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Abstract—For nonlinear interconnected systems against input
delay, an observer-based fuzzy adaptive decentralized control
strategy is designed. First, different from traditional observers,
a novel state observer based on tracking error is proposed to
estimate unknown states for the interconnected systems. Secondly,
a compensation signal is added to handle the time-varying input
delay. Then, the dynamic surface control techniques are utilized
in the backstepping approach to overcome the ‘explosion of
complex” problem. Meanwhile, through designed schemes, all
variables in the closed-loop systems are promised to be bounded.
The errors converge into bounded compact set around the origin.
The effectiveness of the designed scheme is validated via a
simulation example.

Index Terms—Dynamic surface control, nonlinear intercon-
nected systems, state observer, time-varying input delay.

I. INTRODUCTION

In the past decade, interconnected systems are typically used
to depict complex systems composed of multiple subsystems
that have physical couplings or network interactions. Due to
their large scale, the decentralized control based on backstep-
ping is widely applied in nonlinear interconnected systems. In
[1], the authors put forward an adaptive fuzzy decentralized
control strategy for interconnected systems. In the derivation
process of the backstepping method, it is necessary to differen-
tiate the virtual controllers, which leads to the computational
complexity problem. To overcome “explosion of complexity”
problem, a dynamic surface control (DSC) method was put
forward by performing first-order filters at each step. Xu et al.
[2] designed a predefined time filter to address “explosion of
complex” issue. The decentralized DSC scheme was designed
to avoid the repetitive derivative of virtual controllers for large-
scale power systems [3]. In practical engineering, the stability
of the systems are also affected by many factors, such as input
delay and unmeasurable system state.

Due to limited equipment, nonstandard operations, envi-
ronmental disturbances and signal transmission, input delay
often occurs in practical systems, which may be the source
of unstable factors that lead to unexpected degradation of the
system. Therefore, how to solve the input delay has become
a key issue. In [4], the input delay was solved by Pade
approximation. Xing et al. [5] constructed an auxiliary system
to offset the unfavorable effects of input delay. The authors in
[6] overcame the influence of the input delay by proposing
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a compensation signal. In practical application, state vari-
ables of interconnected systems are generally unmeasurable.
Specially, observers are often adopted to solve this problem
[7]. Xu et al. [8] proposed a state observer based on fuzzy
logic systems (FLSs) for interconnected systems. A finite-
dimensional observer was constructed on the basis of system
output to asymptotically estimate state information [9]. In
[10], the authors constructed a distributed state observer based
on synchronization error for multiagent systems to estimate
unmeasured states. Many achievements about observers of
interconnected systems based on output information. Inspired
by distributed observers, it is significant to design an observer
based on tracking errors to estimate unknown states for large-
scale nonlinear systems against input delay.

Motivated by the aforementioned discussions, this paper
puts forward an observer-based adaptive decentralized control
method for nonlinear interconnected systems against input
delay. The main contributions are described below.

1) An observer based on tracking errors is investigated
for interconnected systems with input delay to estimate
unmeasured states. On the basis of traditional state
observers, not only the output variables but also the
information of the reference signal are considered.

2) With the framework of backstepping control, a com-
pensation signal is added to deal with input delay, and
the system stability is assured. In order to decrease the
computational burden, DSC and first-order filters are
adopted to handle complexity explosion problems.

II. PRELIMINARIES

The interconnected systems against time-varying input delay
are modeled as follows:

Tiym = Timt1 + Dim(Y) + fim(Tim)
Yi = T, izl,...,N, mzl,...,nifl

fti,n = ui(t —

where Tim = [.’L‘i71,...,$i7m]T € R™ and Tin,

(i1, Tin, ]t € R™ are system states. u; € RY and
y; € RY denote the system input and output, respective-
ly. 7;(t) represents a known time-varying function. A; ., (%)
and A; . (g) mean unknown smooth interconnections, which



7= [y, yn]. fin(ZTim) and fin,(Z;,,) are unknown
smooth nonlinear functions. It is assumed that only output y;
can be obtained.
Assumption 1: For two positive constants 7; and £;, the
input delay 7;(¢) contents 7;(t) < 7; and 7;(¢) < h; < 1.
Assumption 2: A constant ¢, ,, satisfies the inequality

|Af1,m| S Li,mHi’i,m - !%z,m”
where Afim = fim@im) — fij@im). Tim =
[£i1, .-, 2im|T is the estimate of Z; .
Assumption 3: For m = 1,...,n;, there is an unknown

smooth function p; ,, ,(-) satisfying

N
A m(g)‘Q S Zpg,m,p(yp)
p=1

Lemma 1: Let f(x) on the compact set €2 be the continuous
function. There is an FLS y(z) = ©Tp(z) for any constant
0 > 0 satisfying

sup | f(z) — 0T ()| < 8

e

In the light of Lemma 1, the unknown smooth function in
(1) can be approximated by the following FLSs:

fi,m(i'i,m ‘Gi,m) = Gg:mgpi,m('%i,m)

Define the optimal parameter vectors O, as

@;m mln [

su
or im 2 D

im© Ti,m€Ui,m

= arg

in which the compact regions of ©7,, and Tim are showed
as Q; , and U, ,,, respectively.
The following fuzzy minimum approximation errors d; .,

and approximation errors w; ,, are defined:

Oi,m = fi’m(%i’m) - fz,m(%i,m|®zm)
m — fz,m(‘%z,m) - f m(t%z,m|®z,m)
Assumption 4: Two known constants 4;,,
0 fulfill |6; | < 67, and |wim| < W},

Lemma 2: There exist positive real numbers k; 1,. .., k; n,,
Hurwitz matrix A;, P; = PiT >0and g = giT > 0 fulfilling

>0 and w;,, >

AZTPZ' + PA; < —g;

I, —1)x(ni—1)

—kim, - 0

|fi,7n(i‘i,7n|®i,7n) - fi,m(i‘i,m)] 251TP1 Z Bi,mAfi,m S Afnax(

ITI. MAIN RESULTS
A. Tracking Error-Based Observer Design

Due to the unavailability of the states in (1), an observer
based on the tracking error is designed

{ fzm = Zimy1 + fi,m(iz‘,m\@i,m) + ki mein 2

7i(t)) + fin (i, |Oin,) + ki, €1

where e, 1 expresses the tracking error, which will be provided
later.
Define the following observation error:

— ZTim 3)

SLCLnj = Uz(t —

Eim = Tim

From (2) and (3), one has

& =Aie; + K;Lig; + Z Bi (A fim +wim + Aim)

m=1
- Kiei,l
“4)
where L; = [1,0,...,0] and B;,,, = [0,...,1,...,0]T.
——
The following Lyapunov function is considered:
V;‘,O = EzTPiEi (5)

In view of the above equation, one gets

‘/i70 < — 51T§z'5i + QEITHK?LZT& - 2€?P2'Kiei71

+26] P Y Bim(Wim + Dim + Afim)  (6)

m=1

With Young’s inequality, Assumptions 2-4, one has

n;
Pleill® + > i mlleal®
m=1

m=1
(7
Mg
26/ P Y Bimwiim < M (P)[lei® + i |12 (8)
m=1
n; N n;
2€2TP1 Z Bi,mAi,m < )‘12‘(1ax 2)H€1H2 + Z Z pzz,m,p(yp)
m=1 p*l m=1
)‘12nax( HElHQ + yz Z Z pp,m i yl)
p=1m=1
)
2€?PiKi6i’1 S €ZTP1K2K1TR€Z + 61271 (10)

where w} = [w},...,w},.]7. Ppm,i(y;) means an unknown
smooth function.

By substituting (7)-(10) into (6), one obtains
Vio< — (Amin(%) — 2 max (PiKGLi) — Amax (P KK P;)

n;
) ) e 3250 3 7

m=1 p=1m=1
+ [lwf ] + €7, (11)

3>\12nax ( ) -



B. Decentralized Control Design

To decrease the computational burden, the first-order filter
is added, and the coordinate transformation is given

€1 =Y —Yid
€ij = S%iyj — 0y j-1, 1=2,...,n; —1
€in; = Tin; — Qip;—1 + s (12)
€y 1 = Qij—1 — Q51
Cain;, = Qjn; — Qi n,

where «; ;1 and o ,,,; stand for the virtual controllers. &; ;1
and &; n, indicate the first-order filters, and e, ; , and eq, ,,.
show the output errors of filters. The auxiliary signal n; will
be provided later.

For fear of repeated differentiation of virtual controllers,
this paper introduces a first-order filters &; ;1 and &; ,,,, and
one has

Oij Qi1+ Qi1 =
Jimi&im + Qin; = Qin,
aij-1(0) = @i j-1(0)

@i, (0) = i, (0)

(13)

where o; ;1 and o;,, are positive constants. Based on (12)
and (13), it yields that

a; ;-
=———+0i;1()

é(xi,j,1
g; 1
Carn, ’ (14)
Caipn, = “ 4+ Oin, ()
Tin,
where O; j_1(-) = —c&; j—1 and O; ,,,(-) = —& », denote the
continuous functions.
Step ¢, 1: It follows from (1), (2) and (12) that
i1 = €2+ ea;, + fin1(Ti1) + i
+A1+€i2—Yid (15)
Construct the Lyapunov function as
Vii=Vio+ o2+ i 4+ 162 4 iz e
’ ’ 2 b 2 %1 2T’L 1 247, 1
where (:),»71 = @;1 — 0,1 and W Wi —W;. ©;1 and W,

denote the estimations of ©7 ; and W, respectively. W; will
be explained later. T; ; and (; ; are both designed constants.

In view of (15) and (16), the derivative of V; ; is

Vi,l = Vi,O +ein (&',2 +eigtea,, T fi1(Ti1) — Yia
+ai1 + Aip) + ea,, (— L 4O, 1)
Uz 1
— O\ Y101 — WI¢HW; (17)

According to the Young’s inequality, Lemma 1 and Assump-
tion 4, one has

3 2 + eii,l + 612,2 + ||51||2

eii(ea;; +ea+eia) < 56171 9 (18)
1
eai,lOi,l S 2ql 1 021 + 2(]1 1 (19)
— 3 * i~ 2
ei1fi1(Zin) < 16?1 25121 + 61‘,1921901',1(331,1)
+ el + ein©f 1 0i (Zi1)
(20)
1 _
ei1lq1 < 56?,1 +y7 Zpi,l,i(yi) (21
p=1
in which the constant g; ; is positive. R
This paper applies the FLS  b;(y;|W;) =
WI¢i(y;) to approximate the interconnection terms

Ui S S 52 s (ye) and y; S0 524 () in (11) and
21).

Define the optimal vector W;* as

Np
W = b; (W)
C e, [ e l,;;l’”““%

N
+ i Zpﬁ,l,i(zﬁ)H (22)
p=1
where II; and ¥; are compact regions for W and y;, respec-
tlvely Define the minimum approjéimation error §; as § =
Zp 1 Zm 1 ﬁp,m (i) + i Zp:l 512;,171‘(%) = bi(yi|[Wy).
There is a known positive constant & such that |§;| < &F.
Based on the above equation, one gets

Z Z pPﬂ'H Yi) +yz pr,l,z Yi)

p=1m=1
<l + W*2+e Wi bi(ys) + €2 + oF (23)
>~ 2 2 1 7,1 i\Yi yz d
Further, we 0bta1n

Qi1 = —Cj1€4,1 — WiT¢i(yi) - 93:1801‘,1(@,1)
+ Yia — Gl (24)
0i1 ="i1(ei1pi1(ZTi1) —7i10i1) (25)
Wi =Gi(eindi(ys) — LW;) (26)

in which 7; 1 > 0 and I; > 0 are .both designed parameters.
Based on the above analysis, V; 1 is transformed into

1 1
Cz’,leil + 5612,2 + Jlwf|1? + *%‘2,1

2
1 1 1
5*2 =_k2 _ _ 702 _ =
e? 2 i1t+& <Ui,1 2‘11‘2,1 175

1 ~ B
+ §Wi*2 + yf,d + @3:1%',19;{1 + ngliwﬂ

Via < — pillel|® -

(27)
in which M = )\min(gi) - 2)\Inax(PiKiL ) 3>‘12nax( )[’7,2,1
~Amax (PIGK]P) = Y002 — 21— 5

m=1 “1,m



Step 3,7 (2 < j < n—1): The expression of the Lyapunov
function is

L Ll
-yt 2
V;;] VVW 1+ 2 QT 2 ai] ( 8)

where T;; expresses a normal number. ©;,; denotes the
estimation of @;‘,j, and the error between them is é” =
07 ; — 6.

In the light of (12), the differentiation of V; ; is calculated
as

. - N
Vij=eij (k:i,je,»,l +eijr1 + 0500 (Tij) + i+ ea,

+ i+ 07 jpij —wij — diu’—l) + Vi1

+ €as, (— Ua d 4 O”> - 60,110, (29)
iJ
Based on the Young’s inequality, one has
1 1
eij(€ij+1+ea, ;) <ej;+ 2631 ;T ief’jﬂ (30)
1 7 L o
eai,jOi;j < 5 .7 i+ TeaLJOi,j (31)
1 * *
eij(wig +0ig) < 5 (075 + 2 rwP) +er (32)
in which the constant g; ; is positive.
The following «; ; and ©; ; are established as
5 T ~
aij == |{cig+ 5 ) eij = 0i;Pin(Tij)
+ OLZZ'J' — ki7j61'71 (33)
©i; =i (e (i) — 7,0i;) (34)
where the designed parameter ; ; is positive.
From (30)-(34), (29) is changed as
n;—1 n;—1
Vijg < — i leall® — Z Ci,j€ z] Z @U%,J zj:j + Hw;kH2

n;—1
i 1 1 9 1 9 ) I
) ; (‘Tw B %Oi’j - 2) Cain TYia+ &

J
1 1
+5 D> (@ + 65 +wij) + whLw + Wi
=2
1 2 5*2 } 2 35
+ 2(%,1 +6;9) + 5 Cig+1 (35)

Step ¢, n;: Similar to [6], the following compensation signal
is added:

ni = —Xini +wi(t) —ui(t —7) (36)

where \; is design parameter.
From (12), the error dynamic yields
éi7ni (t) = ui(t - Ti(t)) + C:)Z:nﬁol,m (‘%iﬂli) - &i»ni_l
— Xt + ui(t) —ui(t — 7)) + Kin,€i

+ @Zm Ping; (*%znl) + 6i,ni — Win,; (37)

The following Lyapunov function is selected:

_ 1 2 2
‘/7,,?74 _‘/7,?7,171"_ 9 1n + 2Tln16 1
+Q;+N;+G; —|—2am (38)
" WhtiCh Mit 2(1ihi) «[‘t*‘f'i(t ‘ul( )|2dp, Ql =
1 171 J;f ‘rl (t) fﬁ |u7(p 2dp)d19 N — 3 j;g |U7 2dp and

G; = ft . fﬁ |ui(p)|?dp)dd, respectively. T,n > 0 is
constant.
Based on the Young’s inequality, one obtains

€in, Ui (t — Ti(t)) < %e?n + %|uz(t —7i(t))? (39)
Cimui(t — 7)) < %eim + %m—(t - 7))? (40)
€in, Gim, + win,) < €, + %5;*,?“ + %wﬁh (41)
€ain, Oin; < %Ilnei" O}, + %qu (42)

The following controller u;(t) and adaptive law O, ,,, are
established:

ui(t) = —Cin;Cin; — @'L,.I:"Li(pi7ni (iz,m) - ki7niei71
B 5
+ Qi — 56im: + X (43)
Oims = Yini (CiimiPins Fims) = Vi Oim:) (44)

in which ~; ,, > 0 stands for the designed parameter.
According to (39)-(44) and the definitions of O, i,; and Wi,
one has

Uz

Zcme”flszwa*z Z%J@”

Vim, < — pillesl|® —
j=1

h; 2—h; 2, i,g *2
+(( h)+1 Z>|ul| Z or

1 & 2 s (S A,
5 2 (a0 + 005 Wi + (5 + )W+ ula

j=2
ns
(11 1 1 .
- Z <0ij o 2q2] 0227.7 B 2) eii,j + i(qzz,l + 62721)
j=1 , i,

t t
- / s (p) 2dlp — / s (p)2dp + [ |
t—Ti t—Ti(t)
(45)

C. Stability Analysis

Through the definition of ); and G;, we can easily obtain

7 ¢

Q; <
L="Ni Ji—r, )

t
G; < ﬂ'/ us (p)|*dp
t—T;

From (43), we can see that the design controller w; is
composed of bounded signals. Hence, it fulfills |u,(¢)| < u;,
which @; > 0 indicates a constant.

|us (p)|*dp (46)

(47)



Combining (46) and (47) the inequality (45) is rewritten as

n;

* it
Zhﬁ”+w+§j”@-ﬂmn

.o Systems are modeled by the following form [11]:
J) €ai; 3 Z qw +073

IV. SIMULATION RESULTS

The presented control strategy is applied in the two inverted
pendulum systems which are connected through a spring with
91 = 1,1, 92 = X271, 91 = 1,2 and 92 = 22, and the

=1 1,1 =%1,2
ni . t—m(t)  kr? kr
* Yi,g & l; * :1“(71 o~ ks B X
+wif) - ;@%+%§+5ﬂ%2fﬂfmﬂﬂ 12 R WA ey AUl )
J=1 N (mlgr kr2> (1)
o —h —h — — | sin(x
3 liWiQ N 2—-n n 2—h; 7) a2 7 WA 1,1
2 21— hy)  1—1y =1
1— Iy 1 1 i ’
_ %iQrfEf%+ﬁd+2@“ +673) @8 Gy =Toa
For the compensation signal 7;, we chose V,, = 1n?, and ; up(t = 7o(t)) | kr? er
(B M: XU T2.2 :7+7SID($1 1)+7(Z—b)
its derivative is % 472 2J2 (53)
' lwi (), Juit —7)[? magr _ kr7N
Vm < _(/\1 - 1)7712 + 9 + 2 + Jo 4J, 8271(1'2,1)
—(\i = D + @ (49) Y2 =21

Based on the above-mentioned analysis and the decentral-
ized controller design, there exist the following results.

Theorem 1: All signals can be kept to be bounded for large-
scale nonlinear systems (1) with time-varying input delay, and
the tracking error of each subsystem can be made arbitrarily
small by utilizing the designed observer (2), adaptive laws
(25)-(26), (34) and (44), virtual controllers (24) and (33) and
controller (43).

Proof: For the whole closed-loop system, the Lyapunov

function is described as

N
V= Z(‘/i,ni + Vm)
i=1
The differential of the above equation is

(50)

Z Cwez »J
2 *2
2 Oiv] Y a1 J +35 Z qu 6i7-j
Oi.j qm

Z Yi,j 9*2 Z Vi, 5 @2 W*Q l;
gt i

N
V< {—MMP+gﬂ-qH

1=

Jj=1

i

4 — 3h; 2—hi_\ %2 112 2
+<%L4m+1_mn)m+2W;+W%H+%d
1—h 1
—(1=h)M; — —Q; — N; — —G,; — (\; — 1)n?
27’2‘ 273
<—CV +X (629)

where C' = min {C1, Cy, ..
5;(21) + Z] 2(q2]

CN}andN val{ qzl
6*2 +W*2)+Z “/1;(_)*2 +y7,d

+( )W*2+ o2 |12 + 41 32) 2 h )72_&_5*2
+= (ql 1+ 5 } One defines C; = min {ul//\mm( Py,
201,]7 2(@ — ) Y Tigy liGins (1= hy),

27 0

Ik L (/\1-—1)}. n

where the pendulum end masses are defined as m; and mso.
k and [ denote spring constant and the natural length of
the spring, respectively. J; and .J, represent the moments
of inertia. The distance between the pendulum hinges, grav-
itational acceleration and pendulum height are indicated as
b, g and r, respectively. The reference signal is given as
Yi.d = sin(t). The time-varying input delay is expressed as
7i(t) = 0.005sin(t) 4+ 0.01. The initial values and parameters
of the systems are described in Table I.

TABLE 1
THE MODEL PARAMETERS
21,1(0) = —0.04 212(0) =0.02 22,1(0) =—0.04 x22(0) =0.02
21,1(0) = —0.04 21,2(0) =0.02 22,1(0) = —0.04 Z22(0) = 0.02
m(0) = 10 n2(0) = 10 ©1200) =35  ©22(0) =49.9
c1,1 = 500 c1,2=0.1 c2,1 = 500 c2,2=0.1
mi =2 kg mo = 2.5 kg J1=5 kg J2 =6.25 kg
k =100 N/m r=05m l=05m b=0.5m
g =9.81 m/s? o1 =10 oy =10 A =70
Ao =70 ki1=1 k1,2 =20 ko1 =1
k2’2 =5 TLQ =0.5 T272 =0.01 V1,2 =2
Yo,2 =1
15
1 .
05
0
-05
-1
15
0 5 10 15 20 25 30
Time(Sec)
Fig. 1. Curves of y1 and yq 4.



0 5 10 15 20 25 30
Time(Sec)

Curves of y2 and y2 4.

0 5 10 15 20 25 30
Time(Sec)

Fig. 3. Curve of u; with input-delay 71 (¢) = 0.005 sin(¢) + 0.01.

0 5 10 15 20 25 30
Time(Sec)

Fig. 4. Curve of ug with input-delay 72 (¢) = 0.005 sin(¢) + 0.01.

Through the designed adaptive laws (25), (26) and (44),
real controller (43) and virtual controller (24) to control two
inverted pendulum systems, Figs. 1-4 display the results of
the simulation. Fig. 1 and Fig. 2 depict the good tracking
performance of the control outputs of each subsystem on the
ideal reference trajectory. Fig. 3 and Fig. 4 plot the trajectory
of the control input u; with 7;(¢) = 0.005sin(¢) + 0.01. In
summary, the simulation results verify the availability of the
proposed strategy.

V. CONCLUSION

Observer-based fuzzy adaptive decentralized control strat-
egy has been studied for nonlinear interconnected systems
against input delay. By introducing the tracking error into the

designed of the state observer, the unmeasurable states have
been estimated. Moreover, the compensation signal has been
prompted to compensate for the impact of input delay. The
“explosion of complexity” problem have been overcome by
combining DSC and first-order filters. It has displayed that
the presented control strategy guarantees that all variables of
whole system are semiglobally uniformly ultimately bounded.
Finally, the inverted pendulum systems has been applied to
clarify that the proposed method is valid. In the future work,
we will strive to apply the presented method in this paper to
other systems [12].
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