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Preface

Discontinuity in dynamic systems is a tough property for analysis and con-
trol of the system. However, in practical engineering, we are often faced with
the discontinuity in control system design. In dynamical systems, the discon-
tinuity is usually caused by natural phenomenon such as static friction, stroke
changes etc., in mechanical systems or control actions engineered by controller
design such as variable structure control, switching control, etc. For this kind
of systems, the conventional framework for analysis and synthesis is not suffi-
cient to provide a solution in exact theoretical sense. The field of control theory
for dynamical systems with discontinuity is widely open for future research and
development.

The aim of the second China-Japan joint workshop on control theory and
technology is to provide a forum for scientists on automatic control from both
China and Japan to exchange contemporary research results on this issue and
to promote the applications of advanced control theory to practical engineering
problems, and as a result to enhance the development and spread new results
of control theory on the dynamical systems with discontinuities. The papers
included in this book are selected from the workshop, and this selection is focused
on the papers dealing with the closely related topics of nonsmooth, switching
and hybrid systems and its applications in self driven hybrid systems such as the
power systems, aircraft, land vehicles, mechanical and electrical systems.

This book is organized as three parts: the first part contains 7 papers that
addressed theoretical problems in design of nonlinear control systems with dis-
continuity and time-delay. The second part contains 6 papers with physical ap-
plication of mechanical and electrical system, and the last part collects 4 papers
that focus on the control problem in vehicular systems including railway, auto-
motive engine, etc. ]

The editors appreciate the Control and Simulation Center, Harbin Institute
of Technology. The second China-Japan joint workshop on control theory and
technology was hosted by the center as oneday event in Victoria Hotel, Harbin,
at 6th of August, 2006. The workshop was sponsored technically by Techni-
cal Committee on Control Theory, CAA(China), Committee of Electric Mathe-
matics, CALC(China), Committee on Adaptive Learning Control, SICE(Japan).
Moreover, it should be noted that this book is the second book published by Ts-
inghua University Press for the China-Japan joint workshop on this topic. The
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first one was published in May of 2005 that contains the selected papers from
the first China-Japan joint workshop on control theory and applications held in
Fragrant Hill Hotel Beijing, 22-26, Sep., 2004, under financial support from Nat-
ural Science Foundation of China (NSFC) and Japan Science Promotion Society
(JSPS).

Finally, we would like to express our thanks to Dr. Fenghua He for helping in
organizing the workshop, and the PhD Candidate, Mr. Kai Zheng for technical
helping in editing the book.

Tielong Shen Sophia University, Tokyo, Japan

Yuanzhang Sun  Tsinghua University, Beijing, China

Yu Yao Harbin Institute of Technology, Harbin, China
Yasuhiko Mutou  Sophia University, Tokyo, Japan

Beijing, 30 June, 2007
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Design of Decentralized Robust Full-MRACS
Based on Sliding Mode Control

Yazdan Bavafa-Toosi! and Hiromitsu QOhmori?

1 Y. Bavafa-Toosi is with the Graduate School of Science and Technology, School of
Integrated Design Engineering, Keio University, Yokohama, Kanagawa 223-8522,
Japan (phone: +81-35-566-1727; fax: +81-35-566-1720)

2 H. Ohmori is with the School of Integrated Design Engineering, Keio University,
Yokohama, Kanagawa 223-8522, Japan
ohm@sd.keio.ac. jp

1 Introduction

Mathematical theory of networks and systems has been significantly enriched
in the last few decades due partly to the injection of new blood from different
backgrounds. The contributions of past and present investigators span a vast
body of theory and applications. Of particular importance in this arena is the
field of decentralized adaptive control, whose relevant results are teeming in the
literature 1.

In the broad sense, the existing results on decentralized adaptive control can
be categorized as in the following, where due to lack of space not are all of the
pertinent works cited:

Decentralized linear adaptive control 12726l
Decentralized intelligent adaptive control [17~20]
Decentralized optimal adaptive control 21
Decentralized robust adaptive control 227261
Decentralized nonlinear adaptive control [2730],

?

It is noted that it is possible to have different categorizations (e.g. vs. lin-
ear/nonlinear systems, or delay-free/delay systems) or to further ramify each
category and/or to have their integrations. Actually, many of the existing re-
sults present an integrated approach and do not fully belong to one of the above
categories. Here, in particular, (in some sense) from the integration of the last
two we single out the sequel branch,

e Decentralized adaptive variable-structure (or sliding-mode) control
(VSC or SMC) 174213 since it will be conceptually used in this work.

To the best of our knowledge, and broadly speaking, all the existing decen-
tralized MRAC methods suffer from two major drawbacks, see !} for details:

% It should be noted that the results of [34] and [37] are erroneous, as reported in [42].
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e accommodation of reference models for subsystems only, i.e., not for inter-
connections;
e necessity for the so-called matching conditions.

In the spirit of a recursive nonlinear design methodology - the so-called in-
tegrator back stepping - developed in the early 1990s (31 which alleviated the
necessity for matching conditions in centralized adaptive control, the second
drawback was partially solved in the mid 1990s 4. More precisely, for the spe-
cial class of large-scale systems transformable to decentralized strict feedback
form, the aforementioned necessity was relaxed in [44]. Later, it has been tack-
led by a few other works as well, see [1] for details.

As for the first problem, the situation is worse. In fact, it seems to be folk
knowledge that it is irrelevant or rather impossible to consider a full reference
model whose interconnection parts are not identical with those of the system,
since the system has no adjustable parameters in those parts. Nevertheless, this
argument, though appealing, is no mathematical proof.

On the other hand, incorporation of a desirable reference model for intercon-
nections, i.e., a full model reference whose interconnection parts are not identical
with those of the system, will result in performance enhancement, since the over-
all system will behave like a reference model whose interconnections, as well as
subsystems, are desirable. Inspired by this, the aforementioned folk knowledge is
examined in this work and this long-standing stereotype is shown to be wrong.
More precisely, for systems satisfying the matching conditions, a full-MRAC
with non-identical interconnections is proposed in this paper.

Before embarking on the main result, a general picture of the status quo of
MRAC is drawn in the following.

In both centralized and decentralized MRAC, the subsequent assumptions
are standard (4345752 where in the decentralized case the plant refers to each
of the isolated subsystems:

The plant is single-input single output (SISO);

The plant is minimum phase;

The relative degree of the plant is known, usually one or two;
The sign of the high-frequency gain is known;

There is no nonlinearity, disturbance, perturbation;

There is no delay in interconnections.

It is of course well known that in the realm of centralized MRAC there are
many results alleviating any one or more of the above assumptions or rather
shortcomings 43457521 but, to the best of our knowledge, not all of them to-
gether. In the realm of decentralized MRAC the situation is poorer: there are
only afew works addressing some of them. In particular, to our best knowledge,
only some VSC-based schemes have been able to relax the first and/or second of
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the aforementioned defects. Also, the relative degree of the plant can be larger
than two, but an upper bound of it should be known a priori ', the sign of
the high-frequency gain can be unknown (121 and perturbations, disturbances,
nonlinearities, and delays can be handled, e.g., (22~26]  Tn addition, it should
be mentioned that the case of unknown time-delay interconnections has been
tackled only by few works like [25, 26, 40}.

On the other hand, in both centralized and decentralized cases, adaptation
and control laws depend on whether the plant (each isolated subsystem) is known
or unknown. That is, to our best knowledge, there is no universal MRAC scheme
treating known and unknown systems in a unified framework with the same
adaptation and control laws.

What is presented in this work is a fullMRAC with non-identical inter-
connections that rectifies all the above-mentioned shortcomings as well. More
precisely, without any of the aforementioned standard assumptions, we consider
a class of known systems with unknown time-varying interconnection delays and
unknown time-varying perturbations (model uncertainties, nonlinearities, or ex-
ternal disturbances), upper bounds of the latter being unknown. The accommo-
dation of this kind of perturbations - along with a re formulation of the problem
- enables us to consider unknown systems in the same framework, as will be ex-
plained in the next section. For this class a decentralized robust full MRAC with
non-identical interconnections is presented. To this end, conceptually similar to
[31 ~ 42] in particular (914 a stable decentralized full-model-reference adaptive
sliding-mode control is proposed. The controller has two parts: the adaptive part
which compensates for the perturbations whose upper bounds are unknown, and
the linear part, together enforcing the sliding motion and global asymptotic exact
tracking. Moreover, as will be seen, the proposed controller does not suffer from
the inherent shortcomings of standard VSC, namely, need for a priori knowledge
of the upper bound of perturbations (as mentioned above), and the notorious
chattering phenomenon.

The organization of this work is as follows. In Section II the system is de-
scribed and the problem is formulated. Controller design is presented in Section
IIT, where the stability of the system is proven using an improved Lyapunov
function. Finally, conclusions are drawn in Section IV. This work presents part
of [1] in continuation of {53, 54].

2 System Description

Consider a large-scale system consisting of N interconnected subsystems whose
1th one is represented by,

N
©; = A;x; + Biu; +v; + ZA,;jfL‘j(t — Tij>
J#d
z; = @i, t € [-T,0], (1)

4 This work can also be seen as an extension of [40] to ful-MRAC and also to the case
of unknown systems, see Remark 3.4 and 3.5 for details.
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in which z;(t) € R™, u;(t) € R™, and v;(z;, us;, x5, ) € R™ are the state, input,
and uncertain nonlinear time-varying parameter perturbation of the ith subsys-
tem. More precisely, v; denotes any unknown time-varying perturbation in the

N
form of model uncertainty (AA;z;, AB;x;, > AA;;x;), external disturbance,
J#i
or nonlinearity. The scalar function 0 < 74 (t} € T < oo represents the un-
known nonnegative continuous bounded time-varying delay, where T is a known
positive constant. The continuous function ¢;(t) € R™ denotes the arbitrary
initial condition. Moreover, all the matrices A;, B;, A;; are known, of appropri-
ate dimensions, with obvious meanings, and (4;, B;) is a controllable pair. The

N

terms ) AA;;x; denote the interconnections with other subsystems. In case
J#i

of unknown systems, the matrices A;, B;, A;; are chosen arbitrarily up to the

assumptions to follow shortly. The rest of the unknown parts are lumped and

denoted by v;. This reformulation enables us to treat both known and unknown

systems in the same framework with the same adaptation and laws.

N
Emi = AmiTmi + Bmiti + > AmijTm; (2)

J#i
in which the involved terms have obvious meanings. In addition, A,,; is chosen
such that (A, B;) is a controllable pair. Defining the tracking error vector as,

€ =Ti —Tm;, =1, N 3)
the error dynamics is given by i =1,--- | N,
N N
& = Amiei+(A; — Ami)zi + Biwg +Z Aijzi(t — Tij) — BmaT —Z AmigTmi +vi
J#i J#i

(4)

As stated before, as in the majority of the literature, we consider the class

of systems satisfying the matching conditions. As such, there exist continuous

matrix and vector functions M, H,J, G, and f (in general, non-unique) of ap-
propriate dimensions such that,

Ai — Api = BiM;

Ay = Bl

Ami; = BiJi;

B,,; = B,Gi

v = Bifi (5)

It should be noted that although this class does not cover all systems, it
is still fairly large and embodies a huge body of real-world systems like many
mechanical ones (1732, Besides, it is clear that the above conditions are satisfied,



7

based on the theory of generalized inverse 59, iff rank(X; B) = rank(B), where
X = BY.

For this class the following assumptions are made, as in the literature, where
the first two are clearly feasible and natural in practice:
A1) Local controllability and availability of all states for measurement in all
time;
A2) Continuous differentiability and piecewise continuity in time;
A3) Existence of unknown positive scalar constants «; and J; such that [56]

il < o + Bil |z | (6)
for all time. This assumption will be used in the stability proof.

Remark 2.1 For the aforementioned large class of real-world systems we are
concerned with actual signals, systems, and quantities. The assumption A3 is
thus natural and does not impose any restriction on the class of systems consid-
ered, since it is actually equivalent to the Lipschitz boundedness of the perturba-
tions. For the sake of completeness, on the other hand, the following mathemati-
cal argument can be made. If an upper bound on || fi|| is given in terms of higher
orders of ||x;||, e.g., a polynomial of high order, still the first order given bound
is valid, because we are concerned with actual signals and quantities, which are
all bounded, not with abstract mathematical quantities. However, in this case,
due to conservatism, the control effort will be in general larger.

Under the aforementioned assumptions Al~A3 and (5), the error dynamics
is reduced to,

N N
éi = Amiei+BiMixi+Biui+Z BiHijxj(t — Tij)_BiGiTi_Z BiJijl‘mj +Blf1
J#i J#i

(7)

In the proceeding section a decentralized full-model-reference adaptive sliding-

mode controller will be proposed by which the global stability of the error dynam-

ics is guaranteed. Prior to this, one of the merits of the advocated methodology
is restated.

Remark 2.2 The above unified analysis has a nice interpretation and is worth
paraphrasing. For both known and unknown systems, the system can be perturbed,
disturbed, nonlinear, and/or time varying. All the designer needs to do is to
choose the system parameters (A;, B;, Ai;) some constant matrices satisfying (5)
with (A;, B;) controllable (and to pursue the proposed synthesis approach of the
next section). Needless to say, in general, the closer these parameters to their
true values, the smaller the v;, and hence the smaller and smoother the control
action and the transient error.

3 Controller Design

The majority of the existing MRAC methods fall in three main categories: Lya-
punov function method, hyperstability method, and SMC (or VSC) method. The
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advantages and disadvantages of each category have been extensively studied in
the literature. The adaptive SMC strategy is adopted in this work.

3.1 Conventional SMC Schemes

The principle of the conventional SMC method is to employ a discontinuous
control law to drive the system to the origin along a user-specified trajectory,
the so-called sliding mode ¥7762. Broadly speaking, the design procedure can
be divided into two steps. In the first step, some discontinuous surfaces (i.e.,
sliding hyperplanes) are designed in such a way that not only the sliding motion
can take place on them, but also some desired performance is achieved. In the
second step, a discontinuous control law is derived by which the sliding motion
is guaranteed.

It is well-known that VSC exhibits well transient response and is a powerful
tool for handling uncertain perturbations, nonlinearities, and disturbances. Two
major disadvantages, nevertheless, are associated with it. The first one is the
notorious chattering phenomenon, which is not only detrimental to the control
object, but also excites the high frequency unmodeled plant dynamics. The sec-
ond one is that, in general, upper bounds of perturbations (model uncertainties,
nonlinearities, or disturbances) are needed to be known a priori, whilst in prac-
tice it is often difficult or impossible to have a (non-conservative) measure of
them.

These shortcomings are rectified in the ensuing development.

3.2 The Proposed Controller

To compensate for the inherent, undesirable chattering problem, apart from
quick fixes like the variable sliding surface 31, boundary-layer technique [*¥, and
filtering and variable step-size implementation (6%, there has been a fundamental
modification in the traditional SMC scheme in that the discontinuous control law
is replaced by a continuous one 62/, while preserving all the other features of the
approach. As will be seen, our proposed controller is also continuous and thus
does not suffer from the chattering problem (see also Remarks 3.4 and 3.5). The
sliding surface is defined as,

¢
s; = Cie; — /C’i(Ami + B;K;)e; dr i=1,---,N (8)
0

where C; € R™*i ig of full rank and chosen such that C;B; is invertible. The
matrix K; € R™:*™ is designed such that A,,; + B; K; is Hurwitz, see Remark
3.1.

As for the unknown upper bounds of perturbations, similar to the method of
[56], latet used in [40], the following strategy is adopted. It is assumed that the
earlier-mentioned assumption A3, namely, [|f;|| < a;+ Gil|x;|| holds. Then, some
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adaptation laws are proposed for the unknown upper bounds, and an adaptive
sliding-mode controller is designed accordingly. More precisely, the scalars &;
and Bz are used to adapt the unknown constants «; and 3;, respectively. The

def def

adaptation errors are defined by Aq; = &; — a; and AfG; = Bi — B;. The
controller is proposed as, .

u = ubi 4 2% (9)
where the linear and adaptive parts are respectively given by,

ul™ = —Miz; + Giri + Kie; — (CiBy) ™' Ais;

N
—(CiB) Fsillsall T QNG By NI H il 25 (1))
Jj#i

N
—(CiB)  sillsil |7 QG Byl Tjallllzmall)
I

w = ~ BT CFsl|sTCiBy||7 (@ + Billzil]) (10)

in which ); is a user-specified positive constant and z P (t) = t ;lg)L ., Nz (R
The adaptation parameters are updated by,

G = p <||SZTCiBi||>
o =pi\ —ro
[[s:]

STCEBZ xT;
i:m(nz ||S'|||a|| n) )

in which the positive scalars p;, u; denote the adaptation gains. In theory, the
higher the adaptation gains, the higher the adaptation rates. In practice, this
of course has an upper bound due to actuator limitations and other practical
considerations including the safe operation region of the plant.

The main result of this work is presented in the sequel thecrem.

XD -

Theorem 3.1 Given the large-scale system (1), the full reference model (2),
and all the earlier-mentioned assumptions. Using the sliding hyperplanes (8),
if the sub-controllers u;(¢ = 1,--- ,N) are designed by (9),(10) and adapted by
(11), then the error dynamics (7) is globally asymptotically stable.

Proof: Consider the improved Lyapunov function,

N N
V=Y llsll+ 05 (oad + i 62) (12)

The derivative of V is,

N T.. N . .
v=%" i; j] + > (ot dios + 1B (13)
i=1 1177 i=1
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, N
Similar to [40], it is easy to show that V < — > Ajf|s;|| and conclude that
=1

tlim s; — 0. In other words, the sliding motion will eventually be obtained.
—00

When the system is in the sliding mode s; = 0, §; = 0, where the latter is
obtained by the equivalent control,

N N
ufqu = —Mi.’Ei — Z Hijmj (t — Tij) — fz -+ Gi’l‘i + Z Jij.’L‘mj + K;e; (14)
J#i EL
yielding é; = (Anm; + B;K;)e;, guaranteeing the global asymptotic stability of
the error dynamics. a
Some remarks are in order.

Remark 3.1 The above theorem implies that the system state and the adaptive
parameters are all bounded.

Remark 3.2 Among [53,54], eigenstructure assignment can be employed as a
powerful technique to design K; so that some desired error dynamics is achieved.
Due to lack of space, and because it is not the objective of this paper, it is not
further followed inhere. However, the following trade-off is noted as a rule of
thumb: the larger K;, the faster the error convergence to zero, but the larger the
control effort in the transient phase.

Remark 3.3 The difference between this work and that of [40] is remarkable:
a) incorporation of a full reference model with non-identical interconnections,
which is novel, b) applying the same method in the same framework without any
modifications in adaptation and control laws to unknown systems (the above-
cited paper considers only known systems) by the way of reformulation of the
problem, which is a remarkable distinction of this work, not existing even in
centralized adaptive control results 434552 gnd ¢) giving more insight to the
details of the approach. On the other hand, formulation wise, the differences are
not considerable: the presence of the reference model for interconnections, Ami;,
resulting in the modifications of the matching assumptions (5) and uli®,

Remark 3.4 A mistake in [40, page 1217] is pointed out, or rather, the follow-
ing explanation is added: Contrary to what they say, their controller - similar
to ours - is continuous and thus does not suffer from the chatiering problem,
for multi-input multi-output (MIMO) subsystems. However, it is clear that if the
ith subsystem is SISO, then s; and C;B; will be scalars, and thus s;||s;||~! and
BICTs;||sTCiB;|| ™! will be sign functions (of their arguments), making the ith
control input discontinuous. In this case, any of the previously-mentioned quick
fizes can be used for that subsystem.

‘Remark 3.5 Another mistake in [40, page 1215] is pointed out: They argue
that since in finite time s; will not be exactly equal to zero, in practice the adap-
tive parameters (11) will increase until s; = 0, and thus they propose the dead-
zone technique as o remedy. In their statement the conclusion (i.e., unbounded
growth of the adaptive parameters, and the use of the dead-zone technique as



