty present on each
input channel and combines them into one large diagonal block. This representation avoids
the norm-physical coupling at the input of the plant that appears with the full perturbation
matrix A in an unstructured uncertainty description. Consequently, the resulting set of
plants is not so large as with an unstructured uncertainty description and the resulting
robustness analysis is not so conservative (Balas et al., 1993).

2.2 Robust performance and robust stability

For obtaining good set point tracking, it is obvious that some performance specifications

must be satisfied in spite of unmeasured disturbances and model-plant mismatch, i.e.

uncertainty. The performance specification should be satisfied for the worst-case

combination of disturbances and model-plant mismatch (robust performance). In order to
achieve robust performance, some specifications have to be satisfied. The following
terminologies are used:

1. Nominal Stability — The closed-loop system has Nominal Stability (NS) if the controller C
internally stabilizes the nominal model G,, i.e. the four transfer matrices Ni1, Ni2, N2
and N, in the closed-loop transfer matrix N are stable.

2. Nominal Performance—The closed-loop system has Nominal Performance (NP) if the
performance objectives are satisfied for the nominal model G, i.e. | Ny, Hw <1.
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3. Robust Stability—The closed-loop system has Robust Stability (RS) if the controller C
internally stabilizes every plant GeP, i.e. in Fig. 5, F,(N,A) is stable and H A Hw <1.

4.  Robust Performance—The closed-loop feedback system has Robust Performance (RP) if
the performance objectives are satisfied for GeP, i.e. in Fig. 5, | |Fu(N,A)| |, <1and | |A
[ o<1

The structured singular value is used as a robust performance index. To use this index one

must define performance using the H,, framework. The H.-norm of a transfer function G(s)

is the peak value of the maximum singular value over all frequencies

|Gs)],, =sup,, 5(G(jo)) - @)

Uncertainties are modeled by the perturbations and uncertainty weights included in G.
These weights are chosen such that | | A | |, <1 generates the family of all possible plants to
be considered (Fig. 4). A may contain both real and complex perturbations, but in this case
study only complex perturbations are used. The performance is specified by weights in G
which normalized w, and z, such that a closed-loop H,-norm from w, to z, of less than
one (for worst-case A) means that the control objectives are achieved. Fig. 6 is used for
robustness analysis where N is a function of G and C, and A, (|| Ap ||, < 1) is a fictitious
“performance perturbation” connecting z, to w, .

I—A <
Ap

—

N11 N2
—| N1 N

Fig. 6. General block diagram for robustness analysis.

Provided that the closed-loop system is nominally stable, the condition for robust
performance (RP) is

RP < pgp =sup,, py(N(jw)) <1 , (8)
where A =diag{A, Ap}. p is computed frequency-by-frequency through upper and lower
bounds. Here we only consider the upper bound which is derived by the computation of
non-negative scaling matrices D; and D, defined within a set D that commutes with the
structure A:

#5(N) < inf G(DND,") 9)
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where D:{D\DA:AD}. A detailed discussion on the specification of such a set D of
scaling matrices can be found in Packard and Doyle (1993).

2.3 Design procedure

The design procedure of a control system usually involves a mathematical model of the
dynamic process, the plant model or nominal model. Consequently, many aspects of the real
plant behavior cannot be captured in an accurate way with the plant model leading to
uncertainties. Such plant-model mismatching should be characterized by means of
disturbances signals and/or plant parameter variations, often characterized by probabilistic
models, or unmodelled dynamics, commonly characterized in the frequency domain.

The modern approach to characterizing closed-loop performance objectives is to measure
the size of certain closed-loop transfer function matrices using various matrix norms.
Matrix norms provide a measure of how large output signals can get for certain classes of
input signals. Optimizing these types of performance objectives, over the set of stabilizing
controllers is the main thrust of recent optimal control theory, such as Li, Hy, H,, and
optimal control (Balas et al., 1993). Usually, high performance specifications are given in
terms of the plant model. For this reason, model uncertainties characterization should be
incorporated to the design procedure in order to provide a reliable control system capable
to deal with the real process and to assure the fulfillment of the performance
requirements. The term robustness is used to denote the ability of a control system to cope
with the uncertain scheme. It is well known that there is an intrinsic conflict between
performance and robustness in the standard feedback framework (Doyle and Stein, 1981;
Chen, 1995). The system response to commands is an open-loop property while
robustness properties are associated with the feedback. Therefore, one must make a trade-
off between achievable performance and robustness. In this way, a high performance
controller designed for a nominal model may have very little robustness against the
model uncertainties and the external disturbances. For this reason, worst-case robust
control design techniques such as p-synthesis, have gained popularity in the last thirty
years.

3. Modeling of the uncertain system

Analyzing the effect of uncertain models on achievable closed-loop performance and

designing controller to provide optimal worst-case performance in the face of the plant

uncertainty are the main features that must be considered in robust control of an uncertain

system. Skogestad et al. (1988) recommended a general guideline for modeling of uncertain

systems. According to this, three types of uncertainty can be identified:

1. Uncertainty of the manipulated variables which is referred to input uncertainty.

2. Uncertainty because of the process nonlinearity, and

3. Unmodelled high-frequency dynamics and uncertainty of the measured variables
which is referred to output uncertainty.

Fig. 7(a) shows a block diagram of a distillation column with related inputs (1, d) and

outputs (y, Ym). In Fig. 7(b), we have added two additional blocks to Fig. 7(a). One is the

controller C, which computes the appropriate input u# based on the information about the

process ym. The other block, A, represents the model uncertainty. G and G are models only,

and the actual plant is different depending on A. Based on the measurements ym, the
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objective of the controller C is to generate inputs u that keep the outputs y as close as
possible to their set points in spite of disturbances d and model uncertainty A. The controller
C is often non-square, as there are usually more measurements than manipulated variables.
For the design of the controller C, information about the expected model uncertainty should
be taken into account. Usually, there are two main ways for adding uncertainty to a
constructed model: additive and multiplicative uncertainty. Fig. 7(c) represents additive
uncertainty. In this case, the perturbed plant gain G, will be G + A where A is unstructured
uncertainty. Fig. 7(d) represents multiplicative uncertainty where the perturbed plant is
equal to G (I+A).

Fig. 7. (a) Schematic representation of distillation column; (b) general structure for studying
any linear control problem; (c) additive unstructured uncertainty, G, = G + A; (d)
multiplicative unstructured uncertainty, G, = G (I + A).

Here we will consider only input and output uncertainties:

Input uncertainty — Input uncertainty always occurs in practice and generally limits the
achievable closed-loop performance (Skogestad et al., 1988). Ill-conditioned plants can be
very sensitive to errors in the manipulated variables. The bounds for the relative errors of
the column inputs u are modeled in the frequency domain by a multiplicative uncertainty
with two frequency-dependent error bounds w, . These two bounds are combined in the
diagonal matrix W, =w,I . In this case

i(jo)=[1+A,(jo)W,(jo)|u(jo) with |A,(jo)|, <1. (10)

The value of the bound W, is almost very small for low frequencies (we know the model
very well there) and increases substantially as we go to high frequencies where parasitic
parameters come into play and unmodelled structural flexibility is common. If all flow
measurements are carefully calibrated, an error bound of 10% for the low frequency range is
reasonable (Christen et al., 1997). This error bound is not common among the researchers
(e.g. Skogestad and Lundstrém, 1990, used an error bound of 20% at steady state). Higher
errors must be assumed in the higher frequency range. Because of uncertain or neglected
high-frequency dynamics or time delays, the input error exceeds 100%. The following
weight is used as input uncertainty weight
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1+10s

w,(s)=0.1 Tes

(11)

The weight is shown graphically as a function of frequency in Fig. 8.
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Fig. 8. Input uncertainty weight |w, ( jo)| as a function of frequency.

Output uncertainty —Due to the nonlinear vapor/liquid equilibrium, the gains of the
individual transfer functions between the two manipulated inputs and controlled outputs
may change in opposite directions (gain directionality). This behavior can be described with
independent multiplicative uncertainties for the two outputs of the model and a diagonal
weighting matrix W, =w,I. In mathematical form we can write

j(jo) = 1+4, (jo)W,(jo) | y(jo) with [a,(je)| <1. (12)

For the low-frequency range, an uncertainty of 10% is assumed for the description of
uncertainties in the measured outputs. The uncertainty weight is

1+180s
14255’

w,(s)=0.1 (13)
which has large gains in the high-frequency range that takes the effect of unmodelled
dynamics into account.

Performance — The performance weight used in this study is the same in Skogestad and
Morari (1988). The weight is defined as

1+10s

wp(s)=0.5 10

(14)

3.1 Controller
Skogestad and Lundstrom (1990) proposed two different approaches to tune controllers. The
first approach is to fix the performance specification and minimize urp by adjusting the
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controller tunings. The performance requirement is satisfied if yrp is less than one, and
lower urp values represent a better design. The second approach is to fix the uncertainty and
find what performance can be achieved. In this approach, we adjust the time constant in the
performance weight to make the optimal yrp values equal to one. The latter approach has
two disadvantages: (1) it introduces an outer loop in the p calculations, and (2) it may be
impossible to achieve yrp equal to one by adjusting the time constant in the performance
weight. Here the first approach is used for tuning the controller because of the mentioned
disadvantages of the second approach.

A diagonal PID controller based on internal model control (IMC) (Rivera et al., 1986) is used
to investigate the process. Optimal setting for single-loop PID controller is found by
minimizing prp. Furthermore, a p-optimal controller is designed since it gives a good
indication of the best possible performance of a linear controller.

3.2 Analysis of controller

Comparison of controller is based mainly on computing p for robust performance. The main
advantage of using the p-analysis is that it provides a well-defined basis for comparison. p-
analysis is a worst-case analysis. It minimizes the Hoo-norm with respect to the structured
uncertainty matrix A. A worst-case analysis is particularly useful for ill-conditioned systems
in the cross-over frequency range (Gjoseeter and Foss, 1997). This is due to the fact that such
systems may provide large difference between nominal and robust performance.

The value of pgp is indicative of the worst-case response. If yrp > 1, then the “worst-case”
does not satisfy our performance objective, and if yrp < 1 then the “worst-case” is better
than required by our performance objective. Similarly, if unp < 1 then the performance
objective is satisfied for the nominal case. However, this may not mean very much if the
system is sensitive to uncertainty and prp is significantly larger than one. It is shown that
this is the case, for example, if an inverse-based controller is used for the distillation column
(Skogestad and Morari, 1988). Controller was obtained by minimizing sup, yrp for the
model using the input and output uncertainties and performance weight. The plots for RP
for the y-optimal controller are of particular interest since they indicate the best achievable
performance for the plant. y provides a much easier way of comparing and analyzing the
effect of various combinations of controllers, uncertainty and disturbances than the
traditional simulation approach. One of the main advantages with the y-analysis as opposed
to simulations is that one does not have to search for the worst-case, i.e. p finds it
automatically (Skogestad and Lundstrém, 1990).

3.3 Synthesis of controller

The structured singular value provides a systematic way to test for both robust stability and
robust performance with a given controller C. In addition to this analysis tool, the structured
singular value can be used to synthesize the controller C. The robust performance condition
implies robust stability, since

sup,, 5 (N) 2 sup,, £, (G) - (15)

Therefore, a controller designed to guarantee robust performance will also guarantee robust
stability. Provided that the interconnection matrix N is a function of the controller C, the y-
optimal controller can be found by
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minimize {sup,, s, (N)} (16)

At the present time, there is no direct method to find the controller C by minimizing (16),
however, combination of p-analysis and H.-synthesis which is called p-synthesis or DK-
iteration (Zhou et al., 1996) is a special method that attempts to minimize the upper bound
of yi. Thus, the objective function (16) is transformed into

min| inf sup,&(D,ND;" 17)
c (D,,ID,eDS PoS(DIND; )) (
The DK-iteration approach involves to alternatively minimize

sup,, &(D,ND;") (18)

for either C or D; and D, while holding the other constant. For fixed D, and D,, the
controller is solved via H, optimization; for fixed C, a convex optimization problem is
solved at each frequency. The magnitude of each element of D;(jw) and D,(jw) is fitted
with a stable and minimum phase transfer function and wrapped back into the nominal
interconnection structure. The procedure is carried out until sup, &(D,ND,")<1 . Although
convergence in each step is assured, joint convergence is not guaranteed. However, DK-
iteration works well in most cases (Balas et al., 1993; Packard and Doyle, 1993). The optimal
solutions in each step are of supreme importance to success with the DK-iteration.
Moreover, when C is fixed, the fitting procedure plays an important role in the overall
approach. Low order transfer function fits are preferable since the order of the H, problem
in the following step is reduced yielding controllers of low order dimension. Nevertheless,
the method is characterized by giving controllers of very high order that must be reduced
applying model reduction techniques (Glover, 1984).

3.4 Simulation

Simulations are carried out with the nonlinear model of the column and using single-loop
controller, which generally is insensitive to steady-state input errors (Skogestad and Morari,
1988). In addition, input and output uncertainties are included to get a realistic evaluation of
the controller. Simulations are for both cases with and without uncertainty.

4. Model analysis

4.1 RGA-analysis of the model
Let x denote element-by-element multiplication. The RGA of the matrix G (Bristol, 1966) is
defined as

AG)=Gx(GHT. (19)

For 2x2 systems

A1 A An 1-4n 1
RGA = = d -
(/121 ﬂazj (1 - A j and 1 —(812821/811822 ) ’ (20)
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where g;s are open-loop gain from the jth input to the ith output of the process. The RGA
has been considered as an important MIMO system information for feedback control.
Controllers with large RGA elements should generally be avoided, because otherwise the
closed-loop system is very sensitive to input uncertainty (Skogestad and Morari, 1987b). Fig.
9 shows the magnitude of the diagonal element of the RGA (A11). As seen in the figure, the
plant is ill-conditioned at low frequencies, while at higher frequencies, the value of the
RGA-element drops. This says that only based on the RGA plot, making a decision on the
ill-conditionedness of the control problem may be misleading. On the other hand, the
bandwidth area is located in a frequency range where the RGA elements are small or at
lower frequencies where the RGA elements are large.
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Fig. 9. Plot of |4 as a function of frequency.

4.2 lll-conditionedness and process gain directionality

The common definition of an ill-conditioned plant is that it has a model with a large
condition number (). The condition number is defined as the ratio between the largest and
smallest singular values (o /o) of a process model. However, the condition number
depends on the scaling of the process model. This problem arises from the scaling
dependency of the Singular Value Decomposition (SVD). To eliminate the effect of scaling,
the minimized condition number (,,,) is defined as the smallest possible condition
number that can be achieved by varying the scaling. Close relationship between y,;, and
RGA is proposed by Grosdidier et al. (1985). For 2 x 2 systems

Fain(G) = [AG)], +4| AG) [ -1, (21)
where the 1-norm of the RGA is defined as

[ Al =max3E, 22)

24l
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According to the above relationship, a 2 x 2 system with small RGA elements always has a
small y,;. . In particular, if 0<4;; <1 the minimized condition number is always equal to
one. A process model with a large span in the possible gain of the model is said to show
high directionality and a process model with the smallest singular value equal to the largest
singular value is said to show no directionality. Waller et al. (1994) suggest redefined
definition of process directionality. The definition divides the concept of process
directionality into two parts. The minimized condition number is connected to stability
aspects, whereas the condition number of a process model scaled according to the weight of
the variables is connected to performance aspects. Fig. 10 shows the largest and smallest
singular values and condition number of the process model as a function of frequency.
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Fig. 10. Singular values (—) and condition number (----) of the distillation column.

The condition number of the process is about 10 times lower at high frequencies than at low

frequencies (steady state). Fig. 11(a) represents the values of y and as a function of

Vmin
frequency. Values of y and y,,;, match each other from low to intermediate frequencies,

but y,;, approaches one at high frequencies. For 2 x 2 systems (Grosdidier et al., 1985):

Il -~

min (

) < min(G) <[ A H1 ) (23)

Consequently, for 2 x 2 systems the difference between these quantities is at most one and
I AH1 approaches ., as Vmin —> @ . Since H/\H1 is much easy to compute than y,;,, it is
the preferred quantity to use. In Fig. 11(b),

Vmin and HAH1 are plotted as a function of
frequency. The value of y,;, at low frequencies is approximately twice HAH1 At high
frequencies, both y,;, and HAH1 approach one (after ® = 20 rad/min). This is in agreement
with the result obtained from Ai1-vs-frequency plot (Fig. 9). Since y,;, is independent of

scaling, therefore it is better to use y,;, instead of y , which is scale dependent.
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Fig. 11. (a) Plots of y and y,, as a function of frequency (—y and ---- y,,;,); (b) plots of
| |A] |1 and yu, as a function of frequency (— | |A| | and ---- ¥pin)-

4.3 Synthesis of the controller

The plots of the singular values of the sensitivity functions S=(I+GC)" demonstrate good
disturbance rejection properties, which indicate the closed-loop system is insensitive to
uncertainties in inputs and outputs (Fig. 12(a)). The tracking properties of this controller are
also adequate, which is illustrated by plots of the complementary sensitivity function,
T=1-S (Fig. 12(b)). Up to the mid-frequency range, the singular values are close to one
and the maximum of the upper singular values is slightly greater than one.
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Fig. 12. Singular values of the closed-loop system. (a) Sensitivity function;
(b) complementary sensitivity function.

4.4 PID-tuning of the controller
Table 2 summarizes the PID controller setting that is used for the column. Fig. 13 shows p-
plots of the controller. From a maximum peak-value point of view, it is seen that both robust
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and nominal performance plots are less than one which satisfy the criterion. The plots
approach 0.5 as frequency approaches infinity.

Type of controller k | T; (min) |rD (min)
PID Controller
Top composition control loop 0.37 5.16 0.58
Bottom composition control loop 0.20 3.70 1.18
u-Optimal Controller
Top composition control loop 0.26 3.43 1.33
Bottom composition control loop 0.31 471 0.67

Table 2. Tuning parameters for PID and p-optimal controllers.
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Fig. 13. p plots for PID controller: — robust performance; ---- nominal performance.
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Fig. 14. y-plots for the p-optimal controller: — robust performance; ---- nominal

performance.
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4.5 Comparison with y-optimal controller

Nominal and robust performance plots of the p-optimal controller is shown in Fig. 14.
Comparison of nominal performance of the controllers shows that for the p-optimal
controller, the plot is nearly flat over a large frequency range which indicates that an
optimal controller is achieved. Comparing robust performance of the controllers indicates
that obtaining robust performance with the LV-configuration is also possible. This is also in
agreement with the results presented by Skogestad and Lundstrom (1990).

5. Simulations

Simulations of a set-point change in yp using the PID- and u-optimal controllers are shown
in Figs. 15 and 16, respectively. As it is seen, the introduced uncertainties do not seriously
affect the performance of the y-optimal controller, while for the PID-controller, the effect of
uncertainties is more rather the y-optimal controller. It should be noted that the reference
signal is filtered by a prefilter with a time constant of 5 min. Fig. 16 also shows that the PID
controller has a slow return to steady state. This is due to the high puxp value at lower
frequencies compared with the p-optimal controller (Figs. 13 and 14). In Table 3, numerical
values of y for nominal and robust performance are presented.
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Fig. 15. Closed-loop response to small set-point change in yp (u-optimal controller): — no

uncertainty; ---- 10% uncertainty on input and output.
Controller Nominal Performance Robust Performance
PID 0.661 0.830
p-optimal
(both input and output uncertainties) 0-506 0648
p-optimal 0611 0721
(only input uncertainty) ) )

Table 3. y values of the controllers.
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Fig. 16. Closed-loop response to small set-point change in yp (PID controller): — no
uncertainty; ---- 10% uncertainty on input and output.

Fig. 17 shows the closed-loop response of the p-optimal controller to a 20% increase in feed
flow rate. In Fig. 18, the closed-loop response for both controllers is shown simultaneously.
As the figure shows, the PID controller needs considerably more times to reach steady state
than the p-optimal controller (see next page for the figures).

5.1 Effect of output uncertainty

Fig. 19 shows the effect of output uncertainty on closed-loop response of the y-optimal
controller. For the case that both input and output uncertainties are considered, the response
is faster than for the case that only input uncertainty is considered, however, this difference
is not so large. The reason for this again returns to the ynp values at low frequencies. The -
values of nominal performance for the case including both input and output uncertainties is
close to the case where only input uncertainty included (Table 3)
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Fig. 17. Closed-loop response to a 20% increase in feed flow rate (p-optimal controller): —
no uncertainty; ---- 10% uncertainty on inputs and outputs.
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Fig. 18. Closed-loop response to a 20% increase in feed flow rate (including input and output
uncertainties): — py-optimal controller; ---- PID controller.
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Fig. 19. Closed-loop response to a 20% increase in feed flow rate (y-optimal controller): —
both input and output uncertainty; ---- input uncertainty only.

6. Discussion

The structured singular value (u) is used to investigate the robust performance and robust
stability of the PID controller. The control problem formulation used in this study is using
weighted input and output uncertainties. Although other sources of uncertainty could be
included, however, these two are the most severe uncertainties that may be considered. The
inclusion of both input and output uncertainty prevents the control system from becoming
sensitive to the uncertainties, as may happen with inverting controllers.

The solution of the problem leads to the inequality of Eq. (8). The numerical solution of this
design task is difficult. At present, there is no direct method to synthesize a p-optimal
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controller, however, combination of y-analysis and H,-synthesis which called p-synthesis or
DK-iteration, often yields good results. This algorithm has two drawbacks. Firstly, the
algorithm cannot guarantee convergence, and secondly, the algorithm requires a scaling of
the plant in each iteration step, which increases the order of the plant.

The p analysis advantageously avoids dealing explicitly with the bad condition of the plant.
With the p-approach, the upper bound for the bandwidth of the control system is provided
by the uncertainty model, whereas the lower bound is a matter of optimization. y-synthesis
is ideally suited to deal with complex uncertainty models which takes into account such
aspects as various operating points. A difficulty that one may encountered in synthesis of
controller is high computation time, because the y approach requires scaling in each
iteration. If, however, loop-shaping ideas are used to form the augmented plant, H.-
synthesis may be used to advantage. In this case, the results are as good as with the p-
synthesis, but are obtained with less numerical efforts (Christen et al., 1997).

In this case study, the LV-configuration is used. The use of this configuration for columns
with high condition number may be doubtful, but under special considerations, this
configuration may yield acceptable performance. It is shown (Skogestad and Lundstrom,
1990) that it is possible to achieve good control behavior using the LV-configuration for two-
point composition control provided measurement delays are not too large (typically less
than 1-2 min). In addition, severe interactions and poor control often reported with the LV-
configuration may be almost eliminated if the loops are tuned sufficiently tight. However,
this does not imply that the LV-configuration is the best structure to use. Shinskey (1984)
showed that the use of the (L/D)(V/B)-configuration is probably better in most cases, and in
particular for columns with large reflux.

7. Concluding remarks

Based on a structured uncertainty model, which describes the column dynamics within the
entire operating range, a decentralized PID controller is calculated using the p-synthesis
technique. The controller was found to be robust with respect to model-plant mismatch,
provided the RGA values of the column transfer function are not too large in the cross-over
frequency range. The response of the system is improved by using a y-optimal controller.

In spite of high condition number of the process, nominal and robust performance is
achieved by insertion of input and output uncertainties in the control system and using the
structured singular value to synthesis the controller. Good set-point tracking and
disturbance rejection of the controller is observed by simulations that carried out for the
closed-loop system. It was also shown that good control performance can be obtained by
using the LV-configuration which is difficult to implement for two-point control. The
obtained results also verify the findings of Skogestad and Lundstréom (1990).

Symbols

B Bottom product

C Controller

D Distillate, scaling matrix

D Set of scaling matrices

F Feed flow rate, Linear Fractional Transformation (LFT)
SL Liquid flow dynamics

G Plant transfer function
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Number of trays in the column
Lower LFT

Number of theoretical trays in the column
Set of all possible plants
Sensitivity function
Complementary sensitivity function
Uncertain input
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Scalar weight, input signal
Diagonal matrix weight
Bottom composition

Output
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Relative volatility
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Lower, left
Minimized
Nominal performance
Nominal
Performance

Right

Robust performance
Input, upper
Output



278 Challenges and Paradigms in Applied Robust Control

8. References

Arkun, Y., Manousiouthakis, B. & Palazoglu, A. (1984). Robustness Analysis of Process
Control Systems: A Case Study of Decoupling Control in Distillation. Industrial and
Engineering Chemistry Process Design and Development 23(1), 93-101.

Biswas, P.P.,, Ray, S. & Samanta, A.N. (2009). Nonlinear Control of High Purity Distillation
Column under Input Saturation and Parametric Uncertainty. Journal of Process
Control 19(1), 75-84.

Boling, J.M. & Héggblom, K.E. (1996). Control-Relevant Identification of an Ill-Conditioned
Distillation Column. Proceedings of IEEE Conference on Control Applications,
Dearborn, MI, 570-575.

Bristol, E.H. (1966). On A New Measure of Interactions for Multivariable Process Control.
IEEE Transactions on Automatic Control 11(1), 133-134.

Chen, ]. (1995). Sensitivity Integral Relations and Design Trade-Offs in Linear Multivariable
Feedback Systems. IEEE Transactions on Automatic Control 40(10), 1700-1716.
Christen, U., Musch, H.E. & Steiner, M. (1997). Robust Control of Distillation Columns: y-

vs. H-Synthesis. Journal of Process Control 7(1), 19-30.

Doyle, J.C. (1982). Analysis of Feedback Systems with Structured Uncertainties. IEE
Proceedings 129(6), 242-250.

Doyle, J.C. & Stein, G. (1981). Multivariable Feedback Design: Concepts for A
Classical/Modern Synthesis. IEEE Transactions on Automatic Control 26(1), 4-16.

Finco, M.V., Luyben, W.L. & Polleck, R.E. (1989). Control of Distillation Columns with Low
Relative Volatilities. Industrial and Engineering Chemistry Research 28(1), 75-83.

Georgiou, A., Georgakis, C. & Luyben, W.L. (1988). Nonlinear Dynamic Matrix Control for
High-Purity Distillation Columns. AIChE Journal 34(8), 1287-1298.

Glover, K. (1984). All Optimal Hankel-Norm Approximations of Linear Multivariable
Systems and Their L™-Error Bounds. International Journal of Control 39(6), 1115-1193.

Grosdidier, P., Morari, M. & Holt, B.R. (1985). Closed-Loop Properties from Steady-State
Gain Information. Industrial and Engineering Chemistry Fundamentals 24(2), 221-235.

Heath, J.A., Kookos, LK. & Perkins, J.D. (2000). Process Control Structure Selection Based on
Economics. AIChE Journal 46(10), 1998-2016.

Hori, E.S. & Skogestad, S. (2007). Selection of Control Structure and Temperature Location
for Two-Product Distillation Columns. Chemical Engineering Research and Design
85(3), 293-306.

Hurowitz, S., Anderson, J., Duvall, M. & Riggs, ].B. (2003). Distillation Control
Configuration Selection. Journal of Process Control 13(4), 357-362.

Jacobsen, EW. & Skogestad, S. (1994). Inconsistencies in Dynamic Models for Ill-
Conditioned Plants: Application to Low-Order Models of Distillation Columns.
Industrial and Engineering Chemistry Research 33(3), 631-640.

Kariwala, V., Skogestad, S. & Forbes, J.F. (2006). Relative Gain Array for Norm-Bounded
Uncertain Systems. Industrial and Engineering Chemistry Research 45(5), 1751-1757.

Luyben, W.L. (1987). Sensitivity of Distillation Relative Gain Arrays to Steady-State Gains.
Industrial and Engineering Chemistry Research 26(10), 2076-2078.



Robust Multivariable Control of
lll-Conditioned Plants — A Case Study for High-Purity Distillation 279

Luyben, W.L. (2005). Effect of Feed Composition on the Selection of Control Structures for
High-Purity Binary Distillation. Industrial and Engineering Chemistry Research 44(20),
7800-7813.

McDonald, K.A., Palazoglu, A. & Bequette, BW. (1988). Impact of Model Uncertainty
Descriptions for High-Purity Distillation Control. AICKE Journal 34(12), 1996-2004.

Packard, A. & Doyle, ].C. (1993). The Complex Structured Singular Value. Automatica 29(1),
71-109.

Razzaghi, K. & Shahraki, F. (2005). Robust Multivariable PID-Controller Design for a High-
Purity Distillation Column Using u-Synthesis. Proceedings of the 55th Canadian
Chemical Engineering Conference, Toronto, Ontario, Canada, October 16-19.

Razzaghi, K. & Shahraki, F. (2007). Robust Control of an Ill-Conditioned Plant Using u-
Synthesis: A Case Study for High-Purity Distillation. Chemical Engineering Science
62(5), 1543-1547.

Razzaghi, K. & Shahraki, F. (2009). A Survey for the Selection of Control Structure for
Distillation Columns Based on Steady State Controllability Indexes. Iranian Journal
of Chemical Engineering 6(2), 29-36.

Rivera, D.E., Morari, M. & Skogestad, S. (1986). Internal Model Control: 4. PID Controller
Design. Industrial and Engineering Process Design and Development 25(1), 252-265.

Shin, J., Seo, H., Han, M. & Park, S. (2000). A Nonlinear Profile Observer Using Tray
Temperatures for High-Purity Binary Distillation Column Control. Chemical
Engineering Science 55(4), 807-816.

Shinskey, F.G. (1984). Distillation Control. 2nd ed., McGraw-Hill, New York.

Skogestad, S. & Lundstréom, P. (1990). Mu-Optimal LV-Control of Distillation Columns.
Computers and Chemical Engineering 14(4-5), 401-413.

Skogestad, S., Lundstrom, P. & Jacobsen, E.W. (1990). Selecting the Best Distillation Control
Configuration. AIChE Journal 36(5), 753-764.

Skogestad, S. & Morari, M. (1987a). Control Configuration Selection for Distillation
Columns. AIChE Journal 33(10), 1620-1635.

Skogestad, S. & Morari, M. (1987b). Implications of Large RGA Elements on Control
Performance. Industrial and Engineering Chemistry Research 26(11), 2323-2330.

Skogestad, S. & Morari, M. (1988). LV-Control of a High-Purity Distillation Column.
Chemical Engineering Science 43(1), 33-48.

Skogestad, S., Morari, M. & Doyle, J.C. (1988). Robust Control of Ill-Conditioned Plants:
High-Purity Distillation. IEEE Transactions on Automatic Control 33(12), 1092-1105.

Sriniwas, G.R., Arkun, Y., Chien, I.-L. & Ogunnaike, B.A. (1995). Nonlinear Identification
and Control of a High-Purity Distillation Column: A Case Study. Journal of Process
Control 5(3), 149-162.

Stichlmair, J. (1995). Conceptual Design of the Control Configurations of Distillation
Columns. Chemical Engineering and Processing 34(2), 61-69.

Trentacapilli, M., Semino, D. & Brambilla, A. (1997). High-Purity Distillation Control: Some
Issues Regarding the Application of Multivariable Control. Distillation and
Absorption ‘97, Vol. 1, IChemE, 313-322.



280 Challenges and Paradigms in Applied Robust Control

Waller, ].B., Sagfors, M. & Waller, KE. (1994). Ill-Conditionedness and Process
Directionality —The Use of Condition Numbers in Process Control. Proceedings of
IFAC Symposium, Kyoto, Japan, 465-470.

Zhou, K., Doyle, ]J.C. & Glover, K. (1996). Robust and Optimal Control. Prentice-Hall, Inc.,
Upper Saddle River, New Jersey.



13

Loop Transfer Recovery for the
Grape Juice Concentration Process

Nelson Aros Ofiate! and Graciela Suarez Segali?
!Departamento de Ingenieria Eléctrica, Facultad de Ingenieria,
Universidad de La Frontera, Temuco,

2Departamento de Ingenieria Quimica, Facultad de Ingenieria,
Universidad Nacional de San Juan, San Juan,

1Chile

2Argentina

1. Introduction

It is necessary to ensure the quality of concentrated, because it is highly used in the food
industry in juices, drinks, sweets, etc. Its application is in full development because it can
compete with any other constituent, it is a natural product, and considering that is a very
important regional industry, marketing greatly affects the regional economy. Because of
this, that it is extremely important to ensure quality and quantity concentrate.

Argentina is one of the principal producers and exporters of concentrated clear grape juices
in the world. They are produced mainly in the provinces of San Juan and Mendoza
(Argentine Republic) from virgin grape juice and in the major part from sulfited grape
juices. The province of San Juan's legislation establishes that a portion of the grapes must be
used for making concentrated clear grape juices. This product has reached a high level of
penetration in the export market and constitutes an important and growing productive
alternative.

An adequate manufacturing process, a correct design of the concentrate plants and an
appropriate evaluation of their performance will facilitate optimization of the concentrated
juices quality parameters. The plant efficiency is obtained from knowledge of the physics
properties of the raw material and products. These properties are fundamental parameters
that are used in the designing and calculations on all the equipment used and also in the
control process.

The multi-step evaporation (M-SE) is the most important unit operation used in the food
industry to concentrate juices of grapes and apples. Even when the main objective of this
process is to produce a concentrated product, it should also possess certain organoleptic
properties that are critical with respect to its quality and acceptance grade by the customers.
Product requirements and the complex characteristics of the process such as non-linear
behavior, input and output constraints, time delays and loop interactions justify the use of
an advanced control system.

The rheological behavior influences directly the heat transfer coefficient (Pilati, 1998; Rubio,
1998) and therefore its knowledge is essential together with the influence of temperature on
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its value. The juices (concentrate and intermediate products) physical properties, such as
density, viscosity, boiling point elevation, specific heat and coefficient of thermal expansion,
are affected by their solid content and their temperature. For this reason, it is necessary to
know the physical properties values, as a function of the temperature and the solids content,
during the manufacture process.

The principal solids constituents of clear grape juices are sugars and its concentration affects
directly the density, viscosity and refraction index. Tables were developed to relate reducing
sugar contents, refractometric values and density of pure solutions, at 20°C, for concentrate
ranges from 0% to 85% w/w and sucrose solutions for different range concentrations 0% to
70% and a temperature range from 0 to 100°C (AOAC, 1995).

Barbieri (1980) worked with white concentrated clear grape juice in a falling film multiple
effect evaporators. They obtained 18.2, 27.3, 38.6, 48.6 and 64.6°Brix samples. They measured
density, viscosity and boiling point elevation as a function of soluble solids concentration
and temperature. They presented the results in plots with predictive equations for the
properties which were studied.

Di Leo (1988) published density, refraction index and viscosity data for a rectified
concentrated grape juice and an aqueous solution of a 1:1 glucose/levulose mixture, for a
soluble solids concentrate range from 60 to 71% (in increments of 0.1%) and 20°C.

Pandolfi, (1991) studied physical and chemical characteristics of grape juices produced in
Mendoza and San Juan provinces, Argentina. They determined density at 20°C in sulfited
grape juices of 20-22°Bx and concentrated grape juices of 68-72 °Bx. They obtained no
information on intermediate concentrations or other temperatures.

In general, the clarified juice concentrates have a Newtonian behavior (Ibarz 1993; Rao 1984;
Saenz, 1986; Saravacos, 1970), although some authors have found a small pseudoplasticity in
the flow of grape concentrates, from the variety Concord (Vitis labrusca) for concentrations
above 55°Bx. It has been attributed to the presence of some soluble solids, mostly pectins
and tartrates (Moressi, 1984; Saravacos, 1970). Other authors consider the juice concentrates
as Newtonian, even at high soluble solids concentrations of 60-70°Bx (Barbieri, 1980; Di Leo,
1988; Rao, 1984; Schwartz, 1986).

If we analyze the temperature influence on this product’s viscosity, it seems which is
directly related with soluble solids concentration; the higher the concentration, the higher is
the variation of the viscosity with temperature (Rao, 1984; Saravacos, 1970; Bayindirli, 1992;
Crapiste, 1988; Constela, 1989).

Schwartz (1986) determined clear grape juice viscosity at 20, 30, 40 and 50°C, for 30, 40, 50,
60 and 66% soluble solids concentration, but did not publish the experimental data. These
authors presented the correlation constants values of the Arrhenius equation for
temperature, a potential and an exponential model between viscosity and solids
concentration for each temperature studied.

The physical property that represents density change in a material, due to an increase in its
temperature at constant pressure, is called the coefficient of thermal expansion. The
importance of this parameter can be seen in the effect that density change in the product can
have over heat transfer during the process. There is not publish data on the coefficient of the
thermal expansion for grape juices and their concentrates. The existing information did not
cover all the temperature and concentration ranges that are used in the evaporation process,
or else cover to pure sugar solutions, or grape juices of other varieties and/ or originating in
other geographical zones.
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On the other hand, sensitivity theory, originally developed by Bode (Bode, 1945), has
regained considerable importance, due to the recent work developed by many researchers.
This research effort has made evident the fundamental role played by sensitivity theory to
highlight design tradeoffs and to analyze, qualitatively, control system performance. One of
the fields of active research is the analysis of different design strategies from to point of view
of sensibility properties. From this perspective one of the richest strategies is the optimal
linear quadratic regulator (LQR). It is well known that the sensitivity of a LQR Loop is
always less than one (Anderson, 1971). However, it is also known that when the state is not
directly fed back but reconstructed through an observer this property is normally lost. In
fact, the situation more general, since the recovery problem appears every time a control
design based on state feedback design is implemented through observers.

It has been shown that when the plant is minimum-phase, a properly design Kalman filter
provides complete recovery of the input sensitivity achieved by LOR will full state feedback
(Doyle, 1979). Either full or partial-order filter may be used. On the other hand it is also
known that it is generally impossible to obtain LTR if we use observers for a plant with
unstable zeros. An exception to this rule arises in MIMO Systems when input directions are
orthogonal to non-minimum phase zero directions (Zhang, 1990).

On the other hand, it is known that the only way to obtain full recovery for a general non-
minimum-phase plant is to increase the number of independent measurements. This idea
has been suggested in conjunction with the use of reduced-order Kalman filters (Friedland,
1989).

The additional independent measurements are used to modify the structure of the open
loop transfer function. The standard LTR procedure is applied and it is the implemented
combining the resulting full-order Kalman filter with the additional measurements
optimally weighted. The idea is obviously to feed back only a subset of the state, for that
reason we speak of ‘partial” state feedback. The basic approach assumes that all states are
available for measurement. However in this paper, it is also shown how to do L, -
optimization on the amount of recovery of the input sensitivity when a given set of
measurements is available. This situation is important since in many additional situations
there are limitations regarding which variables can be measured and how many additional
sensors can be used. This connects the recovery theory with the issue of additional
measurements raised in the context of practical ideas for control design, as illustrated in the
control of the inverted pendulum; see (Middleton, 1990). The theory supporting the
proposal is built on some import technical results which allow for computing the amount of
recovery, as a function of frequency (Zhang, 1990).

2. Process description

Figure 1 show the input and output streams in a vertical generic effect evaporator with long
tubes. The solution to be concentrated circulates inside the tubes, while the steam, used to
heat the solution, circulates inside the shell around the tubes. The evaporator operates in
parallel mode. The solution to be concentrated and the steam are fed to the first effect by the
bottom and by the upper section of the shell, respectively. Later on, the concentrated
solution from the first effect is pumped to the bottom of the second effect, and so on until
the fourth effect. On the other hand, the vaporized solvent from each effect serve as heater
in the next one. Each effect has a baffle in the upper section that serves as a drops splitter for
the solution dragged by the vapor. The vapor from the fourth effect is sent to a condenser
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and leaves the process as a liquid. Finally, the solution leaving the fourth effect attains the
desired concentration and the solution is sent to a storage tank.

' - -
- Tsit Wig Hsiq = s [ i
Ly
Tsi Wsi Hsi
:‘l"unuu-u
E Wci. hr:i
Y
\ J :
Ti, Wi, h‘., Xi
Tit, Wit, g, Xi
Efectif ............. Efecto ..ocooco.eo. Efecto i final
=== Solucion == Vapor "  Condensado

Fig. 1. Photo of evaporator and scheme of effect i in the four-stage evaporator flow sheet.
i=1,- 4.

3. Phenomenological model

Stefanov (2005) has developed a rigorous model with distributed parameters based on
partial differential equations for a falling-film evaporator, in which the open-loop stability of
the model to disturbances is verified. On the other hand, various methods have been
proposed in order to obtain reduced-order models to solve such problems (Armaou, 2002;
Camacho, 1999; El-Farra, 2003; Zheng, 2002). However, there is not a general framework yet,
which assure an effective implementation of a control strategy in a multiple effect
evaporator.

In practice, due to a lack of measurements to characterize the distributed nature of the
process and actuators to implement such a solution, the control of systems represented by
PDE in the grape juice evaporator, is carried out neglecting the spatial variation of
parameters and applying lumped systems methods. However, a distributed parameters
model must be developed in order to be used as a real plant to test advance control
strategies by simulation.

The mathematical model of the evaporator is obtained by application of the mass and
energy balances to each effect:

a. Global mass balances in each effect:

aMm;
dt

=W —Ws =W @
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in this equations W;, i = 1,---,4, are the solution mass flow rates leaving the effects 1 to 4,

respectively. W, is the input mass flow rate that is fed to the equipment. W, i = 1,---,4, are

the vapor mass flow rates coming from effects 1 to 4, respectively. dM;/dt, i =1, 4,

represent the solution mass variation with the time for each effect.

b. Solute mass balances for each effect:
A(MiXy)
= WieaXig — WiX; )

where, X;, i = 1,---,4, are the concentrations of the solutions that leave the effects 1 to 4,

respectively. Xj is the concentration of the fed solution.

c. Energy balances:

a(Mihi)
= = Wisihioy = Wihy = WeiHg + AiUy(Tsi—q — T)) ®)

where, h;, i = 1,4, are the liquid stream enthalpies that leave the corresponding effects, h,

is the feed solution enthalpy, and Hy;, i = 1, -+ ,4, are the vapor stream enthalpies that leave

the corresponding effects and, A; represents the heat transfer area in each effect. The model
also includes algebraic equations. The vapor flow rates for each effect are calculated
neglecting the following terms: energy accumulation and the heat conduction across the
tubes. Therefore:
UiAi(Tsi-1=T3)
Wy = =it “)

Hgi—1=hei

For each effect, the enthalpy can be estimated as a function of temperatures and
concentrations (Perry, 1997), where:

Hy; = 2509.2888 + 1.6747 - Ty ®)

he; = 4.1868 - Ty (6)

C,i = 0.80839 — 4.3416- 1073 - X; + 5.6063 - 107* - T @)

h; = 0.80839 - T; — 43416 - 1073 - X,T; + 2.80315 - 10~ - T? ®)

T;, i = 1,---,4, are the solution temperatures in each effect, and Ty, is the vapor temperature
that enters to the first effect. T;, i = 1, -+ ,4, are the vapor temperatures that leave each effect.

The heat transfer coefficients are:
X 3.6/L
_490-(p0S7w o)

§= e ©)

where, the Arrhenius type equation for the viscosity is:

AX;

Wi = po - €17 F%i (10)
= &

A=C+7 (11)

B=C3+C4'Ti (12)
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The global heat-transfer coefficients are directly influenced by the viscosity and indirectly by
the temperature and concentration in each effect. The constants C;, C,, C3,C, depend on the
type of product to be concentrated (Kaya, 2002).

Although the model could be improved, the accuracy achieved is enough to incorporate a
control structure.

4. Standard LTR procedure

4.1 The basic approach
Consider a linear time-invariant system with state characterization is given by:

x = Ax(t) + Bu(t) + v(t) (13)

y(t) = Cx(¢) (14)

where x(t) € R", u(t) € R™, v(t) € R™, y(t) € R, A, Band C have consistent dimensions.
We further assume that is a wide sense stationary process with covariance matrix Q.
We then have that the system transfer matrix function is given by:

G(s)=C(sI-A)"'B (15)
If the state feedback law:
u(t) = —Fx(t) (16)
is applied, we obtain an input sensitivity function is given by:
So(s) =1+ H(|™! 17)
where:

H(s) = F(sI—A)™'B (18)

v

h 4

y
O———* -------- — B [—>»| (sI—-A)! €

4
>+

=

L | F (sI—A+L0) 1

Fig. 2. Optimal LQG Scheme

The complete LQG control system appears in figure 2. The question of loop transfer
recovery deals with the problem of keeping the sensitivity given in equation (17) when the
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control law is implemented with an observer of the state (Stein, 1987), i.e. the control u(t) is
generated trough:

u(t) = —Fx(t) (19)
where X(t) is the output of a state observer is given by:
() = AZ(£) + Bu(t) + L{y(t) — CZ(¢t)} (20)
If the observer is designed using standard Kalman filter theory, then the filter gain L satisfies:
L=YyCcT (21)
where }; is the symmetric nonnegative definite solution of the algebraic Riccati equation:
AY +3AT-3C"CE+Q =0 (22)
In this case the input sensitivity is given by:
Sops(s) ={I+[I+F(sI —A+ LC)"'B] 'F(sI — A+ LC)"'LC(sI — A)~'B}! (23)

After some elementary matrix manipulation, we obtain:

Sops(8) = S,(s){I + F(sI — A+ LC)"'B} (24)
Or
Sops(8) = So,(s){I + F[B — L(sI — A+ LC)"1CPHB]} (25)
where:
¢=(sI-A)" (26)

It becomes then sensible to measure the amount of recovery by the relative sensitivity error
(Turan, 1990) given by:

E(S) = Sl;l{sobs - So} (27)
Using the equation (25) we obtain:

E(s)=F(sI—-A+LC)™'B (28)

It has been shown (Doyle, 1979) that if G(s) is a minimum-phase transfer matrix then
complete recovery, i.e. E(s) = 0, can be achieved provided that:
e  We first augment equation (13) to read:

x = Ax(t) + B{u(t) + Uw(t)} + v(t) (29)

where w(t) € R™ is a wide sense stationary process with covariance matrix g*I and U is
a unitary matrix. We assume that v(t) and w(t) are uncorrelated.

e We then solve the Riccati equation (10) substituting Q by Q + qBBT

e  Wefinally let ¢ — oo. In this case L(q) — qBU.

The above procedure yields:

Sops(s) — S,(s) (30)
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4.2 A factorized form of non-minimum phase plants
It is known that a transfer matrix function G(s) with zeros in C* (right-half complex plane)
can be described as:

G(s) = G (S)B,(s) (1)
where B,(s) is a stable all-pass factor with zeros located at the non-minimum-phase zeros of
G(s) and satisfies B,(s)BY(s) = I
One possible way to build the factorization of equation (31) has been proposed by Enns
(Enns, 1984; Zhang, 1990). The main result can be stated as follows.

Lemma 2.1 Given a transfer matrix function G(s) = C(sI —A)"'B with le C* zeros
(including multiplicity), z4, -+, z;, there exists a matrix B,, such that:

G(s) = C(sI — A)~B,,B,(s) (32)

where G(s) = C(sI — A)~1B,, is minimum-phase and B, (s) is an all-pass stable matrix factor.
We then have that:

Bz(s) = le (S)Bzz (S) le (S) (33)

and
B,, = B, (34)

where, fori =1,---,1:
2Refz;}

B,(s)=1- ﬁﬂiﬂ? (35)

and
B:.n = Biﬁl - Zme{zi}fiﬂ? (36)

with B, = B, Gi,(s) := C(sI — A)"1Bi,.
The symbol Re{. } denotes the real part operator. The vectors 7); and §; are solutions of:

ZlI A —-Bi; 1” ]= 37)

ooo
We also have the following useful results:
Lemma 2.2 For SISO systems, the sequence {BY} can be alternatively computer as:

BY = [1K{I - 2Re(z)(z;l — A} B (38)
=My,
Proof:
Al- B% =B
A2.- From (36) B, = BY, — 2Re{z,}¢&;n".
But for SISO systems iy =1, = -+ =1

and from (37) &; = (z,1 — A)~'BY,
therefore BL, = {I — 2Re(z,)(z,1 — A"} B
=M,
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A3.- From (36) BX, = B 1 — 2Re{z,}&,. But for SISO systems i, = 1,
and from (37) we have that BX = {I — 2Re(z,)(z; — A)~1}Bk 1
then if (37) is satisfied for k — 1, the result follows.

noo
Corollary:

§i=(zil —A)"'M;_4B (39)

My=1 (40)

My = I —2Re(zy)(z,1 — A1 (41)

Oooo

Theorem 2.1 Consider a non-minimum-phase system (4, B, (), and its minimum-phase
counterpart (4, B,,, C), with B,, computed according to lemma 2.1. Let L and L,, be the
optimal observer gains for these two systems, then L,,, = L.

Proof: See Zhang & Freudenberg (Zhang, 1990).

4.3 Loop transfer recovery and non-minimum phase plants

Assume now that G(s) is a non-minimum phase plant and that it is factorized as in equation
(33). If the standard LTR procedure is applied to recover the input sensitivity, then when
q — oo the sensitivity function satisfies:

Sops(s) = So(s){l + E(S)} (42)
where
E(s):=F(sI — A)"Y{B — qB,W(I + qC$B,,W) ' CPHB,,B,(s)} (43)
then
E(s) = F(sI — A)"Y{B — B,,B,(s)} (44)
It has been also shown that:
E(s) = E(s) = Yoy 2o pg i BE1(s) (45)

From equation (44) it is evident that for this type of plants the amount of recovery at a
frequency w depends on the value of ||[E(jw)||, where ||. || is a suitable norm. As in equation
(41), E(s) corresponds to the error of the sensitivity in loop with the LTR observer.

The results of the previous two sections can be appreciated if we consider a SISO system
with one zero in s = z € R*. If the standard LTR procedure is applied we have that:

. 2
llmq—>ss Sops (8) = 5,(5) {1 + iH(Z)} (46)
where

H(z) = F(zI — A)"'B 47

One can then notice that if [H(z)| is small, i.e. when the LQR design bandwidth is small in
comparison with the magnitude of the C* zero, then the recovery is almost complete. This
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case will be also the situation for high frequencies since the factor Szﬁ is low-pass filter. The

sensitivity resulting from a LQR/LTR applied to a non-minimum phase plant is very
significant at low frequencies and decreases as the frequency increases. The inability of the
LOR/LTR scheme to recover sensitivity is consistent with some fundamental design
tradeoffs for non-minimum phase systems (Freudenberg, 1988).

4.4 LTR procedure with partial state feedback (LTR/PSF)

If we assume that, apart from the system output, there is one or more independent
measurements, we can implement a control system originally designed to work with state
with state feedback via a mixture of observed and measured states (Aros, 1991). We propose
to use the scheme shown in figure 3, where I is a diagonal matrix with nonzero diagonal
entries for the corresponding measures states. It then becomes clear that I' = 0 corresponds
to the standard LTR scheme and I' = I corresponds to the optimal regulator with full state
feedback.

A key result to describe the degree of recovery in the non-minimum phase case is given in
the next lemma.

Lemma 3.1 Assume that the plant G(s) = C(sI — A)~1B in non-minimum phase with l € C*
zeros and factorized according to lemma 2.1. Then if we use a LTR/PSF scheme and we let
q — oo the sensitivity function is given by:

St(s) = So(H{I + Tieey FU = DENEWi(s)} (53)
B r
X
v - u' u y
C> T -—» B > (sI—A)! » C >
I 4 p
+ +
> B t——F L

x
L1 F | I-T |e (SI—A+LC)™! |—
Fig. 3. LTR/PSF scheme.
where:
2Re(z, -
Wi(s) = 552 B (s) (54)

By '(s) =11 B, (8) (55
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—s+z;

B, () =+ (56)

Proof: Straightforward on using lemma 2.1 and equation (45).
Remark 3.1 For SISO systems 1, = 1 Vk and consequently (53) simplifies to: o
Sr(8) = So(H{I + Tiy FU = DEW (5)} (37)

Sufficient and necessary conditions for full recovery in SISO systems are given in the next

theorem:

Theorem 3.1 Assume that a plant with transfer function G(s) has I € C* zeros denoted by

z1,++,2;. We apply the LTR/PSF procedure we obtain Ep(s) = 0, if F(I —T) is orthogonal to

Efork=1,2,---,l when q — oo.

Proof:

i.  Sufficiency: straightforward on inspection of equation (53).

ii. Necessity: consider equation (57). We first notice that given the fact that functions
W (s) form a set of linearly independent functions, the only way to nullify the sum Vs
is that the scalar F(I — I')§}, be made equal to zero Vk.

ooo

The user must then choose (if possible) the matrix I to satisfy the orthogonality condition in

theorem 3.1. Equivalently, I' must satisfy:

FT{, =F& k=121 (58)

The computation of I is given the next lemma.

Lemma 3.2 Consider a SISO plant as in theorem 3.1. If the LTR/PSF scheme is applied
measuring, apart from the output, states xq,x;, -+, x; then we obtain full recovery of the
sensitivity if there exist yq, ¥z -+, ¥, with I' = diag{ys1,v2, -, ¥2, 0, --,0}, satisfying:

ay, v Au[Y Yic1 @iy
[ S I E (59)
ay, oayllya i1,
where
aik = fl'fki: i=12,--,n (60)
F=[f1 f2 = fal (61)
Ee=[k, Sk, o Sk, 0T (62)
Proof: By straight substitution.
ooo

Remark 3.2 From equation (53) it appears that full recovery is obtained VT if 7, and § are
orthogonal. This it shows that the LTR/PSF scheme maintains the standard LTR property
claimed in Wall (Wall, 1980) and proved in Zhang (Zhang, 1990).

Remark 3.3 A complete analysis of the conditions the existence of none, one or an infinite
number of solutions is out of the scope of this work, but some insight can be gained on
analyzing the one RHP zero case and L, optimization. Both topics will be addressed
below.
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Theorem 3.2 Consider a scalar plant with transfer function G(s) and one RHP zero located
at s = z. If the LTR/PSF is applied measuring the input and one additional state variable
(not proportional to the output) then Sy(s) — S,(s) when g — co.

Proof:

From (50) and (46), we can write:

limgs St (5) = So(5) {1+ 22 H(2) - 2 H'(2)) (63)
where H(s) is given in equation (47) and
H'(z) = FT(zI — A)™'B (64)

Without loss of generality we can assume that the state variable being fed back is x4 (t). We
can thus express I as:

r=yr (65)

where

I' =diag{1,0,---,0} (66)
then full recovery is obtained if y is chosen to satisfy:

y== F(zI-A)"1B (67)

" FI'(zI-A)-1B

Remark 3.4 On examining equation (67) we note:

1. If the output is proportional to x; there is not solution for y since then FI'(zI —
A)~1B = 0. It certainly agrees with intuition, since nothing can be gained by measuring
twice the same variable.

2. There is not solution either when FI'' = 0. This case also is intuitive since this situation
corresponds to a control law where x4 (t) was not required to be fed back.

These results also apply, mutatis mutandis, to MIMO systems, with the additional

complexity which comes from the directionality properties of multivariable systems.

L, Optimization

When the designer don’t have freedom to choose which state variable can be measured, due
either to technical or economical reasons, then the feedback gains for the additional
available measurements can be computed by solving an optimization problem. The simplest
optimization problem can be posed in L,. We examine that case for SISO systems.

Assume first that we measure and feed back the state variables x4 (t), x5(t), -, x;(t) with
gains [yq,¥2 -+, ¥al"- Then the L, optimization problem consists in finding a vector y°
satisfying:

y° = argmin, .2 J(v) (68)

where
J = [ [EpGw)|? dw (69)

1= J7116:1GwW) + Y6, Gw)|* dw (70)
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with
G,(jw) = FGwl — A+ LC)"'B (71)

TG, (jw) = FT(jwl — A + LC)"'B (72)

This problem has a unique solution if G(jw) is not identical to zero. This unique solution is
given by:

Vo = [ G2 WG GW)ITdw] Re{[” Gy (jw)G) Gjw)dw) (73)

for 2 = 1 equation (73) becomes:

o Rel) G1GW)G3(iw)dw)
=TT @ 74
v NGz GwW)lI2dw (74)

5. Simulatinos results

5.1 Open loop
In figure 4, it shows the response of open loop system, when making a disturbance in one of

the manipulated variables such as power flow; it represents the temperature of the first
effect and concentration effect of the fourth output.
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(@) (b)

Fig. 4. Behavior of the concentration in the evaporator to a change of a step in the flow of
food (up 5% - decrease of 5%)

In figure 5, it shows the response of open loop system, when making a disturbance in the
steam temperature is the other manipulated variable; it represents the temperature of the

first effect and concentration effect of the fourth output.

In figure 6, it shows the response of open loop system, when performing a step in one of the
shocks as the concentration of power; it represents the temperature of the first effect and
concentration effect of the fourth output.

In Figure 7, it shows the response of open loop system, when performing a step in the
temperature of the food which is the other perturbations of the system; it represents the
temperature of the first effect and concentration effect of the fourth output.
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Fig. 5. Behavior of the concentration in the evaporator to a change of a step in the
temperature of steam power (up 5% - decrease of 5%)
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Fig. 6. Behavior of the concentration in the evaporator to a change of a step in the
concentration of power (increase of5% - decrease of 5%)
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Fig. 7. Behavior of the concentration in the evaporator to a change of a step in the
temperature of the input solution (5% increase - decrease of 5%)
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5.2 Close loop

Controlled system response for optimal regulator, whereas white noise disturbances, as well
as step-like variation to the inlet concentration to 50, and then a step 100 is added to the feed
temperature at the entrance.

b H*"f w~ \'v'!’ﬁ\ i 'N""
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0.74 : L
0 50 100 150
Time [hrs]

(b)

Fig. 8. Controlled system response to changes in the shocks in type of step and white noise
(blue for changes of +5% - green changes -5%)
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Fig. 9. Efforts to control the controlled system to changes in the shocks in type of step and
white noise (blue for changes of +5% - green changes -5%)
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5.3 LQG- design

Controlled system response for optimal regulator, whereas white noise disturbances, as well
as like step variation of 5% for the inlet concentration to 50 and then to 100 adds a step is 5%
of the feed temperature at the entrance.
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Fig. 10. LQG controlled system response to changes in the type shocks of step and white
noise (blue for changes of +5% - green changes -5%)
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Fig. 11Cnt lff rts for the LQG-controlled system to changes in the type shocks of step
and white noise (blue for changes of +5% - green changes -5%)
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5.4 LQG/LTR
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Fig. 12. Controlled system response LQG / LTR to changes in the type shocks of step and
white noise (blue for changes of +5% - green changes -5%)
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Fig. 13. Efforts to control the controlled system LQG / LTR to changes in the type shocks of
step and white noise (blue for changes of +5% - green changes -5%)

6. Conclusions

Looking at the results presented in figures 4 to 7, show that it is appropriate to consider as
manipulated variables steam temperature and feed rate of the solution to concentrate, and
as measurable disturbance and characteristic of the system to the concentration the solution
concentrated and the inlet temperature of food. You can check the analysis of these figures
that the evaporation process presents a complex dynamic, high delay, coupling between the
variables, high nonlinearities.

From the results shown in figures 8 to 13, on the behavior of the controlled system verifies that
the design LQG/LTR has a better performance especially when control efforts are softer.
Partly, it validates the robustness of the proposed control system, despite having analyzed
only the rejection of disturbances, since these regulatory systems at the show a good response.
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1. Introduction

Regulations on environmental effects due to such issues as nitrogen oxide (NOx) and carbon
monoxide (CO) emissions from thermal power plants have become stricter[1]; hence the
need for compliance with these regulations has been increasing. To meet this need, several
technologies with respect to fuel combustion, exhaust gas treatment and operational control
have been developed[2-4]. The technologies for the fuel combustion and the exhaust gas
treatment include a low NOx burner and an air quality control system, and they are capable
of reducing impact on the environment as physical and chemical implementation methods.
The operational control technology for the thermal power plants is constantly required to
receive changes in operational conditions. It is difficult to realize operational control which
responds to combustion properties.

To overcome this issue, the operational control must be able to reduce NOx and CO
emissions flexibly in accordance with such changes. Robustness is also required in such
control because the measured NOx and CO data often include noise. Therefore, a robust and
flexible plant control system is strongly desired to reduce environmental effects from
thermal power plants efficiently.

Several studies have proposed plant control technologies to reduce the environmental
effects[4-10]. These technologies are classified into two types of methods: model based and
non-model based methods. The former methods include an optimization algorithm and a
numerical model to estimate plant properties using neural networks (NNs)[11,12] and
multivariable model predictive control[13]. The optimization algorithm searches for optimal
control signals to reduce NOx and CO emissions using the numerical model. The latter
methods have no models and they generates the optimal control signals by fuzzy logic[14].
A fuzzy logic controller outputs the optimal control signals for multivariable inputs using
fuzzy rule bases. The fuzzy rule bases are based on a priori knowledge of plant control, and
they can be tuned by parameters.

These technologies require the measured plant data for initial tuning of the model
properties and the parameters of rules when the technologies are installed in plants. It
usually takes some time to collect enough plant data. In addition, the search for control
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signals can only be made in the past operating range, thus it is difficult to find the optimal
control signals of they are located outside the range.

The authors have proposed a new plant control system for reducing environmental effects
utilizing numerical calculation technology[15] to shorten the time for initial tuning and
search the global optima. The system has one or more calculation databases (DBs) with
respect to NOx and CO properties obtained by numerical calculation. Since the model can
be tuned using the calculation DBs in advance, it is not necessary to take times for initial
tuning when the control system is installed. Moreover, the proposed system obtains better
control signals than the conventional technologies because it can model the NOx and CO
properties including both inside and outside the operating range by the numerical
calculation, which facilitates to search the optimal control signals.

After installation, the proposed control system is capable of tuning its model using the data
measured in real time to reduce the model errors. In plant control, the shortest interval for
changing operations is every 20 minutes because it often takes about 20 minutes to become
static after an operation. The proposed system must be able to calculate the control signals
during this interval, hence model tuning and searching for control signals should terminate
within 20 minutes.

The proposed system employs radial basis function (RBF) network[16,17] and reinforcement
learning (RL)[18]. The RBF network represents the NOx and CO properties to estimate their
concentrations according to the control signals. The RL leads to the optimal control signals
to achieve the control goals which is to reduce the estimated NOx and CO concentrations.
The RBF network is one of the NNs having Gaussian basis functions. The RBF network
usually learns the NOx and CO properties faster than ordinary NNs because the learning
algorithm of the RBF network can be converted into matrix calculations without iterations.
The RL is one of the machine learning methods[19] optimizing action rules of an agent by
trial and error. It is preferable to apply the RL to the control system which requires real-time
computing because the RL is a single point searching method and its computational cost is
relatively small. It is also preferable to use the RL because the control history which can be
utilized to improve the control logic can be traced in the RL control system. The proposed
control system with the above features is expected to realize robustness, flexibility in control
and real-time computing,.

However, there are two practical problems to enhance these advantages more efficiently in
the proposed control system. The first one is ensuring that the model can achieve enough
estimation accuracy within practical computational times. Conventional methods to
improve estimation accuracy of the model[11] are to adjust radii parameters of the Gaussian
basis functions in RBF networks by calculating the estimation error for regression. However,
with the conventional radius adjustment methods it might be difficult to adjust radii
parameters within the time restriction because the adjustment of radii by regression requires
many iterations. On the other hand, a radius adjustment method without calculation of
estimation error has also been proposed[20]. This method determines the radii parameters
using an equation considering learning data properties such as size and dimension. Its
computational time is fast, but the estimation accuracy is worse than the method with
regression. Therefore, it is desired to propose a new radius adjustment method for the plant
control to achieve both higher estimation accuracy and faster computation.

The authors propose a novel radius adjustment method to overcome this first problem[21].
The proposed method focuses on the importance of covering input space properly where
the model simulates the NOx and CO properties by the Gaussian basis functions to improve
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estimation accuracy. This method adjusts radii parameters considering distances among the
learning data. Consequently, the Gaussian basis functions can cover the input space
properly and both high estimation accuracy and practical computational speed are
achieved.

The second problem is to improve flexibility of the learning algorithm. Performance of the
RL depends on the definition of a reward function equivalent to an evaluation function. The
reward function has to be defined so that the RL algorithm can obtain the desired goal for
the problem. As for application of the RL to thermal power plant control, the properties of
the model changes in accordance with operational changes, thus the reward function has to
be changed flexibly for the operational changes. However, it is quite difficult to prepare the
reward functions for all patterns of operational conditions in advance.

To overcome this second problem, the authors introduce a reward function which has
variable parameters and they proposed an automatic reward adjustment method[22]. The
proposed method adjusts the variable parameters of the reward function automatically
based on the NOx and CO emissions obtained in the learning process. As a result, the
proposed method can obtain proper reward functions for all kinds of operational
conditions.

The following sections outline the proposed control system and its newly proposed
methods. Simulations clarify the advantages of the proposed system with respect to the
following points: estimation accuracy and computational time of the RBF network,
flexibility of the control logic and robustness in control for the noise of data.

2. Proposed plant control system for reducing environmental effects

2.1 Basic structure

Figure 1 shows the basic structure of the proposed control system. This system consists of a
plant property estimation part and an operation optimizing part. The plant property
estimation part includes a statistical model and measurement and numerical calculation
DBs. The statistical model estimates the NOx and CO emission properties in thermal power
plants. It is difficult to express these properties as mathematical equations because they have
strong nonlinearities. The proposed system employs the RBF network as the statistical
model which can estimate NOx and CO emissions for control variables using data stored in
the DBs. The measurement DBs store the measured NOx and CO data for some control
variables, and the numerical calculation DB stores data consisting of NOx and CO values for
control variables calculated by the combustion analysis[15]. The control variables
correspond to input of the statistical model, and the estimated NOx and CO emissions
correspond to output of it. The statistical model can be modified by measured data obtained
during the plant operations.

Conventional studies have been made about the model based control technology to reduce
environmental effects from thermal power plants[4,6-8], but none of them considered
employing not only the measured DB, but also the numerical calculation DBs. As the model
can be tuned using the calculation DBs in advance, it is not necessary to take times for initial
tuning at the time of installation. In addition, it is possible to tune the model after the
installation by the data in the measured DB.

The operation optimizing part includes a RL agent, a reward calculation module, a reward
adjustment module and a learning result DB. The learning procedure is as follows. First, the
statistical model calculates and outputs the model outputs for the model inputs changed by
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the RL agent. Secondly, the reward calculation module calculates a reward using the model
inputs and gives it to the RL agent. Thirdly, the RL agent learns its control logic. Learning
results are stored in the learning result DB, and they are converted into modification signals.
The control signals of the plant are generated by adding the modification signals to original
control signals of the basic controller. The reward adjustment module adjusts reward
parameters using the model outputs and the calculated reward. Normalized Gaussian
network (NGnet)[23] has been employed as the structure of the RL agent. The learning
algorithm of the NGnet is an actor-critic learning method[18], and it is appropriate for
learning in a continuous environment.

Model Estimation Part
Measured - -
Signal Statistical .
Plant Measured Model Calculation
DB DB
Model Input Model Output
Control Modification — T~
Signal |, Signal S Reward
. Learning Adjustment
Result DB Module
Basm Learning Reward
Signal Results Parameter
Basic Reward
RL Agent Calculation
Controller
Reward Module
Operation Optimizing Part

Fig. 1. Basic Structure of the Proposed Plant Control System

2.2 RBF network

The basic structure of the RBF network is shown in Fig. 2. The RBF network has three layers:

an input layer, a hidden layer with Gaussian function, and an output layer. First, the J -

dimensional vector is input in the input layer. Secondly, Gaussian function values are

calculated using the input in the hidden layer. Finally, the P -dimensional vector is

calculated by the Gaussian function values and weight parameters in the output layer. The

RBF network is preferred for constructing a response surface due to the following

properties.

e  The RBF network avoids overfitting by the parameter of weight decay[16] to reduce the
influences of noise included in the learning data.

e  The RBF network does not need iterative calculations for learning of weight parameters
like back propagation does[12].

Here, the input and output of the RBF network are denoted as x! = {xl,...xj,...x]} e,

y' = {yl,...yp,...yp} (peP), then the p -th output y, is calculated by Egs. (1) and (2).

Iy (x) = exp{—(x — CI)TZ(X — C’)} @)

Ui
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Ny
yp(x)= ZZ uy (x) @)
=1

Here, hj(x) is the Gaussian function value of the [-th basis function, N,, is the number of
basis functions, u, is the weight parameter between the hidden layer and output layer and
¢;, 1 are center coordinates and radius of the [-th basis function, respectively. The
parameters ¢; and 7 should be determined appropriately because they have much
influence on estimation accuracy. In this chapter, the center coordinates are set to the
learning data, and the radii are adjusted by the proposed radius adjusting method described
later.

Input Layer Hidden Layer Output Layer

Gaussian Basis Function
Fig. 2. Basic Structure of RBF Network

Learning of the RBF network corresponds to the determination of the weight parameter 1,
to minimize the energy function E, given by Eq. (3) when the teaching data paired with
learning data x, are denoted as y,,, .

Np Ny
Ep :Z(ypq _yp(x))z +2’Zu12p (3)
g=1 =1

Here, Np is the number of learning data and 4 is a weight decay reducing influences of
noise included in learning data. The proposed control system can realize a robust control by
tuning this parameter in accordance with the learning data. Then, the following matrices are
defined.

U= : : : )
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hy(xq)  hy(xq) - hNM (x1)
_ hi(x3)  hp(xy) - hNM (x2) ®)
hl(xND ) hZ(xND ) hNM (XND )
Yn Yiz. 0 Yip
y = y:21 y:22 y?P ©)
Yny1 Yny1 0 Ynyp
A=11 )

In Eq. (3), both sides are partially differentiated by 1, and Eqs. (4)-(7) are substituted, then
Eq. (8) is obtained[16]. The learning of the RBF network can be described as the calculation
of the weight matrix U given by Eq. (8).

U=(H"H+A) H'Y ®)

2.3 Reinforcement learning

2.3.1 Basic algorithm

The NGnet for learning of the RL agent learns its action, i.e., control logic, and state value by
putting Gaussian basis functions on its state space. Here, the state space is a mapping space
to identify its status in the learning environment. The state value is a degree to evaluate how
desirable the agent is in its current state. NGnet is known to be able to learn faster than other
RL algorithms such as tile coding[18] because of the following features.

¢ NGnet can learn locally by the Gaussian basis functions.

¢ NGnet can reduce necessary basis function size by normalization.

¢ NGnet can add/ delete the basis functions and parameter tuning.

Figure 3 shows the basic structure of NGnet. First, NGnet calculates activations of its
Gaussian basis functions g; and normalized activations b; for the input x by Egs. (9)-(11).
Next, outputs of actor m(x)={my,...my,..my} (keK) ie., action and critic V(x) ie., state
value are calculated by Egs. (12)-(14).

a; :eXP(—%(X—Fi)TZ;l(X—Pi)] )
Y, = diag(@?) 1o
b; = % -

Np
my(x) = mkmaxfsig (Z wyb; + ﬂ”k] 12)
i=1
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"8 1—-exp(-2)
Np
V(x)= zvibi (14)
i=1

Here, i,j,k denote the subscripts of the basis functions of the agent, inputs and actor
outputs, respectively. J,K also denote the dimensions of the inputs and actor outputs. In
this chapter, the input of the statistical model is defined as becoming equal to that of the RL
agent. In other words, the RL agent outputs the control bias to the input conditionx . The
reward is calculated based on the results of control, i.e., the outputs of the statistical model
obtained after the control.

Gaussian
Basis Function

Fig. 3. Basic Structure of NGnet

Here,zi is the covariance matrix of the Gaussian basis function. p; :{ yil,...ui]-,...yi]} ,

o7 = {o-%,...o-i,...o-izl} are the center and radii vectors, respectively. N; is the basis function

size. wy;,v; are the weight parameters of actor and critic, respectively.

The procedures to calculate the actor outputs m, are as follows. First, the sum of the
normalized activations b; is added to a noise component to search for optimal actions. Next,
they are converted to the region of [-1.1] by a sigmoid function. Finally, the actor outputs
my, are calculated by multiplying the maximum values of the actor outputs ;"™ and the
converted value. Here, 1, is normalized noise whose average is 0 and variance is 1. £ is a
noise ratio.

2.3.2 Learning algorithm
Learning of NGnet is executed by the following procedures: updating the weight
parameters w,;,v;, adding/deleting of the Gaussian basis functions, and tuning p;,o? . TD
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learning[17] is employed to update wy;,v;. The agent updates its input (x — x") by its actor
outputs m,, then the model outputs are calculated by the actor outputs. Eq. (15) calculates
TD error ¢ by reward calculated by the model outputs and the state value V(x') calculated
by the input x'.

o =reward + yV(x') - V(x) (15)

Here, y is a discount ratio for the future reward. The actor of NGnet learns its actions to
improve V(x), and the critic of NGnet also learns to estimate V(x) appropriately. w,;,v; are
updated by Egs. (16) and (17) using ¢ .

Wy = Wy, + o b;0m, (16)
v; =v; + och;o (17)

Here, a, and a- denote the learning rates of w,; and v; , respectively.

The other learning procedures execute adding/deleting the Gaussian basis functions and
tuning of p,,0? so that the NGnet can obtain enough resolutions to learn its state space.
The proposed control system employs the following algorithm: the sizes of basis functions
of the NGnet are initialized to 0, and new basis functions are added adaptively in its

learning.
Basis Addition Algorithm

max

Step 1. If the current basis function size N; satisfies N; < N;**, then the algorithm goes to

Step 2. Otherwise, it terminates.
Step 2. The activations of the agent’s current basis functions g; are calculated for the input

x during its learning.

Step 3. If there is no basis function i which meets a; >4, then the algorithm goes to

min 7/
Step 4. Otherwise, it terminates.

Step 4. If 0> 9,,, is satisfied, the algorithm goes to Step 5. Otherwise, it terminates.

Step 5. A basis function whose center and radius is set to x and o; is added to NGnet,

n

then the algorithm terminates.
Here, N;"*,a.;,and J,;, denote maximum basis function size, threshold value of
activation and threshold value of TD error, respectively. This algorithm adds new basis
functions in the regions of the state space which are not sufficiently covered with learned
basis functions. In addition, the maximum basis function size N[ is set because it might
be possible to add unnecessary basis functions by increasing variation of the TD error due to
the proposed automatic reward adjustment method described later. Therefore, the agent can

put only the necessary basis functions in its state space.

2.4 Learning flow of the proposed control system
The learning algorithm flow of the proposed control system consists of the following steps.

Learning Algorithm of the Proposed Control System
Step 1. Initialize learning parameters of the RBF network and RL.
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Step 2. Adjust radii of the RBF network.

Step 3. Calculate weight parameters of the RBF network.

Step 4. Determine initial control variables.

Step 5. Change control variables by the RL agent.

Step 6. Calculate model outputs by the RBF network.

Step 7. Calculate reward.

Step 8. Calculate TD error.

Step 9. Update weight parameters of the RL agent.

Step 10. Add new basis functions of the RL agent.

Step 11. If the terminal condition of the episode is reached, go to Step 12. Otherwise, return
to Step 5.

Step 12. Adjust the reward parameters.

Step 13. If the terminal condition of learning is reached, terminate the algorithm. Otherwise,
return to Step 4.

In the above algorithm, an episode terminates after executing the processes between Step 5

and Step 10 for S times, and a trial of learning terminates after executing the processes

between Step 4 and Step 12 for T times.

3. Adaptive radius adjustment method

3.1 Basic concepts

In the proposed control system, the outputs of the RBF network are calculated by the
Gaussian basis functions according to the input space. To obtain high estimation accuracy,
the radii should be adjusted so that the basis functions can cover the space sufficiently.

The proposed method focuses on the covering rate of the basis functions on the input space.
It adjusts the radii based on the distances between a randomly generated input and the
center of the basis functions selected to surround the input, where the learning data are
located. As a result, the radii of basis functions whose distances to other data are short
become small, and vice versa.

3.2 Algorithm of the proposed method
The algorithm of the proposed method consists of the following steps.

Algorithm of the Radius Adjustment Method

Step 1. Initialize the radii and adjusting parameters.

Step 2. Generate an input randomly.

Step 3. Select pairs of learning data by the k-SN (k-surrounded neighbor) method[24].

Step 4. Exclude the selected data from the data candidates for selection.

Step 5. If there are no data candidates, go to Step 4. Otherwise, return to Step 3.

Step 6. If there are no selected data, go to Step 8. Otherwise, go to Step 7.

Step 7. Update radii of the selected data

Step 8. If n reaches N, terminate the algorithm. Otherwise, increment n and return to
Step 2.

In Step 1, the radii are initialized as a small value. In Step 2, an input condition x, (7:

suffix showing the number of iterations) is generated randomly. In Step 3, the pairs of

learning data (x5, , x2) (m : suffix showing the number of pairs) for which the radii are to be
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adjusted are selected for the generated x, using the k-SN method. The k-SN method is a
data extraction method to satisfy the condition of interpolation. It selects the pair of data
(x1,, X2 ) so that x,, is surrounded by them.

Xy
t @ Formerlyselected data
O (O Data candidates for selection
© O
O
1
X mQ
LoxX, @
e : O
d 1 2 \‘\ ". d(xm’xn)
(xm’xm ) \‘\ ‘l
O O .2
xm
O
O
> X,

Fig. 4. Mechanism of k-SN method

Figure 4 shows the mechanism of the k-SN method in a 2-dimensional input space. The
nearest datum x,l,1 to x, is selected from the data candidates available for selection, i.e.,
learning data excluding the formerly selected data. Then the datum x3, paired with x., is
selected according to Eq. (18).

2 .
x;, =argmind(x,,X,)
zeZ

subject to d(x,,x,)<d(x},x,) (18)

Here, z denotes the suffix of the data candidates available for selection and d(x,,x,)
denotes the distance between x, and x,,. In Step 4, the selected data (x, , x2, ) are excluded
from the data candidates. If there is no x, satisfying Eq. (18), only x}, is excluded. In this
way, the radii of basis functions in an interpolative relation with inputs are adjusted, then
the basis functions can cover the input space sufficiently. This selection continues until all
the data candidates have been selected.

In Step 7, the radii (7,,72) set at the selected data are adjusted by Eqs. (19) and (20).

rri = 1’,,11 + aden (d(x;ln’xn) - r)}l) (19)
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=t Gy (A0 X,) 1) (20)
Here, a,,; is an initial step size parameter of radius, and 7 is a decay rate of the step size
parameter (0 <7 <1). The second term in the right sides of both Egs. (19) and (20) decays as
iteration n increases, then the radii finally converge to certain values. These steps are
iterated until n reaches N, then the radii are adjusted to certain values according to the
distribution of learning data.

3.3 Simulations

In this section, some simulations are executed in order to evaluate the performances of the
proposed radius adjustment method. The proposed method is compared with two
conventional radius adjustment methods with respect to estimation accuracy and
computational time using the test function data.

3.3.1 Simulation conditions

Simulations are executed in the following steps: a) determination of radii, b) calculation of
weight parameters, and c) evaluation of estimation error. In step a), the proposed method,
the Cross Validation (CV) method[11] and the radius equation method[20] are used to
determine radii. The CV method adjusts radii with regression, and the radius equation
method adjusts radii without regression. (See appendix). In step b), the weight parameters
of the RBF network are calculated by Eq. (8). In step c), the estimation errors between the
outputs of the RBF network and the test data are evaluated.

In the case of plant control, the shape of the response surface changes according to the plant
properties, input dimensions and numbers of learning data. In order to simulate various
response surfaces, the learning data are created for different test functions, input dimensions
and numbers of data. The test functions F;(x) and F,(x) (x €[-5,5]) described as Egs. (21)
and (22) are used in the simulations. These functions are often used as benchmark problems
of RBF networks[20].

J
Fi(x) =Y (x] ~16x] +5x; +100) 1)
j=1

. 2
]
Ey(x) = Z(Zxk] 22)

Table 1 shows settings of learning data and test data of the RBF network in the simulations.
Here, the numbers of learning data and test data are denoted as N, and Ny, , respectively.
In simulations, the output dimension P s fixed to 1, while the input dimension ’/ is varied
from 2 to 10. The parameters of Prad ,7 and N are set to 0.01, 0.999 and 3000, respectively.
They are set appropriately based on prior experimental results. The parameters of
PN 2 and Ar used in the CV method are shown in Table 2. The common parameter, 1

is set to 0.01. Each simulation is executed for 25 random sequences using a Linux machine
(CPU clock: 2.8[GHz]).
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) Input Data Size
Case| Function Dimension s | N, | N..
1 25
2 2 50 25
3 100
4 100
5 Fi(x) 5 300 50
6 500
7 100
8 10 500 | 100
9 1000
10 25
11 2 50 25
12 100
13 100
14 F(x) 5 300 50
15 500
16 100
17 10 500 | 100
18 1000

Table 1. Specifications of learning data and test data in the simulation cases

Case g ma | Age
1,2,3,10,11,12 0.1 10 | 0.1
413 5 15 | 0.1
5,14 5 15 | 0.5
6,15 5 15 1
7,16 5 20 | 0.1
8,9,17,18 5 20 1

Table 2. Parameter conditions in CV method

3.3.2 Results and discussions
In order to evaluate estimation accuracy of the proposed method, root mean square error

RMSE,, calculated by Eq. (23) is used.

2
RMSE,, :\/NZ M (23)

Here, y.,(x;) and F, (x,) are an output value of the RBF network and the test data for the
input x, (t:suffix of the test data) in case cn (cn={1,2,...18} ), respectively.

First, convergence performance of the proposed method is studied using the RMSE and
adjusted radii parameters. Figs. 5 and 6 show the RMSE and several radii parameters for
iteration N in case 5 of Table 1. Case 5 is the most suitable condition for real plants with
respect to input dimensions and numbers of learning data. The other cases also show the
results similar to those of case 5. From Fig. 5, it is confirmed that the RMSE decreases and
converges into a certain value with iteration.
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Fig. 5. RMSE curve obtained by the proposed method

Figure 6 shows the adjustment history of 10 typical radii selected from those of 300 Gaussian
basis functions corresponding to the numbers of learning data in case 5. In this figure, the
radii soon increase with iteration but converge into different values. The reason why the
adjusted radii converge into different values is that the proposed method adjusts the radii
based on the distribution of learning data. For the data whose distances to other data are
short, the distances between the learning data and x, become short. Consequently, the radii
of the data in the region become shorter than those in the region whose distances are long. It
is also confirmed by comparing Figs. 5 and 6 that the convergence of radii due to the decay
of 7" contributes to the convergence of RMSE.
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Fig. 6. Adjusting history of typical radial values by the proposed method

Next, Fig. 7 shows the radial values plotted for the crowding index ci of their basis functions
calculated by Egs. (24) and (25). The crowded index ci represents how the center coordinate
¢; of the basis function i is covered with all the basis functions having uniform radii, thus this
index of the data whose distances to other data are short usually becomes large.

hy(c) = eXp(—(ci *“f):;cf Cf)J (24)
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cie;) =—— > Iu(<;) (25)

Here, h,(c;) is the Gaussian function value of the basis function whose center is ¢, and r; is
the radius to which a certain constant value is set. In this simulation, 7, is set to 3.89
considering the range of input values.

12

Radial Value
[-;]

0 0.05 0.1 0.15 0.2
Crowded Index

Fig. 7. Relation between the crowded index and radial values

In Fig. 7, the radial values with low crowded index are larger than those with high crowded
index because the basis functions in the region where distances to data are long need to
cover a wider input space. This result indicates that the proposed radius adjustment
algorithm works properly.

Case Proposed Ccv Radius
Method Method | Equation

1 76.0 83.5 96.5
2 71.4 70.9 99.7
3 29.5 36.1 63.3
4 138.3 130.3 186.5
5 116.6 1154 170.1
6 107.2 113.3 153.1
7 201.0 2341 272.7
8 174.4 166.8 230.7
9 164.0 158.4 239.3
10 7.9 6.1 14.2
11 27 27 10.5
12 1.5 2.3 9.3
13 39.8 35.3 79.1
14 16.4 12.9 58.5
15 8.9 10.9 48.4
16 268.1 292.2 294.7
17 82.0 58.8 173.5
18 63.9 38.2 175.6

Ave. 87.3 87.1 132.0

Table 3. Comparisons of the RMSEs obtained by the proposed and conventional methods
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Table 3 compares the RMSEs of the proposed method and conventional methods. The case
values in the table are the averages of 25 simulation results. The RMSEs of the proposed
method are smaller than those for the radius equation in each case. The radius equation is
usually applied to learning data having a uniform crowded index[20]. Therefore, it is
difficult to apply it to plant control where the learning data usually have deviations of
crowded index like Fig. 7. The proposed method can adjust the radii considering the
distribution of the learning data, thus the RMSEs are an average of 33.9[%] better compared
to those from the radius equation. The proposed method also has the same performances as
the CV method.

Table 4 compares computational times of the proposed and conventional methods. These
case results are also the averages of 25 simulation results. The computational times of the
radius equation are enormously short because it spends time only in the calculation of Eq.
(34) to adjust the radii. Regarding the CV method, the computational times increase
exponentially with the number of data because error evaluations are needed for all learning
data. There are some cases where the computational times are well beyond the limitation of
practical use (20 minutes). Therefore, it is difficult to apply the CV method to plant control.
On the other hand, the computational times of the proposed method in every case are
within 20 minutes. These computational times are practical for plant control and it is
confirmed that the proposed method is the most suitable for plant control.

These simulation results show that the proposed plant control system can construct a
flexible statistical model having high estimation accuracy for various operational conditions
of thermal power plants within a practical computational time. It is expected to improve
effectiveness in reducing NOx and CO by learning with such a statistical model.

Case Proposed CcVv Radius

Method Method | Equation
1 2.8E-02 | 6.5E-01 7.6E-06
2 9.9E-02 | 9.2E+00 | 2.8E-05
3 3.7E-01 [ 1.5E+02 | 1.1E-04
4 4.6E-01 | 1.4E+02 [ 1.4E-04
5 3.9E+00 | 2.6E+03 | 1.3E-03
6 1.1E+01 [ 1.7E+04 [ 3.6E-03
7 6.6E-01 | 2.2E+02 | 2.8E-04
8 1.6E+01 | 2.3E+04 [ 6.9E-03

9 6.4E+02 | 6.5E+05 | 3.1E-02
10 2.7E-02 | 6.5E-01 | 7.6E-06
11 9.8E-02 | 9.2E+00 | 2.7E-05
12 3.7E-01 [ 1.5E+02 [ 1.1E-04
13 | 4.6E-01 | 1.4E+02 | 1.4E-04
14 | 3.9E+00 | 2.6E+03 | 1.3E-03
15 | 1.1E+01 | 1.6E+04 | 3.6E-03
16 6.6E-01 | 2.2E+02 | 2.8E-04
17 | 1.6E+01 | 2.3E+04 | 6.9E-03
18 || 6.4E+02 | 6.5E+05 | 3.1E-02

Table 4. Comparisons of the computational times [s] for the proposed and conventional
methods
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4. Automatic reward adjustment method

4.1 Basic concepts

When the RL is applied to the thermal power plant control, it is necessary to design the
reward so that it can be given to the agent instantly in order to adapt to the plant properties
which change from hour to hour. So far, studies with respect to designing reward of the RL
have reported[25,26] that high flexibility could be realized by switching or adjusting the
reward in accordance with change of the agent’s objectives and situations. However, it
would be difficult to apply this to thermal power plant control which needs instant reward
designing for changes of plant properties because the reward design and its switching or
adjusting depend on a priori knowledge.

The proposed control system defines a reward function which does not depend on the
learning object and proposes an automatic reward adjustment method which adjusts the
parameters of the reward function adaptively based on the plant property information
obtained in the learning. It is possible to use the same reward function for different
operating conditions and control objectives in this method, and the reward function is
adjusted in accordance with learning progress. Therefore, it is expected possible to construct
a flexible plant control system without manual reward design.

4.2 Definition of reward

The statistical model in the proposed control system has a unique characteristic due to
specifications of applied plants, kinds of environmental effects and operating conditions. In
case such a model is used for learning, the reward function should be generalized because it
is difficult to design unique reward functions for various plant properties in real time. Thus
the authors have defined the reward function as Eq. (26).

reward =

pP—f
reward,,,, exp (¢] (fzp) (26)
reward, (f<p)

Here, reward,,, and f are maximum reward value and sum of weighted model outputs
calculated by Eq. (27), respectively. ¢ and p are the parameters to determine shapes of the

reward function.

P
f=2C, (27)
p=1

Here, C, are the weight of the model output y,, and p is a suffix for model output. In Eq.
(26), the conditions ¢ >0, p>0 are satisfied. If ¢ and p become larger, a larger reward is
gotten for f . In addition, it is possible for f to weight y, by C, in accordance with
control goals. Fig. 8 shows the shape of the reward function where reward,, =1, ¢=10,
p =20 are set in Eq. (26).

The reward function defined as Eq. (26) can be applied for various kinds of statistical
models where the operating conditions and the control goals are different because it is
possible to define the reward only by ¢, p and C,. C, is set in accordance with the control
goals, and ¢, p are adjusted automatically by the proposed automatic reward adjustment
method.
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Fig. 8. Schematic of reward function

4.3 Algorithm of the proposed reward adjustment method

The proposed reward adjustment method adjusts the reward parameters ¢, p using the
model outputs which are obtained during the learning so that the agent can get the proper
reward for (1) characteristics of the learning object and (2) progress of learning. Here, (1)
means that this method can adjust the reward properly for the statistical models whose
optimal control conditions and NOx/CO properties are different by adjusting ¢, p. (2)
means that this method makes it easier for the agent to get the reward and accelerate
learning at the early stage, while also making the conditions to get the reward stricter and
improving the agent’s learning accuracy.

The reward parameters are updated based on the sum of weighted model outputs f
obtained in each episode and the best f value obtained during the past episodes. Hereafter,
the sum of weighted model outputs and the reward parameters at episode ¢ are denoted as
fi,#, and p, , respectively.

The algorithm of the proposed method is as follows. First, f, is calculated by Eq. (28), then
its moving average f, is calculated.

fi=efir(1-8)fiy (28)

Here, ¢ is a smoothing parameter of the moving average. The parameter ¢, is updated by
Egs. (29) and (30) where f, > p, is satisfied.

b1 =h+a,(d —¢) (29)
(. pt - E
%= In(6, / reward,,.) (30)

Here, ¢, is an updating index of ¢,, 6, is a threshold parameter to determine the updating

direction (positive/negative), and «, is a step size parameter of ¢ . As shown in Fig. 9, ¢

corresponds to the ¢ when the reward value for f, becomes 6,. The updating direction of

¢, becomes positive where 6] calculated by Eq. (31) is smaller than 6,, and vice versa.
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6 = reward , exp [’Ot;ft] (31)

t

6, is updated by Eq. (32) so that it becomes closer to g, .

6t+l = 0[ ta, (0; - 01) (32)

reward

reward,,,,

6,

t

oL——r L
0 fis=p
Fig. 9. Mechanism of the proposed method
Here, a, is a step size parameter of 6.6 is initialized to small value. As a result of
updating g, by Eq. (32), finally ¢/ becomes equal to ¢, . This means that the reward is given
to the agent appropriately for current f,. The value of ¢, depends on the learning object
and progress, hence it is preferable to acquire empirically in the learning process. That is

because 0; , the reward value for f, is defined according to the updating index of 6,

The parameter p, is updated to approach the f* by Eq. (33) which is the best value of f
during past learning.

P =Pt (f=p) (33)
Here, a, is a step size parameter of p, .
The above algorithm is summarized as the following steps.
Reward Automatic Adjustment Algorithm
Step 1. Calculate 7; by Eq. (28).
Step 2. If z > p, is satisfied, go to Step 3. Otherwise, go to Step 5.
Step 3. Update ¢ by Egs. (29) and (30).
Step 4. Update 6, by Egs. (31) and (32).
Step 5. Update p, by Eq. (33) and terminate the algorithm.
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4.4 Simulations

In this section, simulations are described to evaluate the performances of the proposed
control system with the automatic reward adjustment method when it is applied to virtual
plant models configured on the basis of experimental data. The simulations incorporate
changes of the plant operations several times and the data for the RBF network. The
evaluations focus on the flexibility in control of the proposed reward adjustment method for
the change of the operational conditions. In addition, the robustness in control for the
statistical model including noise by tuning the weight decay parameter of RBF network is
also studied.

4.4.1 Simulation conditions

Figure 10 shows the basic structure of the simulation. The objective of the simulation is to
reduce NOx and CO emissions from a virtual coal-fired boiler model (statistical model)
constructed with three numerical calculation DBs. The RL agent learns how to control three
operational parameters with respect to air mass flow supplied to the boiler. Therefore, input
and output dimensions (],P) of the control system are 3 and 2, respectively. The input
values are normalized into the range of [0,1]. The three numerical calculation DBs have
different operational conditions, and each DB has 63 data whose input-output conditions are
different. These data include some noise similar to the actual plant data.

Model Output
Statistical Model (Coal-fired Boiler) (CO, NOx) Reward Adjustment
Module
Reward
Parameter
Reward Calculation
Air Module
Coal+Ai R d
oarrar Model Tnput ewar
(Air Mass Flow)
RL Agent
DB DB DB i Statistical

Operation A Operation B Operation C Model DB

Fig. 10. Basic structure of thermal power plant control simulation

In this simulation, the robustness and flexibility of the proposed control system are verified by
implementing the RL agent so that it learns and controls the statistical model which changes in
time series. Two kinds of boiler operational simulations are executed according to Table 5.
Each simulation case is done for six hours (0:00-6:00) of operation, and it is considered that the
statistical model is changed at 0:00, 2:00 and 4:00. One of the simulations considers three kinds
of operational conditions ( A,B,C ) where coal types and power outputs are different, and the
other considers three kinds of control goals defined as Eq. (27), where the weight coefficients
C,,C, of CO and NOXx, respectively in that equation are different.
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The simulations are executed by two reward settings: the variable reward for the proposed
reward adjustment method (proposed method) and the fixed reward (conventional
method). Both reward settings are done under two conditions where the weight decay A for
the RBF network is set to 0, 0.01 to evaluate the robustness of control by A settings. The RL
agent learns at the times when operational conditions or control goals (0:00, 2:00 and 4:00)
are changed, and the control interval is 10 minutes. Hence it is possible to control the boiler
11 times in each period.

Parameter conditions of learning are shown in Table 6. These conditions are set using prior
experimental results. The parameter conditions of reward are shown in Table 7. The
parameters (&,a,,a,,a,) of the proposed method are also set properly using prior
experiments. In the conventional method, the values of ¢,p are fixed to their initial values
which are optimal for the first operational condition in Table 5 because their step size

parameters («,, a,, ) are set to 0.

Objective Changg of Qperatlonal Change of Goals
onditions
Time | Ope.Cond.| C, C, |Ope.Cond.| C, C,
0:00 - 2:00 A 0.1 0.9 A 0.1 0.9
2:00 - 4:00 B 0.1 0.9 A 0.9 0.1
4:00 - 6:00 C 0.1 0.9 A 0.001 | 0.999
Table 5. Time table of plant operation simulation
Parameter Condition
Radius of Gaussian basis o 0.2
Max. output of NGnet m™ 0.2
Noise ratio i 0.2
Discount rate Y 0.9
Learning rate for actor a, 0.1
Learning rate for critic Q. 0.02

Max. basis num of agent | N;™ 100
Min. a; for basis addition a i 0.368
Min. § for basis addition Sin 0.01

Max. iteration in 1 episode S 30
Max. episode T 10000
Table 6. Parameter conditions of learning
Parameter Prop. Method | Conv. Method
Max. reward reward 1 1
Smoothing parameter g 0.1 0.1
Step size parameter of ¢ a, 0.05 0
Step size parameter of p a, 0.05 0
Step size parameter of g a, 0.05 0
Initial value of ¢ 0.001 3
Initial value of o 0.001 0
Initial value of g 0 186

Table 7. Reward conditions of each method
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4.4.2 Results and discussion

Figure 11 shows the time series of normalized f as a result of controls by the two methods,
where the initial value at 0:00 is determined as the base. There are four graphs in Fig. 11
with combinations of the two objectives of simulations and A settings. The optimal £ value
in each period is shown as well. The computational time of learning in each case was 23([s].

y) (a) Change of operational conditions (b) Change of control goals
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Fig. 11. Time series of normalized f in the boiler operation simulations

To begin with, time series of the normalized f values by the proposed method and
conventional method in the case of 1=0.01 are discussed. The initial f* values at 0:00 of
these methods have offsets with the optimal values, but they are decreased for control and
finally converged near the optimal values. This is because the reward functions used in each
method are appropriate to learn the optimal control logic. The RL agent relearns its control
logic when the statistical model and its optimal f* values are changed at 2:00 by the change
of operational conditions or control goals. However, the f values of the conventional
method after 11 control times still have offsets from the optimal values, while the proposed
method can obtain the optimal values after 11 times. The initial reward setting of the
conventional method would be inappropriate for the next operational condition. Similar
results of control are obtained for the same reason after changing the statistical model at
4:00. As discussed above, the plant control system by the conventional method has a
possibility to deteriorate the control performances in thermal power plants for which
operational conditions and control goals are changed frequently. Therefore, the proposed
reward adjustment method is effective for the plant control, which can adjust the reward
function flexibly for such changes.
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Next, the robustness of the proposed control system by weight decay (A) tuning is
discussed. In Fig. 11, every f value of the proposed method can reach nearly the optimal
value when A is 0.01, whereas f converges into the values larger than the optimal values
when A is 0 for 2:00-6:00 in (a) and 2:00~4:00 in (b). The RBF network cannot learn with
considered the influences of noise included in the learning data when A is 0[16]. The
response surface is created to fit the noised data closely and many local minimum values are
generated in it compared with the response surface of A =0.01. This is because the learned
control logic is converged each local minimum. The above results show that the RBF
network can avoid overfitting by tuning A properly and the proposed control system can
control thermal power plants robustly.
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Fig. 12. Learning processes of f and reward parameters (¢, p,8 ) of the proposed method

Finally, the learning processes of f and reward parameters of the proposed method are
studied. Fig. 12 shows the f,¢,p,0 values for episodes in learning at the operational
changes at 0:00 and 2:00 when A is 0.01. In the early stage of learning (episodes 1-500), the
¢ parameter in each case increases nearby 0.9 because the f value does not decrease due to
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insufficient learning of the RL agent. In the next 1000 episodes, ¢ increases and & decreases
simultaneously as the learning progresses. This behavior can be explained by the Egs. (29)-
(32) which are the updating algorithms of ¢, 8. On the other hand, p value in each case
converges to certain values by the 2000th episode. This indicates that the optimal f values
are found in the learning process. Then the parameters of each case remain stable during the
middle stage of learning (episode 2000-6000), but ¢,6 change suddenly at the 6000t episode
only in the case of operation B. This is because the RL agent can learn the control logic to get
a better f value, then ¢,8 are adjusted flexibly in accordance with the change of f used in
Egs. (29) and (30). As a result, these parameters converge into different values.

These adjustment results of reward parameters for different statistical models can be
discussed as follows. By analysis of the characteristics of these statistical models, it seems
that the gradient of f in operation A is larger than that of operation B because
operation A has a larger difference between the maximum and minimum value of f
than operation B. When the gradient of f is larger, f will vary significantly for each
control thus it is necessary to set ¢ larger so that the agent can get the reward easily. On
the other hand, it is useless to set ¢ larger in the statistical model in operation B for
which the gradient of f is small. As for the results of adjustment of ¢, 0,6 in Fig. 12, the
reward function of operation A certainly becomes easier to give the reward due to the
larger ¢ than for operation B. Therefore, the above results show that the proposed
method can obtain the appropriate reward function flexibly in accordance with the
properties of the statistical models.

5. Conclusions

This chapter presented a plant control system to reduce NOx and CO emissions exhausted
by thermal power plants. The proposed control system generates optimal control signals by
that the RL agent which learns optimal control logic using the statistical model to estimate
the NOx and CO properties. The proposed control system requires flexibility for the change
of plant operation conditions and robustness for noise of the measured data. In addition, the
statistical model should be able to be tuned by the measured data within a practical
computational time. To overcome these problems the authors proposed two novel methods,
the adaptive radius adjustment method of the RBF network and the automatic reward
adjustment method.

The simulations clarified the proposed methods provided high estimation accuracy of the
statistical model within practical computational time, flexible control by RL for various
changes of plant properties and robustness for the plant data with noise. These advantages
led to the conclusion that the proposed plant control system would be effective for reducing
environmental effects.

6. Appendix A. Conventional radius adjustment method

A.1 Cross Validation (CV) method

The cross validation (CV) method is one of the conventional radius adjustment methods for
the RBF network with regression and it adjusts radii by error evaluations. In this method, a
datum is excluded from the learning data and the estimation error at the excluded datum is
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evaluated. Iterations are repeated until all data are selected as excluded data to calculate
RMSE. After the calculations of RMSE for several radius conditions, the best condition is
determined as the radius to use. The algorithm is shown as follows.

Algorithm of Cross Validation Method

Step 1. Initialize the radius is initialized to 7™".

Step 2. Select an excluded datum.

Step 3. Learn weight parameters of RBF network using all data except the excluded datum.
Step 4. Calculate the output of the RBF network at the point of the excluded datum.

Step 5. Calculate the error between the output and the excluded datum.

Step 6. Go to Step 7 if all data have been selected. Otherwise, return to Step 2.

Step 7. Calculate RMSE by the estimation errors.

Step 8. Increment the radius by Ar.

Step 9. Select the radius with the best RMSE if the radius is over ™ and terminate the
Step 10. algorithm. Otherwise, return to Step 2.

A.2 Radius equation
This method is one of the non-regression methods and it adjusts the radius » by Eq. (34).

po o tma (34)

TNy )

Here, d is the maximum distance among the learning data.
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1. Introduction

The damping of inter-area oscillations is an important problem in electric power systems
(Klein et al., 1991; Kundur, 1994; Rogers, 2000). Especially in China, the practices of
nationwide interconnection and ultra high voltage (UHV) transmission are carrying on and
under broad researches (Zhou et al., 2010), bulk power will be transferred through very long
distance in near future from the viewpoints of economical transmission and requirement of
allocation of insufficient resources. The potential threat of inter-area oscillations will
increase with these developments. If inter-area oscillations happened, restrictions would
have to be placed on the transferred power. So procedures and equipments of providing
adequate damping to inter-area oscillations become mandatory.

Conventional method coping with oscillations is by using power system stabilizer (PSS) that
provides supplementary control through the excitation system (Kundur, 1994; Rogers, 2000;
Larsen et al., 1981), or utilizing supplementary control of flexible AC transmission systems
(FACTS) devices (Farsangi et al., 2003; Pal et al., 2001; Chaudhuri et al., 2003, 2004).
Decentralized construction is often adopted by these controllers. But for inter-area
oscillations, conventional decentralized control may not work so well since they have not
observability of system level. Maximum observability for particular modes can be obtained
from the remote signals or from the combination of remote and local signals (Chaudhuri et
al.,, 2004; Snyder, et al., 1998, Kamwa et al., 2001). Phasor measurement units (PMUs)-based
wide-area measurement system (WAMS) (Phadke, 1993) can provide system level
observability and controllability and make so-called wide-area damping control practical.
On the other hand, power system exists in a dynamic balance, its operating condition
always changes with the variations of generations or load patterns, as well as changes of
system topology, etc. From control theory point of view, these changes can be called
uncertainty. Conventional control methods can not systemically consider these
uncertainties, and often need tuning or coordination. Therefore, so-called robust models are
derived to take these uncertainties into account at the controller design stage (Doyle et al.,
1989; Zhou et al., 1998). Then the robust control is applied on these models to realize both
disturbance attenuation and stability enhancement.
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In robust control theory, H» performance and H, performance are two important
specifications. H,, performance is convenient to enforce robustness to model uncertainty, H,
performance is useful to handle stochastic aspects such as measurement noise and capture
the control cost. In time-domain aspects, satisfactory time response and closed-loop
damping can often be achieved by enforcing the closed-loop poles into a pre-determined
subregion of the left-half plane (Chilali et al., 1996). Combining there requirements to form
so-called mixed H>/H.,, design with pole placement constrains allows for more flexible and
accurate specification of closed-loop behavior. In recent years, linear matrix inequalities
(LMlIs) technique is often considered for this kind of multi-objective synthesis (Chilali et al.,
1996; Boyd et al., 1994; Scherer et al., 1997, 2005). LMIs reflect constraints rather than
optimality, compared with Riccati equations-based method (Doyle et al., 1989 ; Zhou et al.,
1998), LMIs provide more flexibility for combining various design objectives in a
numerically tractable manner, and can even cope with those problems to which analytical
solution is out of question. Besides, LMIs can be solved by sophisticated interior-point
algorithms (Nesterov et al., 1994).

In this chapter, the wide-area measurement technique and robust control theory are combined
together to design a wide-area robust damping controller (WRC for short) to cope with inter-
area oscillation of power system. Both local and PMU-provided remote signals, which are
selected by analysis results based on participation phasor and residue, are utilized as feedback
inputs of the controller. Mixed H»/H., output-feedback control design with pole placement is
carried out. The feedback gain matrix is obtained through solving a family of LMIs. The design
objective is to improve system damping of inter-area oscillations despite of the model changes
which are caused mainly by load changes. Computer simulations on a 4-generator benchmark
system model are carried out to illustrate the effectiveness and robustness of the designed
controller, and the results are compared with the conventional PSS.

The rest of this chapter is organized as follows: In Section 2 a mixed H>/H., output-feedback
control with pole placement design based on the mixed-sensitivity formulation is presented.
The transformation into numerically tractable LMIs is provided in Section 3. Section 4 gives
the benchmark power system model and carries out modal analyses. The synthesis
procedures of wide-area robust damping controller as well as the computer simulations are
presented in Section 5. The concluding remarks are provided in Section 6.

2. H,/H.. Control with pole placement constrain

2.1 H. mixed-sensitivity control

Oscillations in power systems are caused by variation of loads, action of voltage regulator
due to fault, etc. For a damping controller these changes can be considered as disturbances
on output y (Chaudhuri et al., 2003, 2004), the primary function of the controller is to
minimize the impact of these disturbances on power system. The output disturbance
rejection problem can be depicted in the standard mixed-sensitivity (S/KS) framework, as
shown in Fig. 1, where sensitivity function S(s)=(I-G(s)K(s)).

An implied transformation existing in this framework is from the perturbation of model
uncertainties (e.g. system load changes) to the exogenous disturbance. Consider additive
model uncertainty as shown in Fig. 2, The transfer function from perturbation d to controller
output u, T, equals K(s)S(s). By virtue of small gain theory, IT.sA(s)l.<1 if and only if
IW2(s)Tudl-<1 with a frequency-depended weighting function [Wa(s)|>|A(s)l. So a system
with additive model uncertain perturbation (Fig. 2) can be transformed into a disturbance
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rejection problem (Fig. 1) if the weighted H., norm of transfer function form d to u is small
than 1, and the weighting function Wo(s) is the profile of model uncertainty.

s Wa(s) —*
z,
r=0 K G w
i’ () FLot Guls) (5) >
+
Fig. 1. Mixed sensitivity output disturbance rejection
A6 |
r=0 ++ d
Q] KO [ 6 Wi (s) —
y

Fig. 2. System with additive model uncertainty

The design objective of standard mixed-sensitivity design problem, shown in Fig. 1, is to

find a controller K(s) from the set of internally stabilizing controller S such that

@)

KeS

Wi(5)S(s)
W, (s)K(s)S(s)

o

In (1), the upper inequality is the constraint on nominal performance, ensuring disturbance
rejection, the lower inequality is to handle the robustness issues as well as limit the control
effort. Knowing that the transfer function from d to y, T,4, equals S(s). So condition (1) is
equivalent to

W, (s)T,
2 {W‘() } @
2w, )|,
or
pinfT...], <1 ®

The system performance and robustness of controlled system is determined by the proper
selection of weighting function Wi(s) and Wx(s) in (1) or (2). In the standard H., control
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design, the weighting function Wi(s) should be a low-pass filter for output disturbance
rejection and W(s) should be a high-pass filter in order to reduce the control effort and to
ensure robustness against model uncertainties. But in some cases, there would be a low-pass
requirement on W(s) when the open-loop gain is very high by applying standard lower-
pass design, which will result in a conflict in the nature of W(s) to ensure robustness and
minimize control effort (Pal et al., 2001). So the determination of W>(s) should be careful.

2.2 H, performance for control cost requirement
It is known that the control cost can be more realistically captured through H> norm, see (Pal
et al., 2001) and its reference, this enlightens directly adding H> performance on controller
output u at the design stage, i.e. consider constraint

||W3 T, "2 <7 4

to constrain the control effort and mitigate the burden of selection of Wy(s). The weighting
function Wj(s) is used to compromise between the control effort and the disturbance
rejection performance, as shown in Fig. 3.

Wi(s) — z

> Wa(s) —

Zy

+yd

K(s) Go(s)

Wi(s) —

Fig. 3. Mixed sensitivity output disturbance rejection with other constraint

2.3 Pole placement constraint

H>/H., design deals mostly with frequency-domain aspects and provides little control over
the transient behavior and closed loop pole location. Satisfactory time response and closed-
loop damping can often be achieved by forcing the closed-loop poles into a suitable
subregion of the left-half plane, and fast controller dynamics can also be prevented by
prohibiting large closed-loop poles. Therefore, besides H,, and H, norm constraint, pole
placement constraint that confine the poles to a LMI region is also considered.

A LMI region S(a, r, ) is a set of complex number x+jy such that x<—a<0, |x+jy|<r, and
tan(0)x<— |y |, as shown in Fig. 4. Confining the closed-loop poles to this region can ensure
a minimum decay rate 4, and minimum damping ratio {=cos(f), and a maximum undamped
natural frequency wg = rsin(f). The standard mathematical description of LMI region can be
found in (Chilali et al., 1996).

The multiple-objective design including H.,/H> norm and pole placement constrains can be
formulated in the LMIs framework and the controller is obtained by solving a family of LMIs.
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Fig. 4. LMI region S(a, r, 0)

3. Multiple-objective synthesis using LMI method

General mixed H,/H., control with pole placement scheme has multi-channel form as shown
in Fig. 5. G(s) is a linear time invariant generalized plant, d is vector representing the
disturbances or other exogenous input signals, z, is the controlled output associated with
H.,, performance and z; is the controlled output associated with H, performance, u is the
control input while y is the measured output.

K(s)

Gs) —— 2

Fig. 5. Multiple-objective synthesis

The state-space description of above system can be written as

x=Ax+B d+B,u
z,=C_x+D_,d+D_,u
®)

z, =C,x+D,d+D,u
y= ny+Dyd

The goal is to compute a output-feedback controller K(s) in the form of
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“=A(+B
g xS KY} ©)

u=C.g+Dyy
such that the closed-loop system meets mixed H,/H. specifications and pole placement
constraint. The closed-loop system can be written as
x, =Ax . +B.d
z,=C,x,+D,d @)
z, =C,x, +D,,d
By virtue of bounded real lemma (Boyd et al., 1994) and Schur’s formula for the determinant

of a partitioned matrix, matrix inequality condition (3) is equivalent to the existence of a
symmetric matrix X.,>0 such that

Acho + XooAZ Bc XooCZl
B! -1 D |<0 ®)
Cclxao Dcl -1

The closed-loop poles lie in the LMI region (see Fig. 4) S(0, 0, 0) if and only if there exists a
symmetric matrix Xp such that (Chilali et al., 1996):

[sin(@)(AXD +X,AT) cos()(AX, — XDAT)] i o

cos(O)(X,A" —AX ) sin(0)(AX, +X,A")

For H, performance, [W3(s)T,a(s)l2 does not exceed y» if and only if D,=0 and there exist two
symmetric matrices X>>0 and Q>0 such that

T
AcXZ + XZAC Bc <0
B! -1

(10)

Q C.X, 2
> 0, Trace(Q) <
(xzc; X, =7

This condition can be deduced from the definition of H» norm (Chilali et al., 1996 ; Scherer et
al., 1997). The multiple-objective synthesis of controller is through solving matrix inequality
(8) to (10). But this problem is not jointly convex in the variable and nonlinear, for example
nonlinear entry AX, in (8), so they are not numerically tractable. Choosing a single
Lyapunov matrix X=X,=Xp=Xp and linearizing change of variables can cope with this
problem. Choosing a single Lyapunov matrix makes the resulting controller not globally
optimal, but is not overly conservative from the practical point of view. The linearizing
change of variables is important for multiple-objective output feedback robust synthesis
based LMIs. The details can be found in (Chilali et al., 1996 ; Scherer et al., 1997) and the
references in them. Finally the result can be obtained as
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min ¢ x
(11)
s.t. linearized LMIs constraints from (8) to (10)

This standard LMI problem (Boyd et al.,, 1994) is readily solved with LMI optimization
software. An efficient algorithm for this problem is available in hinfmix() function of the LMI
control toolbox for Matlab (Gahinet et al., 1995).

4. A Benchmark system with undamped inter-area oscillation

4.1 Low frequency oscillation in power system

One of the major problems in power system operation is low frequency (between 0.1 and 2
Hz) oscillatory instability. Normally no apparent warning can be identified for the
occurrence of such kinds of growing oscillations caused by the changes in the system's
operating condition or by improper-tuned sustained excitation.

The change in electrical torque of a synchronous machine following a perturbation can be
resolved as AT.=TsA6+ TpAw, where TsAd is the component of torque change in phase with
the rotor angle perturbation Aé and is referred as the synchronizing torque component, Ts is
the synchronizing torque coefficient. Lack of sufficient synchronizing torque will result in
aperiodic drift in rotor angle. TpA® is the component of torque in phase with the speed
deviation A and is referred to as the damping torque component, Tp is the damping torque
coefficient. Lack of sufficient damping torque will result in oscillatory instability.

In next section, an example will be used to illustrate the low frequency oscillation of a weak-
tied system and the design of a wide-robust damping controller (WRC) to effectively
increase the damping ratio of inter-area mode.

4.2 System model and modal analysis

A 4-generator benchmark system shown in Fig. 6 is considered. The system parameters is
from (Klein et al., 1991) or (Kundur, 1994). However some modifications have been made to
facilitate the simulations. The generator G2 is chosen as angular reference to eliminate the
undesired zero eigenvalues. Saturation and speed governor are not modeled. Excitation
system is chosen by thyristor exciter with a high transient gain. All loads are represented by
constant impedance model and complete system parameters are listed in Appendix.

Area 1 Area 2
1 5 6 7 9 10 11 3
[
| L ! N
Gl V'roo8 1 63
5 L1 €1 C2 L2 .
G2 G4

Fig. 6. 4-generator benchmark system model
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After linearization around given operating condition and elimination of algebraic variables,
the following state-space representation is obtained.

x=Ax+B,u 12
y=C,x (12)

where x is state vector; u is input vector, y is output vector; A is the state matrix depending
on the system operating conditions, B, and Cy are input and output matrices, respectively.
The number of the original state variables is 28, since generator 2 has been chosen as
angular reference, 2 sates are eliminated, so the number of state variables is 26.

Following the small-signal theory (Kundur, 1994), the eigenvalues of the test system and
corresponding frequencies, damping ratios and electromechanical correlation ratios are
calculated. The results are classified in Table 1. It can be found that mode 3 is undamped,
which means that the disturbed system can not hold transient stability.

The electromechanical correlation ratio in Table 1 is determined by a ratio between
summations of eigenvectors relating to rotor angle and rotor speed and summations of other
eigenvectors. If the absolute value of one entry (correlation ratio) is much higher than 1, the
corresponding mode is considered as electromechanical oscillation.

Damping Ratio | Electromechanical
No. Mode Frequency (Hz) p(%g) Correlation Ratio
1 —0.741246.7481 1.0740 0.1092 5.7087
2 —0.7154+6.9988 1.1139 0.1017 5.6918
3 0.0196+3.9141 0.6229 -0.0050 13.2007

Table 1. Results of Modal Analysis

A conception named participation phasor is used to facilitate the positioning of controller

and the selection of remote feedback signal. Participation phasor is defined in this easy way:

its amplitude is participation factor (Klein et al., 1991; Kundur, 1994) and its phase angle is

angle of eigenvector. The analysis results are shown in Fig. 7, in which all vectors are

originated from origin (0, 0) and vector arrows are omitted for simplicity.

It can be seen that

e Mode 1 is a local mode between G1 and G2. The Participation phasor of G3 and G4 are
too small to be identified;

e Mode 2 is a local mode between G3 and G4. The Participation phasor of G1 and G2 are
too small to be identified;

e  Mode 3 is an inter-area mode between G1, G2 and G3, G4.

Wide-area controller is located in G3, which has highest participation factor than others.

Even if using local signal only, the controller locating in G3 will have more effects than

locating in other generators.

Often the residue indicates the sensitivity of eigenvalues to feedback transfer function

(Rogers, 2000), that is to say if residue is 0 then feedback control have no effects on

controlled system, so residue is used to select suitable remote feedback signal provided by

PMU. The residue corresponding to the transfer function between rotor speed output of G1

and excitation system input of G3 is 1.58 (normalized value), while the residue

corresponding to the transfer function between rotor speed output of G2 and excitation

system input of G3 is 1 (normalized value). So the remote signal is chosen from G1.
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Image

Fig. 7. Participation phasors of considered power system

The positioning of controller and the selection of signals are shown in Fig. 6. Both local and
remote feedback signals are rotor speed deviation A®, in this way the component of torque
(see in section 4.1) can be increased directly, and controller output u# of WRC is an input to
the automatic voltage regulators (AVRs) of G3. The configuration of WRC, excitation system
and voltage transducer is shown in Fig. 8.

Vi 12.3
E _ E
' 1 + fd
- =S— 200
1+0.2s +
0

SCIIETY 0.15 | Vs

1+10s (= Al +BLy
A5 | 10 u=Cyl+Dyy

14104 -0.15

Fig. 8. The configuration of WRC, excitation system and voltage transducer

5. Wide-area robust damping controller design

5.1 Designprocedure

The basic steps of controller design are summarized as below.

(1) Reduce the original system model through Schur balanced truncation technique (Zhou et
al., 1998), a reduced 9-order system model can be obtained. The frequency responses of
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original and reduced model are compared in Fig. 9, it shows that reduced system has proper
approximation to original system within considered frequency range.

20

....... Original model
| Reduced model ||

20t ]

dB

-6OF B

80k ]

120 L - - L
107 10 10 10 10 10
Frequency {radfsec)

Fig. 9. Frequency response of original system model and reduced system model

(2) Formulate the generalized plant in Fig. 5 using the reduced model and the weighting
function. The weighting functions are chosen as follows:

W () =2 W) =22 w1 (13)
s+41 s+4

The weighting functions are in accordance with the basic requirements of mixed-sensitivity
design. Wi(s) is a low-pass filter for output disturbance rejection, Wa(s) is a high-pass filter
for covering the additive model uncertainty, and Ws(s) is a weight on H» performance.
(3) Controller design by using the Robust Control Toolbox in Matlab. The solution is
numerically sought using suitably defined objectives in the arguments of the hinfmix()
function of the Robust Control Toolbox. The LMI region is chosen as a conic sector with
inner angle equals 2*acos(0.17) (corresponding damping ratio 17%) and apex at the origin.
(4) Controller reduction through Schur balanced truncation technique. A 4-order 2-input 1-
output controller is obtained. The state-space representation of the designed controller is

=54 116 -40 -0.1 -0.36  6.66

-1.9 -142 16.1 -0.5 -0.36 -8.82
AK = , K =

-93 252 -145 0.0 0.72 1494

=33 1256 -104 -2.7 81 2552

Cy =(-195 257 60 21), D :(g).

A washout filter 10s/(10s+1) is added in each feedback channel as shown in Fig. 8. This is a
standard practice to prevent the damping controllers from responding to very slow
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variations in the system conditions (Kundur, 1994). A limit of [—0.15, 0.15] (pu) is imposed
on the output of the designed controller.

5.2 Computer simulations and robustness validation

Computer simulations are carried out to test the effectiveness and performance of the
designed controller and validate the robustness in different operating conditions. The
simulation is carried out by Matlab-Simulink.

A 5%-magnitude pulse, applied for 12 cycles at the voltage reference of G1, is used to
simulate the modes of oscillation. For comparison, one conventional PSS is also considered.
The PSS has one gain, one washout and two phase compensations, the block diagram
representation of the conventional PSS is shown in Fig. 10. The parameters are adopted
directly from (Kundur, 1994).

A 10s 1+0.05s 1+3.0s Vg
1+10s 14+0.02s 1+5.4s

Fig. 10. Block diagram of conventional PSS

Figure 11 shows the tie line (transmission lines between bus 7 and bus 9 in Fig. 6) active
power response to the pulse disturbance without any damping controller (with only AVRs
in each generator). It shows that the open-loop system oscillates and is unstable.

430

Time (sec)

Fig. 11. Tie line active power response with AVRs only

The pulse response with the designed WRC is shown in Fig. 12, which is compared with the
response with one conventional PSS located in G3. The state variable is the tie line active
power. Both of the damping controllers can ensure the system asymptotic stable but better
damping performance is achieved by the WRC.
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Fig. 12. Tie line active power response with one PSS and the WRC

Figure 13 shows the pulse responses of the system in the cases of open-loop, controlled by
one PSS and by the WRC. The state variables in this figure are the rotor speeds of all the
generators. The inter-area mode oscillation between G1, G2 and G3, G4 can be clearly
identified from the open-loop responses. The rotor speed response of the designed
controller shows better damping performance than that of conventional PSS.

3795

— — AWRSs only G 3 64
| |- PSS
379 — WRC
ﬁ‘
37851
/ GW G2

3781

Speed [pufsec)

37T 5F

377

3765 L L L L L

Time (sec)

Fig. 13. Rotor speed responses of all the generators with AVRs only, one PSS and the WRC
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Fig. 14. Outputs of PSS and WRC

Figure 14 shows the outputs of the PSS and the WRC, the WRC show better transient
performance and its output is not higher than 0.04 pu.

To test the robustness of the designed controller to changes of operating conditions (or
model uncertainties), load changes are considered. Eight different operation conditions are
considered, corresponding load L and L, in normal conditions and change between +5%and
+10%, respectively. The load change, making the tie line power change, is the primary factor
affecting the eigenvalues of the matrix A (also the damping ratios) in system model (12), and
also used to select the weighting function Wa(s). Fig. 15 shows the frequencies and
damping ratios corresponding to these changes. The horizontal axis is the load changes

Damping ratio
1

fan]

=
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Load changes amaong + 5% and = 10% for mode 1 to mode 3,
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Fig. 15. Damping ratios and frequency corresponding to load change for mode 1 to mode 3
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(including the nominal operating condition) for mode 1 to mode 3. The upper vertical axis is
the damping ratios corresponding to each load change, the lower vertical axis is the
frequencies corresponding to each damping ratio. For inter-area mode, mode 3, the
damping ratios are higher than 0.15 in all these load levels. The damping rations of the
whole system is higher than 0.08 in all cases. The controlled system has proper damping
performance and keeps robustness against the variations of system loads.

6. Conclusion

This chapter applies robust control theory to power system, to design wide-area robust
damping controller to cope with inter-area oscillation. Both local signal and suitable chosen
PMU-provided remote signal are utilized to construct the feedback loop. A conception
named participation vector is used for facilitating the positioning of controller, and the
residue is utilized to select suitable remote signal. The controller is designed based on mixed
H>/H,, output-feedback control with pole placement, and the controller parameters are
obtained through solving a family of linear matrix inequalities. The designed controller is
applied on a 4-generator power system model. The computer simulations are performed for
pulse disturbance as well as system operating changes. The designed controller shows better
damping than conventional PSS and keeps robustness with load variations.

7. Appendix: Benchmark system model parameters

Synchronous machine data (pu)

Xs=1.8, X4'=0.3, X{'=0.25, X,=1.7, X,'=0.55, X,"=0.25, X;=0.2, R,=0.0025, Tao'=8, T"=0.03,
Ty'=0.4, Tp"=0.05, H1=6.5, H,=6.175.

Transmission system data in per unit

r=0.0001, x;=0.001, bc=0.0018, xr=0.15.

Excitation system data (pu)

K4=200, Tr=0.01, Erpmax=12.3, Erpn =0.

Generation (power flow results calculated by Matlab-Simulink) (MW, MVar)

G1: P=700, Q=146.5; G2: P=678.9, Q=137.3;
G3: P=719, Q=138.1; G4: P=700, Q=109.1.

Load model (MW, MVar)

L1: Pr=967, Qu=100, Qc=187;
L2: Pr=967, Q1=100, Qc=187.

Shunt capacitor: (MVar)
C1: Qc=100; C2: Qc=250.
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1. Introduction

Most of integrated industrial control systems adopt a multilevel, vertical control hierarchy.
Logically, such a system (Fig. 1) is structured in three levels: the direct (device) control level,
the supervisory level and the management level (Grega, 2010, Tatjewski, 2007, Grega at al.,
2009).

The basic task of the direct (device) control level is to maintain the process states at the
prescribed set values. The device controller level provides an interface to the hardware,
either separate modules or microprocessors incorporated in the equipment to be controlled.
Here, mainly PID digital control algorithms are implemented - in some cases these are more
advances control methods such as multivariable control or adaptive functions. A number of
embedded control nodes and Programmable Logical Controllers (PLC) are used as the front-
ends to take the control tasks. High speed networks and fieldbuses are implemented at the
direct control level to exchange in real time the information between front-ends and the
device controllers and, vertically, with the supervisory control level. This architecture has
the advantage of locating the hard real-time activities as near as possible to the equipment.

intranet

plant bus

PLC nodes
TANT device bus
E /0 device
nodes

sensor bus

@
{%3 R = |

plant

Fig. 1. Multilevel structure of an industrial control system
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The supervisory level comprises workstations and industrial PCs providing high-level
control support, database support, graphic man-machine interface, network management
and general computing resources. Classically, the supervisory level calculates set points for
controllers according to the defined criteria. For this purpose more complex mathematical
models of the process are employed at this level to find the optimal steady-state, by solving
optimisation and identification tasks. Due to the rapid development of control technology,
there is growing scope for more advanced close-loop algorithms (predictive control,
repetitive control) located at this level. However, increasing computational efficiency of
PLCs at the device level supported by high performance networks transferring data and
control signals vertically gives more flexibility to the designer. The control loops can be
handled by local, device-level controllers, and also by the supervisory controllers (Fig.1).
For example, a predictive control algorithm can be handled by a supervisory workstation as
well as by a local PLC. It should be noted that upper level loops usually offer shorter
computational time due to the higher efficiency of the workstations.

Feedback control systems wherein the control loops are closed through a communication
network are referred to as Distributed Control Systems (DSC). They are distributed in the
sense that their sensors, actuators and controllers (referred as “nodes”) communicate via a
shared data transmission network. The behaviour of a networked control system depends
on the performance parameters of the underlying network, which include transmission rate
and access method to the network transmission medium.

Communication networks were introduced in control in the 1970s. They can be grouped into
fieldbuses (e.g. CAN, Profibus, Modbus) and general purpose networks (e.g. IEEE standard
LANS), (Zurawski, 2005). Each type of network has its own protocol that is designed for a
specific range of applications. Fieldbuses are intended for real-time applications. The most
important feature of these industrial networks is that they guarantee bounded transmission
delays. More and more popular is application of general-purpose networks, inexpensive
and easy to maintain. Ethernet is a solution, which seems to become an industrial standard
in the near future (Felsner, 2005).

The advantages of data transmission channels integration into control system are obvious,
such as reducing wiring costs and increasing flexibility. Thanks to these important benefits,
typical applications of these systems range over various fields, such as automotive, mobile
robotics, advanced aircraft, and so on. However, introduction of communication networks
in the control loops makes the analysis and synthesis of distributed control systems more
complex.

DCS can be considered a special case of digital control systems, as data is sent through the
network periodically, in units called packages. Therefore, any signal continuous in time
must be sampled to be carried over the network. Real-time assumptions are as important for
DCS as for any other computer controlled systems. Hence, there are similarities between
DCS and real-time digital control systems due to sampling effects. The most challenging
problem with DSC that needs to be properly addressed are time delays. A network induced
delays occurs while sending data among nodes connected to the shared data transmission
medium of limited throughput. Network-induced delays may vary depending on the
network load and Medium Access Protocol (MAC). Lack of access to the communication
network is an important constraint compared to lack of computer power or time errors of
the real-time operating system. It is well known that time delays can degrade the
performance of the control system or even destabilize the system.

Especially, the following effects are observed in DCS:
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e variable computation-induced delays,

e  variable network induced delays,

e dataloss, caused by packet dropouts.

resulting in:

e violation of the assumption that sampling/actuation intervals are evenly spaced,

e violation of the causality principle.

From the point of view of control theory networked control often introduces some
additional dynamics and temporal non-determinism. Therefore, novel methodologies
should be developed for stability analysis of DCS and optimise the performance. An
integrated approach is necessary, that combines data transmission issues (modelling of
variable communication delays), sampling theory and control theory.

The notion of robustness of various DCS properties (especially stability) plays an important
role in design of control systems, as confirmed by extensive literature discussion (Walsh et
al, 2002, Gupta and Chow, 2010). Very general formulation of robustness for DCS is
illustrated in Fig. 2. As it was mentioned before, DCS can be considered as a special case of
digital control systems. Therefore, it is sensitive to the sampling period Ty variations. For
non-networked digital control system the quality of control generally increases while Ty is
getting shorter. This must not be true for DCS. Increasing network traffic results in longer
and variable network-induced delays, and leads to the deterioration of control quality. In
this case robust design means shifting the DCS quality characteristic as close as possible to
the characteristics of digital (non-network) control system.

During last 20 years various methods have been developed to maintain the stability and the
performance of DCS with delay problems. In order to enhance robustness of DCS against
network induced delays appropriate methods of control theory are supplemented by some
methods of network traffic engineering. Therefore, two main research approaches can be
distinguished (Gupta and Chow, 2010).

4 J (objective)

distributed control

-.Robust design

too high traffic in the lack of information @ , accepted
‘network about the process [/ control
’ quality

digital control

U

sampling ;I)eriod T

Fig. 2. Control quality versus sampling period
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Study and research on communications and networks to make them suitable for real-time
DCS, e.g. routing control, real-time protocols, congestion reduction, real-time protocols,
codesign of networking and controllers are referred as Control of network.

Developing of control strategies and control systems design over the network to minimize
the effect of adverse network parameters on DCS performance, such as network delay is
referred as Control over network. The main advantage of this approach is its simplicity: the
designer of DCS can exploit standard control algorithms and make them robust against
effects of networking.

Following the Control of network approach, effects of the network configuration on the
performance of the control system have been studied and different improvements have been
proposed. At the physical level the network topology cannot be chosen freely but is subject
to many practical constraints such as cost and reliability considerations. For example, the
real-time performance of industrial Ethernet network depends strongly on the way the
devices are allocated to the individual switches in the network. Therefore, the problem of
optimal device allocation in industrial Ethernet networks with real-time constraints remains
an important topic (Georges et al, 2006).

Another concept was to modify scheduling methods and communication protocols in such a
way that data delays are minimized. Several solutions have been proposed. The most
interesting of these involve:

e anew scheduling strategies based on a time division (Al-Hammouri et al, 2006),

e  obtaining a maximum allowable delay bound for DCS scheduling (Walsh et al, 2002),

¢ adjustment of the network parameters (link quality measures) to the control quality,

e  measures, by studying impact of frames priorities (Juanole et al, 2006).

Desire to incorporate a real-time element into some popular single-network solution has led
to the development of different real-time Industrial Ethernet solutions, called Real-time
Ethernet.

If the second approach is implemented (Control over network), the network is considered as a
passive component of feedback loop, modeled in a simplified way. In most cases the control
theory of delayed systems can be applied to compensate the effects of communication in
order to guarantee the Quality of Control (QoC), (Hirai, 1980).

Network delays can be modeled and analyzed in various ways. They can be modeled as a
constant delay (timed buffers), independent random delay and delay with known
probability distribution, governed by Markov chain model.

One of the first applications taking the randomness of the network into account, either as a
constant probability function or as a Markov chain together with time stamping was thesis
of Nilson (Nilsson, 1998). Later, the optimal stochastic methods approached the problem as
a Linear-Quadratic-Gaussian (LQG) problem where the LOG gain matrix is optimally
chosen based on the network delay statistics (Nilsson et al, 1998).

One simple idea is that constant delay in the control loop is better than variable delay.
Introducing buffers reduces temporal dependency of the individual components of the
close-loop model. The data package is delivered as soon as possible, but is hold in the buffer
and is implemented to the process in the next sampling intervals. By this way,
synchronisation of the control loop is achieved. Constant delay can be compensated using a
standard approach, e.g. Smith predictor. It must be noted that constant delay buffer usually
creates conservative controller gains. Better solutions give applications of switched or
variable delay buffer. The stability analysis of the switched buffer model can be reduced to
the problem of stability of the Asynchronous Dynamical Systems (ASD) , (Hassibi, 1999).
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Smith Predictor-based approach was proposed by several authors (Vatanski et al., 2009) for
the control in the case when accurate delay measurements are accessible. In contrast to the
robust control-based approach when only the estimate of the upper-bound end-to-end
delays are available (Grega, 2002).

Other concept is to increase network utilization by modification of the transmission pattern
- by samples grouping. The samples from sensor are transferred through network, however
they are grouped together into M-element packages before they enter the network.
Grouping effects can be compensated by an approximate model of the process (“observer”)
at the controller side, and by control signal estimator (output to actuators) for some range of
the sampling period and modeling errors (Grega and Tutaj, 2007).

Finally, network observers and state observes can be applied. The idea is that the
communication delays between the sensor and the controller can be compensated by an
approximate (non-exact) model of the process at the controller side, for some range of the
sampling period and modelling errors. The performance of the method greatly depends on
the model accuracy (Montestruque et al., 2003).

An intelligent control was proposed using fuzzy logic to adaptively compensate network
induced time delay in DCS applications ( Cao and Zhang, 2005). The advantage of the fuzzy
logic compensator is that the existing PI controller needs not to be redesigned, modified, or
interrupted for use on a network environment.

2. Control of the network

2.1 Optimizing protocols

The idea is to implement communication protocols and network topology that minimise data
delays. Current communication systems for automation implement different protocols. This is
a substantial disadvantage, leading to the need to use vendor-specific hardware and software
components, which increase installation and maintenance costs. Moreover, presently used
fieldbus technologies make vertical communication across all levels of the automation systems
difficult. Gateways need to be used to establish connections between different kinds of
fieldbus systems used in the lower levels, and Ethernet used in the upper level.

The evolution of industrial communication has moved to Industrial Ethernet networks
replacing the proprietary networks (Larson, 2005, ARC Advisory Group, 2007). Ethernet
provides unified data formats and reduces the complexity of installation and maintenance,
which, together with the substantial increase in transmission rates and communication
reliability over the last few years, results in its popularity in the area of industrial
communications.

Ethernet, as defined in IEEE 802.3, is non-deterministic and, thus, is unsuitable for hard real-
time applications. The media access control protocol, CSMA/CD can not support real-time
communication because back-off algorithm for collision resolution is used. With CSMA/CD
it can not be determine in advance how long the collision resolution will take. It was
explained before, that delays and irregularities in data transmission can very severely affect
real-time system operation. Therefore, various techniques and communication protocol
modifications are employed in order to eliminate or minimise these unwanted effects and
make the data transmission system time invariant.

To employ Ethernet in an industrial environment, its deterministic operation must first be
assured. Coexistence of real-time and non-real time traffic on the same network
infrastructure remains the main problem. This conflict can be resolved in several ways by:
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e embedding a fieldbus or application protocol on TCP(UDP)/IP - the fieldbus protocol
is tunneled over Ethernet, and full openness for “office” traffic is maintained,

e using a special Data Link layer for real-time devices - dedicated protocol is used on the
second OSI Layer, implemented in every device. The real-time cycle is divided into
slots, one of which is opened for regular TCP/IP traffic, but the bandwidth available is
limited,

e using application protocol on TCP/IP, direct MAC addressing with prioritization for
real-time, and hardware switching for fast real-time.

All these specific techniques allow a considerable improvement in terms of determinism.

Different real-time Industrial Ethernet solutions were proposed, called Real-time Ethernet,

such as PROFINET, EtherCAT, Ethernet/IP and many more (CoNet, 2011). The conditions

for the industrial use of Ethernet are described by international standard IEC 61 784-2 Real

Time Ethernet (See Fig. 3). IEC stands for International Electrotechnical Commission.

The following parameters are covered by the network performance metrics:

e latency (delay) - the amount of time required for a frame to travel from source to
destination,

e  jitter - a measure of the deviation of the latency from its average value,

e loss rate - the probability that an individual packet is lost (dropped) during the
transmission,

e throughput - the amount of digital data transferred per time unit.

|(]ass.l| |Oass.2| |(]ass.3|

ISO model
Application RT RT RT
A A
Transportation TCP/UDP TCP/UDP, TCP/UDP
Network P P P
Data Priorities Scheduling
Ethernet MAC1 Ethernet MAC [ | Ethernet MAC
Physical

Real time performance
O3l —

Fig. 3. Classification of industrial Ethernet (IEC 61 784-2)

Class 1 describes the use of standard Ethernet TCP/IP as it is. In this case the different real
time protocols and the best-effort protocols, like HTTP, SNMP, FTP etc., uses the services of
the TCP/IP protocol suite. This includes examples such as CIP Sync (Ethernet/IP,
ModBus/TCP). The class 1 has the largest conformity to the Ethernet TCP/IP standard and
can thereby use standard hardware and software components.
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Class 2 introduces optimizations, whereby the realtime data bypasses the TCP/IP stack and
thus considerably reduces the latency time and increases the achievable packet rate. In
Classes 1 and 2, the priority support described by IEEE 802.1Q can also be used depending
on the approach. In Class 3 the scheduling on the MAC level is again modified through the
introduction of a TDMA method. Class 3 can be used in applications that require maximum
latency in the range 1ms and maximum jitter below Imicrosec. In this class there are strong
restrictions for the use of standard hardware components or the necessity for special
components, like dedicated switches. Generally, conformance with the Ethernet standard
decreases when ones increase the Class number, while the achievable real-time performance
increases.

2.2 Robust codesign

2.2.1 Dynamics of distributed control system

The basic model of the DCS is shown in Fig. 4. The process outputs are measured and
control signals are applied through the distance I/O devices. The I/O devices are integrated
with A/D and D/ A converters.

@ lTa &y ln

actuator u(k) y@) sensor
DAl " gl Process | " gf Ap

Controller
T -~

c

Fig. 4. Basic model of distributed control system

The communication to and from the controller node is supported by a network. From a
digital control point of view, it is natural to sample the process with an equal period Ty and
to keep the control delay as short as possible. This suggests that the sensor and actuator
(A/D and D/ A) converters are time-triggered (sampling period Ty ), while the controller is
event-triggered, which means that they are triggered by the arrival of the new data. The
main complication of this control architecture is the presence of variable time delays. The
additional dynamics observed in distributed control system depends on the performance
parameters of the underlying network, which include transmission rate and transmission
medium access method. Under certain circumstances the network-induced delays can be
consider constants, but generally they might be varying from transfer to transfer (Fig.4).
Thus, the introduction of a network in the feedback loop violates conventional control
theory assumptions such as non-delayed sensing and actuation. This can degrade the
performance of the control system or even can destabilise the system.
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2.2.2 Co-design

Computer implementation of distributed control systems, real-time algorithms, data
transmission models and digital control theory methods cannot be developed separately
because an unexpected control system performance may occur. Three parameters need
particular attention from the distributed control design perspective: sampling and actuation
tasks period, controller task period and network parameters (latency and jitter). Due to the
close relationships between the network and control parameters the selection of the best
sampling period will be a compromise. In this section we will demonstrate the construction
of a networked control design chart, which can be used to select proper design parameters.

2.2.3 Sampling and actuation task

We will assume that the control algorithm design is based on correctly identified: model of
the process and the model of disturbances (referred to as “nominal models”). We assume
that it is possible for the nominal models to estimate a maximal, admissible sampling
period, which would guarantee acceptable control performance.

One accepted rule is (Astrom and Wittenmark, 1997) that the control task period should be a
(a>1,ae N ) times smaller than the period of the cut-off frequency, approximated in some
reasonable way for the nominal process model. This upper bound of Ty is denoted as Ty’
(Fig. 6).

For the design purpose we assume that performance of the closed-loop control system is a
strictly monotonic function of T : any sampling (actuation) period T, <T; improves the
control performance. For T,<T; improvement is not observed. Finally, the sampling
(actuation) task period can be estimated as T, € [T{,T¢'] .

2.2.4 Controller task period

The applied control platforms (processor, peripherals hardware and operating systems) are
characterized by a closed - loop execution time, estimated as &, €[57,8"], where &! - is the
lower bound of the execution time for simple control algorithms, &' - is the execution time
of complex control algorithms.

The control algorithm is classified as “simple”, if pseudocode of the controller task
includes no more than 5-10 operations (loops are excluded). Examples of “simple”
algorithms are: incremental PID or state feedback controller. If the pseudocode of the
controller includes more than 10 operations or loops are included then the algorithm is
classified as “complex”.

2.2.5 Network parameters

Presence of networks introduces communication delays and limits the amount of data that
can be transferred between nodes. In some cases not all samples from sensor or to actuator
(produced with period Ty) can be sent, because the network requires intervals longer than T
between the transfers of two consecutive packets. Therefore, constraints on the process data
availability, introduced by the communication channel are defined.

The average communication delay between the sensor node and the controller node is
denoted as 7, 7 is average communication delay between the controller node and the
actuator node, A(k) represents a total jitter in the feedback loop, k - is the number of the
control step.
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Actually, the communication delays and jitters can be added to the controller execution time
creating an estimation of delays and uncertainty in the control loop. The total delay in the
control loop is

T(k) = TSL' + TCH + é“v + A(k)

It will also be assumed that the jitter is bounded by 0 <A(k)<A ™.

2.2.6 Robust codesign

In the previous section we have introduced a number of parameters that need special
attention from the perspective of real-time digital control: Tj - sampling period defining the
temporal granularity related to the process dynamics, J;- execution time describing the
efficiency of the hardware and software application platform and z,.,7,,, A - communication
delays and jitter. Now, we will demonstrate, how these parameters interacts one to another,
how to select the application platforms and how to set closed-loop execution times in such a

way, that process dynamics and communication network properties are balanced.

Real-time
network

Standard Ethernet

Tol Nz N] TOU
Fig. 6. Distributed control system design chart

The operating point of the distributed control system should be located in the area between
T} and T{ in Fig. 6. The operating must lie below the line separating “time critical”
solution, which simply means that control loop execution time must be less than sampling
period. Points A, A’ in Fig. 6 also represent a situation where the design is robust against
possible variations (jitter) of the task execution and data transfer times (shadowed area in
Fig. 6).

Let us assume that Ethernet network is implemented. Computational delay of the controller
0, is fixed, but for Ethernet network the transmission time delay increases linearly with
increasing load - in same case exponentially, when the load on the network exceeds 35 -
40%.
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It means, that a faster sampling rate for guaranteeing better control performance will
saturate the network traffic load, and eventually increase the data transmission time. For the
example given in Fig. 6, the best operating point for Ethernet network is A’ and is
constrained by the process data availability introduced by transmission time delays of the
communication channel.

If communication can be supported by high-speed real-time - network, e.g. ProfiNet, Class
2 (Amiguet et al. 2008) the constraint of this kind is not active. However, another constraint
becomes active and critical. Control loop execution time can not be longer than the sampling
period (A” in Fig.6), including the jitter A(k). The reason is that cycles of the control loop do
not accept intervals between transfers of the two consecutive packets shorter, than Ny The
time diagram for this situation is given in Fig. 7. For the model from Fig.6 we must assume
that

T+ 7.+ 7, +Ak)<Ty =N,

It means, that the operating point (A”") must be located below the line separating “time-
critical” zone, including the jitter zone (Fig.6).

T, : T, .
- > < >
\ A(k) A Ak) (4
4—»7 < =f// >
+ Tt =hil
Tc+ Tea + Tse TeT Tea™ Tse // = Tc >

Fig. 7. Timing model that can be used for a regularly sampled process

3. Control over the network: Increasing the robustness

One commonly used approach to increase the robustness of DCS stability with respect to the
network effect is extension of the standard control algorithms by new components.

3.1 Buffering

The idea is to reduce temporal dependency of the individual parts of the model from Fig. 4
by introducing buffers at the actuator (Tutaj, 2006). Buffering can be easily implemented
using PLCs” or embedded controller at the device level. In digital control this operation can
be handled by use of a zero-order holds on the control signal.

First approach presented in this section incorporates one-step buffer introduced at actuator
side to compensate variable time delays. Let 7 be the overall delay (round trip latency time,
=7 +7"+7“). The controlled process model is assumed to be linear, in the form

% = Ax(t)+Bu(t-7), x(t) e R", u(t)e R’ @)

For applied delayed linear control law

u(t—7)=Kx(t—1)
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the closed loop model takes the form

% =Ax(t)+ BKx(t—7) = Ax(t) + A, (t —7)
The maximum tolerable time delay for given K (or bounds for K under some assumptions on
7) can be computed from the solution of LMI optimisation problem. We should notice, that
generally the network induced delays are different from the process delays, because they are
time varying and unknown. One solution proposed in (Yi and Hang, 2002) determines
condition for exponential stability of system (1) for z(t)e Cj - nonnegative, continuous and
bounded at [0, +x)

T
A 2* A D (AATY <0

where A, - is the maximum eigenvalue.

Several authors have pointed out (Fujioka, 2009) that the above stability condition is usually

conservative.

Assuming that:

e signal transmission is with a single packet (or frame),

e the sensor and actuator are time driven, the controller is event driven. The clocks
operate at time period Tj and are synchronized,

e the process dynamics is controllable,

then discrete time model can be introduced. For brevity in the ensuing text notation x(k)

will be used in place of x(kTj).

If the actuation period is selected as T, than u(t—7)is piecewise constant over the

actuation period and only changes value at (kT + 7). Integration of (1) over the sampling

period gives a discrete-time, finite dimensional approximation of the delayed model (1)
x[k+1]=®yx[k]+Tyu[k—q—-1]+Tou[k—q]

where

Ty To-y
r=qly+y, q21, T = I e**Bds, Ty = .[ ¢™Bds, @, = o
To-7 0

We define new state variables
z [k]=u[k—q-1]
2 [k]=ulk~q]
Zgu [K]=ulk-1]
For the assumed considered timing method and the condition on total network delay

(k) <T, @



Robust Networked Control 361

fulfilled, the model
x(k+1)] [ @y Iy(r) || x(k)| [LTo(z)
L(k-rl)}_{o 0 }L(k)}{ 1 }”(k) ©)

k
v=[1 o] {’chkﬂ

describes behaviour of closed-loop system.

It is known, that for a discrete linear system with time-varying parameters location of the
system eigenvalues in a stable region for all admissible values of the parameters does not
imply stability of the system. The buffer can be used at actuator side to eliminate the delay
variability in the loop, thereby enabling more effective use of delay compensation
algorithms (e.g. Smith predictor). Generally, the buffered control loop can take advantage of
more deterministic loop delay, and in consequence the controller can be design more
“aggressively” - if only a good process model is available.

The augmented state model with one-step, constant length buffer is obtained in the form

x(k+1) D, Iyl x(k) 0
= +| _ |u(k)
z1(k+1) 0 0 |zk)] |1
The data package is delivered as soon as possible to the actuator, but is hold in the buffer
and is implemented to the process in the next sampling intervals. As long as (2) is fulfilled,

the “buffered” loop delay is constant and is equal to the buffer length (75 =Tj).
If the control strategy is assumed as linear feedback

k
u(k)=-[K, 0]{;1((13)}, u(k) e R @)

the closed-loop system can be written as

{x(k““l)}_[q)o ~Ty(0)K rm}{x(kq

B -K 0 || z(k)

2(k+1) ©)

If the condition (2) is not fulfilled for some kT, the two-step, constant length buffer can be
applied (7 <2T,), Fig.8. For this case the model takes the form (g =1, 75 =2T}).

x(k+1) D, T; 0] x(k)

Zk+1)|=| 0 0 1] zk ©6)
k+1)| [-K, 0 0] z(k
®2

If the loop delay z(k) is time varying between [0, 2T)], it is reasonable to switch between
Tyand 2T, buffers. The stability analysis of this model is the problem of stability of the
Asynchronous Dynamical Systems (ASD) (Hasibi et al, 1999).

The model (5) can be rewritten in the equivalent form, as
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x(k+1) @, 0 Iyl x(k)
zi(k+1)|=| 0 0 0| z(k)
z(k+1)| |-K, 0 0 || zy(k)
—
The following result applies in this case (Zhang, 2001). If for the linear DCS model
x(k)
w((k+1)) = D, ggw(k), w(k)=| 2 (k) |, s(k)=(1,2)
2 (k)

for a given rate r of the frames transmission there exists the Lyapunov function such that
V(w(k)) =w" (k)Pw(k)
and scalars ;,a, such that
ajoy " >1

@] PO, <a;’P, PP, <a5°P @)

than the system is exponentially stable. The rate r represents the fraction of time that each
discrete state transition matrix (®;,®,) occurs. Assuming the transmission rate, the
problem (7) can be solved as the LMI problem.

@ lT/, D iT«, sens%r J z’"(kLT T T >

actuator % ¢ sensor
u® » process b4 >
buffer controller |

'
T R ;
} Network 1
| Zea(K) H
| |

controller A\
T, actutor

e

Fig. 8. Time diagram of buffering for rz = 2T

Clearly, adding any delay to a closed-loop system generally degraders the performance.

Therefore, once must investigate:

e proper buffer length for assumed model of delay distribution,

e design of controller that takes advantage of an effectively more deterministic loop
delay.

A natural extension of this approach is application of variable length (adaptive) buffers

(Tutaj, 2006). It is assumed that frames order can not be changed, frames are not lost or
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doubled. The initial length of the buffer is To. The buffer length is adapted according to the
following formula:

(k) =To +aTo(p — o(k))

where:
a - adaptation parameter, o >0
p - assumed rate of frames delivered to the buffer in time (during the time interval no

longer than z3(k)), ,0<p<1

~ |1 ifthe frame was delired in time
()= .
0 otherwise

If the frame is not delivered in time (at  =kT, the buffer is empty) than ¢(k) is set to 1. First
frame delivered to the buffer is released immediately.
After k+1 steps the buffer length can be calculated as (Tutaj, 2006)

k
rp(k+1) =Ty +aTy X (p— ()
j=0
Such a model implements a kind of “filtration” of delays effects (Fig. 9).

a) b)

0.9 . . T T T
| | | |
08— —d4—-———F——4—-——F—-—+
| | |
07 — =4 — -t ————
| $ | :
0.6 — — — —FERREL S S — - — —
. 1
2 0.5 — —
0.4 - -
0.3 - -
|
10 1 o Ty )
| | | | | |
0.1 | | | | |
0 100 200 300 400 500 600 700
c) N d)
o i i i i i i
| | | | | |
R e T e Py A R
0,7,,,,‘,,,:,,,,‘,, b
0.6 — — - e | RSN
-
205 — — 5 =
0dr-— o= ——r——HA-—— - -t - — " -
| | | |
0.3 e e e e e
! ! ! ! ! ! ! j | | | | | |
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t

Fig. 9. Example of adaptive filter operation (Tutaj, 2006): a) &= 0,2; p = 0,9, b) o = 0:002;
p=09,¢) =005 p=03,d) a=0,05 p =009 (black - after buffer, grey - before buffer)
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3.2 Robust stability of the buffered DCS

Application of variable length buffer simplifies analysis of DCS. It can be assumed that the
control delays are constant but not exactly known. In this case the problem of stability
analysis of the DCS can be formulated as a parametric robust control problem. This allows
using the mapping theorem (Bhattacharyya et al. 1995) to develop an effective
computational technique to determine robust stability. The advantage of this approach over
the stochastic method is that it is not necessary to identify the stochastic model of the delay.

3.2.1 Time-invariant delays in DCS
We assume that the total delay is slowly varying and known only with some precision
7(k)=7, Tpn STST

min = max

In such a case we could design a controller stable for some range of slowly varying delay.
The solution of this problem gives answer to the basic question “how much delay can the
system tolerate”?

The state matrix of the closed loop system (5) can be next rewritten in the form

M(¥) = {‘Do —TIE(T)K rl(()f))} _
My + M (@1) + My(9p) +..+ M, (0,) = ®)

=My + ¢, (0)M; + 0, (1)M, + ...+ 9, (1) M,
where

()= AT 00(0)B=[0y(7) 95(7) | 9(7)]

-1 -1
o) = e, a, | Qo ATBK A0S

-K 0
01 02
M. =|-K -1
1 - 4 9
0 ©)

dim0; =(i—1)xn,dim0, =(i-1)x1

The uncertain delay enters affinely into the state matrix of the closed loop system. If

Toin < 7 < Thax » then we could obtain the boundaries

W i < W) S W (10)

min <
The following stability problem is important for the model formulated above: determine if
matrix (9) remains Schur-stable as ¢; parameters ranges over the bounds given by (10)? The
structure of the closed loop state matrix (8) is a special case of the interval matrix family and

we are free to use results of the robust theory solutions for checking stability (Bhattacharyy
et al. 1995). Under the assumption rank (M;)=1 for i=1.n the coefficients of the
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characteristics polynomial of M(¥) are multilinear function of ¢. The following theorem
applies in this case:
Let the matrix M, be Schur stable. If the rank(M,)=1 for i=1.n, than the family of the matrices
M(¥), Y €O defined by (8)-(9) is robust Schur-stable if the testing function

Fy)>0 vyeY,

where the testing function is defined as

Fy)=7-a(y) (11)

a(y) = max{larg(p, (f(y)) —arg(B (f (W)}

r,k=1,2,.K, r#k

p)=P9 10 K
wy(z)

pi(z) = det(zl - M(¢y))

wy(z) =det(zl - M,) K=2".

The function f(y)=exp(jzy), yeY =[0,2] is a parametric description of the unit circle,
M(p,) is a vertex matrix calculated for each ¢, - the vertex of the set ® , K is the number of
the vertex matrices. The testing function (11) checks the maximal phase differences of the
vertex polynomials over parameter box corresponding to the vertices given by (10).

3.2.2 Example: Distributed control of a tank system

Let us consider a problem of distributed control of a tank system. The process consists of
the upper tank having constant cross section and the lower cylindrical tank, so having
variable cross section. Liquid is pumped into the top tank by DC motor driven pump. The
liquid outflows of the tanks only due to gravity. The orifices C; and C; determine the
outflow of the liquid. The general objective of the control is to reach and stabilise the level
in the lower tank by adjustment of the pump operation. The levels in the tanks are
measured with pressure transducers (S). The appropriate interfaces (I) enabling distance
transmission of the control signals to the pump were installed, creating a distributed
control system from Fig.10.

If levels in the tanks are introduced as the states variables, the nonlinear model could be

linearized at H® =[H{, Hi]" giving finally (Grega, 2002)

IS R

where: H,=HY+h,, Hy=Hj+h,, g=q"+u, bh=—, 1y
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3= ’
4HY -w\/rz —(r-HY)?* %

4Hg -w\/r2 —(r—Hg)2

m
q
H;
pump G

Fig. 10. Distributed control of tank system

For an assumed sampling period T, the equivalent discrete model is (7 =0)

a Ty
hk+1)] ¢ O v .
hy(k+1)| | —B— ("o Ty oD | (k)
)~y
bl a, T,
—L (™70 _1
. ( ) "
u
b1a3 al(ealTo _ ell4T0) 3 (eulTU 3 1)]
a0y ap —ay

Linear feedback control law is in the form
u(k) ==K h(k)

It was assumed that the controller has been design ignoring the network, hence the state
matrix of (3) is stable for 7=0. The assumed parameters of the tank model
were:C; =10, C, =15, T,=380s, giving the LQ controller gains: K; =0.7167 K, =3.0950.
Fig. 11 demonstrates the LQ optimal output of the model (simulation). Figure 13 illustrates

observed perturbation of data transmission times, when Ethernet protocol was applied and
some additional traffic in the network was generated.
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Fig. 11. LQ - optimal control of the tank system
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The delay in the control loop reduces the stability margin of the system. Figure 12 shows
how the fixed feedback delay ( z = 80s) degrades the performance of the tank system control.
Notice that this is equivalent to implementation of the fixed size buffer (7 =T,). So, to
increase the stability margin and improve stability it is necessary to tune the feedback

gains.
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Fig. 12. System performance degradation
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Fig. 13. Network delays - perturbation of data transmission times, z €[0,100]s

If the variable-length buffer is introduced, stability of the distributed digital control system

for the assumed controller gains and 0<7z <7, can be verified using the methodology

described above. It is assumed now, that the control delays are constant but not exactly
known. The LQ optimal robust gains (giving the stable matrix M) were calculated as:
K;=0.3745 K, =0.3420.

| phase

Fig. 14. Maximum phase diffences of vertex matrices



Robust Networked Control 369

The next step is verification of the testing function F(y). The appropriate testing function is
given in Fig. 14. The maximum phase difference over all vertices at each @ <[0,27)is less

than 1800. Figure 15 shows operation of the LQ controller for the above set of controller
parameters and network delays , as given in Fig.13.

120

T T T T 1
Levels in tanks: 0 <t <80, robust gains:K=[0.3745, 0.3420]
100
/ -

80
h
2 / -
’ /

0

0 500 1000 1500 2000 ¢ 2500

Fig. 15. Robust, LQ - optimal control of the tank system

4. Final remarks

The introduction of networks, limited throughput of data transmission channels, combined
with non-optimised hardware and software components introduce non-determinism in the
distributed control system. For multilevel industrial systems this problem becomes even
more complex. Some control loops can be handle by local, device - level controllers, but also
by the supervisory controllers all them implementing data transmission networks. Special
care must be taken when the communication channel generates sampling - actuation jitters
or other kinds of run time violation of the closed-loop timing assumptions. It means that the
introduction of data transmission networks into the feedback loop in many cases violates
conventional control theories assumptions such as non-delayed or evenly spaced sampling
and actuation. It is now reasonable to redesign controllers improving the temporal
robustness of the distributed control system.

Control engineers do not care very much about real-time or distributed control
implementations of control algorithms. In many cases they do not understand control
timing constraints. The typical solutions proposed are: “buy a faster computer” or “install a
more efficient data transmission network”. Basic control theory does not advise them on
how to redesign controllers to take network limitation into account.

It was demonstrated in this chapter, that robust design it is not only a proper selection and
tuning of control algorithms, but also study on communications protocols and networks, to
make them suitable for real-time DCS.
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We have proposed an integrated design approach combining several components: process
dynamics, controller parameters and network constraints, and resulting in better quality of
control systems.

Finally, it was shown how the extension of the standard controller with a buffer improves
robustness of distributed control system. The model was formulated as variable parameter
linear discrete-time model, where variability of parameters was introduced by the time
varying delays. The variable length buffer was used at actuator side to eliminate high speed
delay variability in the loop, thereby enabling more effective use of delay compensation
algorithms. A water tank control example has shown how implementation of variable-
length buffer algorithm and application of some results of interval matrices theory increases
robustness of the control loop.
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Quality Network
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1. Introduction

The developments of computer and network technologies have provided a virtual reality
environment and ubiquitous network systems. Especially audio-visual devices play an
important role in communication. For example, voice communication by telephone,
audio-visual communication, streaming technology, digital television system and so on.
However, we know that the human makes communication not only by audio-visual
information but also by using all five-senses (touch, taste, hearing, eyesight, and smell). The
realization of the five-senses communication system is one of the prospected technologies.
Especially force communication is a hopeful application in the coming e-world. Several
kinds of gimmicks can be considered for transmitting or exchanging the sense of touch,
haptic, tactile, force and kinesthetic. In the area of the wearable computing technologies
some force-like communication system is realized by using pressure, tension, bending, stress
sensors and vibration or pressure actuators, which give the illusion of force communication.
On the other hand, robotic researchers have discussed on bilateral tele-operation systems,
which realizes remote-manipulations with the sense of reaction forces caused by collision
or touching of remote objects and environments. An aim of the technology is that the
communication channel between two terminals simulates as if a rigid rod or tight rope. In this
article, we consider the bilateral tele-operation systems as a force communication device. Itis a
well-known that the computer network has inevitable time-delay and jitter in the transmission
of the data. And in control engineering deterioration of the stability and performance of
the closed loop systems is a well-known fact. Control researchers have proposed several
kinds of approaches to overcome the problems. The rest of the chapter is composed as
follows. In Section 2, a characterization of the computer network from the view point of
transmission delay is discussed. In Section 3, control systems of force sensorless bilateral
tele-operation system and the problems caused by transmission delay are examined with a
brief historical review. Section 4 presents a procedure how to design a robust control system
over the uncertain time-delay network. In section 5 a simulation result is introduced, and
some discussions are presented. In section 6 experimental results over the real broadband
computer network are introduced. And the results of experiments and investigation are
explained in detail. Section 6 concludes the article.
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2. Communication network and time delay

Fusion of computer and tele-communication technologies has provided the revolution of the
computer network such as the Internet. Before the revolution usual tele-communication is
established in two steps. Firstly, according to the request from the sender the system searches
the receiver and establishes a communication channel by reserving network resources
exclusively. Secondly, the session starts on the reserved real communication channel. After
the end of the session, the reserved resources are released. In this case, the time-delay over
the communication channel is so small as can be ignored.

On the other hand, communication on the computer network between two terminal nodes
is realized as a set of the exchange process of datagrams (frame, packet, cell,Ac). For
example, the information is converted into digital data and divided into datagrams. These
datagrams are put on the node and travel along the path while looking for appropriate next
node until they reach to the destination. In general the data exchange process includes
the huge number of data processing such as encoding, storing and (route) switching. And
the length of the processing time depends on the size of datagram and transmitting rate
the busyness of the equipments. Especially the network routers are shared by multi-users.
Since the practically implemented algorithm is almost trying and error type, the data buffer
sometimes overflowed and fails data(packet loss). In order to ensure the reproducibility of the
data several kinds of data processing algorithms are implemented according to transmission
protocols. TCP/IP(Transmission Control Protocol/Internet Protocol) provides confirming of
receiving data (acknowledge), control of window size, and data retransmission and so on.
Because of the complexity of the mechanism and sharing of the resource of the network the
time-delay is greater than the circuit channel type communications. And the jitter, variation
of the time delay occurs frequently.

Fig.1 shows an example of time delay during a day between two campuses(Kumamoto and
Fukuoka) in 1998. The left graph (a) indicates the time series from midnight to midnight, and
the right(b) is the histogram of the number of packets with respect to transmission delay. It is
too difficult to construct the prediction model of time-delay because of the randomness and
chaos. Here we adopt a statistical model as a rectangular distribution as follows.

0<L < Lmax (1)

In practice it is possible to set Ly,x such that 95% of packets are travels in the time interval
[0, Lmux} .

3. Historical review of tele-operation systems

3.1 Master slave system

Suppose the situation in which an operator manipulates (push/ pull/ lift/ put on and so on)
some object through the communication network. Such a kind of system is called a master
slave system or tele-operation system. Usually the terminals for the operator and the object are
called the master and the slave equipment each other. Operators motion is converted to the
motion data by the master mechanism, transmitted to the slave side and realized as a motion
of the slave equipment. If the system can transmit the force information caused in the slave
side to the master side it called bilateral tele-operation systems. Several kind of mechanisms are
proposed for the control of bilateral tele-operation systems.
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Fig. 1. An example of transmission delay of the Internet: (left)time history(time vs. delay),
(right) Histogram (delay vs. frequency)

PE(position error) type is the most simple one. Master and slave exchange the position data
each other. Both controllers compensate the deviation of the positions independently. It
means that the system is a combination of two position feedback control systems. When the
master and the slave equipments have the same characteristics the structure of the system is
completely symmetric. In FR(Force reflection) type, master equipment transmits the position
data and receives the force data from the slave equipment. On the other hand FRP(Force
reflection with passivity) type exchanges the velocity data and the force data respectively.

3.2 Delay and instability

It is well-known that the time delay in the loop deteriorates the stability, performance and
robustness of the feedback systems. Fig.2(b) shows a demonstration of the tarde-off of gain
K and time-delay L. If (L, K) is chosen in the range of stable region the closed loop system
depicted in Fig. 2(a) becomes stable, and vice versa. This trade-off curve is identical to the
contour of the Ho norm of the transfer function

K
2+ K

7= (1—et) @

with ¢ = 1. It is easy to calculate that the transfer function matches to one at the cutting point

ain Fig.2.

This plot says the following facts.

(1) If L = 0 then the gain margin is infinite.

(2) The gain margin decreases rapidly as the time-delay grows, that is, the robustness to
time-delay deteriorate as the time-delay grows.

According to the considerations the necessity of careful investigation to time-delay is required.

3.3 Scattering and wave variable method

Anderson and Spong (6) introduced a new communication architecture for tele-operation
over the network with time-delay. Their method is based on the passivity and scattering
representation of the network. Thus the strictly passivity of master and slave systems
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unstable region

stable

0 " N L
0 0.1 0.2 0.3 0.4

0.5 06 07 08 09 1
L delay[sec]

(a) (b)

Fig. 2. Trade-off between time-delay and loop gain (delay vs. loop gain)

and stationary time-delay are assumed, which are strong constraints for design. Moreover
Niemeyer and Slotine (7) extended their method by using wave variables. Since it is a
generalization of Anderson-Spong method, it has the same constraints and difficulties in
practice. On the other hand Leung, Francis and Apkarian (8) proposed a controller designed
via p—Synthesis. The proposed method based on robust control theory can deal fluctuation
of time-delay and has strong practicability. But all the above methods have the same
configuration in which the master and slave system exchanges the velocity and the force
variables (v, f) through the network. This means that the position, integral of velocity v, of the
master and the slave systems are depend on the initial conditions, and the stability is ensured
not in the sense of position but velocity. Moreover the necessity of force sensors makes the
systems configuration sophisticated. The more simple architecture is prefer for the practical
application.

4. Robust control approach

4.1 Paradigm of robust control

There are several kind of strategies to overcome the problem of time delay. Assuming the
rectangular (uniform) distribution of time delay He control theory can be applied as follows.
Fig.4 shows the correspondence between time-delay and multiplicative uncertainty. Now let
define a 1-st order high-pass filter Wp(s; L) as

As

Wp(s;L) = ®)

s+ l
L
where A = 2.102904074495... It is easy to verify that the norm of (e~** — 1) holds the following
inequality for any frequency(on the imaginary axis) and any time delay L with 0 < L < Ly

|1 —e 1L < Wp(jw; L) < Wp (jw; Limax), Vjw € jR, ()



An Application of Robust Control for Force Communication Systems over Inferior Quality Network 377

where Ly is the upper bound of the estimated time-delay. This means that the uncertainty
caused by the variation of time-delay between [0, Lyux] can be covered by the weighting
function Wp (s; Linay) as a high-pass filter with cut-off frequency 1/ Ly,x[rad/sec]

2.1s
Wb (S/ Lmax) = . ®)

delay = 0.5

107k

l()’5 — ._ " .7
107 10 10 10 107 10

—p P e—Ls —

wol] A
+1_

Fig. 4. correspondence between time-delay and multiplicative uncertainty

—1 P

By using the function Wp (s; L) and uncertain bounded function A (|A| < 1) the inequality
4 can be replaced as
e~ =14+ Wp(s; Linax)A. (6)

4.2 PE type bilateral tele-operation system
Here we introduce a simple PE type bilateral tele-operation system designed with robust
control technique. Two joystick mechanisms, corresponds to master and slave, are considered.
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Each joystick has a DC-servo motor for torque generation and a position sensor for
measurement of the angle of the joy-stick. Force sensors attached to the joysticks are not
for use of the control but for the performance evaluation of force communications. They are
controlled by computers which are connected to the computer network (see Fig.5). These
joysticks are assumed to be modeled as

JimnEm (t) + DX (t) = Kt () ‘|‘fm(t) 7)
JsXs () + Dsxts(t) = Ksus(t) — f(t) ®)
where x , f and u indicate the variables of position of the joystick, external force and input

voltage for motor torque generator each other. | and D indicate the physical parameters of
inertia and friction each other. The suffixes m, s indicate the master and the slave respectively.

Fig. 5. A view of experimental equipments: Two joysticks controlled by computers connected
to the network

Jm |0.0140 [Kgm?
Js [0.0379 [Kgm?
D;;,10.0110 |[Nms
D, [0.0250 [Nms
K, (0.2557 [Nm/V
Ks [0.2557 [Nm/V

Table 1. Parameters of master and slave joysticks

If there is no time delay between master and slave sides the deviations of the joysticks are
evaluated as

emo(t) = xm(t) — xs(t) )
eso(t) = xs(t) — xm(t) = —emo(t). (10)

When the master and the slave controllers exchange the information through the network,
as stated in the previous section, the time-delay must be considered. Let us assume that the
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time-delay L > 0 exists between master and slave controllers symmetrically. The evaluated
deviations (9)(10) at each controller might be computed as follows.

emL(t) = xm(t) - xs(t - L) (11)
esp(t) = xs(t) — xm(t — L) (12)

In the rest of the chapter ey, eso(emr, es1.) are called as errors in ideal ( computed ) deviation.
The Laplace transform of computed deviation e, (11) is written as

Eni(s) = Xm(s) —e X, (s)
= X (s) — Xs(s) + Xs(s) — e L5 X,(s)
= Eno(s) + (1= ¢75)Xs(s). (13)

In the same way the Laplace transform of e;; can be written as
EsL(s) = Eso(s) + (1 — ¢ ) X (s). (14)

This means that the minimization of computed deviations (E,;1(s), Es.(s)) is acomplished by
the simultaneous minimization of E,,o(s)(= —Es(s)), (1 — e 1) Xs(s) and (1 — e 29) X, (s)
from the inequality as

|Eme(jw)| < [Emo(jw)| + (1 — e 8) X (jew) |

< |Emo(jw)| + [Wp (jw; L) Xs (jw)|.-

< [Emo(jw)| + [Wp (jw; Limax ) Xs (jew)|- (15)
|Es(jw)| < |Eso(jw)| + [Wp (jw; Linax) X (jw) |- (16)

As mensioned in previous section the time delay L includes uncertainty. But if the upper
bound of L is obtained as Lygax according to 4and 5 the minimization problem can be
acomplished by the minimization of E,o(s),Wp (s; Lyax ) Xs(s) and Wp (s; Lyax ) X ().

He theory gives a design method to obtain an appropriate feedback gain to keep stability and
robustness against the type of model uncertainty.

4.3 Plant model
Let us consider the two joystick mechanisms as a system with two inputs and two outputs

plant
Ky:((ss))} - [Pmo(S) Ps(()s)} {LLIIT((SS))} ' o
where, o) Ky, P.(s) Ks (18)

- $(Jms + Dm)’ - s(Jss + Ds)”

The purpose is the design of a controller

] = e e ] a9



380 Challenges and Paradigms in Applied Robust Control

which satisfies the requirements specified as follows. The schematic diagram is depicted in
Fig.6

E=X,, — X,
F, X+ — X, F, 4
> Ne” < F., X : X, F
P, P — O —
m s Pm + — PS
Um US Um Us
Cm |8 " Cs [Corn Cons] [& P [CeaClnm]
EF=X, — X, h e
() (b)

Fig. 6. scheme of PE type master-slave system (a)ideal (non time-delay) scheme,(b)
practical(implementable ) scheme

tracking performance
The closed loop system is a kind of regulator which makes the deviation ¢ = X;;, — Xs — 0 as
time goes. For the robust control systems design the deviation e is generalized to a criteria for
tracking performance as

z1 = Wi1e, e = xy — Xs. (20)

In general Wy, has to be chosen as high gain at low frequency and low gain at high frequency.

stability augmentation
More over in order to obtain a adequate local feedback gain which improves the stability and
robustness of closed loop system, the criteria for stability is formulated as

23 = Wipxm, z3 = Wixs. (21)
properness of controller

In order to ensure the properness of the controller C(s) in (19) the input variables for the plant
are added to the criteria for design as

zg = War(w1 +u1), 25 = Wap (w2 +u2) (22)
where w1, wy are exogenous inputs or exerted external forces(torques) as in Fig.7.

robust stability against time-delay
As mentioned in the previous section the robustness corresponds to the minimization of
Wb (8; Linax) Xs (s) and Wp (s; Liax ) Xim (s). Thus we introduce new two output variables

Zg = WDxm, zZy = WDJCS. (23)
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with two more variables w3, w4 which come from the uncertainty (6) as
w3 = Azg , wy = Azy.

4.4 Construction of generalized plant
Let’s define the exogenous input w and evaluated output z as

T
w = [wy wy w3 wy |
T
z = |21 22 23 24 25 26 27 |
Moreover defining the following vectors
T
T
X = [Xm Xs]

the generalized plant is obtained as follows ( see Fig.7).

HEErSEIH

[ Wi1Py —Wi1Ps Wi —Wiq | Wi1 Py —Wig Fs
WP 0 Wp 0 |WpPu 0
0 WaP. 0 Wya| 0 WP
Whq 0 0 0 Why 0
[gi g;ﬂ = 0 Wa, 0 0 0 Wao
WP O 0 0 |WpPu O
0 Wp,Ps 0 0 | 0  WpyPs
Py 0 0 0 Py, 0
0 PR 0 0| o0 P |

By applying the controller (19) to the above system a transfer function matrix from w to z

Gzw(s) = G11 + Gra(I — CGy) "'CGy

(24)

(25)

(26)

27)

(28)

(29)

(30)

(1)

can be obtained. By using the design procedure based on the He control theory a controller is

obtained such that
[Gzw(s) oo < ¥

where 7 is a design parameter chosen as small as possible (5).

(32)
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A

w3
w1
Um f+ R P Tm
w9 + m
Ug % + T
+ D
Wy
Ts
Cmm Cms
Csm CSS :

Fig. 7. generalized plant for master-slave systems

5. Simulation and estimates of robustness

In order to demonstrait the robustness w.r.t. time delay computer simulations on the stability
and tracking analysis are shown here. The time-delay is assumed as Lpax = 0.1[sec].
According to the specifications discussed above weighting functions {W;},i = 1,2,3 are set
as follows.

2.1s

Wp1(s) = Wpa(s) = ST 10 (33)
1.0 x 10°5 4+ 2.0 x 10°
- 4
Wi (s) 1.0 x 10%s + 1.0 34
0.01s+1
Wia(s) = Wig(s) = 01 (35)
Wai(s) = Wp(s) =10 (36)

Fig.8 shows the bode diagrams of the transfer functions.

Table 2 shows simulation results for analysis of stability and tracking performance.

The values in the left column indicate actual time-delay L, in simulation. When the actual
time-delay is not greater than the assumed maximum one, thatis Lyc; < Lyyay, the stability and
tracking performance are kept well. On the other hand if the time-delay exceeds estimated
value , Lyt > Lyax, the performance of the system becomes worse. It points that the
importance of the estimate of maximum time delay L;;ay.
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L[sec] stability tracking
Master and Slave Position (No force) Master and Slave Position
3
—— Xm<red> 6l —— Xm<red>
—— Xs<blue>| —— Xs<blue>
2
5
1
4
=) =)
0.00 £ 0 2
B >3
-1 )
2 .
3 0
0 2 ' 8 1 0 5 10 15 2
Time sec[s] Time sec[s]
Master and Slave Position (No force) Master and Slave Position
3
i —— Xm<red> 6 — Xm<red>
—— Xs<blue> —— Xs<blue>
2
5
1
4
010 | Zo Z
B >3
—1 )
2 |
_3 0
0 2 ' 8 1 0 5 10 15 2
Time sec(s] Time sec[s]
Master and Slave Position (No force) Master and Slave Position
6 — Xm<red>
—— Xs<blue>
5
4
=) =)
0.50 £ Z
< >3
2
1
0
. 0 5 15 2
Time sec[s] Time sec[s]
Table 2. Analysis of stability and tracking performance w.r.t. time-delay
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Fig. 8. Bode (gain ) diagrams (a) Wiy ,(b) Wip, Wys, (c) W1, Wap, (d) Wp1, Wp2

Analysis of designed controller

Fig. 9 shows bode diagrams of controller C(s). It can be observed that roughly seeing of
the controller is a kind of integrator, but it works constant gain in the middle range 1 ~
10%[rad/sec].

5.1 Analysis via hybrid matrix
In order to investigate the force communication ability and transperency of master-slave
system hybrid matrix is defined as

F h1i1 hlz} I:Xs }
= . 37
|:Xm:| [h21 h22 Fin ( )
Table 10 shows the bode daigram of hybrid matrix. k1 = F;/Fy and hy; = X,/ X, indicate

that the tracking ability of position and force communication are expected to work in the range
from DC upto 1 rad/sec.

6. Experiments over the network with time-delay

In order to demonstrate the robustness of the proposed control systems a networked control
system is constructed as in Figure 11.

Master and slave mechanisms and their local controllers (Cy,, Cs) are located on the same cite
(at Kumamoto city), and another computer (Cr) is located beyond the network (at Kitakyushu
city, 150km far from Kumamoto city). These three computers are connected to the network
JGN , which was Japanese broadband network as an experimental testbed administrated by
TAO . The controllers Cy, and Cs can communicate each other by way of relay computer
Cr, but not admitted to communicate directly. The transmission capacity of the network is
about 100Mbps. The control period at C;; and C; is 5[msec] and that of communication period
between C;; and Cs is 10[msec]. The communication protocol UDP/IP is adopted.

! Telecommunications Advancement Organization of Japan; reorganized to NICT(National Institute of
Information and Communications Technology) in 2004 (http://www.nict.go.jp/)
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Fig. 9. Bode diagram of the controller C(s)
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Fig. 10. Bode (gain) diagram of hybrid matrix (37)
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network simulator
/non-realtime(quasi-realtime)
C timde-delay, packet loss, packet order
T
P Network —
simulator
Network
simulator <
> o (<
non-realtime
y communi‘cation prog. v
communication fnon-realdme communication
¢ 13 !
control control program C m
/hard-realtime control
A 7y
A 4 Mechatronics/ v
physical DC-servo motor physical
Ps susyems Current Amp. susyems Pm
Rotary Encoder
K Inertia and friction _
Slave side Master side
Fig. 11. experimental network system for robust control on JGN
design parameters
Weighting functions in generalized plant (29) are specified as
0.3s + 20 x 107
Wi = co o675 (38)
3.9 x 10°%s + 10
1
Wiy = Wiz = —, 39
12 13= 75 39)
Wy = Wy =02, (40)
21s+¢€
Wp = ——— (41)
s+
Lmax

By specifying the allowable time-delay L,y and upper bound of He norm v in (32) the
controller C(s) is obtained by using MATLAB 2.

2MATLAB is a product of The MathWorks, Inc.
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implementation issues

The controllers are implemented in personal computers. The algorithms are coded by
C-language with RT-Linux formats and embedded as a kernel modules of Linux system. The
control period is set at 5 [msec] and data exchange rate is set at 10 [msec]. Thus the data
processing sequences must be synchronized.

Fig.12 shows a sequence diagram. The time goes from left to right and the datagram travels
from master side(top ) to slave side(bottom ) through the network(middle). Because of the
control period is a half of the communication period a copied value of the oposit side is used
once every two control calculation. The right half part of the diagram assumes the case of
long time-delay. In this case copied value is used over and over again until the new datagram
reaches again.

Data exchange rate

10[msec] N Large time delay
: < >
Master X
Slave
Network
Interface
Time delay
Slave : 5
controller | 2
Slave v | v 3 Y A A B
Plant Control period .
S[msec] time

Fig. 12. Sequence diagram of data exchanges between master and slave

MASTER|CPU AMD Duron 600MHz

NIC 100/10 Base T

OS RT-Linux 3.1 on Linux 2.2.19
SLAVE |CPU Pentium 75+ 166 MHz

NIC 100/10 Base T

OS RT-Linux 2.2 on Linux 2.2.14
RELAY |CPU Pentium 600MHz

NIC 100/10 Base T

OS Linux2.2.14

Table 3. Parameters of master and slave controllers

emulation of network with poor quality

Cr is a computer located beyond the network to emulate various kind of qualities. It can
emulate various kind of probability distribution of transmission delay, packet loss, packet
shuffling and so on. Here we set the maximum time delay 1.0[sec] and the jitter in the Pareto
distribution . The design parameter for robustness w.r.t. time-delay is set at Ly;ox = 1.5[sec]
and € = 6.6 x 1073 Here the € > 0 is selected to reduce the effects of integrator.



An Application of Robust Control for Force Communication Systems over Inferior Quality Network 389

experimental result

Fig. 13 indicates an experimental result for evaluation of tracking performance. In the first
half master( solid line ) leads to the slave(dashed line). And last half slave leads to the master.
This means that the master-slave tele-operation system works symmetricaly well.

master and slave posiiton

15 T T T T T T
Cc2M —— mastar position[rad]
— - — — slave position[rad]
/)
c28 .
1 7 7
[i
.
o5 ! i\ AR\ ]
/i \i 7\
5 i /o
g fi / \
5 |/ . [ »
2 N / / \
g8 i\ / v /
o \ / \ ] T
L/ Voo
Vo
c3
-05 - / >
4 I I I I I I I I
64 66 68 70 72 74 76 78 80

time(sec)

Fig. 13. experimental result of position tracking: master (- slid line), slave(— dashed line)

7. Summary

In this chapter we discussed on an application of robust control for force communication
systems over inferior quality network. According to the investigation of the experiments
the effectiveness of bilateral tele-operation system for force communication is confirmed.
Especially the most important problem of the robustness w.r.t. time-delay is improved by
He control systems theory.
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1. Introduction

Supervisory control for deadlock-free resource allocation has been an active area of
manufacturing systems research. Most work, however, assumes that allocated resources do
not fail. Little research has addressed allocating resources that may fail. Automated
manufacturing systems have many types of components that may fail unexpectedly. We
develop robust controllers for single unit resource allocation systems with unreliable
resources (Chew et al., 2008; Chew et al., 2011; Chew & Lawley, 2006; Lawley, 2002; Lawley
& Sulistyono, 2002; Wang et al., 2008; Wang et al., 2009). These controllers guarantee that
when unreliable resources fail, parts requiring failed resources do not block the production
of parts not requiring failed resources. Further, while resources are down, the system is
controlled so that when repair events occur, the system is in a safe and admissible state.

There is little manufacturing research literature on robust supervision. Reveliotis (1999)
considers the case where parts requiring a failed resource can be re-routed or removed from
the system through human intervention. Park & Lim (1999) address existence questions for
robust supervisors. Hsieh (2004) develops methods that determine the feasibility of
production given a set of resource failures modelled as the extraction of tokens from a Petri
net. In contrast, our work models the failure of the workstation server while assuming that
buffer space remains accessible after the failure event. We assume that when the server of a
workstation fails, we can continue allocating its buffer space up to capacity, but that none of
the waiting parts can be processed and thus cannot proceed along their routes until the
server is repaired. We further assume that server failure does not prevent finished parts
occupying the workstation’s buffer space from being moved away from the workstation and
proceeding along their routes. Finally, we assume that server failure does not damage or
destroy the part being processed and that failure can only occur when the server is working.
The last two assumptions are made for notational efficiency and presentation clarity. They
can be easily relaxed by adding appropriate events and state variables to our treatment.

Our objective is to control the system so that failure of an unreliable resource does not
prevent processing of parts not requiring the failed resource. When a resource fails, all parts
in the system requiring the failed resource for future processing are unable to complete until
the failed resource is repaired. Because these parts occupy buffer space, they can block
production of parts not requiring the failed resource. Thus, we want to assure that, when
unreliable resources fail, the buffer space allocation can evolve under normal operation so
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that parts not requiring failed resources can continue production. Operation must continue
to obey part routings and must assure that when a failed resource is repaired, the system is
not in an unsafe state. We refer to supervisors guaranteeing this as robust.

The remainder of the chapter comprises the following sections. Most briefly, Section 2
discusses the way we model our systems. An example system is presented in this section to
motivate properties that robust controllers must possess. In Section 3, we develop robust
controllers for systems with multiple unreliable resources where each part type requires at
most one unreliable resource. Specifically, Subsection 3.1 develops two robust controllers
using a neighbourhood policy, a modified version of banker’s algorithm, and a single step
look ahead policy. Subsection 3.2 uses a resource order policy to construct another robust
controller; Subsection 3.3 employs a notion of shared buffer capacity to develop a robust
controller. Relaxing the restriction, Section 4 builds robust controllers for systems for which
part types may require multiple unreliable resources. Finally, Section 5 concludes the
chapter and discusses future research directions.

2. Modelling of robust control

There are two subsections in this section. Specifically, we will discuss the way we model our
systems in Subsection 2.1. Subsection 2.2 will provide examples to motivate properties that
robust controllers must possess.

2.1 The discrete event system

We model our systems using the approach of Ramadge & Wonham (1987). This is necessary
to define the properties that we want our supervisors to enforce. The following model is
similar to that developed by Lawley & Sulistyono (2002), but differs in that now we have
more complex failure scenarios and thus some of the underlying formalism has to be
generalized. Figure 1 provides an example for the following development.

The system is defined as a 9—tuple vector S = (R,C,P,p,Q,Q0,%,&,5). In S, R is the set of system
resource types, with R=RRURV, RRNRU=(, where RR is the set of reliable resource types, not
subject to failure and RU is the set of unreliable resource types, subject to failure. Let C=(C; :
i=1...|R|) where C; is the capacity of the buffer space associated with system resource type
I‘iGR.

The set P of part types is produced by the system with each part type P;eP representing an
ordered set of processing stages, Pj=(Pj1...Pj pj|), where P represents the kth processing stage
of P;. Also, let RPj=(Pj...Pj|pj|) be the residual part stages. We will use pjx to represent a part
instance of Pi. Let p:Pj—»R such that p(Pjx) returns the resource type required by Pj. Thus,
the route of Pj is T=(p(Pj1)...p(Pj|pj|)), and the residual route RTjx=(p(Pj)...p(P;j pj|)). Finally,
let Qi={Pj:p(Pj)=riR}, the set of part type stages associated with resource r;eR.

We will suppose that our resource types are workstations with buffer space for staging and
storing parts and a processor or server for operating on parts. We will use the standard
assumption from queuing theory that the server is not idle so long as there are unfinished
parts in a workstation’s buffer space. The resource units that we are concerned with
allocating are instances of the workstation’s buffer space. The controllers that we design are
not intended to allocate the server among parts waiting at the workstation. We assume this
to be done by some local queuing discipline.
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R = {r1, 12, 13, 14, 15, T6, 17, T8, T'0}

RR = {r1, 13, 14, T, T6, 7, T8}

RV = {r2, 19}

C = (C1,C2,C3,Cy,C5,C6,C7,Cs,Co)

= 1,112,1,11,1,1)

P = {P1, P2, P3, P4}

Py = {P11, P12, P13, P14, P15}

T = (16, T3, T2, T1, T2)

P2 = {P21, P2, P23, Pos, Pas, Pas, Pa7, Pos}

T2 = (r2, T3, T4, T¢, T5, T1, T2, TI3)

Ps = {P31, P32, P33, P34, P35, Pae}

T3 = (rs, 17, 715 Te, To, T4)

Ps = {Py1, Pa2}

Ta = (r4, T15)

Ze = {oui : i=1...6}Ufowi : i=1...9}U
{oi 1 i=1...7}{ow : i=1...3}

Sa = {B1i : i=1...5}U{Bai : i=1...8}u
{ﬁ3i : 1=1...6}U{B4i : 1=1,2}

Zw2 {x2,19,Mm2, M0}

yi2l = foui : i=1...6} {0 : i=1..9}U
{Bui : i=1...5}U{Pai : i=1...8}

il = {oui 1 i=1...7}U{Bai : i=1...6}

W2} = Wyir2h Uyl

Fig. 1. An example system with two unreliable resources

Workstation failure will imply the failure of the workstation’s server, not any of its buffer
space. We will assume that when the server of a workstation fails, we can continue to
allocate its buffer space up to capacity, but that none of the waiting parts can be processed
and thus cannot proceed along their respective routes until the server is repaired. We
further assume that server failure does not prevent finished parts occupying the
workstation’s buffer space from being moved away from the workstation and proceeding
along their respective routes. Finally, we assume that server failure does not damage or
destroy the part being processed and that failure can only occur when the server is
working.

We are now in a position to define the system states and events. Let Q represent the set of
system states, where Q 5 q = (svj, yjx, X : i=1... |R|,j=1...|P| and k=1... | Pj| ), with sv; being
the status of the server of workstation i (0 if failed, 1 if operational), yj being the number of
unfinished units of Pj (parts waiting or in-process) located in the buffer space of p(Pjx), and
xjx being the number of finished units of Pj located in the buffer space of p(P). Qo is the set
of initial states with qoeQo being the state in which no resources are allocated and all servers
are operational. The dimension of q is > 2B [+R],

Let X=X.UZy, where E={ajx : j=1...|P| and k=1...|Pj|+1} is the set of controllable events
with ok representing the allocation of p(Pj) to a part instance of Pj; that is, ajx is the event
that a part instance of a part type Pj advances into the buffer space of a workstation that will
perform its kth operation. Then, aj,|pjj+1 represents a finished part of type Pj leaving the
system. We assume that the supervisor controls the occurrences of these events through
resource allocation decisions.
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We have Z,=X,1UZw being the set of uncontrollable events where Xy,1={Bj : j=1...|P| and
k=1...|Pj|} represents the completion of service for Pix. Then, Zuo={«;n; : r;eRV} represents
the failure (x;) and repair (n;) of the server of unreliable resource r;eRV. Service completions,
failures and repairs are assumed to be beyond the controller’s influence.
Let E_,:Q—>2Z be a function that, for a given state, returns the set of enabled events. This
function is defined for a state, qeQ, as follows:
1. ForPpeQyif G — D (yu +Xj) >0, then ajie(q).
Pik €
Events that release new parts into the system are enabled when space is available on the
first required workstation in the route.
2. For PreQ;, if yp>0 and svi=1, then Bjxe&(q).
If a part is at service, then the corresponding service completion event is enabled.
3. ForrieRY, PxeQ; and Bieé(q) = xi€&(q).
If the server is busy with a part, then the corresponding failure event is enabled.
4. Forr;eRY, if sv; = 0, then n;e&(q) and Bxe&(q) VYPjkeQi.
If the server is failed, the corresponding repair event is enabled and the corresponding
service completion events are disabled.
5. For PreQ;, 1<k<| Py, if x>0 and C; - Z (Vi + Xj) > 0, then apeg(q).
Pik €€
When a part finishes its current operation and buffer space becomes available at the
next required workstation in its route, the event corresponding to advancing the part is
enabled.
6. For P pj €9, if x;,pj>0, then o, pjj+1€&(q).
If a part has finished all of its operations, the event corresponding to unloading it from
the system is enabled.
The state transition function is now defined as follows. The transition function, §, is a partial
function from the cross product QxX to the set Q of system states. Specifically, let 5:QxZ—Q
such that
8(q,04k)=q—€x;)_s+ey;, advancing a part pk_1;
8(q,Bj)=q—ey; ey, service completion of a part pj;
8(q,ki)=g—esv, failure of server i;
3(qMi)=q+esv, repair of server i;
where €xjx 17 i Exj and ey, are the standard unit vectors with components corresponding
to Xjk-1, Vjk Xjk and sv; being 1, respectively. Note that, €y, |pj+1 = €xjo = 0, the zero vector with
the same dimension, and that pj represents a raw part of P; waiting to be released into the
system.
We assume that |RU|>1. In this case, any subset of the unreliable resources can be

simultaneously in a failed state. Thus, if one of the (lRiul) subsets of size i, i=1...|RY|, is

down, we want the remaining resources to continue producing parts not requiring any of
the failed resources without human intervention to remove or rearrange the parts requiring
failed resources. Further, when one of the failed resources is repaired, we want production
of parts requiring that resource to resume. A robust controller must possess certain
properties in order to accomplish the above-mentioned characteristics.
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2.2 Motivating examples for properties of robust supervisory control

This subsection motivates a set of desired properties for a robust controller based upon an
example production system. Figure 1 presents an example manufacturing system with two
unreliable resources. The stages, routes, and resource capacities are given, as is the complete
discrete event model. This model enumerates the resources, capacities, events, and so forth.
For now, we will constrain our discussion to the system states presented in Figures 2-4. We
recall that, by definition, a resource allocation state is safe if, starting from that state, there
exists a sequence of resource allocations/deallocations that completes all parts and takes the
system to the empty and idle state, the state in which no resources are allocated and no
servers are busy. Our underlying assumption is that if a resource allocation state is safe,
then, under correct supervision and starting from that state, it is possible to produce all part
types indefinitely.

We have several control objectives for the system of Figure 1. First, we desire that the
controller guarantee deadlock-free operation, i.e., that it keeps the system producing all part
types. Second, in the event that r, fails, we want to continue producing part types not
requiring 1y, {P3,P4}, without having to intervene by clearing the system of parts requiring r».
Similarly, in the event that r fails, we want to continue producing part types not requiring
19, {P1,P2,P4}, again without having to intervene by clearing the system of parts requiring r.
Further, if both r; and ry are in the failed state, we want to continue producing part types not
requiring r» or 19, {P4}, again without explicit intervention.

Consider for example the state given in Figure 2. This state is safe; however, if r; fails while
processing part p7 in this state, the production of both PP; and P4 will be blocked by two p2s's
at ry. Note that if we advance a pz3 from r4 to 16, then production of P4 can proceed.
However, production of P3 will now be blocked. Thus, this state does not satisfy our
condition that after the failure of r;, we should be able to continue producing both P3 and Pj.
As another example, consider the state of Figure 3. Again, we see that this state is safe.
However, if 19 fails while processing part pss in this state, production of part types P; and P>
will be blocked by psq4 at 1g, although the production of Py is unaffected.

p32

Fig. 2. An undesirable system state since unreliable resource r» may fail while processing
part pa7
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Thus, these examples illustrate that parts requiring a failed resource can prevent the system
from producing parts not requiring the failed resource through propagation of blocking.
Our objective is to develop supervisory controllers that avoid this by guaranteeing that if an
unreliable resource fails, it is possible to redistribute the parts requiring that resource so that
part types not requiring that resource can continue to produce.

I1 12 p1s 13

i ettt e % bl -
B .. .. .. - :” .:

17 I8

Fig. 3. An undesirable system state since unreliable resource r9 may fail while processing
part pss

For the third objective, consider the state of Figure 4. Again, we see that the state is safe. If 1>
fails, production of P3 is blocked by pi1 at rs. Further, production of P4 is blocked by pas at rs.
We note that by advancing p11 from ¢ to its next required resource, r3, the blockages of P3
and P4 can now be resolved and thus the system can continue producing both P3 and Py, as
desired. However, when r; is repaired, the system is no longer safe since resources r; and r3
are now involved in deadlock. This illustrates that our controller must guarantee that any
redistribution of parts requiring the failed resource does not result in system deadlock when
the resource is repaired.

The above discussion lays a foundation for a robust supervisory controller. In summary, a
supervisory controller is said to be robust to resource failures of RU if the supervisory
controller satisfies Property 2.2.

Property 2.2:

221: The supervisory controller ensures continuing production of part types not
requiring failed resources, given that additional failures/repairs do not occur.

2.2.2:  The supervisory controller allows only those states that serve as feasible initial
states if an additional resource failure occurs.

22.3: The supervisory controller allows only those states that serve as feasible initial
states if a failed resource is repaired and becomes operational.

We say that a state is a feasible initial state if, starting from that state, it is possible to produce

all part types not requiring failed resources. The formal development and definition of this

property using language theory is presented in Chew and Lawley (2006).
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Fig. 4. An undesirable system state since r> may fail while processing part p2;

3. Robust control for systems with multiple unreliable resources

This section endeavours to delve into robust control for single unit resource allocation
systems with unreliable resources.

3.1 Robust control using a neighbourhood policy

This subsection develops controllers that satisfy Property 2.2 above, while maintaining
polynomial complexity. Each controller is a conjunction of a modified deadlock avoidance
policy and a set of neighbourhood constraints. The deadlock avoidance policy guarantees
deadlock-free operation, while the neighbourhood constraints control the distribution of
parts that require unreliable resources. Subsection 3.1.1 develops the neighbourhood
constraints, NHC. Subsection 3.1.2 constructs a supervisor based on a modified Banker’s
Algorithm and NHC, while subsection 3.1.3 develops a supervisor based on single-step
look-head (SSL) and NHC. The complete proofs can be found in Chew and Lawley (2006).

3.1.1 A neighbourhood policy

In this subsection, we discuss neighbourhood constraints based on the notion of failure
dependency. Informally, a resource is failure-dependent if every part that enters its buffer
space requires some future processing on an unreliable workstation. Thus, all unreliable
resources are failure-dependent. Some reliable resources may also be failure-dependent if
they only process parts that require future processing on an unreliable resource. This is
defined more precisely later. For each failure-dependent resource, we generate a
neighbourhood. The neighbourhood of a failure-dependent resource is a virtual space of
finite capacity that is used to control the distribution of parts requiring that failure-
dependent resource. Again, this is formalized in the following, where we extend the
neighbourhood concepts presented by Lawley & Sulistyono (2002) for systems with
multiple unreliable resources. We first discuss and illustrate neighbourhood concepts, and
then illustrate how neighbourhood constraints are constructed for failure-dependent
resources.
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Recall that RY is the set of unreliable resources in the system S, and that Q;={Pjx:p(Pj)=r;eR}
is the set of part type stages supported by resource r;. If r;eRY, then r,€R is said to be failure-
dependent on 1; if VPjeQy, IPji+ccQ; with ¢20. In other words, 1y is failure-dependent on r; if
every part that enters the buffer of r, requires future processing on unreliable resource r;
(note that r; is failure-dependent on itself). For r;eRY, let RED = {r, : r,eR and VPyeQ,,
IPj+c€Qi with >0} be the set of failure-dependent resources on 1, and let RFP
= U RED and RNFD = R\ RFD,

rieR"
For each failure-dependent resource of REP , we construct a neighbourhood. The

neighbourhood of r, e REP , NHi, is defined as the set of part type stages that require r,
now or later in their processing and have no intervening failure-dependent resources of
RED . Formally, NHi = Q, U {Pj: 3c>0 with Pji+ceQy and Vde[0,c), p(Pjx+a) € REP }. Thus,
if p(Pjx+c) = v € KD , p(Pji-1) = rw € REP , with ry#ry, and {p(Pi), pPjx+1)...pPjxrc-1)} N
RED = &, then {PjPjxs1 ... Pjxwc1,Piisc) € NHE, and Pjiq ¢ NHi. Let NH! = {NHi:
rve RED } be the neighbourhood set for r;eRU, and let NH={ NH! : r;eRU}.

For example, the system of Figure 1 has two unreliable resources, RU={ro,ro}. Note that
anytime r; appears in a route, r» appears later in the route, and thus, RED = {ry,r2}. Also,
anytime ry or rs appear in a route, r9 appears later in the route, so, RED = {r7,15,19}. Thus,
NH? = {NH3?,NH3} and NH? ={NH7,NH§,NH3 }, where the neighbourhoods are as
fOHOWS: NH% ={P14,P22,P23,P24,P25,P26}, NHE = {P11,P12,P13,P15,P21,P27}, NH? = {P32},

NHE = {P31}, NHS = {P33,P34,P35}.

To understand this construction, consider NH3 and NH3. Note that Q= {P14,P2} and
Qz={P13,P15,P21,P27}. Since QV [ NHJ; ; {P14,P26} c NH% ; and {P13,P15,P21,P27} c NH% . Now
consider T1 = {p(P11),p(P12),p(P13),p(P14),p(P15)} = {rer3ror1,12}. Since {rers} N RO = &,
{P11,P12} c NH% . Similarly, T2 = {p(P21),p(P22),p(P23),p(P24),p(st),p(Pze),p(P27),p(P28)} =
{I‘2,I'3,I‘4,I'6,I'5,I'1,I'2,I'3}. Since {I‘3,I'4,I'6,I'5} N RED = @, {Pzz,P23,P24,P25} c NH% . Thus, we get NH%
= {P14,P2,P23,P24, P25, P2} and NH3 = {P11,P15,P13,P15,P21, Por}.

Although all parts supported by rs later need an unreliable resource, 16 is shared by r; and ro,
and thus it is not failure-dependent on either. This implies that failure-dependent sets are
disjoint, i.e, RP n RED = . Furthermore, we observe that no part stage is in more than
one neighbourhood, i.e, NHinNH2~NH? ~NH§ ~NH8= @&. These and other
important neighbourhood properties are established in Chew and Lawley (2006).

We restrict the number of parts allowed in a neighbourhood. Our intention is to guarantee
that every part in the neighbourhood of a failure-dependent resource has capacity reserved
at that resource. That is, we want to be able to advance every part requiring an unreliable
resource into its associated failure-dependent resource in the event of a resource failure so
that it will not block production of parts not requiring the failed resource. In the example,
for a permissible state, we want, for example, every part in NH§ = {P33,P34, P35} to have a
reserved unit of buffer at r9. As a consequence, we will reject a state if this constraint is
violated. For instance, a state is not admissible if, at this state, the sum of parts in NH$ > 1;
recall that 19 has a single unit of capacity. To see this, at this inadmissible state, if 19 fails, at
least one part of NH$ must reside at r5 or rs. Although Py, P2, and P4 do not require failed ro
in their processing, this distribution of parts may in turn block production of some of these
part types. Our objective is to develop supervisory controllers capable of rejecting these
undesirable states.
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We now construct neighbourhood constraints to enforce the above intention. The constraint
for a neighbourhood, say NHI';, is an inequality of the form Zt < C, where Z#

= Z (Xjk+Yyj) . Recall that xjx is the number of finished instances, and yj is the number
PjxeNHy

of unfinished instances, of P located in the buffer of p(Pi); and that the right hand side C; is
the capacity of r,. NH{ is said to be capacitated if Z&= C, and over-capacitated if Z&> C,.

Define the set of all possible neighbourhood constraints with respect to r;eRU as:

NHC! ={Zi<C,: NHi e NH! }.

In the example, we have

NHC? ={7Z = Z (X +yjK) <Ci, 73 = Z 2(x}-k+yjk) <C);

PjxeNH? PjkeNH3

NHC? = {Z? = z (Xjk +ij) <Cy Z8 = z (Xjk +ij) <Gy,

PixeNH? PjkeNH}

Z8= Y (x+yw) <Col.

PxeNHJ

Constraints of NHC! assure that no neighbourhood of NH! becomes over-capacitated.

As Lawley & Sulistyono (2002) discuss, NHC! may induce deadlock among failure-
dependent resources of REP , since if all neighbourhoods are capacitated, parts cannot
move from one neighbourhood to another without over-capacitating a neighbourhood. In
the example, a state may satisfy both 1= 72 < C;=1 and 1= Z3 < C,=1. But, a part moves from
one of these associated neighbourhoods to another must over-capacitate the other
neighbourhood. To resolve this dilemma, we develop an additional set of constraints,
NHC! .

It is first necessary to compute the set of strongly connected neighbourhoods for NHC; .
To do this, for each rjeRY, we construct a directed graph (NH',A') where A'=
{(NHE,NHh ) : 3Pxe NHE with Pjwsie NHh }. Thus, in operation, there will be part flow
from NHS to NHi . We then compute the set of strong components of (NH', Al ) using
standard polynomial graph algorithms (Cormen et at., 2002). For example, we see that NH1
and NH3 are strongly connected, since {P14,P2} c NH1 and {P13,P2;} < NH3 . Therefore, in
operation, there is flow from NH3 to NH3 and from NH3 to NH3. Let SC' be the set of
strongly connected components of (NH', Al ). Then, SC?= {SCi= {NH3,NH3}}, and
SC? = {SCi ={NH? },SC3 ={NH2 }, SC3 ={NHS3 }}. Then, NHC! is stated as follows:

NHCI ={Z& + Zkh <Cg+ Cn: {NHS ,NHi }cSCh € SC', m=1...[sc} }.
Hence, for every strongly connected component of (NH!, Al ), NHC! guarantees that at

most one neighbourhood can be capacitated at a time. In the example, we have the
following;:



400 Challenges and Paradigms in Applied Robust Control

NHC? = {73 + 73 < ;+C}, NHG = @.

NHC? guarantees that NH2 and NH3 are not simultaneously capacitated.

To summarize, NHCI =NHC! UNHC! guarantees that no neighbourhood is over
capacitated, and that neighbourhoods with mutual flow dependencies are not
simultaneously capacitated. The complete set of neighbourhood constraints is defined as:

NHC = {NHCi : r;eRY}.

Note that in the worst case, we generate one constraint for each pair of resources and thus

the size of NHC is of O(| R |?).

Chew and Lawley (2006) establish several important properties of NHC. These properties
are required to establish robustness of the two supervisors that we develop later. We next
modify two deadlock avoidance policies that we use in conjunction with NHC to develop
robust supervisors.

3.1.2 Banker’s algorithm

In this subsection, we configure Banker’s Algorithm (BA) (Habermann, 1969) to work with
NHC. BA is perhaps the most widely known deadlock avoidance policy (DAP), and its
underlying concepts have influenced the thinking of numerous researchers. BA is a
suboptimal DAP in the sense that it achieves computational tractability by sacrificing some
safe states. BA avoids deadlock by allowing an allocation only if the requesting processes
can be ordered so that the terminal resource needs for the ith process, P;, in the ordering can
be met by pooling available resources and those released by completed processes Py, P ...

Pi-1. The ordering is essentially a sequence in which all processes in the system can complete
successfully. BA is of O(mnlog n) where m is the number of resource types and n is the
number of requests. Other manufacturing related work also uses BA (Ezpeleta et al., 2002;
Lawley et al., 1998; Reveliotis, 2000).

Our modifications are straightforward and are a generalization of those undertaken by
Lawley & Sulistyono (2002). Our objective is to search for an ordering of parts that advances
failure-dependent parts (those requiring unreliable resources) into the resource of their
current neighbourhood, and non-failure-dependent parts (those not requiring unreliable
resources) out of the system. Again, the ordering is such that the resources required by the
first part are all available, those required by the second part are all available after the first
part has finished and released the resources held by the part, and so forth. If the system can
be cleared in this way (all failure-dependent parts are advanced into failure-dependent
resources and all non-failure-dependent parts are advanced out of the system), then we can
guarantee that if any unreliable resource fails, the system can continue producing parts that
do not require this failed resource.

In the following, let A=ANFDUAFD be the set of part type stages instantiated in q whose parts
hold non-failure-dependent resources, where ANFD is the set of non-failure-dependent part type
stages (those that do not require failure-dependent resources in the residual route) and AFP
is the set of failure-dependent part type stages (those that do require failure-dependent
resources in the residual route). We now present our modified version of BA as Algorithm
A1 as follows.
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Algorithm Al:
Query: Is state q admissible? End For
Input:  stateq; Forr, RTj
Output: ACCEPT / REJECT If ro= (Pw)
Step 1: Initialization NEED[u][v]=0
For P(u) End If
Forr, R End For
ALLOCATION][u][v]=0 End For

NEED[u][v]=0
AVAILABLE[v]=Cy

Forr, RNFD
AVAILABLE[v]=Cy ALLOCATION

End For [ul[v]
End For End For
For P(u)=Px  andr,= (Py) =
ALLOCATION[u][v]=xj+yix
End For Step 2: Test and Evaluation
For P(u)=Pj  NFfD While
Forry, RTjp\{ (Pu)} Find P(u) such that
NEED[u][v]=1 NEED[u][v] AVAILABLE[v] for all
End For r, RNED
End For If no such P(u) exists
For P(u)=Pj  FP Return REJECT
For ry RTj Else
NEED[u][v]=1 = \[P(w)
End For

Forry RTjx RFP
NEED[u][v]=0

AVAILABLE[v]=AVAILABLE[v]+A
LLOCATION[u][v] for ry= (P(u))

End For End If
For  r= (Py) and 1= (Pjc+1), End While
c=k....|PFj| 1 Return ACCEPT

NEED[u][t]=NEED[u][s]*NEED[u][t]

Step 1 of the algorithm configures the data structures required. For every part type stage
represented in the system, these capture the current resource holding and the future
processing need. These structures also capture the resource availability of resources in the
state being tested. Three additional comments regarding the algorithm are in order. First,
the need for every failure-dependent resource is explicitly set to zero, so this version looks
only at the availability of non-failure-dependent resources. Second, for non-failure-
dependent part type stages (those not requiring unreliable resources), the need for every
resource in the residual route (except the one held) is set to one. Finally, for failure-
dependent part type stages (those requiring unreliable resources), the need for every
resource in the residual route (except the one held) up to the one immediately preceding the
first encountered failure-dependent resource is set to one, all others are set to zero. Note that
these are the resources such a part will need to advance into the failure-dependent resource
of its current neighbourhood. Step 2 then executes the usual Banker’s logic.

Algorithm A1 is not correct by itself, since it does not handle allocation of failure-dependent
resources (for detailed examples the reader is referred to the work by Lawley & Sulistyono
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(2002)). However, Al and NHC together form a robust controller, that is, if we allow the
system to visit only those states acceptable to both A1 and NHC, then the system operation
will satisfy the requirements of Property 2.2. The detailed proofs for this are given in Chew
and Lawley (2006). The supervisor is defined as follows:

Definition 3.1.1: Supervisor A; = A1 A NHC.

Supervisor A; permits a system state that satisfies both A1 and NHC in runtime. Consider
Figure 5, which illustrates a state, say q, in which r4 holds p23 and pi4; and 15 holds pss. It is
clear, at g, that there exists an admissible sequence by Al; that is, ps can advance into
failure-dependent resource ry; p» can advance into failure-dependent resource r;; and
finally, ps1 can be advanced out of the system. In addition, q satisfies NHC since

NHC ={Z =1<1, (thereis one Py) Z3 = 0<1};

NHC{={Z}=0<1, Z8= 0<1, Z3= 1<1 (thereis one Ps)};

NHC ={1+0<1+1=2}; NHCI=@.

Therefore, q is an admissible state by A1. Supervisor A; will prohibit, at q, advancing p2; into
1 (Where it becomes p24) because p24 and pss will block, causing the resulting state to violate
A1 although not NHC. Loading a p11 into 16 at q is also precluded by A; since the resulting
state violates NHC? , although not A1. However, advancing ps; one step into rg or loading a
P31 into rg will result in an admissible state.

Fig. 5. An admissible system state by supervisor A;

Supervisor A; is of polynomial complexity since both A1 and NHC require polynomial time
for runtime implementation. Chew and Lawley (2006) formally establish that A; yields a
robust supervisor for systems where every part type requires in its route at most one
unreliable resource.
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3.1.3 A Single step look ahead policy
It is well known that certain system structures, such as a central buffer, input/output bins,
and non-unit buffer capacities, eliminate the possibility of deadlock-free unsafe states
(Lawley & Reveliotis, 2001). In these systems, every state is either deadlock or safe, and
therefore, a single-step look-ahead policy (SSL) is a correct and optimal deadlock avoidance
policy. Further, it is of polynomial complexity, and thus ideal for runtime applications in
real systems. In the following, we will modify the SSL presented by Lawley (1999) so that it
works with systems with multiple unreliable resources.
A resource allocation graph (RAG) is a digraph that encodes the resource requests and
allocations of parts (Lawley, 1999). For our purposes, let RAG=(R\RFD,E) where R\RFD is
the set of system non-failure-dependent resource types and E={(r,,1v): ry,rve R\RFP and r,
is holding a part pj with p(pjx+1)=rv}. A subdigraph of RAG, say (R,E), is induced when R
< R\RFP and E ={(ry,1v):(ry1v)€E and ryrye R}. A subdigraph, (R,E), forms a knot in RAG
if VryeR, I'(ry)= R, where I'(ry) is the set of all nodes reachable from r, in RAG. In other
words, a set of nodes, R, forms a knot in RAG when, for every node in R, the set of nodes
reachable along arcs in RAG is exactly R. Further, we define a capacitated knot to be a knot
in which every resource in the knot is filled to capacity with parts requesting other
resources in the knot. It is commonly known that a capacitated knot in RAG is a necessary
and sufficient condition for deadlock in these types of sequential resource allocation
systems. We now provide an algorithm, Algorithm A2, below to detect a capacitated knot
in RAG = (R\RFD,E). This algorithm has the same polynomial complexity as that given by
Lawley (1999).
Algorithm A2:
Input: RAG=(R\RFP,E)
Output: DEADLOCK, NO DEADLOCK
Step 1: Compute the set of strongly connected components of RAG: C={C;...Cg}
Step 2: Construct digraph (C,Ec) such that C={C;...Cg} and E={(C;C):(ru,1v)€E with r,eG
and ryeC; for i#j}
Step 3: For every strongly connected component CieC such that (C;,C)¢E. Vj=1...q
If C; is a capacitated knot
Return DEADLOCK
End If
End For
Step 4: Return NO DEADLOCK
We note that, for our present work, this version of deadlock detection algorithm operates
only on non-failure-dependent resources and parts held by these resources. In A2, Step 1
computes the set of strongly connected components in RAG. As mentioned earlier, this is a
standard digraph operation. Step 2 constructs a digraph that defines the reachability
relationship between these components. Step 3 looks for a component with no outgoing arc.
If such a component is filled to capacity with parts requesting other resources in the
component, then it is a capacitated knot, and deadlock exists. If no such capacitated knot
exists then the RAG is deadlock-free.
Note that A2 is not correct by itself since it considers only the non-failure-dependent
resources. Failure-dependent resources can easily deadlock themselves. However, when A2
is taken in conjunction with NHGC, it guarantees Property 2.2 and thus assures that the
system will continue to operate even when multiple unreliable resources are down.
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Definition 3.1.2: Supervisor A, = A2 A NHC.

Supervisor Az accepts a system state that contains no deadlock and satisfies NHC. For
example, in Figure 1, suppose that every non-failure-dependent resource has non-unit
capacity; that is, Ci>1, Vr;e R\RFP= {r3,14,15,16}. Then, A2 permits any state in which no subset
of parts residing on {r3,r4,15,16} is deadlocked on {r3,r4,15,16}. If the state also satisfies NHC,
then Property 2.2 is guaranteed.

Note that A, = A2 A NHC is suited for real-time implementation since both A2 and NHC are
of polynomial complexity. Chew and Lawley (2006) formally establishes that A, yields a
robust supervisor for systems where every part type requires in its route at most one
unreliable resource.

3.2 Robust control using a resource order policy

This subsection configures a deadlock avoidance policy, resource order policy (RO). We will
employ this configured resource order policy in conjunction with the neighbourhood
constraints of Subsection 3.1 to develop a robust controller. Consider, for configuration
purposes, Figure 1. Define RCO = R\ RP as the set of non-failure-dependent resources.
Since RFZD = {ry,ro} and REP = {r7,rg,r9}, thus RCO = {r3,ry,r5,16}. Let © : RCO - N (the set of
natural numbers) be a one to one mapping of non-failure-dependent resources (w orders the
non-failure-dependent resources so that RO can be applied); PF°={P;: p(Pj)eR" for some k}
(PFD is the set of part types requiring unreliable resources; thus, in Figure 1, PP = {P1,P,P3});
and PNP=P\ PP (PNP is the set of part types not requiring any unreliable resources; hence,
in Figure 1, PNFP = {P4}). For each PjePFD, determine all maximal subsequences in the route
of Pj that do not contain failure-dependent resources. For instance, in Figure 1, P;eP™P
where P3=(P31, Py, P33, Pag, P35, P3s) with route (rs,17,15,16,19,14), the maximal subsequences in
(18,17,15,16,19,14) that do not contain failure-dependent resources are (15,rs) and (rs).

To express this formally, for each PjePFD, break the route of Pj into subroutes as follows: for
Pj=<Pj1 P]',k1,1,ij1,P]',k1+1 Pj,k2,1,ij2,Pj,k2+1 Pjrkh'*l’ijhj’Pjrkhjﬂ ), {ij1,ij2 ijhj} being
precisely the set of part type stages of Pj that is processed on failure-dependent resources
(that is, {p(Pj) : k=ki ks ... kn} = R™ and {p(Pp) : kekyka ... k) N R™ = @), let P} =(P; ...
Pii-1), Pf= Pyt .. Pig1), P= Pyt ... Piig1),..., PY = Py 1y - Py 1) and
Pry1 = (P +1) .- P,~|pﬂ>. For each PjePNFD, rename P; P? . Finally, let P’ = {P? :
PePNPY U ¢ lﬂ}‘ : k =1...h; and P; € P™}. Note that in P, a part type P;eP"™ is replaced by a
set of part types {P}, P{ ... P¥ } each having a route that is a maximal segment of the
route of Pj not containing a failure-dependent resource.

In Figure 1, for example, P; is replaced by P3 = (Ps3,Pas) with route (rs,r6) and P3 =(Ps¢) with
route (rs), and Ps; is renamed P4. Thus, the revised set of part types is
P'={P4}u{P1,P?,P2,P3,P3}. Note that none of the routes of part types in P’ contains any
failure-dependent resources.

We now use P’ and RCO to construct a set of RO constraints as follows. For each P} =
(Piky+1 - Pigg-1) € P and for each Py e P}, consider the inclusive remaining route, (p(Pjx)
... p(Py-1))), and its mapping, (@(p(Pjx)) ... ®(p(Pjx.-1))). (Recall that to implement RO, the
resources must be ordered. o represents the ordering function.) If the mapping of the
inclusive remaining route is strictly increasing (decreasing), then Py is classified as ‘right’
(‘left’); if the mapping of the inclusive remaining route switches direction at some point,
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then Py is classified as “undirected.” If Py is terminal, it is ignored. For r,eRCO, let TT%
represent the set of right and undirected part type stages associated with ry; and TT% |, the
set of left and undirected part type stages associated with rn. In the example, consider that
o(r1)=1, (r2)=2, o(r3)=3 o(rs)=4, o(r5)=5, O(rs)=6, ®(r7)=7, (rs)=8 and w(r9)=9. We now have
that the inclusive remaining route of Ps;, (rs16) supporting (Ps3,Ps) < P}, is strictly
increasing for o, thus Ps3 is classified as ‘right’ and hence MY = {Ps). In the meantime,
since P € P} is the terminal part type stage for P3, Ps is ignored. Clearly, 1%’ = @. On
the other hand, the inclusive remaining route of P11, (re13) supporting (P11,P12) < Pi, is
strictly decreasing for o, hence Py is classified as ‘left.” The inclusive remaining route of Py
is (16,15) supporting (Pxy,P25) < P3, which is strictly decreasing for @, hence Py is classified
as ‘left” Therefore, T1'§ = {P11,Px}. Meanwhile, since Ps; € P3 is the terminal part type
stage for P}, Ps is ignored. It is obvious that 1Y = &. After all the part type stages are
classified in this way, a constraint is generated for each pair of non-failure-dependent
resources, yielding RO constraints. We now define RO constraints formally as follows.
Definition 3.2.1: RO®“C is the set of constraints:
VIm, In € RCO such that o(rm) < o(1s), Y (Xxk+¥k) + Y (Xk+Y%k) < Cm + Ca
PjkelTRY Pjxef Y

where Cp,, and C,, are the respective buffer capacities of 1y, and rp.
In the example, for 15, r¢ € RCO, we have (xs3+yss) + (x11+yn+xautyzs) < 2, recalling that
Cs=Cg¢=1. This constraint assures that for every resource allocation state that the system is
allowed to visit, the number of ‘right” and “undirected’ parts occupying buffer space at rs
plus the number of ‘left’ and “undirected” parts occupying buffer space at r¢ will be less than
the combined capacity of the two resources. Similar constraints are generated for the
resource pairs {1314}, {r3,rs}, {r3,16}, {rs,15} and {ry,re}.
We are now in the position to establish that the conjunction of RO*© and NHC, call it
supervisor As, satisfies Property 2.2. Supervisor Az is a control policy such that it disables
ake&(q) if 8(q,0ik) violates either ROR“® or NHC. Formally, it is stated as follows.
Definition 3.2.2: Supervisor A; = RO A NHC.
Chew et al. (2011) establish that A; is a robust controller for systems where every part type
requires at most one unreliable resource.

P,
R={r1,12,13,14,15,6,17,13 }
P={P1,P2,P;,P4}
RU={ry,r6,r8}
P1={P11,P12,P13}
— T1=(r1,12,13)

(1]

LJ P tj ........... - P2={P21,P2, P23,P2s}
T2=(r2,15,14,13)

rn

Py

L]

3 P3={P31,P32,P33}

— ‘ T3=(rs,17,18)
Pa_.ﬂ._._.}_.i._.a_, —= P4={Pu1,Pa2, Py}
L Ta={rs,16,13}

r & i s C=((C,C,...,C)=(2,2,2,2,2,2,2,2)

Fig. 6. An example production system with three unreliable resources
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3.3 Robust control using shared resource capacity

The robust supervisory control policies presented in sections 3.1-3.2 assume that that parts
requiring failed resources can be advanced into FD buffer. We refer this type of control
policies as “absorbing” policies. This subsection relaxes this assumption because, in some
systems, providing FD buffer space might be too expensive or it might be desirable to load
the system more heavily with FD parts. A “distributing” type of control policy is developed
and presented in this subsection. This policy distributes parts requiring failed resources
throughout the buffer space of shared resources so that these distributed parts do not block
the production of part types that are not requiring failed resources.

Now, the development of the “distributing” control policy, namely, RO#* policy is discussed
in details. First, based on the definitions of resource sets in the previous sections, we further
define three resource regions: (1) the region of continuous operation, RCO=RFFDURNED, (2)
the region of failure dependency, RFD=RFD>, and (3) the region of distribution,
ROD=RFD\RU = RFD\RU =RR\RNFD, In the example system in Figure 6, we have RCO=
{rir2,13}; REFD= {r2,14,15,16,17,18}; ROD= {r2,15,17}. RO* policy is the conjunction of four modified
RO policies applied to different resource regions. We now define the RO constraints as
follows.

Definition 3.3.1: RORCO is the set of constraints:

Dzt D, 2 <Co+C,
PyeQ, P, eQ,

where  zy =Xy + Yy, 14,1, € RCOand g #h.

RORCO admits states that exhibit at most one capacitated resource in RCO.
Definition 3.3.2: RORFD js the set of constraints

u
Zg+ D 2,<Cg+C, for reR

Py eQ AP " P, cQ,nPP

where  zy =Xy + Yy, T,,m, €RFD, and g=h.

RORED admits states for which at most one resource of RFD is capacitated with PifD parts for
each 1;eRU. Note that it does not place any constraint on the total number of RFD resources
capacitated.

Definition 3.3.3: RORFD? is the set of constraints

g+t D Zumt D 2y <Ce+Cu+C;

j
PyeQ, NP P,,€Q, P P, €Q;nP™P

ji mn

where  zy =Xy +Yg, o0, 1€ RFD and g#h = j.

RORFD? admits states for which at most two resources of RFD are capacitated with FD parts,
but does not place any constraint on the total number of RFD resources capacitated.
Definition 3.3.4: ROROD is the set of constraints

g+ D 2,<C G,

j
Py €@, APP P,,eQ, NPP

Jl uv

where  zy =Xy +Yg, Ty,1, € RODand g+ h.
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ROROD admits states for which at most one resource of ROD=RFD\RU is capacitated with FD
parts, although it places no constraint on the number of unreliable resources that are
capacitated.

As in the example system in Figure 6, the set of constrains are as follows.

RORCO riry: Zn+ztzo<4 Ior3: Z1otZo1+ 213+ 204+ Z243<4
r1r3: Z1+z1s+zotz3<4

RORFD Tory: Z01+73<4 Isr7: z31+23<4
IoTs: Zy+220<4 I'sTs: Z31+233<4
T4rs: Zy3+z90<4 r7r8: Z3pt+z33<4
I'sTs: Zyn+z4p<4

RORFD? Iorals.  zZo+zostzootzs+z41<6 I4rste:  Zo3tZootZs1tZ41+Z4o<6
Iofgre:  Zo1+Zo3+742<6 rarsty:  Zostzoptza+zy1+732<6
oty Zo1+Zas+z3<6 rarsrs:  Zo3tZor+za1+z41+733<6
Iorars:  Zo1+zp3+Z33<6 rrer7.  Zo3tzZgpt+z3<6
Iorste:  Zo1+Zop+Z31+Z41+742<6 rarers:  Zo3+z4n+z33<6
rorst7.  Zo1+ZpotZa1tza1+73:<6 rarsrs:  Zo3tzantzaz<é
Iorstg:  Zo1+ZonptZa1+Z41+733<6 Ister7:  Zoo+za1+Z41+Z4p+732<6
Ioter7:  Zo1+Z4p+732<6 Isters:  Zoot+Za1+Za+Z4pt+7z33<6
Iotels:  Zo1+Zgnt+Z33<6 Ist7rs:  ZoptZa1+Za1+z3+z33<6
Ior7rg:  Zo1+Z32+733<6 Ter7rs:  Zgptzaptz3z<6

ROROD Iors: Zn+zop+z31+Z241<4 1517 Zp+Za1+tz+73<4
Tor7: Zn+z3<4

We are now in the position to establish that RO* policy (the conjunction of RO“°, RORFD,

RORFD?, and ROROD), call it supervisor A4, satisfies Property 2.2. Supervisor Ay is a control
policy such that it admits the enabled controllable event a if and only if 6(g,a) satisfies RORCO

A RORFD 5 RORFD? A ROROD, Formally, it is stated as follows.

Definition 3.3.5: Supervisor As = RORCO A RORFD A RORFD? A ROROD,

The intuition behind this control policy is that it ensures that if a shared resource (i.e., a PFD
resource) is filled with FD parts, at least one can be advanced out of the shared resources
and, thus, out of RCO, which can then operate under RORCO. Furthermore, clearing RCO
of this part will not create problems in the FD resources. To summarize, RORFD allows states
with at most one FD resource filled with parts that are FD on the same unreliable resource.
RORFD2 allows states for which at most two FD resources are capacitated with FD parts.
ROROD admits states for which at most one resource of ROD is capacitated with FD parts.
Wang et al. (2008) establish that A4 is a robust controller for systems where every part type
requires at most one unreliable resource.

4. Robust control for product routings with multiple unreliable resources

In Section 3, we develop robust controllers for the single unit resource allocation systems
with multiple unreliable resources. These guarantee that if any subset of resources fails,
parts in the system requiring failed resources do not block production of parts not requiring
failed resources. To establish supervisor correctness, we assume that each part type requires
at most one unreliable resource in its route. We now relax this assumption using a central
buffer and present robust controllers that guarantee robust operation without assumptions



408 Challenges and Paradigms in Applied Robust Control

on route structure. To this end, we will construct new robust controllers in conjunction with
the robust controllers, A; and A, developed in Subsection 3.1. The following three
subsections will demonstrate the way we use a central buffer to extend A; and A; for systems
where parts may require multiple unreliable resources.

4.1 Route partitioning algorithm

We now show how to use a central buffer to extend A; and A; for systems where parts may
require multiple unreliable resources. We partition routes with multiple unreliable resources
into subroutes, each of which contains one unreliable resource. A part in the last stage of a
subroute can move to the first resource of the succeeding subroute or into the central buffer.
With this partition, the system resembles one with at most one unreliable resource per route,
allowing us to apply A; and A,.

The route partitioning algorithm (RPA) performs this operation. It starts with the last stage
and builds the subroute backwards. A subroute is extended until two unique unreliable
resources are detected. Then, a new subroute is begun. We demonstrate below on P; of
Figure 7.

Route Partitioning Algorithm (RPA)

Algorithm Notation: j, g, u are indices and counters; ¢ is the empty list; ¥ is a temporary set.
forj=1...|P|
letu=|Pj|, q=1, SPp=¢, Y=L
while u=0
(@) if p(Pj) R\, W=¥{p(Pju)}
(b) if | ¥ | <2, SPjq=push(Pj,SPjq), u=u-1
(Note: The function ‘push’ takes two parameters, an object and an ordered list of objects, and
inserts the object into the head of the list.)

(c) else Y=, q=q+1, SPj=¢

end while

NS; = q (Number of Segments for P;)
For j=1, u=|P1]|=8, q=1, SPu=¢, ¥=. Then, p(Pig)=r1gRV\Y ={ryryrs17}, execute (b):
SP11=(P1g), u=7.
Next, p(P17)=r7e RU\W={ro,14,15,7}, execute first if: Y=Y U{rs}={r7}. Since |¥|<2, execute (b)
SP11= <P17,P13>, u=6.
Next, p(P16)=162 RU\ W={r2,14,15}, execute (b): SP11= (P16,P17,P18) and u=5.
Next, p(P15)=rse RU\W={ro,r4,15}, execute (a): Y=¥U{rs}={rsrs7}. Since |¥|=2, execute (c):
Y=0, q=2, SP1>=¢. This completes the first subroute SP11=(P16,P17,P1s).
Next, u=5, p(P15)=rseRU\ W={r,14,15,17}, execute (a): Y=Y {rs}={rs}. Since | ¥ |<2, execute (b):
SP12=(P15), u = 4.
Next, p(Pu)=rscRU\W={ryr4,r7}, execute (a): Y=WUfrs}={rs,rs}. Since |¥|=2, execute (c):
Y=, q=3, SP13=¢. This completes the second subroute SP12=(P1s).
Continuing as shown, RPA partitions P; into four subpart types (the remaining two are
SP13=(P13,P14) and SP14= (P11, P12>) with subroutes TS11=(re,17,18), TS12=(r5), TS13=(r3,r4), and
TS14=(r1,12). Note that each subroute requires at most one unreliable resource, although the
frequency of that resource is not limited. RPA does not affect part types whose routes
require at most one unreliable resource.
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The maximum number of iterations of the RPA while loop is bounded by the number of part
type stages, and thus RPA is no worse than O(CRL=Xpjcp|Pj|), which is polynomial in
cumulative route length (CRL).

4.2 Central buffer constraints

The central buffer (CB) will be used to clear workstation buffer space of failure-dependent
parts that have finished a subroute. If such parts have completely finished their original
routes, they exit the system. Otherwise, they must have available space in the CB. This will
ensure that they do not block the production of other part types.

For example, suppose the system of Figure 7 is in a state as follows: r7 is failed with pi7
waiting for processing; r5 is holding a completed pi5 and r4 is holding a completed pia.
Because of the blocking effect of p14 and pis, it is not possible to produce all other part types.
However, if we relocate p14 and p1s to the CB, the system can continue producing P, P;, and
P,. CB constraints are necessary to achieve this. For P;, we state the linear inequality:
(x11+y11) (X2t X 124y 12) H(X13+y13) H(X1a+X 141y 14) F(X15+X 15+y15) < B1, where xjx and yjx are the
number of finished and unfinished pj’s at p(Pjx), X'jk is the number of finished pj’s relocated
to the CB, and B; the CB space reserved for P;.

Pi--q--f»-"---------- I
L . |
«d—d- !

R={r1,r2,r3,r4,r5,r6,r7} P={P1,P2,P3,P4}

Ps A gy e =1 < - RY={ro,r4,15,17}

P1={P11,P12,...,P18}  T1=(r1,r2,13,14,15,Y6,17,11)
Po={P2x,P2,..P2s}  To=(r1,r3,r4,16,11)

“ t o1+ EEm=—=
o *F 3 H P3={P3,P3,...,P311}  T3=(r1,r5,13,12,13,I5,13,1'5,16,17,11)
Py I 1 Py={Pu1,P1,Ps3,Psa} Ta={r1,re,13,11}
B ] C=(C1,Ca,...,CA)=(1,1,1,1,1,1,1)
«-}t--F-mmme - a
Central Buffer

Fig. 7. Example with four unreliable resources

With this constraint, finished parts pi2, p1s, and pis, for subpart types SP14, SP13, and SP1,
respectively, can be moved to the CB. Thus, in the example, we can transfer the finished p14
and pis to the CB, allowing P>, P;, and P4 to continue production. In the meantime, we
decrement x14 and x;5 by 1, and increment x'14 and x'15 by 1. As an aside, we decrement x'14
by 1 and increment y15 by 1 when p14 advances from the CB into the buffer of rs.

We now state the CB constraint, CBC. Let P*={P;:PjeP A | TjnRV| > 1} be the set of part types
that require multiple unreliable resources, and B the total capacity of the CB. For a part type
PjeP*, let

Zi= (xjk+Yp) + 2 Xk

Py <P;\SP, Py <LP;
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where LP;j is the set of “last” part type stages in the subparts of P; (except SPj, the final stage
of Pj). For example, LP1={P12,P14,P15} and LP3 = {P32,P34,P36,P3s}. In general,

LP;={p; ISP sl L1 157 s 5P sy 17 P \spj,stl+~-+ISPi2I} .

Z; keeps track of the total number of instances of part type stages of PjeP* that are in the
system. CBC is defined as:

(i) Z;<Bj, PjeP* (i) X, Bj<B
PjeP

CBC ensures that every part in the system requiring multiple unreliable resources has
capacity reserved on the CB. CBC has no more than CRL*|P| constraints and thus checking
CBC computation is no worse than O(CRL*|P|), which is polynomial in stable measures of
system size.

The level of Bj for PjeP* can be fixed, in which case Bj does not change; or state-based, where
we periodically reallocate CB across all PjeP*. Although we cannot preempt CB space from
parts that have it reserved, we can reallocate CB space that is not reserved. One simple
approach is to let B=Z; as long as (ii) holds. This represents a first-come-first-serve rule.
Alternatively, we can solve the following assignment problem:

B |P*]
min ZZCU i )
i=1j=1
B
st. Bj=) Xy, j=l.|P*| )
i=1
B
Z, < ZXi]', j=1... | P*| (3)
i=1
B ||
Z X <B 4)
i=1j=1
{01} . :
,i=1..B, j=1... | P¥| ®)

Here, Xj is 1 if the ith unit of CB is assigned to PjeP*, 0 otherwise. The objective (1)
minimizes assignment cost; (2) counts the assignment to each PjeP*; (3) assures no
preemption from parts in the system; and (4) assures the CB is not over allocated. Cj is the
cost of assigning CB space to PjeP*. This cost could reflect production priorities or failure
probabilities. This problem can be solved in polynomial time using the Hungarian
Algorithm (Papadimitriou, 1982). The solution frequency is a topic for future research.

4.3 Robust controllers with CBC

We now define two supervisory controllers. The first is the conjunction of A; and CBC; and
the second is the conjunction of A> and CBC. Recall that A; and A, are the controllers of
Subsection 3.1. Formally, the extended supervisors are stated as follows.
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Definition 4.3.1: Supervisor As = A; A CBC.

Definition 4.3.2: Supervisor As = A A CBC.

The following theorems establish that these supervisors ensure robust operation.

Theorem 4.3.1: As is robust to failure of RU.

Proof: The structure of the proof is as follows. We assume the system to be in an admissible
state with parts requiring multiple unreliable resources, with some failed. We show that
these parts can advance into the CB or into the buffer space of failure-dependent resources,
where they do not block production of parts not requiring failed resources. Let PjeP*. The
subpart types of Pj constructed by RPA are {SPs,SPjnsj1),---,SPi}. Assume that in the
current state, g, unreliable resources in the subroutes of Pj have failed and that q satisfies As.
In the following, we want to show that under As parts of type P; do not block other part
types from producing. We ignore parts of type P; in the final subroute since it is covered by
Ai1. That is, A; guarantees that parts in the final subroute can be advanced into the buffer
space of the last resource and completed and removed from the system if the resource is
operational or stored there, out of the way of part types not requiring failed resources, if it is
not.

Let Cq={pix | Px € SPjq, q = NS;, (NSj-1),...,2} be the set of parts of Pj in the state q. Let
#q={pj | Pk € LP;} be the set of parts of P; in the final stage of a subroute. By the definition
of LP;, 4 < (g Now, A; guarantees that all parts in {g\ ¢4 can be advanced, perhaps
through several processing steps, into the buffer spaces of resources required by stages of
LP;. That is, A; guarantees a sequence of part movements such that the system reaches a new
state, say t, where (= 4. In state t, all instances of P; are at the end of a subroute.

The left hand side of CBC does not change in moving from state q to state t. To see this, note
that CBC is only affected by parts in P*. Since we allow no new parts to be admitted and no
part of P* is required to move from one subroute to another (only to the end of the current
subroute), the left-hand-side of CBC does not change magnitude. Thus, the part
advancement under A; does not violate CBC.Now, CBC guarantees that every part of {; has
capacity reserved on the CB, and any finished part of this set can be moved to the CB.
Further, any unfinished part of {; can be finished and moved to the CB if its resource is
operational. If the associated resource is not operational, the part can be stored at its failed
resource where it will not block the production of part types not requiring failed resources.
Thus, all operational resources can be cleared of parts of type P;. Under A, the resulting
state is a feasible initial state if resource repairs or additional failures occur.

Theorem 4.3.2: As is robust to failure of RU.

Proof: The proof follows the same construction as Theorem 4.3.1. The main difference is in
how BA and SSLA operate. Thus, As and As guarantee robust operation for systems where
parts can require multiple unreliable resources. Note that if every resource is unreliable,
both theorems continue to hold.

5. Conclusion and future research

Supervisory control for manufacturing systems resource allocation has been an active area of
research. Significant amount of theories and algorithms have been developed to allocate
resources effectively and efficiently, and to guarantee important system properties, such as
system liveness, traceability, deadlock-free operations. However, a major assumption these
research works are based on is that resources never fail. While resource failures in automated



412 Challenges and Paradigms in Applied Robust Control

manufacturing systems are inevitable, we investigate such system behaviours and control
dynamics. First, we developed the notion of robust supervisory control for automated
manufacturing systems with unreliable resources. Our objective is to allocate system buffer
space so that when an unreliable resource fails the system can continue to produce all part
types not requiring the failed resource. We established properties that such a controller must
satisfy, namely, that it ensure safety for the system given no resource failure; that it constrain
the system to feasible initial states in case of resource failure; that it ensure safety for the
system while the unreliable resource is failed; and that during resource repair it constrain the
system to states that will be feasible initial states when the repair is completed.

We then developed a variety of control policies that satisfy these robust properties.

Taxonomy for Future Research Directions
System Structure S1 at most one unreliable resource for each part type

52 random number of unreliable resources for each part type
Central Buffer Capacity C1  without central buffer

C2  with central buffer
every part type stage can be performed by exactly one

Flexible Routing FR1
resource
FRo  every parttype stage can be performed by exactly two
resources
FRj every part type stage can be performed by exactly j
resources
Robustness Level RB1 no resource failures

RB2  at most one resource failure at any time
RB3  at most two resource failures at any time

RBi  at most i resource failures at any time

Unreliable R . . .
nre 1 % ¢ esource RC1 unreliable resources fail at any time

Condition

RC2 unreliable resource failure characteristics can be estimated

Application Areas AA1 Manufacturing Systems

AA2 Business Processes and Workflow Management
AA3 E-Commerce

AA4  Supply Chain Management

AA5 Internet Resource Mangement

AA6 Transporation Systems

AA7 Healthcare Systems

Table 1. Taxonomy for future research directions

Specifically, supervisory controllers Ai-A4 are for systems with multiple unreliable resources
where each part type requires at most one unreliable resource. Supervisory controllers As-Ag
control systems for which part types may require multiple unreliable resources. Another
classification of the controllers is based on the underlying control mechanism: controllers A;-
Az ‘absorb’ all parts requiring failed resources into the buffer space of failure-dependent
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resources, controller A4 distribute” parts requiring failed resources among the buffer space of
shared resources, and controllers As-Ag utilize central buffer to achieve robust operations.
These robust controllers assure different levels of robust system operation and impose very
different operating dynamics on the system, thus affecting system performance in different
ways. An extensive simulation study has been conducted and a set of implementation
guidelines for choosing the best robust controller based on manufacturing system
characteristics and performance objectives are developed in Wang et al. (2009).

A taxonomy is developed and presented in Table 1 to help guide future research in the area
of robust supervisory control. By combining the different system structures, the
presence/absence of central buffer, flexible routing capability, system robust level
requirements, and unreliable resource failure characteristics, a significant amount of future
research and development need to be done to address a variety of system control and
performance requirements. And, although automated manufacturing systems are the
context in which we develop the robust supervisory control research. We expect to expand
our research to other application areas due to the similarity in resource allocation
requirement and complexity in workflow management. The robust controllers we
developed so far only address a small subset of the research taxonomy. For example,
controller A; falls in the category in the taxonomy of (S1, C1, FR1, RB2, RC1, AAl).
Especially, it would be interesting and challenging to develop supervisory control policies
for systems with flexible routing and for systems where the failure characteristics of
resources are dynamically evolving and can be estimated through sensor monitoring and
degradation modelling.
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1. Introduction

Introduction. A critical challenge faced by sustainability science is to develop robust
strategies to cope with highly uncertain social and ecological dynamics. The increasing
intensity with which human societies utilize (limited) natural resources is fueling the global
debate and urging the development of resource management methodologies/policies to
effectively deal with very demanding socio-bio-economical issues. Unfortunately, despite
concerted efforts by governments, many natural resources continue to be poorly managed.
The collapse of many fisheries worldwide is the most notable example (Clark, 2006;
Clark et al., 2006; Holland, Gudmundsson; Myers, Worm 2003; Sethi et al., 2005) but other
examples include forests (Moran, Ostrom), groundwater basins (Shah, 2000), and soils (ISRIC,
1990). The suggested causes are varied but (Clark, 2006) highlights two: (1) lack of
consideration of economic incentives actually faced by economic agents and (2) uncertainty
associated with the dynamics of biological populations. In the case of fisheries, Clark notes
that “complexity and uncertainty will always limit the extent to which the effects of fishing
can be understood or predicted” (Clark, 2006, p. 98). This suggests that we need policies
capable of effectively managing natural resource systems despite the fact that we understand
them poorly at best.

Real-World Management Issues. Real-world resource management must address three
components: goal setting, practical (robust) implementation, and learning. Clark and
others (Clark, 2007; 2006; Clark et al., 2006) have recently noted that practical implementation
issues are frequently at the root of fishery management failures. For most fisheries,
the necessary institutional contexts exist (Wilen, Homans) and we know what to do, yet
management efforts fail. This suggests a need to focus on the actual process of resource
management. For example, how can managers make decisions with incomplete information
concerning how the resource and the resource users will respond to management actions?
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When managers can’t learn fast enough, yet still must make decisions, how should they
proceed?

Stochastic Optimization. A common approach to such policy! problems is stochastic
optimization. Examples include studies of the performance of management instruments in the
face of a single source of specific uncertainty such as in the size of the resource stock (Clark,
Kirkwood; Koenig, 1984), the number of new recruits (Ludwig, Walters; Weitzman, 2002),
or price (Andersen, 1982). Unfortunately, because they require assigning probabilities to
possible outcomes, the insights from stochastic optimization techniques can be somewhat
restricted. As Weitzman puts it, “The most we can hope to accomplish with such an approach
is to develop a better intuition about the direction of the pure effect of the single extra
feature being added...when the rest of the model is isolated away from all other forms of
fisheries uncertainty” (Weitzman, 2002, p. 330). Such models generate interesting insights
regarding how uncertain resources should be managed, but they contribute little to improving
actual resource management practice. In our presentation, we attempt to provide some
guidance through the development and application of a set of tools for practical (robust)
policy implementation decisions in situations with multiple sources of uncertainty. While
our approach is fundamentally deterministic, we show how probabilistic information can be
accommodated within our framework.

Literature Survey. Several different threads concerning practical policy implementation
challenges have emerged in the literature. Adaptive management (Walters, 1986) and
resilience-based management (Holling, Gunderson; 1986; 1973; Ludwigetal., 1997) are
examples from ecology. In parallel, robust control ideas from engineering (Zhou, Doyle) have
begun to permeate macroeconomics (Hansen, Sargent; Kendrick, 2005) and there is recent
work on resource management problems in the engineering literature (Belmiloudi, 2006;
2005; Dercole et al., 2003). A concept of robust optimization has also been developed in the
operations research and management science literature (Ben-Tal, Nemirovski; Ben-Tal et al.,
2000; Ben-Tal, Nemirovski) with some specific applications of these ideas to environmental
problems (Babonneu et al., 2010; Lempert et al., 2006; 2000). The overarching theme of robust
optimization is to select the best solution from those “immunized” against data uncertainty,
i.e. solutions that remain feasible for all realizations of the data (Ben-Tal, Nemirovski).

Our Approach: Exploiting Concepts from Robust Control. This chapter presents a
sensitivity-based robustness-vulnerability framework for the study of policy implementation
in highly uncertain natural resource systems in which uncertainty is characterized by
parameter bounds (not probability distributions). This approach is motivated by the fact
that probability distributions are often difficult to obtain. Despite this, it is shown how one
might exploit distributions for uncertain model parameters within the presented framework.
The framework is applied to parametric uncertainty in the classic Gordon-Schaefer fishery
model to illustrate how performance (income) can be sacrificed (traded-off) for reduced
sensitivity, and hence increased robustness, with respect to model parameter uncertainty.
Our robustness-vulnerability approach provides tools to systematically compare policy
uncertainty-performance properties so that policy options can be systematically discussed.
More specifically, within this chapter, we exploit concepts from robust control in order
to analyze the classic Gordon-Schaefer fishery model (Clark, 1990). Classic maximization
of net present revenue is shown to result in an optimal control law that exhibits limit

! We use the terms “policies” and “control laws” interchangeably in this presentation.
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cycle behavior (nonlinear oscillations) when parametric uncertainty is present. As such,
it cannot be implemented in practice (because of prohibitively expensive switching costs).
This motivates the need for robust policies that (1) do not exhibit limit cycle behavior
and (2) offer performance (returns) as close to the optimal perfect information policy as
model parameter (and derived fishery biomass target) uncertainty permits. Given the
state of most world fisheries, our presentation focuses on a fishery that is nominally
(i.e. believed to be) biologically over exploited (BOE); i.e. the optimal equilibrium biomass
lies below the maximum sustainable yield biomass (Clark, 2006; Clark et al., 2006; Clark,
1990; Holland, Gudmundsson; Myers, Worm 2003; Sethi et al., 2005). By so doing, we directly
address a globally critical renewable resource management problem. As in our prior work
(Anderies et al., 2007), (Rodriguezetal., 2010), we do not seek “a best policy.” Instead,
we seek families of policies that are robust with respect to uncertainties that are likely
to occur. Such families can, in principle, be used by a fishery manager to navigate the
many tradeoffs (biological, ecological, social, economic, political) that must be confronted.
More specifically, our effort to seek robust performance focuses on reducing the worst case
downside performance; i.e. maximizing returns when we have the worst case combination
of parameters. Such worst case (conservative) planning is critical to avoid/minimize the
possibility of major regional/societal economical shortfalls; case in point, the recent “Great
Recession.” It is important to note that the simplicity of our model (vis-a-vis our performance
objective of maximizing the net present value of returns) permits us to readily determine the
worst case combination of model parameters (i.e. growth rate, carrying capacity, catchability,
discount rate, price, cost of harvesting). Given this, we seek control laws that do not exhibit
limit cycle behavior and whose returns are close (modulo limitations imposed by uncertainty)
to that of the worst case perfect information optimal control policy - the best we could do
in terms of return if we knew the parameters perfectly. Other design strategies are also
examined; e.g. designing for the best case set of parameters. “Blended strategies” that
attempt to do well for the worst case downside perturbation (i.e. minimize the economic
downside) as well as the best case upside perturbation (i.e. maximize the economic upside)
are also discussed. Such strategies seek to flatten the return-uncertainty characteristics over
a broad range of likely parameters. The above optimal control (derived) policies are used
as performance benchmarks/targets for the development of robust control policies. While
our focus is on bounded deterministic parametric uncertainty, we also show how probability
distributions for uncertain model parameters can be exploited to help in the selection of
benchmark (optimal) policies. After targeting a suitable optimal (benchmark) policy, we
show how robust policies can be used to approximate the benchmark (as closely as the
uncertainty will permit) in order to achieve desired performance-robustness-vulnerability
tradeoffs; e.g. have a return that is robust to worst case parameter perturbations.

While the presentation is intended to provide an introduction into how concepts from optimal
and robust control may be used to address critical issues associated with renewable resource
management, the presentation also attempts to shed light on challenges for the controls
community. Although the presentation builds on the prior work presented in (Anderies et al.,
2007), (Rodriguez et al., 2010), the focus here is more on defining the problem, describing
the many issues, and sufficiently narrowing the scope to permit the presentation of a design
methodology (framework) for robust control policies.

Finally, it must be noted that the robust policies that we present are not intended to be
viewed as final policies to be implemented. Rather, they should be viewed as policy targets -
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providing guidance to resource managers for the development of final implementable policies
(based on taxes, quotas, etc. (Clark, 1990, Chapter 8)) that will (in some sense) approximate
our robust policies. While our focus has been on parametric uncertainty, it must be noted
that robustness to unmodeled dynamics (e.g. lags, time delays) is also important. While some
discussion on this is provided, this will be examined in future work.

Contributions of Work. The main contributions of this chapter are as follows:

® Benefits of Robust Control in Renewable Resource Management. The chapter shows how robust
control laws can be used to eliminate the limit cycle behavior of the optimal control
law while increasing robustness to parametric uncertainty and achieving a return that
is close (modulo limitations imposed by uncertainty) to the perfect information optimal
control law. Special attention is paid to minimizing worst case economic downside. As
such, the policies presented shed light on fundamental performance limitations in the
presence of (parametric) uncertainty. The policies presented are intended to serve as
targets/guidelines that fishery managers may try to approximate using available tools
(e.g. taxes, quotas, etc. (Clark, 1990, Chapter 8).

o Tutorial/Introductory Value. The chapter serves as an introduction for the controls
community to a very important resource management problem in the area of global
sustainability. As such, the chapter offers a myriad of challenging problems for the controls
community to address in future work.

Organization of Chapter. The remainder of the chapter is organized as follows.
e Section 2 describes the classic Gordon-Schaefer nonlinear fishery model (Clark, 1990) to be
used.

e Section 3 describes the optimal control law and its properties. The latter motivates the
need for robust control laws for fishery management - laws that try to achieve robust near
optimal performance in some sense.

e Section 4 describes a class of robust control laws to be examined.

® Section 5 contains the main results of the work - comparing the properties of the optimal
policy to those of the robust policies being considered.

¢ Finally, Section 6 summarizes the chapter and presents directions for future research.

2. Nonlinear bioeconomic model

In this section, we describe the nonlinear bioeconomic model to be used for control design.
The model is then analyzed.

2.1 Description of bioeconomic model

The nonlinear Gordon-Schaefer bioeconomic model (Clark, 1990; Gordon, 1954; Schaefer,
1957) is now described.

Nonlinear Gordon-Schaefer Bioeconomic Model.

The nonlinear model to be used is as follows:

X = F(x) —qxup x(0) = x,, ey
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where

F(x) =rx (1— %) 2
represents the natural regeneration rate of the resource and x, x,, and u, represent resource
biomass, initial resource biomass, and harvesting effort, respectively. The parameters r,
k, and g, retain their traditional definitions of intrinsic growth rate, carrying capacity, and
catchability, respectively. Table 1 in Section 2.5 summarizes model parameter definitions,
units, nominal values, and ranges. Model uncertainty will be addressed in Section 2.6.
Saturating Nonlinearity. Typically, effort is bounded above by some maximum and below
by zero, i.e. uy € [0, Umax]. Typically, this physical constraint is implicitly taken into account
when the optimal control problem is solved. However, a more general family of controls
may generate control signals outside the allowable range, and it is important to be explicit
about how these signals are “clipped” by physical constraints. We thus define the saturation
function

def | ¥min = < X < Xmin
sat(X; Xmin, X¥max) = § X X¥min < X < Xmax 3)
Xmax Xmax < X < 00.
The feasibility condition can then be written in terms of (3), i.e.
up € [0, timax] < 1p = sat(u; 0, Uyax) 4)

where u is the control signal. When there is no risk of confusion, we will write 1, = sat(u).
Performance Measure. The fishery performance measure to be used, denoted J, is the net
present value of future returns:

J(up) def OT e T (pgx — c)up dt (5)

where price p, cost per unit effort ¢, discount rate J, and planning horizon T are assumed
constant. (We will use T = oo to develop the optimal control law.)

2.2 Equilibrium analysis of bioeconomic model
One of the desired control objectives will be for the fishery to operate at specific equilibrium
(set) points. Given this, the set of equilibria for the nonlinear model are as follows:

Xe =0 MEZO (6)

when u, € (0,1] Xe =k (1 - gu6> . (7)

Observe that as the equilibrium effort increases, the equilibrium biomass decreases (as
expected).

2.3 LTI small signal model
To further understand the local characteristics of the above nonlinear model, we can linearize
it about equilibria. Doing so yields the following small signal linear time invariant (LTI)
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model:
0x = adx + bou (8)
x
f(x) =rx (1_E> —qxu )
_[of _ 2rx, _ r _|of L

a= [ax} - =r X que = (k) Xe b= {au} - = —qx. (10)
Ox(t) = x(t) — xe 0x(0) = x(0) — x, = xo — X ou(t) = u(t) — ue (11)

The associated transfer function from du to dx is given by:

b

P(s)= —, (12)
Since a = — () x, < 0, it follows that the equilibrium point (x, u,) is asymptotically stable

with the rate of convergence (pole) being proportional to the equilibrium biomass x., the
fishery growth rate 7, and inversely proportional to the fishery’s carrying capacity k. The

dc gain associated with P is P(0) = —g; the minus sign implying that fishing reduces the
equilibrium biomass.

Utility of LTI Small Signal Model. The above LTI model can be used to approximate the response
x of the nonlinear model. If the response of the LTI model is denoted

£ =x,+0x (13)
then £ &~ x when u = u, (i.e. du(t) ~ 0) and x, = x, (i.e. 5x(0) = x, — x, = 0).

2.4 Control objectives
The control objectives for the fishery may be summarized (roughly) as follows:

1. Maximize the net present value of future returns
.. def [ _s¢
maximize | = e %' (pgx —c)up dt (14)
0

Note: We would be willing to give up some return for increased robustness.

2. Closed loop stability

(a) Limit cycle behavior is not acceptable because it can have an prohibitively expensive
implementation cost. While this is not captured in ], it could be addressed by
introducing an additional 1), term within J.

(b) Closed loop responses should be “relatively smooth” (continuous) when we have
nearly continuous sampling of the biomass x. It is understood that sampling is
inevitable in practice; i.e. continuous sampling is prohibitively expensive and hence
impossible. As such, closed loop responses should be robust with respect to some
discrete sampling.

3. Follow (achievable) step biomass commands issued by the fishery manager in the steady
state

4. Reject additive step input and output disturbances in the steady state
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5. Attenuate high frequency sensor noise so that it does not significantly impact control action

6. Ensure that the fishery biomass overshoot to step reference biomass commands is suitably
bounded

7. Robustness with respect to model parametric uncertainty

2.5 Nominal model parameters
Nominal parameter values to be used are given below in Table 1.

Symbol|Description Unit Nominal| Range
0 6o
Biological Parameters
Xo Initial resource biomass Kilotons, KT varies |[0.5x,, 1.5x,]
Ui  |Minimum harvesting effort fleet - power - year / year 0 -
Umay |Maximum harvesting effort fleet - power - year / year 1 -
r Intrinsic growth rate 1/year 0.3 [0.15,0.45]
g  |Catchability 1/ fleet - power - year 0.3 [0.15,0.45]
k  |Carrying capacity KT 100 [50,150]
Economic Parameters
p  |Resource market price MS$ per kiloton 10 [5,15]
¢ |Costof harvesting per effort MS$ per year 13.24 | [6.62,19.86]
0 Annual discount rate 1/year 0.1 [0.05,0.15]
T  |Planning horizon years 50 N/A

Table 1. Nominal Parameter Values Used

A planning horizon of T = 50 years was selected because the nominal discount rate is 6 = 0.1
and in roughly T = % = 50 years, the integrand within ] is negligible.

Focus of Work: Biologically Exploited (BOE) Fishery. The focus of our presentation will
be on a fishery that biologically overly expoilted (BOE) as opposed to biologically under
exploited (BUE). This is because most of the world’s critical fisheries are overly exploited
(Clark, 1990).

e BOE with the ‘low cost’ ¢ = 13.24. BOE occurs when the cost is sufficiently small. For the
parameters indicated, it can be shown that:

*

x, = 075 x5y = 375 < xpmsy = % — 50

i.e. the optimal equilibrium biomass is below the maximum sustainable yield biomass.

2.6 Model uncertainty and scope of presentation

Within this presentation, we focus on uncertainty associated with the nominal model
parameters: r, k, q, p, ¢, . The following uncertainty will not be addressed in this presentation
but it is duly noted:

1. The structure of F may be different than considered above. For example, if F has the form
F(x)geqO for x € [ke, k] and F(x) < 0 for x € (0,k:) where F(0) = 0 and F(k) = 0, then
we say that the fishery exhibits critical depensation (Clark, 1990, p. 17). In short, this implies
that if x ever drops below the critical depensation parameter k. > 0, then x will decrease
toward zero regardless of u; i.e. the fishery will be lost.
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2. All plant parameters are uncertain. They may even change with time. Moreover, the plant
contains additional dynamics; e.g. it takes time for the fishery workers to mobilize. This
can contribute additional lags, time delays, and rate limiters within the plant. One can
use a decentralized or distributed model in order to capture the decision making made by
individual fisher people (Clark, 1990, Ch. 8 & 9).

Input and output disturbances are uncertain.
Measurement noise is uncertain.

The biomass is not known; it must be estimated

ARSI R

The output (biomass) is sampled at some rate; if this rate is not sufficiently high, it could
cause aliasing (Ogata, 1995); the sampling rate should be (as a rule-of-thumb)greater than
ten times the control system bandwidth.

In contrast to many control applications where the “controller” is implemented with great
fidelity, fishery controllers are implemented by an organization. As such, there can be
considerable implementation issues/uncertainty. This will be discussed further below.

3. Optimal control law and properties

Within this section, we present the optimal control problem, the associated solution (optimal
control law), and the properties of the optimal control law.

3.1 Optimal control law

We begin with a brief derivation of the classical optimal control policy stated in a way that
will facilitate comparison to the class of LTI policies described later in this section.

The solution of the traditional optimal control problem:

maximize | def /Ooo e (pgx(t) — c)up(t) dt (15)
st X(t) = F(x(t)) —qx(t)up(t)  x(0) = x, (16)
Upin =0 < ”p(t) < Umax (17)

is obtained by forming the Hamiltonian:
H(x,u,A) def e % (pgx — c)u + A [F(x) — gxu] = G(x,t)u — AF(x) (18)

where G(x,t) def e~%(pgx — ¢) — Agx and A is the co-state variable. Pontryagin’s Maximum

Principle then implies that an optimal control policy will satisfy:
_ J —cowhen G(x,t) <0

u(t) = {oo when G(x,t) > 0. (19)

Because the objective functional is linear, the Maximum Principle says nothing about the
case when G(x,t) = 0. However, using the co-state variable relationship A = —%, the
well-known implicit formula for the singular control path can be determined (Clark, 1990):

cF(x)

Fla)+ x(pgx —c)

=5 (20)
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Optimal Steady State Equilibrium Biomass. When F(x) = rx(1 — x/k), the above equation
can be used to determine the optimal (steady state) equilibrium biomass x;:

2
[%"’ — XMSsY (%) +xMSY}+ \/[%” — XMSsY (%) +sty] + 4X M5y Yoo (%)

X = 5 1)
where
k
= - 22
XMsy = 5 (22)
is the maximum sustainable yield biomass and
c
Xoo = — (23)
g

is the optimal equilibrium when § = oo; i.e. open-access equilibrium (Clark, 1990). The above
shows that the optimal biomass x; depends on the three independent parameters X, Xp15y,
and g. It can be shown that

Xo <X < xmsy + %o (24)

for all 6 € [0, c0] where the quantity xpsgy + %52 is the optimal x} for 6 = 0. The associated
optimal (steady state) equilibrium control is given by:

cdef 7 (0 X
”e*q(l k)' (25)

Optimal Control Policy. Define the tracking error as the difference between the desired
(reference) state and the actual state, i.e.

e &ef Xyef — X. (26)

Setting x,.s = x; and combining (19) with (25) yields following expression for the control law:

u(t) =14 u; when e=0 (27)

—oco when ¢ >0
oo when e <O0.

The saturation function is then applied to this control signal to capture the physical constraints
on the system, i.e. u,(t) = sat(u(t)). This control law implies the following:

o Ife >0, set up(t) = tyiy = 0, allow x(t) to increase until x(t) = x, then set u,(t) =
sat(uy).

o Ife <0, setup(t) = tmax until x(t) decreases to x;, then set u,(t) = sat(uy).

o Ife=0,setuy(t) =sat(uy).

Below, we show that this policy (in general) exhibits limit cycle behavior in the presence of
parameter uncertainty (see Figure 6).
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3.2 Nominal optimal control policy numerics
The numerics for the nominal optimal perfect information control law are summarized in

Table 2.

Case|| x; | u; || Xeo | Ueo Optimal Control Law Optimal Return, J;
small IC| large IC

0 x(t) <375
BOE ||37.5|0.625||4.41|0.987 u(t) = ur &t Fq(;fg) =0.625 x(t)=375 451 782
Upay =1 x(t) > 375

Table 2. Summary of Optimal Control Policy Numerics. BOE corresponds to ¢ = 13.24 which
yields x; = 0.75 - xpjgy. Small IC corresponds to x, = 0.5 - x; < x;. Large IC corresponds to
Xo =15-x) > x}. X0 = ﬁ and e = %( — &) correspond to infinite discounting

(open-access); i.e. § = co.

3.3 Properties of the optimal control law

In this section, we describe the properties of the optimal control law assuming perfect
information (i.e. model parameters are known with no error) and imperfect information
(i.e. model parameters are not perfectly known). Understanding the properties of the optimal
policy is very important for several reasons. We wish to understand (1) the fundamental
robustness properties (e.g. economic inefficiency) of an optimal policy (e.g. one based on
nominal, worst case, or best case parameters); (2) implementation issues associated with the
optimal control policy; (3) how the robustness properties for our robust policies compare to
those of a particular optimal control policy; (4) how x} depends on parameter perturbations.
The latter is important because we will using x; as the reference command x,, ¢ for our robust
control law policies. This is an issue because the optimal x; (in general) is uncertain; i.e. x; is
only known for specific value selections (e.g. nominal, worst case, best case). As such, we will
have to address this uncertainty to clearly understand what our robust control policies (with
built-in command following) will be driving the state of the fishery to.

In short, we show below that: (1) Since x; is, in general, uncertain, if x; is the desired
(reference) state, then we have a major issue in that we will be driving the fishery to the
incorrect state. This can have severe economic as well as biological implications (e.g. driving
x below the critical depensation parameter k., will destroy the fishery). (2) The optimal policy
exhibits limit cycle behavior when x} is uncertain. Moreover, it is very sensitive to any discrete
sampling. As such, the (imperfect information) optimal policy is prohibitively expensive to
implement (see Figure 6).

Optimal Perfect Information Control Law Sensitivity: Single Parameter Results (x, = x}).
The following shows how the the performance of the optimal perfect information control law
changes with parameter perturbations. Results for our BOE fishery when x, = x; are as
follows:

1. (J7, x¥, u}) increase with increasing k or increasing r.
. J¢ increases while (x;, u}) decrease with increasing 4.

. J¢ decreases while x; increases and u; decreases with increasing ¢.

= W N

. J; increases while x;} decreases and u} increases with increasing p.



Design of Robust Policies for Uncertain Natural Resource Systems:
Application to the Classic Gordon-Schaefer Fishery Model 425

5. (J;, x;) decrease while u} increases with increasing c.

Robustness with Respect to Parametric Uncertainty: Imperfect Versus Perfect Information.
Figure 1 shows how the optimal control law performs in the presence of parametric
uncertainty. x, = x, for the perfect information policy. x, is at the unperturbed /nominal
x; for the imperfect information policy. The plots compare the performance of the optimal
control law with imperfect parameter knowledge to that with perfect parameter knowledge.
The perfect information optimal control law (by definition) results in the maximum achievable
return. While it represents a suitable benchmark to compare with, it must be emphasized that
x; is always uncertain. This is particularly crucial when x; is being used as the target biomass
(reference command) for a robust control law (see Sections 4, 5) because an incorrect reference
command x,,¢ will fundamentally limit the achievable performance. Moreover, no (inner
loop) robust policy can address this. To properly address this, one needs some combination of
parameter estimation, system identification, and learning coupled with some adaptive outer
loop policy that adjusts the target based on collected information. While this is challenging
and exciting to pursue, it is beyond the scope of our presentation.

Figure 1 specifically shows the maximum theoretical (perfect information) return on the left
in blue. The return associated with the imperfect information optimal policy (designed for
nominal parameter values) is shown on the left in red. On the right in blue, we see how
much the imperfect information optimal control law under performs the perfect information
optimal control law. When k is perturbed by —30%, the imperfect law under performs the
perfect information law by nearly 10%. Figure 1 shows that for a similar perturbation in r,
the imperfect policy under performs by nearly 2%. It can be shown (figures not provided)
that for a similar perturbation in J, the imperfect policy under performs by less than 1%. It
can be shown (figures not provided) that for similar perturbations in p, c, or g the imperfect
policy under performs by a very small percentage. Why is it that the biological parameters
k and r matter more in closing the perfect-imperfect information performance gap than J,
p, ¢, or q? This is because x; is more sensitive to uncertainty in k and r for the BOE case
under consideration. In short, the plots show that we should be concerned primarily with
uncertainty in k. More generally, we seek (robust) policies that perform closer to the perfect
information optimal policy for likely parametric modeling errors. Imperfect information
obviously limits how close we can get. This and associated issues will be addressed below.
Impact of Extremal Parameter Uncertainty on Perfect Information (J;, x;, u}) - At Optimal
Equilibrium. In what follows, x; will be used as a reference command x,,¢ to a robust
control law with good command following properties. Since x; is uncertain, it is important
to understand how commanding an incorrect target will limit achievable performance. Given
this, suppose that x, = x;.

We now ask, what is the worst case combination of perturbations for the model parameters (r,
k, q, p, c, 5)? While an analytical proof is difficult, it can be shown (numerically) that

J;,in general, decreases when (k, r, p, q) are decreased and/or (c, J) are increased.

This result is independent of the initial condition x, for the BOE case under consideration.
Given uncertainty bounds for each of the model parameters, this observation permits us to
readily determine the worst case set of parameter perturbation - something that, in general, is
very difficult to do.
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Fig. 1. Economic Inefficiency for Imperfect Information (Nominal) Optimal Control Law:
Capacity & Growth Rate Uncertainty

Consider figures 2-3 for (J;, x;, u}), respectively. Within these figures, x, = x; and perfect
information is assumed. The figures show the dependence of the perfect information optimal
control law on worst case and best case (extremal) parameter perturbations as defined below.

Worst Case Extremal Parameter Perturbations. Within figures 2-3, negative (worst case
extremal) parameter perturbations correspond to

A Ak A A A AS
Sr_20 24 _ 2P oo and =200 (28)
Yo ko 9o Po Co o

i.e. equal parametric perturbations that result in a smaller return. Here, A6 def g o

represents a perturbation in the parameter 6 with respect to the nominal parameter 6,.
Best Case Extremal Parameter Perturbations. Within figures 2-3, positive (best case extremal)
parameter perturbations correspond to

A Ak A A A Ao
Br_OE_20_2P oo and =Y <o (29)
Yo ko 9o Po Co o

i.e. equal parametric perturbations that result in a larger return.
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The green curves within figures 2-3 represent actual optimal perfect information values. The

blue curves give the percent deviation with respect to the nominal value.
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Fig. 2. Perfect Information Optimal Control Law Returns: Extremal Percent Parameter

Perturbations, x, = x}

J(V9)

Assuming +20% uncertainty for each nominal parameter value, figure 2 shows that the
worst case perfect information optimal return is $215.6 M (65.25% below the nominal of
J& = 620.4M). In contrast, the best case perfect information optimal return is $1482M (138.95%
above the nominal of J; = 620.4M) - a 687% improvement with respect to the worst case
perfect information optimal return. Also note from figure 3 that the worst case parameter
combination results in a 20% reduction in x; with respect to the nominal. From figure 3, we

see that u} is increased by less than 1%.
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Fig. 3. Perfect Information Optimal Control Law (x;, 1, ): Extremal Percent Parameter

Perturbations, x, = x}
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Dealing with Uncertain x; and J;. Let x,,  denote the reference biomass at which the fishery

manager wishes to operate the fishery 2. How does a manager choose the target fishery
biomass x,.s? A biologically conservative manager may wish to keep the fishery at the

maximum sustainable yield x,.f = xpmgy = % A financially aggressive manager may chose
to operate the fishery at the infinite discount (6 = c0) ) optimal value x;of = Xeo = i More
generally, a manager could use the optimal Value xn, f = X, as the point at which to operate

Given that x; is known to within a percentage 9.* , it follows that a ﬁshery manager might
try to operate at (1) x; — Ax; if economic aggression is desired, or at (2) x; 4+ Ax; if biological
conservatism is desired. The x; concept gives the fishery manager a way to systematically
think about fishery biomass targets.

Uncertainty In (x,, x}, x,, f): 6 Cases. In general, x, and x; are uncertain. How does one
choose the target x,.s. We’d ideally like x,,; = x7, but x; is uncertain. What can a manager
do? The table below contains the six possible relations that can exist amongst the three scalars
(X0, X3, Xye f) - from smallest to biggest. In general, we would (ideally) like the state to move
from x, toward x,,y = x;. Since x; is uncertain, it follows that x,. s (in general) will differ from
x;. As such, it follows that we may issue reference commands x,.s that move the state x in an
incorrect direction. Since the state moves from x, toward x,, fr it follows from the table below
that in two cases the state moves in the incorrect direction. In the four other cases, the state
moves in the correct direction.

Smallest| — |Biggest|Direction
Xref | Xo x;  |Incorrect| Way too much fishing (Way Too Aggressive)
Xref | Xe | Xo Correct |Too much fishing (Very Aggressive)
Xo  |Xref| Xe Correct |Too much fishing (Moderately Aggressive)
Xo x; | Xy | Correct |Too little fishing (Moderately Conservative)
¢ |Xref| o Correct |Too little fishing (Very Conservative)

x(:’
Xo | Xps |Incorrect|Way too little fishing (Way Too Conservative)

Xe

Table 3. Six Possible Inequality Relations for (x,, x;, X, f)

To select x,, ¢, we offer the following approaches.

1. Best-Worst Case Approach. Assume that we have good bounds on parametric uncertainty
(not necessarily tight, but encompassing) for the 6 model parameters under consideration:
k,r,q,p, c, 6. Suppose that we design for the best worst case scenario; i.e. try to approach
the return of the perfect information optimal policy when the worst case parameter
perturbations occur; i.e. %—k = eﬂr = Aj = % < 0and AC = %—U‘S > 0. We assume worst
case maximal parameter perturbations. (For 51mp11c1ty, we assume that all parameters are
perturbed by their maximum worst case percentage and that this percentage is the same
for all of the parameters.)

One could, for example, pick a worst case percentage which bounds all of the parameters.
Doing so can be conservative. Parameter estimation can be used to narrow tighten this
worst case percentage. If we have fixed percentage bounds for each of the parameters,
our approach remains the same. (Recall: Determining the worst case perturbation in our

problem is easy. This is not true in most practical scenarios.)

2 Tt is understood that x,, ¢ can change with time. For now, we assume x,, is fixed.
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Now choose x; ¢ equal to the associated worst case x;; i.e. the x; that results from choosing
the worst case parameters. By so doing, the actual x; will be greater than x,.s. As such,
only cases 1-3 can occur; i.e. cases 4-6 cannot occur. The only way, cases 4-6 can occur is if
our uncertainty bounds were not truly encompassing.

2. Best-Best Case Approach. Assume that we have good bounds on parametric uncertainty
(not necessarily tight, but encompassing)for the 6 model parameters under consideration:
k, v, q, p, ¢, 6. Suppose that we design for the best best case scenario; i.e. try to
approach the return of the perfect information optimal policy when the best case parameter
perturbations occur; i.e. %’f = %r = % = % > 0 and %ﬁ = %—0‘5 < 0. We assume best
case maximal parameter perturbations. (For simplicity, we assume that all parameters are
perturbed by their maximum best case percentage and that this percentage is the same for

all of the parameters.)

Now choose x,,r equal to the associated best case x;; i.e. the x7 that results from choosing
the best case parameters. By so doing, the actual x, will be smaller than x,,¢. As such, only
cases 4-6 can occur; i.e. cases 1-3 cannot occur. The only way, cases 1-3 can occur is if our
uncertainty bounds were not truly encompassing.

3. Blended Best-Worst-Best-Best Approach. One can also try to offer a blended approach
that attempts to offer decent returns when either worse case or best case parameter
perturbations occur. We shall illustrate this below.

4. Probabilistic Approach. If a probability density function for the parameter percentage 6
is available, it can be used to determine where to operate. Let fy denote a density function
for 6. This can be used to derive the density function f; for . Given this, the expected
value for J is given by E[J] = [} ] f;(]) d] = [, J(8) f;(J(6)) J'(6) d6. The density
function for 6 can be used to reflect what parameter perturbations are most likely to occur.
The above expectation can then be used to choose x,, to maximize the expectation.

To illustrate the above ideas, consider figures 4-5 for small and large initial conditions,
respectively under extremal parameter perturbations. The figures show results for the perfect
information designs (black), best worst case design (blue), best best case design (red), and the
nominal design (green).

To summarize, the following specific optimal control laws were implemented:

1. Perfect Information Optimal Designs: Xyef = X, Upef = Uy

2. A Best-Worst Case Design: Xref = 29.7, Uyep = 0.629

3. A Nominal Design Based on the Nominal Parameters: Xypef = 37.5, uyep = 0.625
4. A Best-Best Case Design: Xref = 48.6, Uy = 0.595

The performance of the perfect information designs are always best (by definition). The
performance of the best-worst case design (blue) duplicates that of the perfect information
design for 20% worst case perturbations since it is based on the worst case parameter model
and x;. The performance of the best-best case design (blue) duplicates that of the perfect
information design for 20% best case perturbations since it is based on the best case parameter
model and x}. The following key observations are in order within figure 4 (small IC case):
1. The best-worst case design does better than the best-best case design when its parameter
assumptions are maximally incorrect; falling by less than 20% (with respect to perfect
information optimal return) while the best best falls by more than 40% (with respect
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to perfect information optimal return) when its parameter assumptions are maximally
incorrect.

2. The nominal design can be viewed as a nice compromise or blend between the two prior
policies. It is based on the nominal parameter model and x;. Its returns deteriorates
by a little more than 10% for worst case parameter uncertainty and by a little more
than 5% for best case parameter uncertainty. In short, the returns associated with this
nominal (blended) policy offers flatter returns over a wider range of extremal parameter
perturbations.

Each of the above three approaches offer a specific design model (to base the control design

upon) and a specific x; to use as a target. Control laws are always evaluated with the true

(nonlinear) plant. In what follows, we will use the above as benchmarks whose performance

we shall target via robust control laws. Similar patterns are observed for the large IC case in

figure 5.

Sensitivity Analysis: Extremal Perturbations, Small Initial Condition. The expected value

for each of the design cases considered are as follows:
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Fig. 4. Economic Inefficiencies for Various Optimal Control Laws: Extremal Perturbations
(Small IC)

e E[J] = 867.8 for the Perfect Information Optimal Designs
e E[J] = 772.0 for the Best-Worst Case Design
e E[J] = 838.0 for the Nominal Design

[

e E[J] =800.4 for the Best-Best Case Design

A uniform distribution has been assumed for the parameter uncertainty. The optimal perfect
information control law is included for comparison purposes. Its performance can only be
approximated over a range of parameter perturbations. This is because the (1) design plant
parameters differ from those of the true plant and the desired target x;,s differs from the
perfect information target x;.

The following additional points are in order:
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e Although the best-best case design appears worse in terms of percentages at off design
conditions, it has a higher expected return across all cases versus the best-worst case
design.

e A manager could readily design a policy that limited the worst case downside return to
a certain percentage of the maximum possible. For example, if the manager wanted a
worst case downside return no worse than 5% of the maximum possible, a policy should
be designed around roughly a —2 % parameter perturbation.

* A manager may also be interested in implementing the following policy: maxy E[J(6)].

Sensitivity Analysis: Extremal Perturbation, Large Initial Condition. The expected value
for each of the design cases considered are as follows:

BOE: X, =56.25 BOE: X, =56.25
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Fig. 5. Economic Inefficiencies for Various Optimal Control Laws: Extremal Perturbations
(Large IC)

e E[J] = 1368.2 for the Perfect Information Optimal Designs
e E[J] = 1284.5 for the Best-Worst Case Design

e E[J] = 1336.8 for the Nominal Design

e E[J] = 1259.3 for the Best-Best Case Design

Finally, it should be noted that in contrast to the low initial condition study conducted,
the Best-Best Case Design performs worse both in terms of the percentage possible and the
expected return when compared to the Best-Worst Case Design.

Limit Cycles In the Presence of Uncertainty. Finally, consider figure 6. The optimal control
law is based on the nominal BOE parameters. The initial condition is above the uncertain x;.
The simulation is conducted with a truth plant possessing a 10% reduction in k - hence the
limit cycle behavior. The figure shows that: (1) The optimal control policy (in general) will
exhibit limit cycle behavior when we have imperfect information; i.e. model parameters are
not known exactly. (2) The optimal control policy (in general) will be very sensitive to finer
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sampling (AT smaller) under imperfect information; i.e. more oscillations (switching) will be
exhibited as our x time samples are spaced closer together. The figure also shows that low pass
filtering the optimal with a lag can be used to smooth oscillations a bit. To significantly reduce
the oscillations, however, there is no easy fix. We either need a penalized 1, term within |
to penalize switching or we need policies that are inherently more robust (like the ones we
will describe subsequently). As such, this implies that, in practice, the optimal control policy
is prohibitively expensive to implement in the presence of parametric uncertainty because of
the inherent limit cycle behavior and the associated switching costs.
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Fig. 6. Optimal Control Law Robustness: Limit Cycles In Presence of (-10% Capacity)
Uncertainty

Motivation for Robust Control Laws. The above motivates the need for more robust control
laws; i.e. control laws that (1) exhibit an acceptable return (i.e. return robustness) in the
presence of anticipated (likely) parametric uncertainty; (2) do not exhibit limit cycle behavior
in the presence of anticipated (likely) parametric uncertainty. As such, the above motivates
the robust control laws to be considered in our presentation.

Control Law Implementation Issues. Unlike many control applications where controllers are
implemented with great fidelity (within state-of-the-art digital computing units), controllers
within a resource management system are implemented by an organization by setting
rules for the fishery worker community (e.g. quotas, taxes (Clark, 1990, Chapter 8).
As such, many types of uncertainties can be introduced by the organization. These
could include any of the following: (1) parameter uncertainty, (2) additional uncertain
actuation/sensing dynamics (e.g. lags, time delays, rate limiters, etc.), (3) nonlinearities
(e.g. rate limiters, saturations, quantization, dead zones), (4) actuation/incentive errors
(e.g. quota/tax miscalculations), (5) sensing, measurement, and estimation errors (e.g. sensor
dynamics, biomass sampling/aliasing /quntization errors, noise, disturbances).

4. Robust control laws

The model under consideration is very simple. Many tools from the controls literature may
be applied (e.g. classical control (Rodriguez, 2003), H-infinity (Rodriguez, 2004), feedback
linearization, SDRE’s, etc.). Given the introductory/tutorial nature of the paper, the
simplicity of the model being used, as well as the fact that this text covers advanced control
methodologies, we shall focus on simple control strategies from classical control theory. We
will show that such control laws can be used to avoid limit cycles, increase robustness with
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respect to parametric uncertainty, and achieve returns that are close to those of the perfect
information optimal control law.

Control System Structure. The structure of the control system may be visualized as shown in
Figure 7.

xTEf " W xref{ Q erior > " " X
gistl;ﬁ X K [mamagemen™ sat(-) > P actull
Pre-filter Bolicy action ST T é hery output
(feasibilit eing
cJ;nstmin% managed
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Fig. 7. Renewable Resource Management Problem Represented as a Standard Negative
Feedback System with a Pre-Filter and Anti-Windup Logic

1. Plant. Here, P represents the plant under control. We shall use an LTI small signal model
to approximate our nonlinear plant.

2. Reference State or Command. x,,s is the desired reference biomass state. Ideally, we would
like to use x,.f = x;. Parameter uncertainty prevents us from commanding the desired
state. As such, we are forced to choose x;,s more judiciously. Given this, we will give
special attention to maximizing our return under the worst case parameter uncertainty.

3. PI Controller. K is a proportional-plus-integral (PI) controller possessing the structure:

_8(s+2) Pro
K(S) = f [m} (30)

where g > 0,z > 0, and p;o > 0. The integrator within the controller will ensure that step
biomass commands are followed in the steady state while step input/output disturbances
are rejected in the steady state. The (s + z) term will ensure that the LTI plant-integrator

pair will be stabilized. The term [ 5 f’jw] provides high frequency roll-off to ensure that

high frequency sensor noise 7 is suitably attenuated.

4. Command Pre-Filter. W is a reference command pre-filter possessing the structure:

z
W = || 61
This pre-filter can be used to ensure that the overshoot to step reference commands is
suitably bounded.

5. Observer-Based Integrator Anti-Windup Logic. Anti-windup logic is included so that the
integrator in the PI controller does not windup. That is, the integrator is turned off
so that it does not integrate constant errors which occur when the input to the plant
is saturated (Astrom, Hagglund). The structure of the anti-windup logic is as follows
Xx = Agxp + Bre + L(sat(u) — u) where L is an observer gain matrix. The PI controller
with the anti-windup logic may be described by the following equations:
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X1 = e+ Gaw/(sat(u) —u) Xy = gzX1 — ProX2 + g€ u=prxy (32

where G 4y is the anti-windup gain.

Nominal Design Methodology. The nominal design methodology can be described as follows
(Rodriguez, 2003):

1. Plant Approximant. The following small signal LTI model P ~ Py 4 b will be used

S—a
to approximate our nonlinear plant. Here, P; is referred to as the design plant; i.e. the
plant upon which we will base our control law design. While any design we obtain can
be evaluated using plant approximants such as P, control designs must be evaluated with

the actual nonlinear plant model.

2. Controller Approximant. Use the controller approximant K ~ ‘@

where ¢ > 0and z > 0.
3. Nominal Open Loop Approximant. Form the open loop transfer function approximant
bg(s+2) _ n(s)
L=P) K~ —F = ——<.
d s(s—a) d(s) 33)

4. Nominal Closed Loop Characteristic Equation. Form the nominal closed loop characteristic
equation
@ (s) = d(s) +n(s) = s>+ (bg —a)s +bgz =0 (34)
This polynomial has the “standard second order form”
D@ (s) = 5% + 20wns + w? (35)
bg—a

24/bgz
For stable nominal complex closed loop poles, we require 0 < ¢ < 1.

where { =

is the damping factor and w;, = ,/gz is the undamped natural frequency.

5. Closed Loop Poles. Determine the nominal closed loop poles (assumed complex for rapid

transient response):
s = —fwy & jwyy/1— 2 (36)

Given this, we will have nominal (local) closed loop exponential stability with an
associated time constant T = ﬁ The associated (approximate 1%) settling time is t; = 57.

6. Standard Second Order Closed Loop Transfer Function and Percent Ouvershoot. ~With the
command pre-filter W, the associated closed loop transfer function takes the standard
second order form:

WPK w?
T = ~ n 37
e T 14 PK T $2 4 20wps 4 w? 7
As such, the associated percent overshoot to a step reference command is given by
_( &r
M, = e bWty — (1—52> (38)

where t, = is the time at which the peak overshoot occurs.

T
wpy/1-C2
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7. Damping Factor from Percent Overshoot Specification. Determine { from the overshoot
specification:

[ = [InM,| (39)

2 + |InMp|?

8. Undamped Natural Frequency from Settling Time Specification. Determine wj, from the settling
time specification:

wy = % (40)
9. PI Controller Parameters. Determine the PI controller gain g and zero z from:
_ Rt 2= @
10. Controller Roll-Of Parameter. Choose the roll-off parameter p;, as follows:
Pro = 10wy, (42)

so that the added high frequency roll-off does not significantly degrade the nominal phase
margin within the loop. It could also be selected in order to satisfy a specific sinusoidal
steady state noise attenuation specification.

11. Anti-Windup Gain. Choose the anti-windup gain G4w > 0 to be sufficiently large so that
the integrator suitably shuts down in order to “maximally recapture” the dominant second
order response characteristics described above. A family of gains is examined below.

5. Control law comparisons

In this section, we compare the properties of the nominal optimal control law with those for
the robust policies based upon the nominal LTI plant model P; = %.
5.1 Sample control law time responses

Within this section, sample time responses are provided for families of robust control laws
(based upon the nominal LTI plant model) - families that approximate the performance of the
nominal optimal control law. (Note: There will be an approximation gap when uncertainty is
considered.)

Reference Biomass Tracking: Anti-Windup Gain Study. Figure 8 shows closed loop biomass
tracking time responses for a family of robust control law designs where = 1, t; = 1. The
anti-windup gain G4y is varied to control how well the responses approximate that of the
optimal with no limit cycle behavior. As the anti-windup gain G 4yy is increased, the responses
come closer to the (nominal) optimal control law (with no limit cycle behavior). The limit cycle
behavior of the (nominal) optimal has been cleaned up in order to improve the readability of
the figure (see Figure 6).

A Note On Robustness with Respect to High Frequency Unmodeled Dynamics. It should be
noted that as the speed of a policy is increased, the significance of unmodeled high frequency
dynamics within the fishery or within the policy implementing organization/evironment
(e.g. lags, time delays, rate limiters) becomes an issue to consider in final policy evaluation.
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Fig. 8. Reference Biomass Tracking: Anti-Windup Gain Study ({ =1, t; = 1)

It is well known from fundamental robustness theory (Rodriguez, 2004; 2003) that fast
control laws can result in closed loop oscillatory responses or instability when high frequency
unmodeled dynamics are “significantly excited.” This issue will be examined in future work.
Reference Biomass Tracking: Damping Factor Study. Figure 9 shows shows closed loop
biomass tracking time responses for a family of robust control law designs where t; = 1,
Gaw = 3. The damping factor { is varied in order to control the speed of the response as
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Fig. 9. Reference Biomass Tracking: Damping Factor Study (Gaw = 3, ts = 1)
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well as the undershoot. As the damping factor { is reduced, the response speeds up (getting
closer to that of the (nominal) optimal with no limit cycle behavior), although the observed
undershoot increases. The limit cycle behavior of the (nominal) optimal has been cleaned up
in order to improve the readability of the figure (see Figure 6).

Reference Biomass Tracking: Settling Time Study. Figure 10 shows closed loop biomass
tracking time responses for a family of robust control law designs where { = 1 (critically
damped, M, = 0) and G4 = 3. As the settling time t; of the closed loop system is
reduced, the responses come closer to the (nominal) optimal (with no limit cycle behavior).
The limit cycle behavior of the (nominal) optimal has been cleaned up in order to improve the
readability of the figure.
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Fig. 10. Reference Biomass Tracking: Settling Time Study (Gaw =3, = 1)

5.2 Utility of linear design methodology

In this section, we try to shed light on the utility of our linear time invariant (LTI) based
robust control system design methodology and how linear simulation can be used to
approximate/predict the behavior of the nonlinear simulations. All designs are based upon
nominal parameter values.

Linear vs Nonlinear Biomass Tracking: x, Near x,, . Figure 11 compares linear and nonlinear
closed loop biomass tracking simulations where the the initial condition (IC) is near the
desired set point (target biomass). Four responses are shown for x and u: (1) purely linear;
i.e. linear plant model, linear controller, and no saturation, (2) linear with plant saturation;
i.e. linear plant model, linear controller, and plant saturation, (3) linear with anti-windup logic;
i.e. linear plant model, linear controller, plant saturation, and anti-windup logic, (4) nonlinear;
i.e. nonlinear plant model, linear controller, plant saturation, and anti-windup logic. Here, the
reference command is very small (x,.y = 0.375), the control does not saturate, and all of the
responses match one another. This shows that the “pure linear theory” suffices under small
signal conditions (as expected).
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Linear vs Nonlinear: Large Command Size
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Fig. 11. Linear vs Nonlinear Biomass Tracking: x, Near x,.¢

Linear vs Nonlinear Biomass Tracking: x, Far From x,.;. Figure 12 compares linear and
nonlinear closed loop biomass tracking simulations where the the initial condition (IC) is
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far from the desired set point (target biomass). Here, the reference command is large
(xref = 18.75), the controls saturate, windup is exhibited in the linear w/Sat case, and
we observe relatively good agreement between the linear (particularly linear w/AW) and
nonlinear responses.

Biomass Tracking Robustness In Presence Of Capacity Uncertainty: Anti-Windup Gain
Study. Figure 13 shows how our robust control laws can be adjusted to achieve the “flatter”
economic inefficiency of the nominal optimal control law (see Figures 4-5). We observe the
following:
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Fig. 13. PI Biomass Tracking Robustness (Capacity Uncertainty): Anti-Windup Gain Study
C=1Lt=1)

e With an anti-windup implementation, a PI control law can come arbitrarily close to
matching the performance of the nominal optimal control law with imperfect information.

e Improving upon the nominal optimal control law with imperfect information requires
some outer loop control logic as well as system identification to more appropriately select
the reference/target biomass.

The observed performance gap (or inefficiency) is fundamentally because the target x,.f
differs from the perfect information x;; not because the nominal design plant differs from the
truth plant. Closing the observed performance gap further requires an outer loop controller
and/or parameter estimation techniques in order to get a more accurate target x,,f that is
closer to the perfect information target x;.

6. Summary and future directions

Summary. This chapter has shown how ideas from robust control may be applied to a
fishery. It has been specifically shown how some small amount of income may be sacrificed
for increased robustness with respect to uncertain fishery parameters.

Directions for Future Research. Future work will examine more complex models
(e.g. decentralized, distributed), pros/cons associated with parameter estimation schemes,
more complex robust control laws (e.g. use of receding horizon control for long-term
management), robustness with respect to plant and controller uncertainty (parametric and
dynamic).
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1. Introduction

In recent years, a large amount of work on chaos-based cryptosystems has been published
(Kocarev (2001); Millérioux et al. (2008)). A general methodology for designing chaotic and
hyperchaotic cryptosystems has been developed using the control systems theory (Grassi
et al. (1999); Liao et al. (1999); Yang et al. (1997a;b)). The chaotic communication system
is closely related to the concept of chaos synchronization. An overview of chaotic secure
communication systems can be found in (Yang (2004)). He classified the continuous-time
chaotic secure communication systems into four generations. In the third generation, the
combination of the classical cryptographic technique and chaotic synchronization is used
to enhance the degree of security. Specifically, Yang et al. proposed a new chaos-based
secure communication scheme in an attempt to thwart the attacks (Yang et al. (1997a;b)).
They have combined both conventional cryptographic method and synchronization of chaotic
systems. Their cryptographic method consists of an encryption function (the multi-shift
cipher), a decryption function (the inverse of the encryption function), a chaotic encrypter
that generates the key signal for the encryption function, and a decrypter that estimates
the key signal. The approach has a limitation since the cryptosystem design may fail if
different chaotic circuits are utilized. So far, this generation has the highest security in all the
chaotic communication systems had been proposed and has not yet broken. From the control
theoretic perspective, the transmitter and the receiver in the chaotic communication system
can be considered as the nonlinear plant and its observer, respectively. Grassi et al. proposed
a nonlinear-observer-based decrypter to reconstruct the state of the encrypter (Grassi et
al. (1999); Liao et al. (1999)). They extended the Chua’s oscillator to the observer-based
decrypter. The cryptosystem does not require initial conditions of the encrypter and the
decrypter belonging to the same basin of attraction. If we can design a decrypter without
the knowledge of the parameters of the encrypter, the chaos-based secure communication
systems are not secure, because the parameters of the encrypter is selected as static secret keys
in the cryptosystem. Parameter identification and adaptive synchronization methods may
be effective for intruders in building reconstruction mechanisms, even when a synchronizing
system is not available. Therefore, it is important for secure issues to investigate whether
adaptive identifiers without the system information of encrypter can be constructed or not.

We have recently designed an observer-based chaotic communication system combining the
cryptosystems proposed by Grassi et al. (Grassi et al. (1999)) and by Liao et al. (Liao
et al. (1999)) that allows us to assign the relative degree and the zeros of its encrypter
system (Matsuo et al. (2004)). Specifically, we constructed three cryptosystems based on
a Chua’s circuit by assigning its relative degree and zeros. The cryptosystem consists of
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an encryption function (the multi-shift cipher), a decryption function (the inverse of the
encryption function), a chaotic encrypter that generates the key signal for the encryption
function, and a decrypter that estimates the key signal. The proposed cryptosystem allows us
to assign the relative degree and the zeros of the encrypter dynamics by selecting an output
vector that generates a transmitted signal as partial states of the encrypter. As in (Fradkov et
al. (1997; 2000)), we can design an adaptive decrypter for minimum-phase systems with its
relative degree 1. Therefore, the encrypter dynamics should be design such that its relative
degree is more than two and its zeros are unstable so as to fail to synchronize the cryptosystem
adaptively. At the same time, the designed cryptosystem should be robust with respect to
uncertainties of the transmission lines such as a time delay, and noises. Suykens et al. (Suykens
et al. (1997a;b)) presented a nonlinear He synchronization method for chaotic Lur’e systems
based on the dissipativity of nonlinear systems to minimize the influence of the exogenous
input such as the message signal and channel noises.

However, many proposed systems with robustness against parameter uncertainties and signal
uncertainties are difficult to implement in practice with a reasonable degree of security. The
basic difference between the conventional cryptography and the chaos cryptography is that
the conventional encryption is defined discrete sets and the chaos encryption is defined on
continuous sets. This makes the keyspace behavior of chaotic systems vary different that of
conventional systems. Due to the continuous-value property, keys in chaotic cryptosystems
form a key basin around the actual secret key.

When one key is very close to the real one, it could decrypt part or all of the ciphertext (Alvarez
et al. (2006)). To avoid brute-force attacks, a secret parameter should be sensitive enough to
guarantee the so-called avalanche property: even when the smallest change occurs in the
parameter, the ciphertext will change dramatically (Alvarez et al. (2006)).

Various attacks such as the nonlinear forecasting, the return map, the adaptive parameter
estimation, the error function attack (EFA), and inverse computation based on the chosen
cipher attack, are proposed to recover messages from the chaotic ciphers (Zhou (2005)).
Short (Parke et al. (2001); Short (1994; 1996)) and Guojie et al. (Guojie et al. (2003)) have
proposed the attack strategies against chaotic communication systems. Short analyzed only
the encrypter by using the nonlinear forecasting method that belongs to ciphertext-only attack
when the attacker does not know the structure of the encryption system. They discussed
the secure property of chaos communication based on chaotic parameter modulation from
the chosen-ciphertext attack under the Kerckhoff principle (Guojie et al. (2003)). Guojie
et al. discussed the secure property of chaos communication based on chaotic parameter
modulation from the chosen-ciphertext attack under the Kerckhoff principle. We proposed
chaotic communication systems using the adaptive control and robust control technologies
(Matsuo et al. (2004; 2008)).

Wang et al. (Wang et al. (2004)) presented the error function attack to evaluate system
security as an efficient cryptanalysis tool based on the public-structure and known-plaintext
cryptanalysis. By defining the EFA function, an eavesdropper can scan the whole keyspace to
find out the proper key that satisfies the EFA function with zero value. Since keys that are not
identical with but are very close to the real one can be used to synchronize the two systems
very well, a key basin around the actual secret key is formed. Once the eavesdropper knows
the key basin, the correct key can be easily obtained through some optimization algorithms. To
evaluate the security performance, Wang et al. also defined the key basin width by the distance
between two trial keys located on the two sides of the key basin. The narrower than the whole
keyspace the key basin width is, the higher the security of the cryptosysytem is. However, a
systematic approach to get the key basin width is lacking. The brute-force-like calculations are
needed to draw the shape of the EFA function. Thus, a considerable computing time is needed
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to get the key basin width. If the EFA function has numerous minima and a needle-like basin,
the security level of the cryptosystem is high. In this case, the evolutionary optimization
techniques such as the particle swarm optimization cannot find the secret key using the
EFA function (Nomura et al. (2011)). Anstett et al. proposed a general framework based
on identifiability for the cryptanalysis of chaotic cryptosystems (Anstett et al. (2006)). They
also pointed out that cryptosystems involving polynomial nonlinearities are weak against a
known plaintext attack.

In this chapter, we propose an He, synchronizer in order to improve the robustness of chaotic
communication systems with respect to delays in the transmission line based on the standard
linear Heo control theory. To begin with, we derive an error system between the encrypter
and the decrypter and reduce the design problem of the cryptosystem to the stabilization
problem of a generalized plant in the robust control theory. Next, we give a synchronizer
parameterization and an He synchronizer based on the robust control theory. Furthermore,
the decrypter dynamics is designed via the linear controller parameterization to make the
decrypter robust against disturbances in transmission line and / or sensitive to modeling errors
of the decrypter. We present two design requirements on the robustness and the security. We
need to design the free parameter such that both the requirements are satisfied. Since we
cannot get this solution simultaneously, we design the dynamical compensator so as to satisfy
the robustness requirement and then check the sensitivity to the key parameter mismatches
whether the parameters in encrypter may play the role of the secret key or not, numerically.
Finally, the proposed system is compared with that proposed by Grassi et al. using MATLAB
simulations.

The following notation is used (Doyle et al. (1989)) :

Fi(G,Q) : lower linear fractional transformation
AlB| _ -1

2. Observer-based chaotic communication system with free dynamics

Grassi et al. (Grassi et al. (1999)) proposed a nonlinear-observer-based cryptosystem that is an
extension of the cryptosystem proposed by Yang et al. (Yang et al. (1997b)). The cryptographic
method consists of an encryption function (the multi-shift cipher), a decryption function (the
inverse of the encryption function), a chaotic encrypter that generates the key signal for the
encryption function, and a decrypter that estimates the key signal. The transmitted signal
through a public channel contains the nonlinear function that is equivalent to that of the
encrypter. We add a dynamic compensator in the transmitted signal to the observer-based
chaotic communication system proposed by Grassi et al. Figure 1 shows the relationship
among the encrypter, the observer-based decrypter and the adaptive decrypter where we use
the adaptive decrypter as a tool for ciphertext-only attacks.

The cryptosystem consists of an encryption function (the multi-shift cipher), a decryption
function (the inverse of the encryption function), a chaotic encrypter that generates the key
signal for the encryption function, and a decrypter that estimates the key signal.

e Part1: dynamic encrypter
The chaotic encrypter is described by the following equations:
X = Ax+bof(x) + bpey (1)
v = P(s)x 2)
y=v+tent f(x) ®)
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Fig. 1. Chaotic cryptosystem configuration.

where y is the transmitted signal that includes the nonlinear function, P(s) is a transfer
function that lets a decrypter synchronize the encrypter, and s = %. We call this transfer
function P(s) a synchronizer.

e Part 2: encryption function
Given a plaintext signal p(t), the ciphertext e, (t) is given by

en(t) = en(p(t), K(t)) 4)

where K(t) is a stream key signal that is generated by the encrypter dynamics and is given
by the following equation:

K(t) = kx. )

The signal e, is a generic encryption function that makes use of the key signal and we
choose a encryption function as the following n-shift cipher:

en(p(t),K(t)) = q(---q(q(p(t),K(t)),K(t)),- - ), K(t))
{ (x+k)+2h, —2h < (x +k) < —h
g(x,k) = { (x+k), —h<(x+k)<h
(x4+k) =21 h < (x+k) <2h

e Part 3: dynamic decrypter with free dynamics
Given the encrypter, the decrypter used by an authorized user is the following observer:

=5

= A%+ boey )
= P(s)% @)
ey =y—0=P(s)(x — %) +en+ f(x) 8)
n=y—(0+f(2)) ©)

D

x>
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where ¢, is a recovered signal of the plain text.

e Part 4: decryption function
Using the estimated signals K(t) and é, () by the decrypter, the estimate of the plaintext
p(t) can be recovered by the following equations:

p(t) = d(ea(t),K(1)) (10)
R(t) = kT2 (11)
where K is an estimate of the stream key signal and d is the decryption function given by

p(t) = q(--q(q(en(t), =K(1), =K(1)), - ), =K(1)).

3. Design of H.-synchronizer

3.1 Error equations and generalized system
If the transmitted signal is disturbed by an additional disturbance w(t), the signal is rewritten

by
§(t) = o(t) +en(t) + f(x(t)) + w(t) (12)

When some of parameters of the dynamic encrypter are unknown, the dynamic decrypter
constructed by a receiver based on the information of the encrypter has parametric
uncertainties. The decrypter used by any receivers including intruders is given by

%= A%+ boey (13)
b = D(s)% (14)
én =9~ (0+f(2)) (15)

Denoting the uncertainties of A, b, in the encrypter dynamics as A, the perturbed nonlinear
function of f(x) as f(x), and the perturbation of the Ho, synchronizer as P(x), we assume that
the decrypter with the uncertainties is given by

%= A%+ b1A+boey (16)
0 =DP(s)t, ey =7—0 (17)
- () =7 — (0+ f(%)). (18)

A decrypter used by an authorized user satisfies A(t) = 0, f(-) = f(-), P(s) = P(s) since he
knows all parameters of the encrypter. On the other hand, a decrypter used by an intruder
has uncertainties in the encrypter dynamics, the nonlinear function, and the synchronizer.

In this chapter, we assume that the intruder knows the He, synchronizer, P(s) = P(s) but
does not know the values of A, by, i.e. A(t) # 0, and the nonlinear function, i.e. f(-) # f(-).
Defining the estimation error of the decrypter as e(t) = £(t) — x(t), we have the following
error system:

é(f) = Ae(t) + blA(t) + b2w(i’) — b2§(f) (19)
g(t) = P(s)e (20)
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We assign the estimation error of the key signal ex or that of cipher text &, to the controlled
output as follows:

ex(t) = R(t) = kTe(t)
e =¢p—en=07—0—f(%) —ey
==+ (f(x) - f(®) tw

If lim¢ 00 w(t) = 0lim;e0(f(x) — f(£)) = 0 and lim;_, e(t) = 0, then the plaintext can be
recovered by the decrypter Aimy_yoo(en(t) —én(t)) = 0.

Since f(-) = f(+) for authorized users, we have

|&n] < 11+ |f(x) = f(2)] + [w]
< [P(s)e] + vllell + |w].
Thus, if lim;— w(t) = 0 and lim;e(t) = 0, then we attain the recover the plaintext, i.e.

limy o0 (en(t) — é4(t)) = 0.
For each controlled output, the generalized plant in Fig. 2 is defined as:

*  When the controlled output is e, the generalize plant is

Allbr by] —by
Gi(s) = | k 0 0 (21)
I 0 0
e When the controlled output is the upper bound of |, |, the generalize plant is
Allby by] —by
Ga(s) = |kT| [01] -1 |. (22)
I 0 0

3.2 Synchronizer parameterization

To design the synchronizer based on the static output-feedback-based controller, we rewrite
the generalized plant as in Fig.2. Since we can select the input of the synchronizer as arbitrary
scalar signal, the signal in Eq.(2) is chosen as v(t) = P(s)x(t) = Po(s)cTx(t), where c is an
arbitrary vector.

We call a stabilizing compensator P, (s) for the generalized plant G(s) the synchronizer of the
chaotic cryptosystem. The design problem of the synchronizer is summarized as follows:

Given a generalized plant G(s) as in Fig. 2, parameterize all synchronizer P(s) that
internally stabilize G(s).

We consider the n-th order generalized plant in Fig.3, where (A, By) is stabilizable and (4, Cy)
is detectable;

A| B, B,
C1|D11 D1a
CZ‘D21 0

Gols) = |:G11 G12:| _ (23)

Go1 G

and the p-th order dynamic stabilizing compensator,

Po(s) = {%%ﬂ . (24)
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Go(s)

P,(s)

Fig. 3. Generalized plant and controller in the robust control theory.

For any choice of Ky, we can obtain the parameterization of K(s) as follows (Matsuo et al.
(1998)):

Po(s) = Fi(Po(s),Q(s)) (25)
Ax + HoCo + BzF0|—H0 By
po(S) = F() KO I (26)
—C ‘ I 0
Al Be
o0 - [ ]

Ax = A+ ByKoCy
where

Ao : stable
Fys.t. Ax + ByFy is stable
Hy s.t. Ax + HyC, is stable.

Since DP,(s) is a stabilizing compensator for each Q(s) € RHe, (25) is one of the
parameterization of stabilizing compensators. This LFT form is equal to the Youla
parameterization when the static output feedback gain, Kj, is selected as zero. When the
generalized plant can be stabilized by a static output feedback gain, i.e. there exists an output
feedback gain Ky such that Ak is stable, we can set Hy = 0, Ffy = 0. In this case, the



450 Challenges and Paradigms in Applied Robust Control

parameterization of all stabilizing compensators is as follows (Matsuo et al. (1998)):

Po(s) = Fi(Po(s),Q(s)) (27)
= Ko+ Q(s) (I + Ca(sI — Ag) " 'B2Q(s)) ™ (28)
where
Ax |0 By
By(s)=1| 0 [Ko I (29)
—G| I 0

In Fig. 2, since C; is replace to cT, where ¢T can be selected as an arbitrary vector, there exists

a scalar kg such that Ay = A — bykgcT is stable, as long as (A, by) is stabilizable. In this case,
we can set Hy = 0, Fp = 0. The parameterization of all synchronizers in Fig. 2 is obtained as
follows (Matsuo et al. (1998)):

Po(s) = Fi(Po(s),Q(s)) (30)
where Q(s) € RHe and
A |0 =D
Py(s) = OkT|k0 12] : (31)
—c'|1 0

We call this parameterization a synchronizer parameterization. By selecting Py (s) as constant
gain ko i.e. Q(s) = 0, the proposed cryptosystem is equivalent to that proposed by Grassi et al.

3.3 Design problem of H., synchronizer
The input-output relation of the generalized plant G(s) = G1(s) or G (s) from the exogenous
input [A w] to the controlled output z is given by

z = Fi(G(s),P(s)) [A(s) w(s)]" 32)
= [Ti(s) Ta(s) ] [A(s) w(s)]" (33)

The free dynamics Q(s) is designed to make the decrypter robust against the disturbances in
the transmission line of sensitive to the modeling errors of the decrypter by intruders. We
present two design specifications:

1. Robustness requirement: The proposed decrypter can recover the plain text by the
transmitted signals when the generalized plant with the synchronizer is internally stable.
Moreover, the He synchronizer has an additional synchronization property with respect
to plant uncertainties. To recover plain texts, the decrypter should be robust with respect
to time delay uncertainties in the transmission line. Design the free parameter Q(s) such
that for a given 7o,

IT2(s) ] < 72 (34)

2. Security requirement: To attain the secure cryptosystem, the decrypter of the intruder
should not synchronize the encrypter. Therefore, The free parameter Q(s) is designed to
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the error system sensitive to A. Design the free parameter Q(s) such that for a given 7,
o{Ty(jw)} > 71, for w € [0, 00). (35)

However, since the generalized plant does not have a direct term from the uncertainty A
to the transmitted signal §, (35) cannot be hold for all w € [0,00). Therefore, to satisfy
the security requirement, we change the transmitted signal 7 and the feedback term in the
decrypter ey as

g(t) = o(t) +en(t) + f(x(£) + w(t) + " Aby
ey =7 —0—cAb,

In this case, the estimation error of the cipher text includes the direct term from the
uncertainty to the transmitted signal as follows:

& =3+ (f(x) = f(2) +w+ 4

In particular, when there is a perturbation in the nonlinear function, f(x) # f(£) generates
the direct term from the uncertainty to the transmitted signal.

We need to design the free parameter such that both the requirements are satisfied. Since we
cannot get this solution, we design the dynamical compensator so as to satisfy the robustness
requirement, and then check the security requirement whether the error system is sensitive
to the modeling errors of the decrypter, i.e. the designed cryptosystem is secure against to
attacks by intruders.

4. Simulations
We design a robust cryptosystem via Chua’s circuits as in Yang et al. (Yang et al. (1997b)) and
in Fradkov et al. (Fradkov et al. (2000)), and carry out simulations using MATLAB/Simulink.

4.1 Encrypter based on Chua’s circuit
The chaotic encrypter based on the Chua’s circuit is given by

X = Ax+baf(x1) + baey (36)
y=P(s)x+en+ f(x) (37)
1
f(x1) = Gpx1 + E(G“ = Gp) (|2 + 1] =[x — 1)
-p1 p1 O
A= 1 -1 1
0 —p2—ps
—P X1
bz = 0 ;X = | X2
0 X3

We select the parameters in the Chua’s circuit given by Liao et al. (Liao et al. (1999)) as p; =
10,p, = 13.14,p3 = 0.07727,G, = —1.28, and G, = —0.69. The initial conditions are given by
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x1(0) = 1.1,x2(0) = 0,x3(0) =0
£1(0) = 0,%,(0) = =

The encryption function is 30-shift cipher, the parameter & is equal to 1 and the key signal K(#)
is the second state variable x5, i.e.

K(t)=1[010]x(t).

Moreover, we select ¢ = — [0 1 1].
MATLAB has a built-in music file, handel .mat, with a short segment of Handel’s Messiah.
We use it as the plaintext signal.

4.2 Grassi-type system
In the encrypter presented by Grassi ef al. (Grassi et al. (1999)), the dynamic synchronizer is
simplified as P, (s) = ko = 0.8.

4.3 Design of H.-synchronizer

The generalized plant Gi(s) in designing the He, synchronizer is shown in Fig. 4. The

2.1Ls _
Ls+17 L =

1 %1073 and ¢ = 0.75 so as to stabilize the error system with time delay uncertainties. The
Heo synchronizer is obtained by using MATLAB LMI toolbox as follows:

70 =[G

weighting function W(s) in the exogenous signal is selected as W(s) = 10 x

[—0.8762 1.9816 —0.3890 0.0685

4 — 105 | 20890 —4.7937 0.9380 —0.1581

k —0.4425 1.0122 —0.2074 0.0331 |’
| —2.2132 53464 —1.0531 —0.0258
[ 2.2024 —0.0009 0.0114

b — 105 | —5-3148 0.0046 0.0005

k 1.1245 0.0083 0.0008 |’
5.8935 0.0186 —0.1098

o = 103 [ —0.0549 0.2164 —0.4198 —5.4334],
dy=1[000].

4.4 Nominal performance of H-synchronizer

Figs. 5,6, and 7 show the responses of the Grassi-type decrypter and the Heo-type decrypter
of the nominal system. Fig 5 shows the plaintext and recovered signal for each decrypter. Fig
6 shows the transmitted signal and the estimation error of decrypter for each decrypter. Fig 7
shows the cipher text and the percentage error of the recovered signal for each decrypter. The
nominal system means that the communication system has neither time delay nor parameter
mismatches between the encrypter and the decrypter. The speed of response of the Heo-type
decrypter is faster than that of the Grassi-type.
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€K w
kT W(S) q——

(s — A)~ by

Fig. 4. Generalized plant G (s).

1 1

pL
plain

Fig. 5. The plaintext and the recovered plaintext in the nominal transmission line. Above
left : the plaintext for the Grassi-type decrypter. Above right : the plaintext for the
Heo-synchronizer. Below left : the recovered plaintext by the Grassi-type decrypter. Below
right : the recovered plaintext by the He-synchronizer.

4.5 Robustness of Hu-synchronizer against time delay in transmission line

Figs. 6 and 7 show the responses of the Grassi-type decrypter and the Heo-type decrypter
for the generalized plant Gy (s)in the presence of the time delay L = 0.1 in the transmission
line, respectively. The responses of the Heo-type decrypter for the generalized plant G, (s) in
the presence of the time delay L = 0.1 in the transmission line is almost same as that for the
generalized plant Gy (s). The Heo-type decrypter has a better robust performance to the time
delay than the Grassi-type.

4.6 Security performance of H.,-synchronizer
We assume that intruders have parameter mismatches in the decrypter. In this simulation, we
consider the following parameter mismatches:

D
[

P(s)%, én =y — (0+ f(2))

_ - p 0
A= 1 -1 1
0 —p2—ps

flx1) = Gpxy + %(Gu —Gp) (|21 + 1] = |2y — 1]
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transmitted signal

Fig. 6. The transmitted signal and the estimation error of decrypter in the nominal
transmission line. Above left : the transmitted signal(solid line) and the plain text(dotted
line) of the Grassi-type decrypter. Above right : the transmitted signal(solid line) and the
plain text(dotted line) of the decrypter with the He-synchronizer . Below left : the estimation
errors of full states of the Grassi-type decrypter. Below right : the estimation errors of full
states of the decrypter with the He-synchronizer.

Fig. 7. The cipher text and the percentage error of the recovered signal in the nominal
transmission line. Above left : the ciphertext in the Grassi-type decrypter. Above right : the
ciphertext in the decrypter with the Heo-synchronizer. Below left : the percentage error of the
recovered signal of the Grassi-type decrypter. Below right : the percentage error of the
recovered signal of the decrypter with the Heo-synchronizer.
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Fig. 8. The plaintext and the recovered plaintext in the transmission line with delay time.
Above left : the plaintext for the Grassi-type decrypter. Above right : the plaintext for the
Heo-synchronizer. Below left : the recovered plaintext by the Grassi-type decrypter. Below
right : the recovered plaintext by the He-synchronizer.

Fig. 9. The transmitted signal and the estimation error of the decrypter in the transmission
line with delay time Above left : the transmitted signal(solid line) and the plain text(dotted
line) of the Grassi-type decrypter. Above right : the transmitted signal(solid line) and the
plain text(dotted line) of the decrypter with the He-synchronizer . Below left : the estimation
errors of full states of the Grassi-type decrypter. Below right : the estimation errors of full
states of the decrypter with the He-synchronizer.

In this simulation, we select the candidates of the static secret keys as the parameters p,,G,,Gy,
and P(s). Intruder A has the following parameter mismatch:
P2 =13.15,p, = 13.14
Ga = Go = —1.28,G, = G, = —0.69
(s) = P(s).

Q)
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W

Fig. 10. The cipher text and the percentage error of the recovered signal in the transmission
line with delay time. Above left : the ciphertext in the Grassi-type decrypter. Above right :
the ciphertext in the decrypter with the Heo-synchronizer. Below left : the percentage error of
the recovered signal of the Grassi-type decrypter. Below right :the percentage error of the
recovered signal of the decrypter with the Heo-synchronizer.

Intruder B has the following parameter mismatches:

P2 = pp = 13.14,
Go=—13,G, = —0.65
p

Figs. 11,12, and 13 show the responses of the He-type decrypter used by the intruders A and
B, respectively. The proposed synchronizer is sensitive to the parameter mismatches caused
by Intruder A. The parameters in the dynamic encrypter may play the role of the secret key.
However, Intruder A can identify the recovered wav file as the Handel’s Messiah in spite of
noisy sound. Fig. 14 shows the EFA function of the proposed Heo-type decrypter. Since the
width of the key basin in EFA function is not so narrow, the cryptosystem is not so secure.

4
timels]

Fig. 11. The plaintext and the recovered plaintext by the intruders A and B. Above left : the
plaintext. Above right : the plaintext. Below left : the recovered plaintext by Intruder A.
Below right : the recovered plaintext by Intruder B.
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Fig. 12. The transmitted signals and the estimation errors of the intruders’ decrypters. Above
left : the transmitted signal(solid line) and the plain text(dotted line). Above right : the
transmitted signal(solid line) and the plain text(dotted line). Below left : the estimation errors
of full states by Intruder A. Below right : the estimation errors of full states by Intruder B.

<

Fig. 13. The cipher text and the percentage error of the recovered signal in the transmission
line with delay time. Above left : the ciphertext. Above right : the ciphertext. Below left : the
percentage error of the recovered signal by Intruder A. Below right : the percentage error of

the recovered signal by Intruder B.

EFA function

p2

Fig. 14. The key basin of p, in EFA function for He, synchronizer.
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To improve the security of the Ho synchronizer, we select the secret key as a element of P(s).
Intruder C has the following parameter mismatch in the He, synchronizer:

2 = p2 = 13.14
i =Gy =—-128,G, = G, = —0.69

6= &

ﬁk(l, 1) = ﬂk(l, 1) + 450

O

The parameter mismatch of the element a;(1,1) is about 0.51%, because a;(1,1) = —0.8762 x
10°.

Figs. 15,16, and 17 show the responses of the Heo-type decrypter used by Intruder C. In this
case, the decrypter with the parameter mismatch causes instability. The parameters in the Heo
synchronizer P(s) may play the role of the secret key.

Fig. 16. The transmitted signal (top) and the estimation error of decrypter by Intruder C
(bottom).
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Fig. 17. The cipher text (top) and the percentage error of the recovered signal by Intruder C
(bottom).

5. Conclusion

In this chapter, we added an observer-based chaotic communication system proposed by
Grassi et al. to a dynamical compensator in its transmitted signal to improve the robustness
of the cryptosystem with respect to delays in the transmission line. The proposed chaotic
system has a good robust performance with respect to the time delay in the transmission line.
Moreover, we checked the security in a point of parameters mismatch by an intruder.
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