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Adaptive Neural Network Decentralized
Backstepping Output-Feedback Control for
Nonlinear Large-Scale Systems with Time Delays

Shao Cheng Tong, Yong Ming Li, and Hua-Guang Zhang

Abstract—1In this paper, two adaptive neural network (NN)
decentralized output feedback control approaches are proposed
for a class of uncertain nonlinear large-scale systems with immea-
surable states and unknown time delays. Using NNs to approx-
imate the unknown nonlinear functions, an NN state observer
is designed to estimate the immeasurable states. By combining
the adaptive backstepping technique with decentralized control
design principle, an adaptive NN decentralized output feedback
control approach is developed. In order to overcome the problem
of “explosion of complexity” inherent in the proposed control
approach, the dynamic surface control (DSC) technique is intro-
duced into the first adaptive NN decentralized control scheme,
and a simplified adaptive NN decentralized output feedback DSC
approach is developed. It is proved that the two proposed control
approaches can guarantee that all the signals of the closed-loop
system are semi-globally uniformly ultimately bounded, and the
observer errors and the tracking errors converge to a small
neighborhood of the origin. Simulation results are provided to
show the effectiveness of the proposed approaches.

Index Terms— Adaptive decentralized control, backstepping
technique, neural network, nonlinear large-scale systems, stability
analysis, state observer.

I. INTRODUCTION

N THE past decades, there has been increased interest in the

development theories and decentralized control for large-
scale systems. Decentralized control issues naturally arise
from controlling many complex systems found in the power
industry, aerospace and chemical engineering applications,
telecommunication network, and so on. The main characteris-
tics of decentralized control are that they can alleviate the
computational burden associated with a centralized control
and enhance the robustness and reliability against interacting
operation failures. Earlier works on adaptive decentralized
control were mainly focused on large-scale linear systems
or nonlinear systems with the matching condition [1]-[5].
Since backstepping technique was proposed [6], many adaptive
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decentralized backstepping control schemes have been devel-
oped for large-scale nonlinear systems without satisfying the
matching condition. Decentralized adaptive backstepping state
feedback control schemes were proposed by [7] and [8] for
a class of large-scale nonlinear systems. By designing state
observers and state estimation filters, several adaptive decen-
tralized output feedback control approaches were developed
in [9]-[11] for large-scale nonlinear systems with only output
measurements. However, these approaches require that the
controlled nonlinear dynamics models be known exactly or the
unknown nonlinear functions can be linearly parameterized.
If this information is not available a priori, these adaptive
backstepping controllers cannot be applied.

In the recent years, approximation-based adaptive decen-
tralized control approaches have been developed to uncertain
nonlinear large-scale systems via neural networks (NNs) or
fuzzy logic systems approximators, (see [12]-[17]). Although
these approaches do not require nonlinear dynamics models
to be known exactly or the unknown nonlinear functions
to be linearly parameterized and still can achieve a good
control performances, they are applied only to a relatively
simple class of nonlinear systems. A major restriction in the
aforementioned schemes is that the nonlinear uncertainties and
interconnections must satisfy the strict matching condition.
Therefore, global stabilization for the large-scale nonlinear
systems with mismatched uncertainties is not possible using
these schemes.

With the development of adaptive NN (fuzzy) control and
the backstepping technique, many adaptive NN and fuzzy
backstepping control approaches have been investigated for
uncertain nonlinear systems without satisfying the matching
condition (see [18]—[22] for single-input—single-output (SISO)
nonlinear systems, [23]-[25] for multiple-input and multiple-
output (MIMO) nonlinear systems, and [26] for nonlinear
large-scale systems). Adaptive NN or fuzzy backstepping
control in general provides a systematic methodology to solve
tracking or regulation control problems of unknown nonlinear
systems, where NNs or FLSs are used to approximate un-
known nonlinear functions. Typically, adaptive NN or fuzzy
controllers are constructed recursively in the framework of
backstepping design technique. The main features of these
adaptive approaches are: 1) they can deal with those nonlinear
systems without satisfying the matching conditions, and 2)
they do not require the unknown nonlinear functions being
linearly parameterized.
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Although the adaptive NN or fuzzy backstepping control has
become one of the most popular design approaches to a large
class of nonlinear systems, the existing adaptive backstepping
control methods suffer from two major limitations. The first
is that the proposed adaptive control approaches are based
on an assumption that the states of the systems are measured
directly. As noted in [9]-[11], in practice, state variables are
often immeasurable for many nonlinear systems. In such cases,
observer-based control schemes should be applied. The second
limitation is the so-called the problem of “explosion of com-
plexity” with the existing adaptive NN and fuzzy backstep-
ping controllers, which is caused by repeated differentiations
of certain nonlinear functions such as virtual controls, and
thus inevitably leads to a complicated algorithm with heavy
computation burden [27]-[29]. To solve the first limitation,
recently the authors in [30]-[32] have proposed observer-
based adaptive NN and fuzzy backstepping output feedback
controllers for SISO or MIMO nonlinear systems. The authors
of [33] and [34] have developed adaptive fuzzy decentralized
output feedback controllers by using k-filters for a class of the
uncertain large-scale systems. Although the above-mentioned
approaches can solve the problem of the states unmeasured,
the explosion of complexity is inherent in them. To overcome
the problem of the explosion of complexity, an adaptive NN
backstepping control approach was first proposed by [35] for
a class of SISO uncertain nonlinear systems based on the so-
called dynamic surface control (DSC) technique. Since then,
several adaptive NN and fuzzy backstepping DSC control
schemes have been developed. For example, [36] and [37]
propose adaptive NN backstepping DSC controllers for a class
of SISO uncertain nonlinear systems without and with a dead
zone, respectively. In [38], adaptive NN backstepping DSC
control of nonlinear systems with periodic disturbances is dealt
with, whereas [39] presents a robust adaptive fuzzy tracking
control for a class of uncertain MIMO nonlinear systems,
and [40] and [41] propose the adaptive NN decentralized
backstepping DSC designs for a class of nonlinear large-
scale systems. Despite these efforts using the DSC technique,
the aforementioned adaptive NN or fuzzy backstepping DSC
methods still require that the states of the controlled systems
be available for measurements.

In this paper, two observer-based adaptive NN decentralized
backstepping control approaches are proposed for a class of
nonlinear large-scale systems with immeasurable states and
unknown time delays. Using NN to approximate the unknown
nonlinear functions, an NN state observer is designed to
estimate the immeasurable states. Combining the backstepping
technique, DSC technique, and decentralized design principle,
two adaptive decentralized backstepping control approaches
are developed. It is proved that both these control approaches
can guarantee that all the signals of the closed-loop system
are semi-globally uniformly ultimately bounded (SUUB), and
the observer errors and the tracking errors converge to a small
neighborhood of the origin. Compared to the existing results,
the main contributions of this paper are as follows: 1) by
designing an NN state observer, the proposed NN decentral-
ized control methods do not require that all the states are
available for measurements, which is assumed in the existing
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adaptive NN decentralized backstepping controllers [26], [40],
[41]; 2) the proposed second NN decentralized control method
can overcome the explosion of complexity inherent in the
NN and fuzzy decentralized backstepping controllers [26],
[30]-[34]; and 3) the proposed decentralized control schemes
can solve the problem of nonlinear large-scale systems with
time delays.

II. PROBLEM FORMULATION AND SOME PRELIMINARIES
A. System Description

Consider a class of large-scale nonlinear systems that is
composed of N subsystems interconnected by their outputs.
The ith subsystem X;, (i =1,..., N) is given as

X1 =Xi2+ fi1(1, .-, yN)
+ higtOn @ —7i,1(), ...,
N =T N@) F A (L YN)
Xi2 =xi3+ fi2(01, ..., yN)
+ hion(t —7i2,1(1), ...,
vt =tiaNn®) + Aina(y1,. .., YN)
Xini—1 = Xin; + fini—1V15 -, YN) @)
+ hi,ni—l(yl(t - Ti,ni—l,l(t))> ey
YNt = Tin;—1,n (1))
+ Aini—1(1, -, YN)
)‘Ci,ni =u; + fi,n,- (J’b R J’N)
+ hi,ni (yl(t - Ti,n,',l(t))» ey
YN = Tin; N(0) + Aip, (Y1, ..., YN)
Vi = Xi 1
where x; = [xi1,...,Xin]] € R, u; € R and y; € R

are the state, control input and the output of the ith sub-
system, respectively. f; j(:) and A;;(-) (1 <i < N, 1 <
Jj =< n;) are unknown smooth functions representing the
nonlinearities in the ith subsystem and the interconnection
effects between the ith subsystem and other subsystems.
hi’j (@t — Ti,j,1 ®),...,yn( — Tijij(t))) is an unknown
smooth nonlinear function, and 7; j(f) is an unknown time
delay satistying 7; j«(t) < t* <1 (1 <i <N, 1<j<n,
1 <k < N). In this paper, it is assumed that only output y; is
available for measurement. Without loss of generality, denote
7i,j k(1) = 7i,j (1)

Remark 1: It can be used to describe many state space
models of practical nonlinear systems with time delays such
that interconnected recycled storage tanks, interconnected
wind tunnels and interconnected cold-rolling mills, and robotic
systems with transmission delays [29]. In particular, most of
the telemanipulation systems include interconnected delays
in their state equations. On the other hand, if no time-delay
terms are included in (1), i.e., h; ;j(.) = 0, then (1) becomes
the interconnected nonlinear strict-feedback systems studied
widely, see [7], [9], [10], [33], and [34].

Throughout this paper, the following assumptions are made
on (1).

Assumption 1: Nonlinear  function  A; ;j(-)  satisfies
|20 = 30 gk vl where gf;, s an
unknown constant and p = max{p; ;|1 <i < N,1 < j <n;}
is a known integer.



TONG et al.: OUTPUT-FEEDBACK CONTROL FOR NONLINEAR LARGE-SCALE SYSTEMS

Remark 2: Note that A; ;(-) may be nonlinearly parameter-
ized in the unknown parameters, provided that Assumption 1
is satisfied. Also, the quantity p = max{p; ;|1 <i < N,1 <
J < n;} needs to be known. The Assumption 1 is common in
existing literature dealing with the similar problems, see [2],
[31, [7], and [9].

Assumption 2: Nonlinear function h; ;(-) satisfies the fol-
lowing inequality:

’hlj(yl(t) yN(t)’
=< Zi, l(t)Hl ](Zl 1(1)) +hlj(ylr(t)) + i j

where Hi,j(o) is a known function, hijj (-) is a bounded
function with f_zi, j(0) =0, and w; ; is a positive scalar and
zi1 (1) = yin (1) — yir (1)

Remark 3: The effects of the nonlinear time-delay functions
h; j(.) from other subsystems to a local subsystem are bounded
by functions of the output of this subsystem. With this
condition, it is possible to design local controller to stabilize
the interconnected systems with the time delays [30], the same
or similar assumptions can be found in existing literature, (see
[31], [32], [42]).

B. RBF Neural Networks

In this paper, the following radial basis function (RBF) NN
is used to approximate the continuous function 2(X): R? — R

han(X) = W p(X) 2)

where the input vector X € D C RY, weight vector W =
[(Wi,...,W;1¥ € R!, the NN node number [ > 1, and
p(X) = [ p1(X) 01(X) ]T, with @;(X) being chosen
as the commonly used Gaussian functions, which have the
form

(X — uN' (X = u:
pi(X) = exp | = ﬂl)z( M\ oo,
n
where u; = [ty ..., ,uiq]T is the center of the receptive field

and 7 is the width of the Gaussian function.
Let
W o(X) +e(X)

h(X) = VX €D 3)

where W* is an ideal contant weight, and &(X) is the approxi-
mation error. It is assumed that W* is bounded and defined as

W* = arg min [ sup ‘h(X) wT (X)” @)
WeQ | xep

The control design presented in this paper employs RBF NNs

to approximate the nonlinear function f; ;(-) in (1); assume

that

SOt yn) = Wil 0i i1 yw) + 60 (s - YN)
)
where Wl*] is the ideal constant weight, and ¢&; ()

is the approximation error. It is usually assumed that
|s, i )| < ¢&i,j,0, Where &; j o is a known constant.

Assumption 3: HAI j H = H Wl . i i) = (01 PO =
Zk 10k Hyk — Yk, r” where s; j x is an unknown constant,
Yy=01-->¥N) and Y = (Virs -5 YNF)-
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Remark 4: As far as the Gaussian function s;(X) =
exp[—(X — u)T (X — ,ul-)/niz] is concerned, it satisfies the
global Lipschitz condition [33], i.e., Assumption 3 is true.

By substituting (5) into (1), the system (1) can be presented
in the following form:

Xi = Aixi + Kiyi + Z Bi ;W (PLJ(Yr)
+Binui + hi +A +1\ +é&i ©
Yi = C,-Txi
—ki1
where A = In,v—l . h,‘ = [h,‘,l,...,h,‘,N]
ki 0
Ki = lkits--kind”, Ai = [Ain..., Aig,
Ai = [Nty N1 & = lein, ... ein]’, Bij =
[0,...,0,1,0,...,0]" and C; = [1,0,...,0]7, and vector
-
j

K; is chosen such that A; is a strict Hurwitz matrix. Thus,
given a Q; = Q7 > 0, there exists a P; = P/ > 0 such that

Al-TP,'-i-P,‘Ai =—0;. (7

Since the state variables are not available, a local state observer
for the ith subsystem is designed as

xl —sz-f-szz

+ Z Bi,jW;0ij(Gr) + Binui ®)
j=1
yi = Cl'zi.
Let e; = x; — X; be observer error, then from (6) and (8), one
can obtain the observer errors equation

n
é = Ajei+ ) Bi [WIT,-Twi,j()_’r) - Wi,Tj(Di,j()_’r)]
j=1
+ hi+Ai +Ai +é&
= Aje;j +0i +hi + Aj + A; +¢; )
where 5 = [5,1,... 5i,j,~-~,5i,ni]T and 5,‘,j =
W*T% j(yr) W j9i, j(yr)

Assumpnon 4: There exists a known constant J;
such that |5i,j| < 5,‘,j,().

Remark 5: The Assumption on J; ; is reasonable. Notice
that

j0>0,

T
6 = (Wiy = Wiy) 00 G (10)

As noted in many references (see [18], [19], [22]) the ideal
constant weight Wl*. is bounded, the adjusted weight W, ;
Q; j, with Q; ; is a bounded compact set, and ¢; ; (y,) 1s a
bounded radial function. Therefore, by (10), one can assume
that J; ; is bounded by a known constant d; j o.

Consider the following Lyapunov candidate for the error
system (9):

N

Z (Vio + Vi) (1)
with Vip = ¢ Tpe; and V,() = ei/(1—-1%)
1PPe SN [ €20 () (i j i (9))ds. where
ri is a design constant and 7; > max{z; 1(t), ..., i ()}



1076

The time derivative of Vy along (9) is

N
Vo = Z{ (Piai + AT P) e + 26T Py (s + A,
+Ai + ) + ‘-/i,O}
N
< Z{—eiTQiei—}-ZeiTPi(hi-i-Ai-f-Ai
i=1
+ )+ Vio) (12)
where (315 = [0i1+¢€i1,---50in —i—ei,n,.]T. By Young’s in-

equality a’b < 1/24a”a + 7./2bT b, (. > 0), one has
2e] P;3} < el ei + 1 Pi|1%||0i H <elei+631Pi|>

where 510 = {[Zl | ”0]1/2 [ZI 1 ”0]1/2}2

Using the Cauchy—SchwartZ inequality (Zk 1akbk)2
o 1a,%)(Z:k 1b ), Young’s inequality, and Assumptions
1-3, the following inequalities are obtained:

N N N
zze,.TP,-A,- < Ze?ei + D IRIPIA°
i i i=1
N
<D ele Z Zszqi,k (Hy:’,rHZk + |lzin HZk) (14)
i=1 i=1 k=1

13)

2Ze P;A; <Ze e,+ZZL,k||yk—ykr|| (15)
i=1 k=1
where gie = pN 3L IBIP XL, @l )’ and Liy =

N”P” Z] 1 ljk

2el-T Pih;

A

T 21 2
e; ei + [1Pill”|hil

N
T E *
ei e; + dl,]
J=1

IA

N
+ ||Pi||2zzi,l(t — i, j (1)) Hi j(zi1 (t — 7, (1)) (16)

j=1

where d"; is a constant satisfying d;", > I P11 (hi j (yir (2 —

T ](t))) + w; ])
It is noticed that

Ti

- e 2
Vio = —rim”Pz‘“
N t _
> / &5 2:1 () (Hi (24,1 (5)))ds
=171 )
e 4 7
T Ty BT 21 i () (i i (1)
er;(l‘*f[,j (t))Zi,l ([‘ — Ti,j (t))
X (I:I,',j (Zi,l(t —Tij ()N — i’i,j ()]
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< - ,o+( )nP||2Zz,1(r)<H,](z,1(r)>)
j=1
N -
— PP D" zin (¢ = i j () (Hi (i1 (= 70 (1)) a7
j=1
Substituting (13)—(17) into (12), one has
N
Vo = = fel (@i —4Dei + 1 P13
i=1
u 2k 2k
+ > 2k (i |+ Nz [*)
k=1
N 5 N ~
+ " Lik|lye — e |7+ D7 = riVio
k=1 j=l
et 2 al -
AP e @) a®)
j=l1

Remark 6: It can be seen from (18) that the state observer
(8) cannot guarantee the convergences of the observer errors,
and thus it is necessary to design a suitable controller to
achieve this objective, which will be discussed in the next
section.

III. DECENTRALIZED CONTROL DESIGN AND
STABILITY ANALYSIS

In this section, an adaptive NN decentralized controller and
parameter adaptive laws are to be developed in the framework
of the backstepping technique, so that all the signals in the
closed-loop system are SUUB and the tracking errors z; 1 =
yi — ¥i,r and observer error vectors e; are as small as desired.

The n;-step adaptive NN decentralized output feedback
backstepping design is based on the change of coordinates

19)
(20)

Zi1 =Yi — Yir

Zij =Xij — -1, J=2,...,m

where a; ;1 is an intermediate control, and u; (¢) is designated
in the last step. The detailed design procedures will be given
based on the above change of coordinates.

Step i, 1: The time derivative of z; | along (1) is

Zil = Yi — Yir
—X12+W1(011(Yr)+ 1(011()’r)+h11
+ Ai,l(y) - yz,r + Az,l +éei1tein

where W; = W* -W;

Consider the Lyapunov function candidate ZlNz 1 Vi1 as

21

is the weight error vector.

N N 1 1
2 VT P11
ZVi,l = Z {Vi,o 32+ Wil Wi
=1 i=1
1

2yi1
with Vit o= e /QU—me T [ e ()
(Hi1(zi,1(5)))ds; where Tip = T\ > 05 y;1 and yi2

+

Broo—wt+Val @)
2yi2
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are the design constants. f; = f; — fi and #; = m; — 7;.
,[;’i and 7; are the estimates of f; and m;, respectively.
In this paper, B = Z,](V:l (Lk,i+ni(N/2)s,i1,i) and
T = maxXi<k<pl{gix + niqi,ix} are only used for the
purpose of stability analysis.

The time derivative of ZlN:l Vi1 along (18), (20), and
21) is

N
2 Vir =
i=1

N

§ . T +—1 1
+ {Zi,lZi,l - Wi,lri,l Wi,l

i=1

1 ~ A 1 Y =
—pifi — —mm; + Vi,l}
Vi, Vi2

N
< o+, {Zi,l [zi2 + ain + W0i1 ()
i=1
+ W 1§0lI(Yr)_ytr]+’leAll()’)""“Ztlhzl’

+ JziaAi |+ |zinein| + |ziaeia| = WL T Wi

1 -~ A =
A v,-,l}. (23)
L

Using Young’s inequality, Cauchy—Schwartz inequality, and
Assumptions 1-3, one can obtain

1
|zi1ein| < Ze,-Tei +27 (24)
N N
Z‘Zi,lAi,l <= Zziz,l
i=1 i=l1
N p . -
+ O >2 q1,i,k(Hyi,rH + |zia | ) (25)
i=1 k=1
Z\z il <zz 153 IS NENET
i, 14\, i1 gt 9 i Lk%k,1
1
|zihi| < 511'2,1
| . _
+ 321 (= T OV Hia @i (6 = 71 (0) +diy (27)

2 -
where g1ix = Np 3L, (qf | )" and diy = 1/Q|| P[P}
Similar to the procedures in (17), one has

el
2(1 — %)
1 _
- Ezi,l(t — 1,1 (1)) (Hj1(zi1 (1 —

Vit < —riVii+ zin (1) (Hi1(zi1 (1))

7;,1(1))). (28)

Using inequality ’zi,leijl,o‘ — zinéiotanh(zi16i1.0/¢) <
0.2785¢ = ¢/, (V¢ > 0) and from (18), (24)—(28), can be
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rewritten as

N N
2
oll Pill

S V= =>] {eZ(Qi —50)e; + '
i=1

i=1

P
+ Z 22 (qik + q1.i) (| vir ||2k + |zia | *
k=1

N N N
+> (Lix+ 3sl?’l,k)z,%,l + D d = riVio
k=1 j=1

1 N
+2zi,1 I:EZi,l +zip+ a1+ fizin

A Zi1€i,1
+7; 2221‘ 2k + €,1,0 tanh (71’ gl’ ’O)

+W 191, I(Yr) - )’z r

N
1P D (Hi (i)

J=l1

el
D)

Ti

€ 5 2
+m(Hi,l(Zi,l))] +3z;; + ‘Zi,lgi,l,O’

Zi,1€0,1,0
—2Z;,1€i,1,0 tanh (?)

. ~ 1 =z
I; Wi + B (Ziz,l - —ﬁi)
Vi 1
L)
i,2

+d11

+WZ1 (Zi,l(”i,l ) —
p
(-
k=1

(29)

ﬁlll_ﬂzzzk ri ll]

Design intermediate control function «;; and the adaptation
functions W; 1, f;, and 7; as

1 ~
—=zi1 — (cin +3)zi1 — Bizin

2

14
2 I - .
- E 2%z k i,T1(0i,1(yr)+Yi,r
k=1

Zi,1€i,1,0
&i.1,0 tanh (;)
¢

Ti N _
1P D (Hij (i)

aj1 =

(1—1% i
n;e’i

T )( H;1(zi,1 (1)) (30)
Wi = Tia (ziagin Gr) — 01 Wia) (31
éi = Vi1 (Z,'z,l - O'i,z,bs,-) (32)

P
T, = 2(222k x* 0',37r) (33)

k=1
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Substituting (30)—(33) into (29) results in

N

N
SV =>] {eiT(Qi —5D)ei + 0 | PiII?
i=1

i=1

14
+ Z22k(61i,k + QI,i,k)(HYi,r sz + HZU ”2k
k=1

+§:(L

N> V2
bk T Si Lk 21 21202
k=1

2 (nj — 1)e”i

— Ci,1Z;1 — 2(1 — %) (Hl I(Zl 1))Zz 1

/ =T ~ A N
¢ +oin Wi Wir +oi2fifi + oizmiz;

ni222’< 2k +Zd* +di
k=1

2
- ﬁizi,l -

—riVio —riVin ] (34)

Step i, j(j =2,...,
and (20) yields

n; — 1): Differentiating z; ; along (8)
Zijj = Xij — G j—1

= Xi,j+1 — kijXin +kijyi + Hij
6051] 1
0yi

[ ,1¢11(yr)+h11

+ A1 (P) + Ai1 + 61 +ein] (35)

where

aai’j,1
oW j—1

Hij = Wi —

0061 5
on;

001 0aij-1 [)2
l oyr Ir oyi h2

P
+ W 194, I(Yr)] Z ',k

k=2
Consider the following Lyapunov function candidate as

N

N
AT AARED A (57

AW+ )
(36)

where T'; ; = l"iTj > 0.

The time derivative of >~ | V; ; is

=

N . N
ZVi:j:ZVljl+Z(z]z]_WTr W11+V11)
(37)
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From (35) and (37), one has

N N N

> Vi < D Vgt D (@ Gija — kiR

i=1 i=1 i=1

aal] 1
+ ki jyi+ Hij —

[hll+All(y)+All

atjl

+ i1 +ei2l) + |z; 2y
l

z 1(01 l(yr)

- whr ! Wl,—i-Vll)

N

N
fz i,j— 1+Z(Zl](xl]+l_kl]-xll+kljyl
i=1 i=1

00, j—1 _
+ Hij— [hin + A1 (3) + Aig +éin
oaj,j—1
+ ein]) + ~—6;
EDRNEE oy !
- WiT, W, g+ v, 1. (38)

Using Young’s 1nequahty, Cauchy—Schwartz inequality, and
Assumptions 1-3, we have the following inequalities:

oaj j—1 1, 1 (0w 2 2
Zi’jTyigi’l = 58, 1,0 + = ) 3y; < j (39
oaj j—1 I 7 1 (0w . 2
Zi,jTyiei,Z = Ee,‘ ei + 5 3y; 2 (40)
oaj j—1 I, 1 (0w 2 2
Z"’jiay,- 51',1 =< 55,',1,()4‘5 6y,- Zi,j (41)
N N 2
0t j—1 , 0aij-1\" 2
L— A < — .
> ) = 3 (T &
i=1 i=1
N
o 22k, 2k 2%k 4
+ 2 > 2 g (e |+ i ) @)
i=1 k=1
N
i,j i
i=1 0
N 2 N
0t j—1 2 N,
=3 () A X e @
— Yi 1 =
i=1 i=1 k=1
2
(30(,]_111 122. oaj j—1
bIlay M T 27\ oy
1 _ -
+ Zzin(t — i1 () Hi1 (21 (0 — 73,1(2)) +dij1. (44)

2
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o . . p
Substituting (35), (39)—(44) into (38) results in PPN -~
ubstituting (35), (39)—(44) (38) resu + Giofibi + oisiid; — ity — 7, Zzzkziz,]i

Jj—1 e2
2 llO

M =

N
Vij = =2 el (Qi = @4+ e +Z”Z”+1+ 5210+
i=1 i=

p * .3 et . i
+ E di ; + Jjdin —riVio — jriVii
2 . , i, i Vi, i Vi,
+ P17l + E 2% (qik + jqik) — "
= (ni — j)e"

x (yir I + laia ) T 20—

Step i, n;: In the final design step, the actual control input u;

N, ) i1, will appear. Consider the overall Lyapunov function candidate
+ ;(L,-,k + JESi,l,k)Zk,l + zij—-1%i,j + T‘Si,l,o as

N N
. N V= Z Ving = Z Vini—1

(Hi1(zi1))zin } . (48)

Jj—1 g - . , :
+ Tgiz,l,0+zd?jj + Jjdin —riVio — jriVia i=1 i=l
j=1
+ Z( 2~ WlTn,F Wi, + Vi) 49)
— e -
N ch kZ, k= 2(1 ) 0=y HiarGin)zia Similar to the procedures in Step i, j, one can obtain
z 2
j—1 ’ T A 2 5
_ ) . Vo< - [e- Qiei + I1Pi11?] 0

+ (= D¢’ +20’i,kWi,Tk Wik + 0i2B; i = o ool

k=1

p
» + > 2% @Gik + niqri) (| i 1%+ Jzia |
+ 0i37;T; — :Biziz,l -7 222](11'2,]5

k=
ol N
+ Z (Li,k + j;sil’k)z,il + Zin; —1Zi,n;

+ z; jlzij+1 +aij — ki jXin +kijyi + H; ; k=1
1 - -
oai i 2 2
+ 4(%)2 - WT FzZWll} (45) +d; 10+ E‘gi,l,0+zd;§j +nidin —riVio
i j=1
ni—1
Design the intermediate control function «; ; and the adapta- I 2 T,
tion function W; ; as niriVil ; CikZig (i = g
i—1
Qi i = —Ciizii—2ii1+kii%i1—kiivi—H;; i - ~ A A
n AR b=l Bt b Ji o + Z O'i,kwi?k Wi,k + O'i,2:Bi:Bi +o0i37m;7;
oai 2 i 0z k=1
_ 4( a“z,l) 2 — )0 tanh (LZU) (46)
i ¢ —ﬁiziz’l -7 Z22k A | 2, Ui — kin i1
Wij =Ti;Gijoij () — 0iWij). (47) 00in 1\
+kin; yi + Hin +4( - ) Zip; ]
Substituting (46) and (47) into (45) results in 0yi
N N ~ W g Wi, ] (50)
D Vij < —Z{eiT(Qi—(4+j)1)€i )
i=1 i=1 where Q; = Q; — (4 +n;)I) > 0.

p At the end of the recursive procedure, the last stabilizing
+ || P ||25§02 + 222"(5],-,,( +Jqu.ik) function a,,, = u; and adaptation function W, are chosen as
k=1 A
Ui = — Cin;Zin; — Zini—1 + ki n; Xi1
2% 2% al ) 00i,1\2
s (el a1+ 30 (s + st )ek R P G
k=1 !
Oi n: 0Zin:
. 51',”[’0 tanh( i,n;,0 l,n,) (51)
S

J J
- Zci,kZ,-z,k +j§/+20i,kW,-,TkWi,k )
k=1 k=1 Wi,n,- - 1—‘i,n,- (Zi,n,-wi,ni ()_)r) — Oin; Wi,n,-) (52)
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where
00 1 00 —1 A
T _ 1,1 L,
Hin, = W. 0in () — Win: -1 =
L,n; LR gol’”t yr) 5Wi,n,—1 L,n; 6ﬁl lBl
0%ini—1 5 O0%ip;—1 00in;—1 i
_ ! _ n _ 2
on; oy, " Oyi l
"
T - ~ 001 &
+ Whei (01 =D =Rk
= OXik-1

By the completing squares

Wi,TkWi,k = Wi,Tk(WiTk - Wi,k)

| R 1
< —Ewifkwi,k +3 LW (53)

5 p Lo 1,
Bibi < _Eﬁi + Eﬁi (54)

~ A L., 1,
TT;T; < _5 i + Eﬂ'i . (55)

Substituting (51)—(55) into (50), one obtains

V<-CV+D (56)

where C = min{C1, ..., Cy,}, with C; = {min(Amin(Q; —(4+
ni)l)), 2cik, 201/ Amax(Ti 1), 27i,101,2, 29i,20:,3, 7i}

N p
D = z | P; ||251/'o2 + z 2%%(gix + niqrix)(max ||y, ||2k)
i1 k=1

1 & 1 1
+ ni¢’ + 3 D ok Wi Wi + Eai,zﬁiz + 501',3771'2
k=1
al n; —1 n, —1
+ Zd;‘jj +I’lidl’51 + lTéiz,l,O + ngiz,l,O}
j=1

2k

and max ||y,-,r H = max ) ||yi,r “

Vte(0,00
By (56), and using the same arguments as in [20], [22], [25],

[29], and [41], it can be proved that for each j = 1,...,n;,
all the signals in the closed-loop system are SUUB. Moreover,
the tracking errors z; 1 = y; — y;,» and observer error vector
ej,i =1,...,N, can be made arbitrarily small by adjusting
the design parameters appropriately.

The above design procedures and stable analysis are sum-
marized in the following theorem:

Theorem 1: For the nonlinear large-scale system (1), under
Assumptions 1-4, the decentralized controller (50) with the
state observer (8), the intermediate control (30), (46) and
parameter laws (31)—(33), (47), and (52) can guarantee that all
the signals in the closed-loop system is SUUB. Moreover, the
tracking errors and the observer errors can be made arbitrarily
small by adjusting the design parameters appropriately.

IV. SIMPLIFIED DECENTRALIZED DSC DESIGN AND
STABILITY ANALYSIS

In the previous section, an observer-based adaptive NN de-
centralized output feedback control approach was developed.
It was proved that the proposed approach can guarantee the
stability of the closed-loop system. However, to observe the
stabilizing functions «; ; in (46) and the control u; in (51),
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one can find that an obvious drawback with this approach is
that «; ; and u; contain many derivatives about the variables,
which is the so-called the problem of explosion of complexity
in [35]-[39]. In order to overcome the problem of explosion
of complexity, this section will incorporate the DSC technique
proposed in [35] and [36] into the above adaptive NN de-
centralized control design scheme, and develop a simplified
observer-based adaptive NN decentralized DSC approach.
Before starting the adaptive NN control design, the follow-
ing assumption on reference signal y; - (¢) is given.
Assumption 5 ([35], [40]): The reference signal y; ,(¢) is
a sufficiently smooth function of ¢, y;,, y;, and y;, are
bounded, i.e., there exists a positive constant B;o such that

io == {(Vir» Jir» ¥ir) : ¥ip + 97, + ¥2, < Bio).

The n;-step adaptive NN output feedback backstepping
design is based on the following change of coordinates

Zi)l = Yi,l = Yir (57
zijj=Xij—&j, i=1...,N, j=2,...,n (58)
Xl‘,jzéi,j_ai,jfla izla"'aN’jzz,-"’ni (59)

where z; ; is called the error surface, & ; is a variable, which
is obtained through a first-order filter on intermediate function
aij—1, and x; ;j is called the output error of the first-order
filter.

Step i, 1: The time derivative of z; | along (1) is

zin = R+ Wi i) + Wi Gr)

+ hit+ A1 (V) = Vir + Aijt + i1 +eip. (60)
Consider the Lyapunov function candidate Zf\’: 1 Vi1 as
N N
o ol ler g
z Vl,l = Vz,O + Ezi’l + EWi’l i1 Vil
i=1 i=1
() =2
+ Bi + T+ Via (61)
2yi1 b 292 ! l }

where g = UL, (Lii+(N/2)s},,) and 7 =
maxi<k<p{qik + q1,ik}

The intermediate control function ;1 and the adaptation
functions W; 1, ﬁi and 7; are chosen as

1 ~
i1 = =5l - (ci,1 +3)zi1 — Bizij

p
~ 2k—1 5 Y
- T; E 22kZi’]; - W,',Tlﬂoi,l(yr) + Yir
k=1

Zi,1€i,1,0
110 tanh (7)
<

. N
—%nﬂnzg(ﬁi,xzi,l))
el _
—m(l‘li,l(zz‘,l)) (62)
Wit =Ti1(ziaein () — aia Win) (63)
5’,- = Vi,l(Z,-z,l —ai2f) (64)
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(65)

77" —y12(222k ,1_0'137[)

where W;1(0) = 0, £,(0) = 0 and #,(0) = 0.
Similar to the procedures in Step i,1 in the above design
approach, one can obtain

N N
> Via = = el (i = 5Dei + IR
i=1 i=1
Y 2%
+ Z22k(61i,k + q1,i0) | vir |
k=1
. L2 / CwT w.
+ Zi12Zi2 — Ci,1Z; 1 +¢ +0',,1WUW,,1

~ 5 ~ A 2
+ oi zﬁiﬁi +0i37;7; — Bz

—i—Zd* +di1 — ri‘-/i,O_riVi,l}~ (66)

Step i, j(j =2,...,n; — 1): From (58) and (59), the time

derivative of z; ; is
Zij = x;\i,j —fi,j
Xij+1 — kijXi,1 + ki j i
+ W ,(ﬂl,()’r) Q‘ri,j
= Zijl + Xij+1 + @ij — ki j i
+ kijyi+ W00 G =& j-

(67)

Consider the following Lyapunov function candidate
N N
2 Vii = 2 Vij-i
i=1 i=1
1 or
+Z( z]+ Xl]+2WF le) (68)

The time derivative of Zf\’: 1 Vi,j along (67) is

N N N
D Vijo= D Vij+ D @G+ gij
i=1 i=1 i=1
— kij®in + ki jyi + @i+ Wi ()
= &i,j) T XijXij— Wi,jri’j Wi,j)~ (69)

Choose the intermediate control function «; ; and the adapta-
tion function W; ; as

aij = —Cijzi,j — Zi,j—1 + ki jXi1
— ki jyi — ,‘Tj(ﬂi iOr)
0Zi
— &1,j,0 tanh( % LIy 4 & (70)
Wi =T (i pijGr) —0ijWij) (71)

where W; ;(0) = 0.

To avoid repeatedly differentiating o; ; in the traditional
backstepping design, which leads to the so-called explosion
of complexity, in the sequel, one can introduce a new state
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variable & jy1 and let a; ; pass through a first-order filter with
the constant 4; ;1 to obtain & ;11

dijji1&i 1 + &1 = i, & ja1(0) = 0 ;(0).  (72)
By the definition of Xij+1 = éi,j+1 —0ij, it yields é,‘,j_;,_l =
—Xi.j+1/4ij+1 and

. Xi,j+1
Xij+1 = —/1” + Bi i1t 520t
ij+1
Xi2s oo Xij+1s Wils oo s Wijuoyir,
V1rs ¥lrs s VN> YNrs YN) (73)
where
Bij1() = cijij+2ij-1 _ki,j)éi,l
. wl 09i, ](yr) .
+ki,jyi ]¢z](yr)+ i Vr
oyr
déijjjo tanh(M) Y.
S ppp— (3 (74)
dz; j Ai,j
From (70)—(74), one has
N N
D Vij < =D (el (Qi —4De;
i=1 i=1
+ 1P 207 +222 @ik + quin) | yir |
k=1
j i
— D cikzi s + D ik W Wik
k=1 k=1
j ~ A
+ ZZi,lXi,l+1 +oi2fifi + 01377,
=1
i X'zk 1
+ 7. :7i — (l’+—B- . . )
i,j %t j+1 ; /1i,k+1 l,k+1()Xz,k+1
N
+ D dfi+din —riVio—riVia). (75)
j=1

Step i, n;: In the final design step, the actual control input
u; will appear. The time derivative of z; ,, is

- éi,n,'
= uj — ki, Xij1 + kin yi
+ Wl N Pi,n; (yr) 51',/1,- .

Consider the following Lyapunov function candidate

N N
= Z Vi,n,- = Z Vi,ni—l

. A
Zion; = Xin;

(76)

1
+ z< tn,+ th,+2WzTn,r Wln,) (77

Take the control u; and the adaptation function W, as
follows:

Wi = —Cin;Zin; — Zinj—1 + Kin: Xi1
T -
- ki,"i Vi — Wz,n,-wi,”i (yr)

Oi n: 0Zin: .
— S0 tanh (TOZ) t & (78)
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Wini = Cing i @in; 5r) — Gion; Wi, (79)

From (77)—(79), using the similar procedures to Step i, j, one
has

N
. 2
Vo< =D (el (Qi —4Dei + | Pl
i=1

P
+ 2% Gik +quin) | vir sz

k=1

n; nj
2 / vT
= kgt e’ + D oWl Wik
k=1 k=1

nj
+ D ziaxiar + 0i2 BB + 0i3F 7
I=1
ni—1

2
(Xi,k+1

Aik+1

N
— Bi i1 (')Xi,k+1> + Zd;‘:j
k=1 =1

+diy —riVig —riVig}. (80)
By using Young’s inequality, one has
2 2
Xikr1 Bigy
|Bi st g | < Z2 2K 40y, (81)
24;
where ¥J; is a positive design constant.
Substituting (53)—(55) and (81) into (80) results in
N n; 1
Vo< =D e (0i—4Dei = D (cix - E)zik
i=1 k=1
1< - 1, 1,
~3 > ik Wi Wig — 0B — 50137,
k=1
i—1
_ Z ( L B l) 2
S\ 20, 2/70
riVio riVi,l}"‘D (82)
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where

N P
2
D=3 {IPIP5% + 3 2% @ik + 1,00
i=1 o k=1 1 n
x(max ||yi|7) +nic’ = 3 > oik Wl-fkT Wi
=1
1 2,1 ) 3 5
+§O'i,2ﬁ,‘ + 30i37; + z d;:j +di,l}~
j=i

Let A;; = {Zizl (Ziz,k + Wi,TkriTkl Wik) + zljc;ll Xt%k+1
+(1/yi)B? + (1/yip)a} + 2el Piei +2Vip +2Viy < 2pi}
i=1,...,N, j=1,...,n;. Since A;; is a compact set and
Bi, ket is a continuous function, there exists a positive constant

Ml.’kJrl such that ’Bi,k+1 ’ < Ml.’kJrl on A; ;; therefore, one has

N i

) 1

V S — Zl{elT(Ql — 4I)ei - kg - (ci,k - E)le,k
i= =

1 < S |
) > ik Wi Wik — 501',2/3,-2 - 501',375,-2
k=1

n,vfl

2
oyt M s
= ikt 29; P
—riVio—riVia} + D. (83)
Choose the design parameters A4;x4+1 and c¢;x such

that ¢ix — 1/2 > 0 and (1/Zix1) — (M7, /20i) —

(1/2) > 0, respectively. Define C = min{Cy,...,Cp},
where  C; = {min(Amin(Q) — 4),2(cix  —
1/2), 201/ 2max (T 1), Q1 Zigs1) = (M7,,/200)  —

(1/2)),2yi10i2,27i203,ri}. From (83), one can obtain

V <—CV +D. (84)

Assumption 6: For a given p > 0, there exists V(0) < p.

Remark 7: It should be pointed out that Assumption 6
means that all initial conditions on the closed-loop system are
bounded by the given parameter p, where p can increase or
decrease by choosing the initial conditions arbitrarily. That is,
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Fig. 4. u; “solid line” and uy “dash-dotted.”

Assumption 6 is presented in terms of the concept of semi-
global stability (see [29], [36]-[37], [39]).

Theorem 2: Under Assumption 1-5 and suppose that W; i,
,[3’1-, zi, W;; and W;,, are adapted via adaptation laws
(63)—(65), (71), and (79). Then for any initial conditions
satisfying Assumption 6, there exist ¢; j, ¢, i1, ¥i,2, L'i;1, 0i 1,
0i2, 0i3, 4i,j, Qi and k; ; such that all signals of the closed-
loop system are SUUB. Moreover, the tracking errors and
the observer errors can be made arbitrarily small by choosing
appropriate design parameters.

V. SIMULATION STUDY

In this section, a simulation example is presented to show
the effectiveness of the proposed two adaptive NN decentral-
ized control approaches and make some necessary compar-
isons between these two control schemes.

Example([12], [33]): Consider the control systems of two
inverted pendulums connected by a spring. Each pendulum
may be positioned by a torque input u; applied by a ser-
vomotor at its base. It is assumed that ¢; and él- are the
angular position and rate, §; is available to the ith controller
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fori =1,2.Letth = x1,1,02 = x2.1, 0.1 = x1,2,and 0.2 = X2,
then inverted pendulum equation can be described as

X =x124+ i1, y2) Fhi+ Ay, y2)
X12="7+ fia(, 2)

+di+ Ar12(y1,¥2) +hi2
| V1 = X1,1

(85)

[ 0,1 =x00+ 2,101, y2) + ho1 + Az 1(y1, y2)
X20="2+ o201, y2) + 22

+ dy+ A2 (1, y2)
| 2 =x21

(86)

where fi1 = 0, iy = 0, Ayp = 0, fip =
((migr/J1) — (kr?/4J1))sin(x1,1), di = (kr/2J1)(I = b),
Aip = (kr?/4dy)sin(x21), hip = (1@ —112(0))/
(I +x ¢ —120), fr1 = 0, hax = 0, Ay1 = 0,
A2i =0, fo2 = ((magr/ ) — (kr?/4Jy))sin(x2,1), hap =
(2,1t = 220 /(1 + x5 (t = 122(1))), da = (kr/2J2)(I —
b), Ayn = (kr?/4Jy)sin(xy)) and 712 = 120 = 0.5(1 +
sin()). 71,2(¢) and 72 2(¢) satisty 7;2(t) <" < 1, (i =1, 2).
The parameters in (85) and (86) are chosen as m; = 2 kg,
my = 25 kg, J| = 5 kg, /b, = 6.25 kg, k = 100 N/m,
r=05m,[=05m, g=9.81m/s?> and b = 0.5 m.
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It is apparent that A; ; satisfies the condition of Assumption
1. By selecting the functions [:11’2 = 221’1, 1:1252 = 2Z251,
ﬁl,z = 2sin?(r), ﬁz,z = 2sin?(r), wip = 0 and wry = 0,
Assumption 2 is satisfied.

Choose k1,1 = 1, kip = 40, ko1 = 2, koo = 50,
01 = diag{8, 8}, and O, = diag{10, 10}. By solving Lypunov
equation (8), the symmetric positive matrices P; and P, are
obtained as

p _ [164.0000 —4.0000 ], _ [125.2500 —5.0000
1= 1 -4.0000 4.0000 |°"2~ | =5.000 2.7050

All basis functions are chosen as the Gaussian functions,
which contain 36 nodes with the centers u; jx evenly spaced
in [—1, 1] x [~1, 1] and the width #; ; = 0.1.

Approach 1: Apply the first adaptive NN decentralized
control scheme to control the systems (85) and (86).

Choose design parameters in the controller and adaptive
laws: €1,1,0 = 0.1, £2.1,0 = 0.2, c1,1 = 5, 1= 7, Cl2 = 10,
2 = o, 51’250 =0.2, 52’250 = 0.3, o1,1 = 0.1, 01 = 0.2,
1,2 = 0.15, 022 = 0.1, 031 = 0.2, 032 = 0.1, ¢ = 0.05,
yrr =1, 712 =10, y2,1 = 12, y22 = 14, I'1;; = diag{l, 1},
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Iy = diag{2,2}, I'ip = diag{3,3}, Ino =
11=2,710=2,7t=0.6, p=2.

The desired trajectories are given as y; , = y2,, = sin(t),
and the initial conditions are chosen as x1,1(0) = 0.2,
x1,2(0) = 0.2. The others initial conditions are chosen as
zeros. The simulation results are shown by Figs. 1-8, where
Fig. 1 shows the trajectories of the tracking errors z; 1 and z5 ;.
Figs. 2 and 3 show the trajectories of the observer errors e,
e12, e2.1, and e; 2, respectively. Fig. 4 shows the trajectories
of the control inputs u1 and u».

Approach 2: Apply the second adaptive NN decentralized
control scheme to control the systems (85) and (86). In the
simulation, choose parameters A2 = A2 = 0.008, and the
other parameters and the initial conditions are chosen as the
same as Approach 1. The simulation results are shown by
Figs. 5-8.

Figs.1-8 show that the proposed two adaptive NN de-
centralized control approaches can guarantee the stability of
the resulting closed-loop system. Meanwhile, by integrating
the tracking errors over the interval [0,20], the values of
I, = fozo ]zm]dt and I, = fozo ’Zz,lydt are depicted by
Figs. 9 and 10, respectively. From Figs. 9 and 10, it is

diag(2, 2},
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TABLE I
TiIME COMPARISONS OF THE TWO APPROACHES

Simulation time | Program execution time | Program execution time
(s) of Approach 1 (s) of Approach 2 (s)
10 13.36 4.59
20 26.91 8.19
30 41.13 13.32

apparent that Approach 2 has better tracking performance than
Approach 1.

To further compare with the computation complexity be-
tween control Approach 1 and Approach 2, we set simulation
time 10, 20, and 30 s, and the corresponding program execu-
tion times are listed in Table I.

From Table I, we see that the program execution times
needed by Approach 2 is less that those needed by Ap-
proach 1. Therefore, it can be concluded that Approach 2
can overcome the computation burden inherent in the first
approach.

VI. CONCLUSION

In this paper, two observer-based adaptive NN decentralized
output feedback control approaches have been proposed for a
class of uncertain nonlinear large-scale systems with unknown
time delays and unmeasured states. The first one has been
designed based on the principle of the adaptive backstepping
technique, although it can solve the problem of the unmeasured
states and guarantee the stability of the close-loop system;
however, the problem of explosion of complexity is inher-
ent in the first control approach. The second one has been
designed by combining the adaptive backstepping technique
with the dynamic DSC technique, therefore, the second control
approach not only has the features of the first one, but also
overcomes the drawback existing in the first control approach.
Simulation results and simulation comparisons have confirmed
the effectiveness of the proposed approaches.
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