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Abstract: This paper presents a decentralized adaptive controller for a class of large-scale nonlinear systems with
unknown subsystems and interactions. A direct adaptive controller is devised based on Lyapunov stability analysis so
that the stability of the closed loop system is guaranteed by introducing a suitably driven adaptive rule. The adaptive
controller proposed in this paper can guarantee the stability of the closed-loop system without knowing the sign of the
controller coefficient. To show the effectiveness of the proposed decentralized adaptive controller, a nonlinear system is

chosen as a case study. Simulation results are very promising.
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1 INTRODUCTION

In the past decades, there has been an increased attention in
the development theories for large-scale systems. For
large-scale systems, decentralized control can often provide
better performance over centralized control [I]. For this
reason, an increasing amount of attention is being directed
towards decentralized control to extend the class of systems
to which it is applicable [2], [3]. The difficulty and
uncertainty in measuring parameter values within a
large-scale system may call for adaptive techniques. Since
these restrictions include a large group of applications, a
variety of decentralized adaptive techniques has been
developed. Model reference adaptive control (MRAC)
based designs for decentralized systems have been studied
in [4]-[6] for the continuous time case. Decentralized
adaptive controllers for robotic manipulators were
presented in [7] and [8], while a scheme for nonlinear
subsystems with a special class of interconnections was
formulated in [9]. Knowing that most of physical
large-scale systems are nonlinearly coupled to the
dynamics of the processes, the researchers are still trying to
control these systems [10], [13]. Mostly, they either
investigate subsystems which are linear in a set of unknown
parameters i.e. [13], or they consider isolated subsystems to
be known, i.e. [12, [14]. For most practical applications, the
linear control synthesis is applicable to linearized models of
large-scale systems. However, this only guarantees stability
in a region about the operating point and possibly
degradation in performance and instability over a large
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domain of operation. In [10] - [13], some decentralized
nonlinear controllers for large-scale systems have been
developed. For example, decentralized adaptive controllers
are designed under the assumption that the isolated
subsystems is known in [11], [12] and in [13], the
subsystems with unknown parameter were considered
linear in a set of unknown parameters.

It has been shown that the adaptive controller proposed in
[13] can guarantee the stability of the closed-loop system
when the sign of the controller coefficient is known.

Our objective is to present adaptive controllers for a class of
decentralized systems with unknown nonlinear subsystems
and unknown interactions. The stability of the closed-loop
system is guaranteed by Lyapunov’s stability theory and the
proposed decentralized adaptive control scheme ensures
that all signals in the closed-loop system be bounded and
the tracking error goes asymptotically to zero without the
requirement that the sign of the controller coefficient
should be known in advance. In [15] we presented an
adaptive controller for a class of affine nonlinear
decentralized large-scale systems. This paper considers a
more general class of these systems in which constraints of
the subsystems’ interactions have been relaxed.

This paper is organized as follows: In Section 2, the details
of the problem statement and derivation of the error
dynamics for the decentralized system are described.
Section 3 presents the main results of decentralized
adaptive control for each subsystem using only local
information and stability analysis for composite system. An
illustrative example is then used in Section 4 to demonstrate
the effectiveness of the decentralized adaptive technique
and finally Section 5 concludes the paper.
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2 PROBLEM FORMULATION AND
DERIVATION OF THE ERROR

DYNAMICS
A large-scale nonlinear system comprised of N
interconnected subsystems, is considered. The ith

subsystem  (S;), which is assumed to be

single-input—single-output, is given as

X, =F (x,....X, )+ g, (x; u,,

V, =h (X, Xy ),

=X 15X 250X ]T, 1<i <N is state

o

where  X;

vector, X=[X1,X2,...,XN]T is full state of the overall
system, F; (), g;()eR" | h;()eR,

smooth functions, #; € R and y; € R are respectively

are unknown

the input and output of the ith subsystem. If each subsystem
has strong relative degree m; , then the output dynamics

may be rewritten as [16]

y o = Zakfzk(x Y+ Bu, +A (XX, ) (2)

where y( i)

% > B

controller, in Eq. (2) we do not need to know the sign of f;

is the m; th time derivative of ), and

are unknown parameters. To design the

in all subsystems.

Assumption 1. The interconnection A;(x,...,

Xy ) is
bounded by |A,- (X150 Xy )|Spl- , where p; is unknown
and p; >0.

Now define the tracking error e; =r; —y; for S; , where

r; is the desired output trajectory and y; is the output of
ith subsystem.

Our objective is to design an adaptive control system for
each subsystem which will cause the output y; to track the

desired output trajectory r;

in the presence of
interconnections and, using only local measurements. This
requirement leads to the following assumption.

Assumption 2. The desired output trajectory and its
derivatives 7; ,...,rl.(mi) for the ith subsystem S; are

measurable and bounded.
Let the output error vector for the ith subsystem be defined

(m;—=1) . . ..
by e; =[e;.€;,....e; " ]T and write the time derivative
of e; as

—[6..e?,. e T

e =[e,e;”,....e;"] 3)
The error dynamics may be expressed as
(mi) _ .(m;) (m;)
el =)~y @
It is desired that the output error of the ith subsystem
follows e(m ) mi_lel.(mi_])+...+a,-,0el~ =0 , where

the coefficients are chosen so that each L;(s)=s" +

m;—1

4 ;1S +....+a; o has its roots in the open left-half

plane. Now use (2) and (4) to obtain
1
ei(m' "= ri(mi) - Zai ,kfi,k (x;) _:Biui -4, )
k=1

3 DECENTRALIZED ADAPTIVE
CONTROLLER AND STABILITY
ANALYSIS

This section presents an adaptive controller for (2) with
unknown interconnection functions. An adaptive algorithm

G » B with /i, and

p; with p; and compensate the unknown interactions.

is defined to estimate ¢; ; with

Define a controller which compensates for the dynamics of
each subsystem. For the ith subsystem, the controller is
defined by

V.
U, =— (6)

B

is defined as

where the signal v;

A ; (2) (m;=1)
v, —(al.’oei ta e t+a, t..ta, e )

! (7
- zéﬂkf, LX)+ ”i(m" '+ o, sgn(efP,.bf ),
k=1
where b, and P, are given in (13) and (14) respectively.

1

Substitute (6) into (5) to obtain

/ IB
ei(m[):ri(rnl)_zcxi,kfi,k(xi Blvi_Ai ®)
k=1

i

Bi

The third term, =, in (8) is equal to:
1
by b-b bb_, D )
b, b, b,
where the ,B is defined as [3 = ﬂ B; . Use (8) and (9) to
obtain:

, ~
el_(m,-) = ri(mi) _Zai,kfi,k (x; 4 v, —A, (10)
B
From (7) and (10), equation (10) becomes:
!

ei(m‘) = Zdi,kfi,k (x;)

k=1

—(ai’oei +a, e +..+a,, el )) (11)

_ﬁi Sgn(e?f)ib?)+&vi —A;,

i
where the @ ; is definedas & ; =&; , —&; 4 -
Substituting (11) in (3), the error dynamics (3) can be
written in a matrix form as:
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!
éi :Aiei +bi (Z&ifkfi"k (Xi)
k=1

(12)
_bi Sgn(ez‘TPibf)'F =V, —A;)
where the Hurwitz matrix A4; and vector b; are
0 1 0 Lo 0 |
0 0 1 A 0
A4, = ,
0 0 0 1
4o 4y Yo 4 -
b, =[0 0 ... l]T.
(13)

Since 4;
P; to the following Lyapunov equation exists

is Hurwitz, a unique positive definite solution

AP +PA, =-0, (14)
where the matrix Q; is positive definite.
Consider the following update laws:
=_70(ifi,k (Xi )ezTszzT (15)
B ==v,e Pblv, | p (16)
P =7, e Pb,] i)

where Yoy »7p, > ¥p, >0 are constant design parameters.

The main results of this paper are now summarized in the
following theorem.

Theorem: Given the error dynamical system (12) for the
decentralized system (1) with a reference model satisfying
Assumption 2 and the interaction between subsystems
satisfying Assumption 1, then the control law (6) with
adaptation laws (15) — (17) makes the tracking error
asymptotically converge to zero and all signals in the closed
loop system bounded.

Proof: Consider the following Lyapunov function

N
V=>V.,+.,) (18)
i=1
With

V..=€Pe, (19)

I 52 32 ~2

o ) :
V., :—Zk:‘ w B P (20)

7/a‘. 7//5‘ 7/,0,.
where dl,k =&1,k —al,k, Bl ZBI _ﬂl and ﬁl Zﬁl .

—p; Use the definition of the error dynamic (12) to write

the time derivative of V' as

2010 Chinese Control and Decision Conference

V= i[e (47P +P4,)e,

i=1

/
+2ezTPlb Z ~z kfz k (X
k=

1

ﬂ L —A

+2¢/ Pb, [ R

€2y

From (14), we have

N
V= Z[_ez‘TQiei
=l

/
+2¢] b, > 0 f 4 (X))
k=1

i
i

+2¢/ Pb,| —p sgn(e?P.b7)+£v.—A. +V,
[ el [ Bl el ﬁ i i i,2

(22)

Furthermore, knowing that |Ai (X],e0 Xy )|Spl~ , We can

obtain the following upper bound for the time derivative of
V.

V< i{_ef‘Qiei +2e{f’ibiic~¥i,kfi,k (x;)
i=l k=1
2| Pb, |5, +2(e{P,.b,.)%v, +2[e/Pb,|p,

i
1,2:|7

+
N !

< Z{_eeri e + 2(e,TPibi )Z . i (X))
i=1 k=1

~ (23)
2l b, |, +2(] P,-b,-)gf
From (18), (20) and (23), we can write
V<z _eQ1e1+2z k(e belk(x)

eva

w2 CERYL By 5 (a2
i yﬂ, Pi
(24)

Use the parameters adaptive rules (15) — (17), to obtain ¥/
N
g T
Vs Z_ei Qi ¢
i=1

Using Barbalat’s lemma, convergence of the tracking error
to zero is guaranteed. This will make the convergence of the
update laws, equations (15) — (17), possible. This completes
the proof. Q.E.D.

Remark 1: The proposed method given in section 3 is
apparently more general than the subsystems as considered
in [15]. Results of the proposed controller to the inverted
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pendulum problem are fully presented in [15]. As we will
show in next section, the controller exhibits faster response
compared with that of [15], which confirms superiority of
the this controller.

4 ANILLUSTRATIVE EXAMPLE

In this section, an inverted pendulums connected by a
spring [13], is used as a case study to illustrate the
capability of the proposed decentralized adaptive control.
Each pendulum may be positioned by a torque input u;
applied by a servomotor at its base. It is assumed that both
6; and 91 (angular position and rate) are available to the
ith controller for i = /, 2. The nonlinear equations which
describe the motion of the pendulums are defined by (26)
where x;;=6, and x,;=6, are the angular
displacements of the pendulums from vertical. The
parameters m =2kg and m, =2.5kg are the pendulum

j1=0.5kg and j,=0.625kg
moments of inertia, k = /00N/m is the spring constant of the
connecting spring, » =0.5m is the pendulum height, /=0.5m

end masses, are the

is the natural length of the spring, and g =9.81m /s? is
gravitational acceleration. The distance between the
pendulum hinges is b=0.4m. A, b<I indicates that the
pendulums repel one another when both are in the upright
position [17]. Here we will attempt to regulated the angular

positions to zero, so that ¢; =—6; [i.e., x,d =0,i =1,21].
X=X
kr® ) .
X2 _[ml.gr _L.jsm(xl,l)"'_’.ﬂ(l _b)
Ji J1 2j,
u 2
+%+—.sin(x21)
Ji J1
Vi =Xy
xz,lzxz,z
kr? ) . k
xzz_(mz.gr_L.jsm(xu) _I./(l_b)
J2 J2 27,
2
u—2+—‘sin(x11)
Ja 4,
Va2 =X, (26)

To show the effectiveness of the proposed method, two
controllers are studied for the purpose comparison. We will
first demonstrate how a simple decentralized proportional
plus integral (PI) controller
!
u, =20(ei +ij el.dr) i=1,2 @7
20 70
would control the system. We find that the pendulums
exhibit undesirable response with relatively large

oscillatory behavior due to the lack of damping as shown in
Figs 1 -2.

0.5

0 2 4 6 8§ 10 12 14
Time(sec.)
Fig. 1. PI controller for the first subsystem (x;; =6} )

0.4

0 2 4 6 8§ 10 12 14
Time(sec.)
Fig. 2. PI controller for the second subsystem (x,; =6, )

decentralized adaptive controller proposed in Section 3 is
then applied to this system. The controller is taken as

u. =

1

1
; (1)
T[(ai,oei +a, ¢, +..+a,, e" ")
i

1 (28)
=20,/ (x)+1" + p, sgn(e] B b] )]
k=1

where £.,d, 4»P; are updated by adaptive rules (15) —
(17). The controller parameters are taken as
Yo =7p =10, 7, =20 . Figures 3 - 4 show the

simulation results for the designed controller and illustrate
that, after a short transient period, the states track the given
trajectories very closely.

Comparing the results in Figs. 1- 2 and 3- 4, it can be
seen that the proposed decentralized adaptive controller
presents desirable performance which confirms fast
convergence of the adaptive parameters. The parameters

0?1’1,0?1,2,,31, 0?2,1,0?2,2,@ and py,p, , the adaptive
parameters, are depicted in Figs. 5- 7 respectively. Figures
8 - 9 are also shown the history of the control input
u;, i =1,2 . From figures 5- 9, it is interesting to note that
(28) maintains a robust performance to a wide class of
perturbations in the system dynamics, as long as the
interactions are bounded. In this sense, the controllers

guarantee  robustness against modeled dynamics
inaccuracies.
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X, ,(rad)

0.1

0.05f

4 6 8 10
Time(sec)

Fig. 3. Decentralized adaptive controller for the first subsystem (x;; =6} )

X, ,(rad)

0.2

0.1

5 10
Time(sec.)

Fig. 4. Decentralized adaptive controller for the second subsystem

0.8

el
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Second Subsystem Updated Parameters

First Subsystem Updated Parameters
o
~

(x5,=6,)

k

—

2

4 6 8 10
Time(sec.)

. 5. Convergence of the first subsystem adaptive parameters

(611,012, B)

—

0.5

0

2

4 6 8 10
Time(sec.)

Fig. 6. Convergence of the second subsystem adaptive parameters

(621,02, /)

2010 Chinese Control and Decision Conference

- ‘
=1
3
A 15} 1
g
o
=]
210 f
3
=]
=} 1
2
S
2
=)
0 L L ' '
0 2 4 6 8 10
Time(sec.)
Fig. 7. Convergence of the interactions upper bounds
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Fig. 8. Control input 21 for the first subsystem
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Fig. 9. Control input ¢ for the second subsystem

5 Conclusion

This paper introduced a decentralized adaptive controller
for a class of large-scale nonlinear systems. This class
consists of all such systems with unknown SISO
subsystems and unknown interactions. The proposed
adaptive controller ensured the closed-loop stability and
convergence of the tracking errors asymptotically to zero.
The stability analysis was performed using the Lyapunov’s
theory. The simulation results approved the validity of the
proposed controller.
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