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Abstract—This paper presents an adaptive decentralized
control method for a class of nonlinear large-scale systems
with unknown nonlinear functions and bounded time varying
state delays. The adaptive compensation controller is
constructed by utilizing Neural Networks (NN) and a
backstepping design method. With the help of NNs to
approximate the unknown nonlinear functions, the novel
adaptive control approach is developed by using the
backstepping design method. The appropriate Lyapunov-
Krasovskii type functionals are introduced to design new
adaptive laws to compensate the unknown nonlinearities as
well as uncertainties from unknown state delays. The
proposed design method does not require a priori knowledge
of the bounds of the unknown time delays. The boundedness
of all the closed-loop signals is guaranteed and the tracking
error is proved to converge to a small neighborhood of the
origin. As an application, the proposed approach is employed
for a two inverted pendulums. The simulation results show
effectiveness of the proposed adaptive decentralized control
approach.

Keywords—Large-scale systems; Nonlinear time delay
systems; Backstepping; Neural Networks.

I INTRODUCTION

In the past decade, Neural Networks (NNs) and Fuzzy
Logic Systems (FLSs) have been extensively used for
controller design for uncertain nonlinear systems [1-3]. In
[2], a neural network based adaptive control scheme was
proposed for a class of uncertain nonlinear systems. The
fuzzy adaptive control scheme was presented in [3] for a
class of uncertain nonlinear systems. Due to NNs and FLSs
ability to approximate the uncertain nonlinear smooth
functions, various NN and fuzzy based control approaches
were proposed for nonlinear large scale systems [4]-[13].
Large-scale system is considered as a dynamical system
that is composed of some lower-order subsystems with
interconnections and often exists in many practical
applications such as electric power systems, computer
network systems and aerospace systems. In addition,
because of the presence of the uncertainties in
interconnections terms of the large-scale systems, adaptive
control has been an effective tool to design controllers for
these systems [6]-[13].

Many engineering systems, such as chemical reactors,
networked control systems and so on have the
characteristics of time delays. Due to the effect of time
delays, these systems may own instability and poor
performance [14]. Consequently, the stability analysis and
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control design for time delay systems attracted considerable
attention over the past years [14-18]. For nonlinear time
delay systems, the adaptive control problem was considered
in [19]-[23] for strict-feedback nonlinear time delay
systems. The considered nonlinear systems in [19]-[23]
contained unknown constant delays or unknown time
varying delays with known bounds. However, the
considered nonlinear functions in [19]-[23] were known or
should be linearly parameterized. To remove this restrictive
condition, the latest work in [24]-[27] considered the
control problem of uncertain nonlinear systems, in which
NNs or FLSs were employed to approximate the unknown
nonlinearities. For large-scale nonlinear time delay systems,
the adaptive control approaches were presented in [28]-[30].
The proposed controllers in [28]-[30] were delay dependent
and the upper bounds of constant or time varying delays
should be known.

In this manuscript, an adaptive decentralized state

feedback controller is proposed for a class of nonlinear
large-scale time delay systems. The considered nonlinear
system contains the unknown nonlinear functions,
unknown control gains functions and bounded time varying
delays. The state delays values are considered to be
unknown and time varying with unknown bounds. In
engineering practice, it may be difficult to obtain exact
information of time varying delays. Therefore, this paper
proposed the decentralized time delay independent control
scheme for nonlinear large-scale time delay systems. the
considered large-scale nonlinear time delay system is more
general from the considered systems in the previous
literature. In this paper, the unknown nonlinear functions
are approximated with the help of NNs and the adaptive
control approach is constructed by using the backstepping
design method. In addition, appropriate Lyapunov-
Krasovskii type functionals are introduced to design new
adaptive laws. The proposed method proves that, not only
all the signals in the closed loop system are bounded, but
also the tracking errors converge to a small neighborhood
of the origin.
The paper is organized as follows. In section 2, the system
description is given along with the necessary assumptions.
In section 3, function approximation by using NN is
explained. In section 4, design and stability analysis of the
proposed controller is investigated. In section 5, simulation
results of the proposed control scheme are presented.
Finally, the paper is concluded in section 6.
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I[I.  PROBLEM STATEMENT
Consider a class of interconnected large-scale nonlinear

time delay systems, which is composed of N subsystems, the

ith subsystem for i = 1, ..., N, is given as

%1 () = X5 + fia(Fi1) + hia (fm(t —Tin (t)))
+ 4,7

%i2(t) = X3 + fip(%i2) + hiz (fi,z (t — i (t)))
+4:2()

1)

$im(©) = 0O + fing(Fin)
+ hin, (fi,ni (t - Ti,ni(t)))
+ Ai,ni (3_])

yi(t) = x;1(0),

where X; ; = [x;1, %2, ., %], 1<i<N,1<j<n; and
¥ = [y1, Y2 - yn]T € RV are state vectors and output vector
of the system, respectively. f;;(x;;) and h;;(%;;) are
unknown smooth nonlinear functions, A;;(¥) are unknown
smooth nonlinear functions that represent the interconnection
among subsystems and ; ;(t) are unknown state delays.

The control objective is to design a neural-network-based
adaptive decentralized controller for plant (1) in order to
assure that all the closed loop signals are bounded and the
plant output y;(t),i =1,..,N tracks a reference signal
yaq,(£),i=1,..,N, despite the presence of unknown
nonlinear functions and time varying delays. For this purpose,
the following assumptions are considered.

Assumption 1. Nonlinear functions h;;(.),1<i<N, 1<
J < n;, satisfy the following inequality
|hi,j(fi,j)|2 < (%1 — ya)Hi j((Fiq — va)

+ hyj (}’di(t)) +d;;
where H; ;(.) is an unknown nonlinear function, Ei_]-(.) is an
unknown bounded function with k;;(0) = 0 and d;; is an
unknown positive scalar.
Assumption 2. The interconnected nonlinear function A; ;(¥)
satisfy

|80, = 8, o) < Z|¢l,l<yd>||yl Val

where @;;,(.) are unknown smooth functions and y,; =
[Ydl'- 'de]T

Assumption 3. The reference signal y,,(¢),i =1,...,N and
its first Nppax-th order derivatives
yé’;)(k =1, ., Npgx)s Mmax = Mmax{n,, ...,ny} are bounded
and piecewise continuous.

Assumption 4. The unknown time varying delays 7; ;(t), i =
1,..,N,j =1,..,n, are differentiable functions satisfying
0< Ti,j(t) < ‘L_-i,j’ Tl’j(t) < 19,:’]' <1

where 7; ; and 9; ; are unknown positive constants.

Il RADIAL BASIS FUNCTION NEURAL
NETWORKS

In this paper, Radial Basis Function Neural Networks
(RBF NNs) are employed to approximate unknown
continuous function P(Z): R? - R [1]. Then, we have

P(2) =w*TS(2) + €(2) (2

where S(Z) = [S,(2),5,(2), ...,5,(Z)]" € R* is the basis
_(Z-n) @Z-m)

function vector, S;(Z) =e T i=12.,L =

[Ki1, Hizs - Mig]" is the center of the receptive field and ¢; is
the width of the Gaussian function and W is an unknown ideal
constant  weight  vector. It is  defined as
W* = arg min,,cpi Supzeq, {IW'S(Z) — P(Z)|} where €(Z)
is the approximation error, satisfying
le(Z)| < €™ with €* being an unknown positive constant.

V. ADAPTIVE CONTROLLER DESIGN

In this section, the procedure of designing an adaptive
controller based on the NN backstepping design method is
explained. At first, the following state transformation
Ziy =Xj1 —Yap L =1,..,N 3)
Zi,j = xi,j - ai‘j_l,j =2, NG
is considered for system (1) in which «; ; are the intermediate
control functions. The transformed system in the new
coordination is obtained as
Zi,1(t) =Z,ta,+ fi,l(fi,l) - Ydi

+ hiq (fi,1(t —Tin (t))) +4;:(y)
Zip(8) = zi3 + ayp + fi2(%ip) — din
+ hi, (’?i,z (t— 15 (t))) +4:,()

(4)

Zi,ni(t) = ui (t) + fi,?’li (’Ei,ni) + Ai,ni (y) - di,ni—l
+ hi,ni (fi,ni (t —Tin; (t)))

The detailed design procedure is given as follows.

Stepl: In the first step, the z; 1, = 1, ..., N, subsystems are
considered. At first, the Lyapunov functions are selected as

2
v, () =2
Zi1 2 ©)
Vhi,1
1 t
= eVir@=z (OH,, (z;,(&)) dé (6)
2(1 _19i,1) s ) i1 1,1( i1 )

Vs = 1I/T/-T LW,

Wi — 5 it il (7)
]/i,l = [/Zi,l + Vhi’1 + VWiTl (8)
vy =3, Via ©)

where y;1,i = 1, ..., N, are positive constants, I;; = I}_Tl >0
and W;, = W, — W in which W;, being the estimate of
W;;. Along system (4), the time derivative of 1, satisfies
Vzm = z;1(t) [Zi,z +aig+ fia (fi,1) - ydi (10)
+ hyy (fm (t —Ti1 (t))) + Ai,l(J_’)]
By applying assumption 2 and using the Young’s inequality,
the time derivative of 1, becomes
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Vzi,1 = Zi,l(t)[zlz ta;;+ fzi(fl 1) + 4 1(3_"01) y L-]

ll(t)zq) 11 0Va) +Z_

eyll‘fll
t+— ) z{4 ()
e ~Yi1Ti1
+ ) hiz,l(fi,l(t —Ti (t)))
By applying assumptions 1-2, V;, | + Vy, , becomes

Vzll + Vhll < Zl I(t)zlz(t) +ZI. 1(t)a11 (11)
+ ZL,l (t)Ql,l (Zz,l) ]/L,lvhi_l
N Zz
11 *
+ Z 7 + di,l
where -

Qi1(Zi1) = fir(xi1) + A 1(J7d) Va;
Zl 1(t) Z (pl 11(Va) (12)

evi, 17, 1

2
Py )

and d;; is as follows.
e ViaTi1 _ e ViiTi1

i1= > hia (}’di(t)) + Tdm
and  Z;; = [x;1,74,q]"- According to (11)-(12), the
intermediate control function is selected as
i1 (fi,1 (t)) = —0Qi1 (Zi,1) —kiqziy (13)
The proposed controller in (13) is not feasible due to the
existence of the function Q;;(Z;;). As defined in (12),
Q:1(Z;1) contains the nonlinear functions which are
completely unknown. Besides, Q;;(Z;;) is continuous and
well defined for all values of Z; ;, thus, it can be approximated
by RBF neural networks such that

Qi1(Zin) = Wiy "$i1(Zi1) + €1 (Zin)
where |e;1(Z;1)| < €7, is the approximation error, W, is an
unknown constant weights and Si,l(Zi,l) is a basis function.
Therefore, the time derivative of V; ,(t) becomes
Vir =Viy + Vi, + Vg, (14)
<71 (O)zip + 71 (Day g
+ 21 (OW;y i1 (Zi1)
+ z; 1(t)€l,1 (Zi,1) - Vi,thi_1

+ z;1(t)

+ Z -+ d:1 + M/an_llwn

Accordingly, the mtermedlate control function becomes

s (fm (t)) = —W/1S:1(Zi1) = kiazia (15)
where W, , is the estimate of W, . The updating law for W, ,
is chosen as

Wi,1 =1l (Zi,15i,1(Zi,1) - 0i,1Wi,1) (16)
where a; ; is a small positive constantand I; ; = I;; > 0.

_Ui,lwi,T1Wi,1 = _7101',1”77171',1”2 +

2, the time derivative of V;, becomes

By using the inequality
1 .
S 00| W

1 —
— k12 + Eil(Zil)Zil __01'1”‘/1/1'1”2 (17)

+Z
+di,

where kiy =k + 3 + ki + kg, in which
ki, = 12"‘ 2 and k°1 and k; , are positive constants. By
using the Young’ s inequality, Vl , becomes

Vi1 <212

+ = 011||W

yll hiq

Vig < 22y —kiyzfy — YiaVhy, + M1 — ki1zty

(18)
Zl
21 011||W11||
=1
1 2, 1 « |12 *

Uix = 4k0 11 +_O-i1||W' +di1

By con5|der|ng (9), the time derivative of V;(t) becomes
(19)

V1 < _Z[Yi,lvhm + ki,1Zi,1 + ki,1Zi,1

i=1

1 —
+_Ui1||Wi1||2]

+Z(zlz+ull+z

Step 2: Now, con5|der the Zl;
1,..,N,j=2,..,n,—1:
2 () = i 1 + gy + i (%) = dijoa (D) (20)
+ hyj (fi,j (t - Ti,j(t))) +4;;()
For the z; ; subsystems, the following Lyapunov functions are
considered.

subsystem for i =

72, (21)
V() = =7
Vhi,j:
j
1 t (22)
— "€ 0z, () Hy (2,1 (9) ) dé
Zz(l — i) -z pt) e ( v )
1
23
VWL] 2 VVLT;FL J Wl] 224;
Vl',]' = Vzij + Vhi‘j + VWiJ-
N (25)

=Veat ) Vi

where y; ; |s a positive constant, I; ; = FT >0 and VT/U =
WU W;; in which W being the estlmate of W;;. Along
subsystem (20), the time derlvatlve of Vi becomes

V;u 22551 + @i + £ (%) (26)
+hi (fi.j (t — Ty (t))) +4;;(Fa)

+48;;(Y) =8 ;j(Fa) — d;j_1 ()]
The time derivative of a; ;_; can be expressed as



2016 24" Iranian Conference on Electrical Engineering (ICEE)

j-1 N 27
. oa;j 1 i aal] 1 (k) @)
®ij-1 = ax (k D Ya
k=1 bk =1k
+ Z aal] ! Al,
£ oW, x
Based on assumption 4, the time derivative of Vhy becomes
Vf}i,j = (28)
J 1 _ e YijTik
Z [m Zin(OH (Zi,1(f)) -zt
k=1 ,
— Ty (O)Hy (Zi,l (t
- Ti,k(t))) 1=V1Vh,
The time derivative of 1, ;T Vh becomes
Vz” + Vh Zl]ZI.]+1 + Zl]al] (29)
+ ZL]QL](ZL]) )/i,thi_j
j
+ Z Z £ d,
=11=1 k=1
where
_ _ eVijTij
Qij(Zi;) = fi (%) + Aij(yd) t— %y (30)
LA ()
LJ Z (DL] l(yd)
j-1 P
a.l _1 _ _
- a;J (xi,k+1 + fine(Foxe) + Ai,k(yd))
k=1 bk _
N J
B z Z 0ij1 o
(k-1)7dy
= =1 Vg,
J'—1a
Ajj-1 ~
- Z aVlT/] Wit
k=1 bk
1& (9
®ij—1 Z
= O]
+2k=1211< axlk ) Lkl(Yd)
j-1 _
. Z eVijTik dat;j 2
Py 2 Zi'j axi‘k
and d; is defined as follows.
e YijTik _ e VijTik (31)
ik = Thi,k(ydk) + > dig
and
B 0a; g 04 0a; 4
Zij= [xiTj,ai]-_l, 6” , 6” g -2
Xi1 Xi2 Xij-1
j—-1 (32)
Zzaaul (k) al]lAk]T
(k-1) Ya, Wi
=t = Wik
By con5|der|ng (29) the mtermedlate controller becomes
;= —kijz; — Qi; (ZLJ) (33)
where k;; = k; + k; ; + in which k?; and k; ; are positive

constants. Besides, Qi,]-(Zw) is continuous and WeII defined

for all Z;;, thus, it can be approximated by RBF neural

networks such that

Qu(Ziy) = Wiy $1j(Zi) + €,(Zi ) (34)

where |e;;(Z; )| < €;,, s the approximation error, W’; is an

unknown constant weights and Si,j(ZU) is a basis function.

Accordingly, the time derivative of V; ; becomes

]/i,j = I/Zi,j + Vhi,j + VWLT] ) T (35)
SZL',j[Zi,j+1'i'0~'ij M/L] lj(Zl])

+€,;(Zij)]- }’l]Vh + WLT][T W, ;

J N
DR

k=11=1
Therefore, the mtermedlate controller becomes

@ij = —ki;zi; = ]Al.] (Z1) (36)
The updating law for W; ; is chosen as

Wi,j = Fi,j(Si,j(Zi,j)Zi,j - Ui,jWi,j) @37
where o;; is a small positive constant and the matrix

I,;=T7, By using the inequality  —a; ;W W;; <
_710'1',]'”“7{,]'”2 'i‘%O'LJ”l/Vik 2, Vi,j becomes
1 ~
Vij < 202 je1 = kijzly — Effi,j”Wi.j”z (38)
1 . 12
+ —a,-,-||W- il + e,-,-(ZU)z,-J

J
VUVU”"'ZZ +Zd;k
k=1

=11=1

By applying the Young’s mequahty, V‘ ‘becomes

12 » 1 7112
Vi < zjas = kijzls — 285 = 500 Wil = vijVu,,  (39)
J N,
X
Hi,j 2
k=11=1

J

I, 1 wr 2 *
'ui'j:m i +—o'ij|| i +Zd
LJ

By considering (25), the time derlvatlve of V; becomes
N
V=Vt ) Vi
i=1
N (40)
< Z 2zl
i=1
N ]
+ Z Z{HL Kk — kixzik
i?cl k;l
2
zi; 1
+ 2,05 ol
s=11=1

Step 3: In the final step, the z;,, subsystems are
considered. For these subsystems, the Lyapunov functions are
considered as (21)-(25). Based on the design procedure
similar to the previous step, the controller becomes
u; = _ki,jzi,n WLTnlSLTL (ZLTI. ) (41)

and the updating laws for Wl,ni becomes similar to (37).
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Therefore, V; ,,, becomes

ni N
. , i
VL,nL kL N lnl Vi anhln Z 7 (42)

1 k=11=1
- E ai,ni “VVL',nL ”2 + .ui,nl-

Therefore, the time derivative of V(t) = 12”‘ Vi
becomes
N
V=Vas 4 D Vi, (43)
i=1

—~ 2

Since ki, = ?]:12?1;1(2), the time derivative of V(t)

becomes

V<S—-cV+u

¢ = min{cy,1,C12) ) Conys oer Cimmyyr s chl, anN} (44)

Cik = mi”{Zk{,k,Yi,k' } u= ZZ Uik
max( =

Therefore, V(t) is bounded and accordmgly all the closed loop
signals are bounded.
u

V@) < Vo) -E]eet + £
C C
Consequently,

N T

ZZZ” < 2[(V(0) — %)e'“ +%]

i=1 j=1

It can be concluded that all the closed loop signals are
bounded and

— T -
z(t) = [21,1) 21,20 -2 Z1ng0 22,10 0 Z2np0 =1 ZN oy ) will
eventually converges to the compact set A4, .

2p
zllzll < /—
Cc

The above design procedures and analysis can be summarized
as the following theorem.

Theorem 1. For the nonlinear system (1), if assumptions 1-4
are satisfied, the proposed decentralized neural-network-based
control approach can guarantee that all the signals in the
closed loop system remain bounded and the tracking errors
converge to a small neighborhood of the origin by choosing
the design parameters appropriately.

V. SIMULATION RESULTS

In this section, the obtained results are simulated to verify
the effectiveness of the proposed method. For this purpose, as
an application, the adaptive control scheme is proposed for
two inverted pendulums.

The two inverted pendulums system is shown in Figure 1.
Each pendulum may be positioned by a torque input wu;
applied by a servomotor as its base. It is only assumed that 6;
are available to the ith controller for i =1,2. Let 6, =

A, =

xl‘l, 02 = xz‘l, 91 = XLZ and 9‘2 = lez. ThUS, the inverted

pendulum equation can be described as

%11(8) = fra(x11) + 215 + hyq (01 (E —
+ 411 01 Y2)

X1,2 ® = fi2 (fl,z) + Uy + hyp (X2 (E —712(2)))
+ A1, 1 Y2)

731(8)))

V1= %11

xZ,l(t) = f2,1(x2,1) + x5 + hy 1 (X1 (t — 72,1(1)))
+ 451 V1 Y2)

X%22(8) = fop(%22) + Uy + hy (22 (t — T22()))
+ 482, V1, Y2)

Y2 = X21

where f1; = 1 =hiy = hyy =011=08,,=0,f1, =

mygr  kr? ) x11(E-T1,2(¢))
sin(x hy, = —————,

( ]1 45, ( 1 1) 12 — 1+x11(t—112(t)

sm(x2 1) foz = (ngr fr? )51n(x21) hyp =

12 4J2
%' By = Sln(xl 1), T12(0) = Tp2(t) =
0.4(1 + sin?(t)).
Hence, 6, and 6, are the angular displacements of the
pendulums from vertical. The parameters m; =2 kg and
m, = 2.5 kg are the pendulum end masses, /; = 5kg and
J» = 6.25 kg are the moments of inertia, k = 100 N/m is the
spring constant of the connecting spring, » = 0.5 m is the
pendulum height, [ = 0.5 m is the natural length of the spring
and g =9.81 sﬂz is the gravitational acceleration. The distance

between the pendulum hinges is defined as b = 0.5m. The

control objective is to track the desired signals yg, (t) =

Ya,(t) = 0.5(sin(0.5t) + sin (t)). The following design

parameters are selected in the simulation:

x,(0) = x,(0) = [0.5,0.5], I}, = 101, I;, = 51, W;,(0)
=W,,(0) = 0,0y, = 55, = 0.5.

Unknown ’
interconnection
01,uy
4 92‘ U2

[
< —
Fig. 1 Two inverted pendulums connected by a spring

The simulation results are shown in Figures 2-3.

It can be seen from Figure 2 that the output tracking is
ensured. Figures 2 (b)-(c) and (3) show the boundedness of
the state variables, the control inputs and the estimates of the
parameters of the control loop system.

VI. CONCLUSION

In this paper, a neural-network-based adaptive decentralized
control scheme is proposed for the nonlinear large-scale
systems with time varying state delays. The state delays
values are considered to be unknown and time varying with
unknown bounds. The offered method is based on the Neural
Networks and backstepping design method. The uncertainties
from unknown nonlinearities and time varying delays have
been compensated by using appropriate Lyapunov-Krasovskii
functionals. The proposed systematic design method can
guarantee global boundedness of all the closed loop signals in

1,2 =

41
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addition to the convergence of the system outputs to a small
neighborhood of the desired signals. Simulation results have
been conducted to verify the effectiveness of the proposed
control method.

(b)

\yd2

y2

()

0 10 20 30 40 50
time(sec)

=

10 20 30 40 50
time(sec)

Fig.2 (a) The plant and reference signal outputs y; (t) and yg, (¢). (b) The
plant and reference signal outputs y, (t) and y,, (t). (c) State x;,(t). (d) State
X22(0).

(a) (b)

Control Input 1

n =
Control Input 2

v ]

0 10 20 30 40 50 0 10 20 30 40 50
(¢) (d)

0.8 0.8

0.6 0.6} 1

0.4 0.4 |

0.2 0.2

0 0

0 10 20 30 40 50 0 10 20 30 40 50
time(sec) time(sec)

Fig.3 (a) Control input u, (t). (b) Control input u, (t). (¢) Wy, (t). (d) W, (t)
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