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Abstract

In this paper, the problem of decentralized model
reference adaptive control (MRAC) for a class of
large scale systems with time varying delay in
interconnected term and input and state delays is
studied. To compensate the effect of input delay
indirectly, a Smith predictor built on. To handle
the effects of the time ddlaysin input, the adaptive
controller part includes two auxiliary dynamic
filters with time varying gains. Under a usual
assumption that the interconnections are assumed
to be Lipschitz in its variables and uniformly in
timewith unknown Lipschitz gains, the difficulties
from unknown interconnections are dealt. A
generalized error is defined and by a suitable
Lyapunov function, an adaptive controller is
designed to stabilize it. Decentralized adaptive
feedback controller can render the generalized
error system uniformly ultimately bounded stable
is designed. Finally, a numerical exampleis given
to demonstrate the feasibility and effectiveness of
the proposed design techniques.

Keywords: Input delays, time varying delay,
decentralized MRAC, inter connected system.

1. Introduction

Large-scde interconnected systems can be found in
many diverse fields such as electrica power systems,
manufacturing  processes, transportation  and
communication. Decentraized control for the large-
scale systems has been a research focus in the past
three decades and a lot of achievements have been
made, see [1-3], and the references therein. In such
systems, often delay exists and due to the effect of it,
these systems may possess ingability and control
performance of these systemsishardly assured. So far,
control of delayed interconnected systems attracted a
number of researchers over the past years, see for
example [2-8] and references therein. According to be
large scaling of these systems, priori knowledge of the
nonlinearities like interconnection functions and
parameters like delays is impossible. Hence adaptive
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control is a popular method for controlling of such
systems employed in many papers.

In [1] robust adaptive control of large-scale
systems without delay was considered by applying
dynamic programming. [3] developed a memoryless
adaptive output feedback controller for stabilizing a
class of large-scale nonlinear systems. An adaptive
decentralized neurd control laws addressed for aclass
of purefeedback interconnected system with
unknown timewvarying delays in  outputs
interconnectionsin [2].

Between adaptive control method, model reference
adaptive control (MRAC) has been attracted lot of
attention to control of interconnected systems because
of its desired closed loop response. Model reference
adaptive control for interconnected systems with time
delays are considered in [8], but the obtained
controllers are dependent on the delays and the
interconnections need to be known precisdy.
Memoryless controller was proposed for large-scale
systems with matched nonlinear interconnections in
[7] by using MRAC. In [5] by using the adaptive
method a memoryless controller was designed to
follow amodel for nonlinearly interconnected systems
with timedelays, dead-zone actuatorsand mismatched
time-varying disturbances. In [4] delay-dependent
linear state feedback controller was constructed base
on the MRAC for aclass of large scale systems with
time-varying delays and matched interconnections.
The fina designed controller is very complicated for
practical utilizing.

Intheall above papers, the actuators delays are not
investigated. For systems with input delays, the
control problemisvery complicated dueto the need to
predict the input delayed values, especidly for large-
scale systems. However, to the best of the authors
knowledge, no attempt has been reported to tackle
input delayed simultaneously with state and
interconnections delays using the model reference
method. In[9], globally stable MRAC Smith-predictor
like solution for SISO input delayed plants were
developed. It was assumed that the process is
minimum phase with arbitrary relative degree, though
not necessarily stable. The controller structure was
similar to the one proposed by [10]. Morerecently, in
[11-13] MRAC controllerswere proposed, also with a
Smith predictor-like structure. In [12] adaptive control
laws were generated by using a high-order tuner and
Lyapunov-Krasovski functional was used to adaptive
stabilization. The adaptive controller in [13] is based
on the Smith predictor and finite spectrum assignment.
The problem of input delay with smith predictor was
studied in [14], but in the mentioned paper, the
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interconnected term was not considered. In [15] the
interconnected term was considered but the input and
state delays were not investigated.

In this paper, a new MRAC scheme is developed
for a class of interconnected delayed systems with
known input and state delays. To handle the effects of
the time delays, the adaptive controller part includes
two auxiliary dynamic filters with time varying gains.
For implicit (indirect) input-delay compensation, a
Smith predictor-like filter is used. Decentralized
adaptive feedback controller can render the
generalized eror system uniformly ultimatey
bounded stable is designed. The paper consists of the
following parts. In section2, problem formulation and
assumptions are introduced. The controller design is
described in section 3. The stability of system is proof
by the introducing a suitable Lyapunov function. In
section 4 a numerica example is illustrated and the
mentioned theoretical process is implemented. Final
section isincluded the conclusion.

2. Problem formulation and assumptions
The interconnected system considered in this paper
composed by N subsystems with the ith subsystem

Sk () =A X () +Ag X t-t)+ @

Bi u; (t - hi )+Bi g.xij (Xij (t)!xij (t - dij (t)))

where x T A% and ul A" represent the state and
control vectors of the i-th subsystem respectively; A,
A,TAY™ and BTAY™ ae known congtant
matrices;t, and h are known constant delay,
x; (% ). @ - dy (1)) are uncertain
interconnections, which indicate the interconnections
among the current states and the delayed states of
systems S and § , and djj(t) are bounded time-varying
delays, which are differentiable and satisfy:

0£d, (t)£d, <¥, 0£&ij(t)£éi,~<L @

Whereaij and dij ae postive scalars. The initia
conditions are given by:

X, @)=L, @), tT [t,-i,.t,],
where I, = max{ti d_”} and L, (t) are continuous
functions.

The objectivein this paper isto design adecentralized
controller u; (t) adaptively to ensure that the system

states X (t) follow the state of X, (t) given by the

local reference model following:

R (1) = Ay Xy 1) + B Ry (1) 3
with the known piecewise continuous and bounded
reference R (t).

For system (1) and model reference system (3), the
following assumptions hold:

i=12,..,N
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Assumptionl. There exist matrices K; and positive
matrices P; satisfying the following inequality:

(Ami+BiKi)TPi+Pi(Ami+BiKi):‘Qi (4)
wherei =1,2L_,N and Q are positive definite
matri ces.

Assumption2. There exit constant vectors

ﬂ An, nﬂ A™ and a nonzero constant scalar d,
such that the following equations are satisfied:

A-A, =Bz, Ay +Bm =0, B, =B,
Assumption3. There exist unknown positive constants
a; and b such that:

()

y
a

=1

X (x; @)% - d; )] £ 5 a, [x, ©)

+g bij ||Xj (t - dij (t))"
j=1

Assumption4. The states of system (3) are bounded.
Assumption5. All subsystems are stable.

Remark1. It should be noted that Assumption 1isto
guarantee that the pair (Ami, Bi) can be stabilized. If
(Ami, Bi) iscompletely controllable, Assumption 1 will
aways hold. Assumptions 1 and 2 are used to
determine some important design parameters.
Assumption 4 is to assure that the underlying model
reference system is bounded stable.

3. Mode reference adaptive controller design
The problem isto design an adaptive feedback control
in order to achieve desired closed loop specifications.
The desired specification in this paper is that all
signals of the closed loop system remain bounded and
that approximate tracking be achieved with small
enough asymptotic error. The tracking error and its
derivativesis defined as.

& (1) =X (1)~ X, (1) (6)

& t)=A X O)+A; X (t-t,) (7)

+Bi u; (t - hi )+Bi g.xij (Xij (t)vxij (t - dij (t)))

_Amixmi (t)_ B

From assumption 3, we further obtain the following
inequalities with the help of assumption 4:
8

a X, (x, ©.x, ¢ - d, )]

R (t)

mi©

eda,x, O+4 b, x, ¢ d,0))
j=1 j=1

a, [ ) +e; )

Qo=

j=1

+a by [xy, - dy @) +e; ¢ - d; ©))

=z —
Il

Eay e @) +by Je ¢ - d; )] +d,
Since
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les O] £ e, @]+ O+, O (9)
Then relationship (8) can be written as:

%l"xij (x, ©.x, € - o, ) (10

£ai ||egi (t )||+ bi ||egi (t- dij (t))||+di
wherea,, b, and d, areunknown positive scalars, and
since the states X+ of reference modd system are
bounded, there aways exit positive this scaars such
that inequality (10) holds.

Now, we are ready to present our main result in this

paper.
Theorem. For system (1), the following adaptive

feedback controller:

U =U, +U, +U;, (11)
where

uil:_zixmi (t)+kiegi (t) (12)

+,; R, (t)+mi X i (t- ti)

T

U, =-0 BiT W, (egi ),
Te,
WiT (egi )

Tle,

B’ L[ViT &)

i ﬂegi
Inwhich g, (t) and h,(t) are adaptive parameters with
adaptive laws:

'hi (t)BiT

ui3_

T 2 (13)
&‘i :lGu BiT Wi—(egi) - lGlsilqi’
2 fley 2
T
H‘i:lfi BiT Wi (egi) _lfisizhi'
2 Te, 2

whereG,f,,s, and s, are positive scaars.
Also, with definition generalized asfollows:

&y (1) =& () +Viy (1) + Vi, (1) (14
where is the sum of the tracking error a(t) and the
internal states v,1 R*and v,I R* of the adaptive
controller. Thecontroller states v, ,v,, are generated by
the stable dynamic filters F1 and F, with the gains
a,(H)T R™ and a, ()1 R™ :

Fo W, ) =A,v,, 1) (15)
+Bmiai1(ui t)-ut-h ))
Foi M) =ALv, ) +B, aiTZWi ®) (16)

where the input of F, is the signd

wt)=[e ) e(-t)] TA™.

Thetimevarying gains a,(t) and a,,(t) areas:
a,=-q;' (17)
a;, =[-g;'n; a;'mT (18)

Definition. The solution generalized error e (t,t,y ;)

of interconnected system (14) is said to be uniformly

ultimately bounded with respect to the bound e, if for
each d>0 thereexists T, =T, (g, ,d,) >0 independent
of to such that |le, (t.,t,y )| £e foral t2t,+T when
[Xieof £ -
Proof. Define the following Lyapunov function
candidate:

\)/u(egi ’qi ’hi ’t): gv_l (egi lqi !hi !t) = (19)
i=1
i 2 B . 25
N 'I[Vi (egi)+ql(qi B (%. ) + l(di B hi) :J
ar o 2 y
=144,Q, ey 00 ox A
where
Vig) = Re,. (20)

q are sufficiently small positive scalars, d are dso

positive scalars defined in (25) (below).
Generdized error g4(t) isequa to:
dgi (t) =6 )+, () +\& () (21)
= Amiegi )+ Bmiail[ui t)- U; (t- hi )]

+Byalw () +B;z;x, - Bm x; (t-t;) .

mi~ti2

- Bmi R (t)+Bi g. X (Xj (t)!xj (t- dij )

+Biui (t - hi)
By taking the time derivative of V() aong the

trgjectories of the closed loop system, we have

7 (e ,q,h t (22)
% =- e; t)Q; e, (t)

Vi) &
e, BAX X O, (-, O)
fe,
+2(3|'1(qi _ dYgl )d’(l _ 2fi.1(di* ) hi )I’&I
+q e (t)||2 Sq, (- d; ), € - d, ))"2
=-e5 (1)Q &y ()

D) p By, 00x, € d, @)

i (uiz(t)+ui3(t))

Te,
+WﬂT(geg)B (U () +u5())
AN
(Qi '(%) B, e, - SiG (Qi 'C%)
- (di 'hi) BiT w +Si2hi (di 'hi)

+q, ey O] - o @- d; ©) ey € - 4 O)
Considering the below relationship
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Wi (egi )
Te,
S AICH

i 1-[ egi

B (ui2(t)+ui3(t)): 23)

- hi (t) BiT

1T\/iT (egi )
Tey
and
W &)
Te,

24
B, ax., (x; ©).x; ¢ - d; ) (29

£a fe, )][B

e,

1-I.\/i-r (egi )
fle,

v Ey) H+

6i ||egi (t - dij (t))" BiT

+d, |[B

T WiT (egi )
i ﬂegi
AN
i ﬂegi
IV e) [
fe,

el
4ei
[
4q - d.,)
IV Gey)
i ﬂegi
+q; (1' di; )||egi (t h dij (t))"z
Let

T

4e " 4q(-d))

Then, we have

Viley)
T, B, ax” (x, @©).x; - d; 1))

£d (B

+e e, O

+d, |[B

(25)

(26)

W G g.)

+qi (1' di; )"egi (t - dij (t ))"2 +ei ||egi (t )"2

Considering the following equality:
-&ﬁ)(-s.lq )+ -h)s, h)

= Sllgql |O 2

‘diB

.T Wi (egi)
i ﬂegi

(27)

ae 1 o
-—h, £ += s
|28 2 zh

Substituting (23) to (27) into (22), we further have

35

& 28
Veat=aveat (28)

i=1

=& (- 00 e, 0+ +e)le, O
& 20
+£\,‘ g |18 - _dﬂ ZSIl _
ac é
- h + + S 2h|2;

(é |28
Because Qi is posmve defl nite mar[rl ces, parameters e,

and g, can be selected to be small enough to render
that the following inequality holds:
'Imin(Qi)+qi +e :'Pi <0 (29)
where P, are positive scalars. Furthermore, one has
i 0
Veat)e a¢ 1ol

a2
8 2> +4S

Based on Lyapunov stability theory, the proposed
decentralized state feedback controller (11)- (18) will
guarantee the closed loop error system is uniformly
ultimately bounded stable.

Remark?2. In this section, robust adaptive tracking
control isproposed for aclass of systemswith delayed
input and state and without so-called distributed delay
blocks. To handlethetime delays effects, the auxiliary
dynamic filters F1 and F2 with variable gains a,, (t)

and a,,(t) are introduced. The Smith predictor-like

filter F1isused for indirect elimination of the effect of
the dead time h;. Thefilter F, with the nonlinear input
al,(t)w (t) is introduced to compensate plant
parameter uncertainties, perturbations. Note that in
our case the Smith predictor has a “classical”
structure, with the difference that it is based on the
reference mode transfer function rather than the plant
transfer function, and that it has theinput gain a,(t).

Remark3. For inequality (30), it is easy to obtain that
the sable bounds of error e; can be rendered
sufficiently small by reducing the values of parameters
s,ands,,.

4, Numerical example

To illustrate the utilization of our approach, in this
section, we consider thefollowing numerical example.
Here, a large scale time-delay system with
interconnected terms is composed of two subsystems
described by
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€0
X @t)=a
e-2

10 0 (31)
X, ) +a st - h

_3HX1() %I.HU1( 1)

60 0

+a X (t-t
€06 —0.8HX1( )

* gg(dn Xy (1) +dy, X5 (t - Ay (1))

éo 1 U é0Q
X,(t) = e 05 35u 2(t)++gluu2(t h,)
éo 0 u
+a X, (t-t,)
&06 -08y "
€0ul
+0(da X (1) +d X, (t - 4,(1))

To build the adaptive controller we choose the
reference mode!:

20 1 (32)
5a0=8 ) mO RO

é0 é0u
>&m2(t)=g_5 _GL]sz(t)+§1L]R2(t)

with R (t) =100sin2 PLRW= 100005%

Therefore, we obta n the following controller from
theorem 1.
u, =- (2Xm11 + 2Xm12) + (O-Gan(t -t 1)

+0.8x mi2 (t -t 1)) (egll +1%912) + Rl(t)
B Pe

lgl

BT Pie]

1%g1

(33)
- 2q1 BlT Plegl - 2h

Uy == (25X +2.5X 15) +(0.6X 0 (- 1)
+0.8x mzz(t -t 2)) - (e921 +10egzz) + Rz(t)
B, Pe,,

[z Poeud

(34)

-20,B; Pe,,- 2,

and the adaptive laws
4 =|28" P g|| 0.01q; ,
t =|2B7 P ey |- 0.01h,, i =12

(35

We chose
t,=1 h =h,=154d,=d, =1,
d,, =d,, =0.5,d,(t) =d,(t) = 0.5(1+cost)
,Q, =100I.
and theinitia conditions are
X,(0) = gﬂ X,(0) = S;‘E

10
ORI RMOES g
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The date responses x(t) and Xmi(t) are shown in
Figures 1-4. From figures it can be seen that the
closed-loop system is uniformly ultimately bounded
gstable. Also the control signas and the generdized
errors g4(t) are shownin Figures 5 and 6 respectively.

5. Conclusion

In this paper, modd reference adaptive control

problem for a class of large-scae time-dday
systems with both input dday and state ddlay and
interconnection is investigated. The decentrdized
feedback controllers and corresponding adaptive laws
are designed. Our approach relies on a decomposition
of the adaptive control design by introducing the
“generdized error”, and two auxiliary linear filters
with time varying gains. The first filter is the
“classical” Smith predictor, but based on thereference
modd transfer function rather than on the plant
transfer function. The second filter has the same
dynamics as the reference mode but driven by the
signal a,w (t) . Theeffect of such decompositionisto

pull the input delay out of the design procedure. That
leads to control laws with the following distinctive
features: (i) they do not incorporate distributed-del ay
dementsand (ii) they provide robustness with respect
to plant parameter uncertainties. The “price’ paid for
this controller configuration is its restrictive
applicability to stable plants, to plants stabilizable
with memory less sate feedback or to plants
stabilizable with so called “delayed state feedback”.
Based on Lyapunov stability theory, we prove the
resulting closed-loop error system is uniformly
ultimately bounded stable. A numericd example is
given to verify the feasibility and validity of the main
results. Therefore, the results obtained are expected to
apply to alarge class of
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Fig. 1. Theresponse of the sate variable x11 and Xmas.
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Fig. 2. Theresponse of the state variable X2 and Xmao.
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Fig. 3. Theresponse of the state variable X»1 and Xma1.
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Fig. 4. The response of the state variable X22 and Xmzo.
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Fig. 5. Adaptive control signalsu; and u,.
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Fig. 6. The generalized errors e; and ey converge
to zero.
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