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Abstract

For the large-scale nonlinear systems subject to dynamic uncertainties, an adaptive multi-
dimensional Taylor network (MTN)-based decentralized control strategy is proposed, which
can effectively solve output tracking control problem of the systems. Firstly, a dynamic signal
is introduced to cope with the problem of unknown nonlinear dynamic uncertainties. Sec-
ondly, in each step of the backstepping, only one MTN is used to approximate the combination
of unknown nonlinear functions. Then, in the last step of the backstepping, a new adaptive
control scheme is designed, which realizes the stability and boundedness of the controlled
systems. It is worth noting that the large-scale nonlinear systems, the unknown dynamic
uncertainties and the MTN appear in the same framework for the first time. Finally, three
simulation examples are presented to verify the feasibility of the proposed control strategy.

Keywords Large-scale nonlinear systems - Dynamic uncertainties - Multi-dimensional
Taylor network - Adaptive control

1 Introduction

In recent years, with the development of production and the progress of science and tech-
nology, plenty of practical systems can be modeled as large-scale systems have received
more and more attention, such as the power systems [1], the transportation network systems
[2], the aerospace systems [3] and the manufacturing systems [4]. Therefore, the research on
large-scale nonlinear systems turns into a hotspot of society [5—7]. However, due to the charac-
teristics of the large-scale nonlinear systems, such as numerous influencing factors, complex
structures, strong randomness and scattered controlled objects, it is very difficult to adopt
centralized control. For this reason, the application of decentralized control in large-scale
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nonlinear systems is more and more extensive owing to its advantages of strong pertinence
and system adaptability [8, 9]. At the same time, adaptive control has been proved to be
an effective method to deal with the control issue of uncertain systems containing a large
number of stochastic factors [10, 11]. Especially, the design process of control strategy of
nonlinear systems can be greatly simplified by combining adaptive control approach with
backstepping technique. Therefore, adaptive backstepping control method provides a system-
atic methodology of solving the control issues of uncertain nonlinear systems, and received
a lot of attention [12, 13]. From the above discussed, it is of important practical significance
to develop an adaptive backstepping decentralized control strategy for large-scale nonlinear
systems [14, 15]. Sad to say, when the system with complex structures and uncertainties, the
above control methods may fail to maintain a good performance.

With the aim of solving the above problem, two general approximation methods, fuzzy
logic systems (FLSs) and neural networks (NNs) are widely applied in plenty of large-
scale systems, such as large-scale nonlinear systems [16, 17], large-scale switched nonlinear
systems [18, 19], large-scale stochastic nonlinear systems [20, 21]. In the recent period of
time, multi-dimensional Taylor network (MTN), anew type of NN, was verified as an effective
and simple method to cope with the control problem of systems with unknown structures, such
as nonlinear systems [22], discrete nonlinear systems [23], switched nonlinear systems [24]
and stochastic nonlinear systems [25]. Significantly, for large-scale nonlinear systems, many
adaptive decentralized backstepping control strategies based on MTN were reported, which
demonstrated the practicability of the MTN approximation technique [26, 27]. Unluckily,
neither unmodeled dynamics nor dynamic disturbances were considered in the above studies.

In fact, the unmodeled dynamics and dynamic disturbances are inevitably involved in
practice [28, 29], their existence is a source of instability of the control systems. Therefore,
more and more attention has been devoted to the investigation on systems with dynamic
uncertainties. For example, the authors in [30] introduced a dynamic signal to deal with the
dynamic uncertainties, which was extended to plenty of nonlinear systems, such as switched
nonlinear systems [31], stochastic nonlinear systems [32] and uncertain nonlinear systems
[33]. According to the method of introducing a dynamic signal, many adaptive FLS-based
decentralized control strategies were put forward for large-scale nonlinear systems with
dynamic uncertainties [34, 35]. In spite of these excellent results, it should be pointed out that
the adaptive NN-based decentralized control of large-scale nonlinear systems with dynamic
uncertainties is still an open issue. Therefore, it is a challenging task to propose a simple
and practically feasible adaptive NN-based decentralized control method by introducing a
dynamic signal.

Based on the above analysis, the MTN-based tracking control strategy for a class of large-
scale nonlinear systems with dynamic uncertainties is developed in this paper. Firstly, the goal
of controlling dynamic uncertainties is achieved by introducing a dynamic signal. Secondly,
as a novel NN with special structures, MTN technique is employed to estimate the systems
parameter and complex unknown nonlinear structures in the design process of backstepping
control. Then, an adaptive MTN-based decentralized control strategy is put forward. The
simulation results indicate that the control strategy proposed in this paper is satisfactory. In
a word, the main contributions of this paper are as follows:

(1) Asanew type of NN, MTN opens up a new way for the control issue of large-scale non-
linear systems subject to dynamic uncertainties. Although the author on [36] proposed
an adaptive MTN control strategy for nonlinear systems with unmodeled dynamics, this
strategy is not suitable to control large-scale nonlinear systems. The adaptive MTN-
based decentralized control issues for large-scale nonlinear systems were studied in [26,
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27], but the unmodeled dynamics and the dynamic disturbances were not involved in
the controlled systems.

(2) Different from the studies in [36—40], the control issue considered in this paper is
more general. The result of this paper can be used to deal with large-scale nonlinear
systems with dynamic disturbance, which has a wider application scope. By introducing
a dynamic signal in the control process, a novel NN-based control method is proposed,
which shows the superiority of adaptive MTN-based decentralized control in dynamic
uncertainties and complex structures. In addition, although similar control problems
were discussed in [34, 35], a MTN-based control approach with simple structure and
low computational complexity is developed.

(3) To the authors’ knowledge, this paper is the first fruitful work to investigate the MTN-
based tracking control of large-scale nonlinear systems with unmodeled dynamics and
dynamic disturbances. It is difficult to develop a decentralized control scheme, which
can obtain relatively ideal control effect with smaller cost of calculation. Thanks to the
simple structure of MTN, the control strategy developed in this paper has the advantages
of simple structure and small calculation.

Notation For the matrix or vector x, x 1 represents its transpose, |x| defines its absolute value.
I'~! indicates the inverse of the given matrix I'. R’ denotes i-dimensional real space.

2 System Statements and Preliminaries

2.1 Problem Formulation

A class of large-scale nonlinear systems subject to dynamic uncertainties with N subsystems
is considered as follows

& = qi(&,x;)
Xij = &ij (X j)xijw1 + fij(Xij) + hij () + Aij(xi, &)

. o A ; (1)
Xin; = &i,n; (xi,ni)ui + fi,m (xi,ni) + hi,n,' ()’) + Ai,n,' (xn,'» Sn,-)
Vi = Xi1
where i = 1,...,N, j =1,...,n;, — 1. x; = [xi,l,...,x,',ni]T € R", u; € R and
vi € R are the state vector, the control input and the output of the systems, respectively,
- T - T .
Xij =[x, ..oxi] €RLEin =[xt ... xin] €RYM, y=[y,....yn]T € RV,

In addition, the unmeasured portion of the state is denoted as &; € R"i-0. &;-dynamics in (1)
is unmodeled dynamics. A; ;(x;,&;) denotes the dynamic disturbances. f; ;(-), h;,;(-) and
qi () are unknown smooth functions with f; ;(0) = 0. g; ;(-) indicates the control coefficient,
which sign is the control direction of i-th channel.

The control objective of this paper is to design an adaptive MTN controller for the systems
(1) such that the systems output y; follows the desired reference signal y; 4, and all the signals
in the closed-loop systems are semi-globally bounded.

Assumption 1 [41] The desired reference signal y; 4 and its time derivatives up to the n;-th

order yl.("(}') are bounded and continuous.

Assumption 2 [25] The sign of the function g; ; (fi,j) is determinable. There are two known
constants b,, and by, such that 0 < b, < ‘gi,j (fi,j)’ < by < o0 holds.
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Assumption 3 [39]Inlarge-scale nonlinear systems (1), ¢; (x;, &) and A; ;(x;, &) are uncer-
tain Lipschitz continuous functions.

Assumption 4 [39] For the dynamic disturbance A; ;(x;, &), there are two unknown non-
negative increasing smooth functions ¢; ;(-) and ¥; ;(-) with v; ;(0) = 0, such that

|A; i 8] < @i (|xi]) + v (ED. )

Assumption 5 [30] For & = qi (&, x;), there exist an exponentially input-to-state practically
stable Lyapunov function V;(§;), such that

ki1(1&D < Vi) < ki 208D, 3
V(&)
0&;

where c¢; 0,d;,0 > 0 define known constants and «; 1, ;2 and «; 3 belong to class ks
functions.

qi i, x;) < —cioVi(€) + ki 3(x;]) +dio, 4

Assumption 6 [26] For the unknown smooth function #; ;(y), there exists the unknown
function h; ; ;(-), such that

N
i P < " h2 00, )

=1
where h; j;(0) =0, [ =1,...,N.

Remark 1 In the light of Assumption 6, there exists the unknown smooth function fz,-y 1D,
such that

N
by |* < D" yPR2 1 0m). )
=1

Next, in order to facilitate the theoretical analysis, several useful lemmas are introduced.

Lemma 1 [30] Based on Assumption 5, for & = qi (&, x;), there exists a Lyapunov function
Vi (&), which satisfies (3) and (4). Then, for the initial value & o = &; 0(0), there exist a
nonnegative function D;(t) defined for all t > 0 and a finite time T; o = T,‘,O(E,-, ¥i 0, Si,o),
one has

Vi(§i (1) < ri(0) + Di (1), 7
where D;(t) = 0,Vt > T; o. r; is a novel signal, and its time derivative can be expressed as
Fi = —¢iri + ki 3(xi1) +dio, ri(0) =rio, 3

where r; o is an arbitrary positive constant, and ¢; € (0, c,-,o). The function k; 3(-) satisfies
E‘,S(xi,l) > Ki,3(‘xi,1’)-

Remark 2 If k; 3(-) satisfies k; 3(s) = (s — yi,d)zlc,- (sz), Then, (8) can be described as
. _ 2 2
Fi = —ciri + (xi,1 — Yi.a) Ki(|xi,1| ) +di 0, 1i(0) =ri0, 9

where «; () is a nonnegative smooth function. k; 3(-) is a smooth function, which satisfies
ki 3(0) = 0.
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Remark 3 Different from [40], a novel function «; 3(-) is introduced. In addition, for the issue

of stabilization of large-scale nonlinear systems, we consider that k; 3 satisfies x; 3(s) =
s2k; (sz).

Lemma 2 [39] For any nonnegative constant € and any value x € R, there exists a smooth
function Q(-) : R — R, such that
x| = xQ(x) + ¢, (10)

where Q(0) = 0.

Lemma 3 [39] For a nonnegative constant & and any continuous function P(-) : R — R,
there exists a nonnegative smooth function P (-), such that

[P(x)| < P(x) +¢&, Vx € R, (a1

where P(-) satisfies P(0) =0, ﬁ(-) satisfies ﬁ(O) = 0 and % =0.

x=0 a

2.2 Multi-dimensional Taylor Network

In this paper, for V¢ > 0, an unknown smooth nonlinear function f(A) on a compact set 24
can be approximated by the following MTN.

f(A) =0*TS,,(A) + 0 (A), (12)
with the optimal weight vector 8* is defines as
0* ;= arg min{ sup |f(A) - 0TSmn (A)| , (13)
0cR' | Acq,
where @ = [0y, ..., 01T is the weight vector of MTN. A = [Aq, ..., A,]T are the input

vector. Sy, (A) = [Al, Ay, A%, R A,21, AT A:’f]T c R/ is the middle layer
vector. [, n are the number of middle layer and input dimensions of MTN, respectively. o (A)
denotes the MTN inherent approximation error and |0 (A)| < ¢. MTN is a feedforward

network with »n inputs and m highest power, and its structure is shown in Fig. 1.

3 Main Results

3.1 Recursive Design of Adaptive Controller

Stepi,1:Fori=1,...,N,j=1,...,n; — 1, acoordinate transformation is defined as
=X —
izz,l i1 — Yid ’ (14)
i j+l = Xij4l T &

with ¢; ; is the virtual control signal.
The candidate Lapunov function is selected as

1 1 1=
Vit =zl +—ri+20;,,T; 0, (15)

1
2 Ai0 2
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Fig. 1 Network structure of MTN
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where 5,',1 =60;) — éi,l is the parameter error, éi,l denotes the estimated value of 6; ;.
i1 = l“l.T1 > 0 is an arbitrary constant matrix. A; o is a positive design parameter.
The time derivative of V; | can be obtained as follows

1 . ~T 14
—i; =0, T 10i1. (16)

i,0

Vit =2zi1zi1 +

According to (1), (9), (14), Assumption 4 and Lemma 1, the following inequality can be
obtained

Vi = zia(giixia + fia +hin = ia) + [z lenn([Fial) + [z via0gi
+ ﬁ(zillﬁ(’x;’,dz) +di,0) — %ﬁari — 5:11“;11@’1, (17)
According to Lemmas 2 and 3, the following inequality holds
|zit| @i (|%i1]) < zin@ia(Fia) + &, (18)

with g; 1 > 0 is a constant.
According to [30], there exists a smooth function v; 1 2(-) with ¥; 1,2(0) = 0, such that

- 1
|zi1 |1 (& < ziaWi(zion. ri) + 281 + 121'2,1 +di1(0), (19)
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where Vi 1(zi1.r1) = Wii20D)¥in3(zir) + Yina(zia), din@®) = (Y120
Kifll 2D; (t))) andd; 1(t) =0, Vt > T; 0. 1},31,3, 1&,'7174 are two suitable smooth functions

with ¢; 13(0) =0, ¢;.1.4(0) =0.8;,; > 0is a constant.
According to Young’s inequality and Assumption 6, the following inequality can be
obtained

1
z,lh,1<5 +2h,1_2,1+ Zy, 21O (20)

Substituting (18), (19) and (20) into (17), the following inequality holds
1 1Y
; z 2 (2.2 2 272
Vil < Zi,1<gi,1xi,2 + fi,]) —viy(zi )z - 5% + 5 ;)’l hi )
1 1 _ ~T 14
+ein+280+din(t) + —dio— —ciri —0; | I;0;1, (21)
AiL0 AiL0 ’

where fi1 = fi1 — Jia + @i1(¥i1) + Yz ) + 3z + ﬁzl‘,m(]m,l\z) +

2 (2,
Ui,l(zi,l)zhl'

f,',l is a combination of unknown nonlinear functions, which cannot be used to construct
the virtual control signal «; 1. According to the approximation performance of MTN, for any
given constant ¢; 1 > 0, there exists a MTN 0,»T1 Sm; 1> such that

fin= oiT,lSm,,l +oi1, |oin| < i, (22)

where o; 1 is the estimate error.
According to (22) and Young’s inequality, the following inequality holds

1 1
?ﬁ+iﬁy (23)

With the help of (14), (21) and (23), the following inequality can be obtained

7 T T
Zi1Jin = 2i10; 1Sy +2i10i0 < 2i10; 1 Sm, +

N
. 1 -
Vii < ginzin(zi2 + i) +Zi,10I1Sm,-_1 — v,-z,l(Z,-z,l)Z,'z,l + 3 Zylzhiz,l,l()’l)
=1 24)
1 1 1 _ ~T __14
+*§,%1 +e&i1+28i1+di1(t) + —dio— —<ciri —0; |T; 110,-,1,
2 AiL0 AiL0 ’
According to Young’s inequality, one has

1 1
8i1%i,12i2 < zgllzll+ gllz,z (25)

Choosing the virtual control signal ¢; | as follows
1 AT
@it == (riazia+h; Smy ), (26)
b

where r; 1 > 01is a constant.
According to Assumption 2, the following inequality can be obtained.
1

AT AT
2
8i12i101 = — = gi,lzi,l(ri,lzi,1+9i,15m,-_1> < —rinziy —2i10; 1 Sm;, - 27
m
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Substituting (25) and (27) into (24), the following inequality holds

. 1 1
Vi,1§—<ri,l_§gi,l> Gt 58 125, = v ()7 + = Zyl hi 11O

1 1 1 _ ~ 1A
+ ¢t e + 280 +dia () + —dig— —Ciri + 0,-,1 (Zi,lSm,-_, =T 1101‘,1).
275 AiL0 AiL0 :
(28)

Stepi, k (2 <k < n; — 1): For the systems (1), after a series of mathematical derivations,
a result similar to (28) can be obtained. It can be summarized as the following lemma.

1

Lemma 4 For k =
~T ~
Vik—1+ %zizk + %01»’,( I‘;,}Gi,k, the following inequality can be obtained

2,...,n; — 1, the candidate Lapunov function is selected as V; =

)

k

k kN
; 1 1 2 2 1 272
Vik = _Z<risj_Egiaj)zi,j+52giqui,j+l — v (5 +§ZZ)’1 hi ;10
j=1

=1 j=11=1

k k k k
1 . 1 1 _
+ 3 Zgiij +Z€i’j +2218i’j + Zdi’j(t) + rod,',o — Eciri
= im st = i, i,
k .
j{j (2058w = Ti10i5)- 29)

whererl jsSi,j»Ei,js0i /arepositivedesignconstants5 J =0, ;j—0, ; definesthe parameter
error, 0, j denotes the estimated value of 0; ;, T'; j = F > 0 is a constant matrix.

Proof Similar to Step i, 1, according to the recurrence method, Lemma 4 is holds.

Step i, n;: According to (1) and (14), one has

Z.i,n,- = ginlUi + fi,n,- + hi,n,- + Ajn — di,n,-—la (30)
with
mi—l Jda, ml o X Ja
. i,nj— ni—1 ) jnj—1 .
o pi—1 = Z L(gz JXij+1+ fij +hi A ]) + Z oo 0;;+ LIS
— 0x; — 09, ; ar;
j= j= ,
-1
+HX: 0t n;—1 (j+1)
gy Vid
j=0 9Vid

Choosing the candidate Lyapunov function as follows

1 1~
Vim = Vim—1 4 5% + 3010, 5 0imi, 31

where ; ,, = 0; ,, — 0, p, is the parameter error, 8; ,,, denotes the estimated value of 8; ,,,
Lin = Fl.Tn_ > 0 is an arbitrary constant matrix.
Lt
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éi =4q; (éf’xi)
- Xi,,‘ g,/( )xt/+]+-ft/( )+hi,/'(y)+Ai,/(xi’§i)
xi,n, =8in (Ei,n, )ui +fi‘n, (xi,n,- )+ hi,n, (.V) + Ai,ni (xn, »gn,. ) _’04_
y=x, Vil Via
a, = (’71211"'05 )4
. 1
é”_ /s é +I; sz‘~
Mo, = (r 2z, +0'S, e al
ij b,.,, i,j<i,j i m )
. t
9” =-n, ]1“,/0,1 +1",jz, /Sm <
= ul :_i(’;ﬂzin +élTVI m, ) < x’”’
bm oM i i ,nj
. 4
é[,n, = _U[,nlri,n,é[,nl +rr’,;1,Z[,n,Sm,_,,l <

Fig. 2 The design process of the adaptive decentralized MTN-based controller

Then, the time derivative of V; ,, is as follows

. . X ~T - 7
Vi,n,‘ =< Vi,n,'—l + Zin; (gi,nibti + fi,ni +hi,ni + Ai,"i _ai'”i_l) - 0i’"i Fi”:iai’ni
n;i—1 9a
. N 'Y ’71
= Vinj—1 + Zim | imsthi + fimg + hiny + Diny — Z %(gl JXi 1t fij ok J)
j=t
n;j—1 9a ni—1 do 1%
-y Wim—15 P A U —6, T8 b;. (32)
0y o ) O T G
j=1 96; o j=o 0y ] i

J— iil d "»”i7
where A; », = Ajp, — Z'}Zl ozt)xi,j A
According to Assumption 4, Lemmas 2 and 3, the following inequalities hold

ni—1
Pi,n; (|xl n, + Z

a
=g (%)

Zi,n; Al ni| = |Zt n;

l,j
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T T e -
Reference signal y1 4
S System output y; M

\.
\
\
\
1 L N ! 1

0 5 10 15 20 25 30 35 40 45 50
Time (sec)

T T
Reference signal 5 4
System output ys

%

_1 1 1 1 1 1 1 1 1 1

0 5 10 15 20 25 30 35 40 45 50

Time (sec)
0.5F
0 /\
-0.5
0 5

T T T N1 NT ’aY T
Reference signal ys3 4
................ System output ys3
L\ 1 1 1 \-/ 1 \/ 1 \/
Fig. 3 System output y; and reference signal Yid of Example 1

10 15 20 25 30 35 40 45 50
Time (sec)

d _
+ |z || ¥ nl<|s,|>+2 =y GaD | (33)
Xi,j
n,-—l a(X
|Zi,"i ‘Pi,ni(|fi,"i|) + Z #ll @i, ](|xl j|) =< Zi,ni¢i,n,~ + &in;» (34)
j=1 "
ERI (G a’ e (1)
Xi,j

1 dtim—1\°
< zimVim + 3300, 1+Z(L‘) + 218y +din, (1), (35)

2
with d; (1) = Y1, (wi,ﬂ o k12D (z))) and di , (t) = 0, ¥t > Tp.0. &, 81n, > 0
are design constants.
According to Assumption 6 and Young’s inequality, the following inequality can be
obtained

N

1 1
Gimhing < 330+ 5 < 3 Z P O)- (36)
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0.5

N1 T
Control input u; |
0 N~
_05 | | | 1 | | | | 1
0 5 10 15 20 25 30 35 40 45 50

Time (sec)

_1 1 | 1 | 1 | 1 | 1

0 5 10 15 20 25 30 35 40 45 50
Time (sec)

Fig. 4 Control input #; of Example 1

Combining (32), (33), (34), (35) with (36), the following inequality holds

Vi,n,- =< Vi,ni—l + Zin; (gi,n,-ui + fi,n,-) - 0 F_l 0[ R

+&m+M&mMMﬁH-Zh B 10, (37)
=1
where
Fomi = Frmi + @i + W 1+ Z dain1)") 1 Btini—1
2, i
in; in; Din; i,n; 4Zl n; ax; y zzt,n, or; i
" Y " aig1; ) da
i,ni—1 i,ni—1 4 ini—1 _(j+1
- Z al ! (gz JjXij+1 + fz +hz ]) Z lAn 0i,j - Z lr(l]) y[(,]d )-
j=1 Xij j=1 0i j=0 ay

fi,n,- is a combination of unknown nonlinear functions, which cannot be used to construct
the actual control input signal u;. According to the approximation performance of MTN, for
any given constant ¢; ,, > 0, there exists a MTN 0iTn,» S i such that

ini| < Simps (38)

fln, =U; Sm,n +Uzn,

where o; ;; is the estimate error.
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T T
State variable x; »

40 45 50
Time (sec)

1 1 -

0 5 10 15 20 25 30 35 40 45 50
Time (sec)
02 T T T T T T T T -
0 -
-02 [ L | | 1 | | |
0 5 10 15 20 25 30 35

Time (sec)

Fig. 5 State variables x; » of Example 1

According to (38) and Young’s inequality, one has

s T 1, 1,
Zi,n,’fi,n,- = Zi,"ioi,ni‘gmi.ni + Ezi’ni + Egi’ni- 39
Choosing the actual control input u; as follows
1 AT
i = = (rin 205 0, S, ) (40)

m

where r; ,, > 0 is a design constant.
By means of combining Assumption 2 and (40), the following inequality holds

1 AT
8iniZin Wi = —7—8i,n;%i,n; (ri»"izi;”i+0i,nismi,n»)
b !
AT
2
= _rixnizi,ni - Zi’nioi,ni Smi,n,' . (41)

According to Lemma 4 and substituting (39) and (41) into (37), the following inequality
can be obtained

ni

. 1o N
Vi = —Z (rij — bM)Ziz,j — vl (z)a + 3 ZZYzzhz‘z,j,l(W)

j=1 j=11=1
1 n; n; n; n; 1 1

+3 SO+ w2 s+ Y dij0)+ rodi,o - ﬂfﬂi
j=1 j=1 j=1 i=1 b b
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T T T T N
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Fig. 6 Immeasurable unmodeled dynamics &; of Example 1

n;
~-T o
4—j£:0tj(zhjsmhj—-Fﬁjohj). (42)
=1

Remark 4 Significantly, this paper appears to be the first work dedicated to the MTN-based
control of large-scale nonlinear systems with dynamic uncertainties. Compared with [34,
35], the unknown control direction is fully considered, and the controller structure proposed
in this paper is relatively simple. Therefore, the proposed MTN-based control strategy has a
wider application scope.

3.2 Stability Analysis

Theorem 1 Considering the large-scale nonlinear systems with dynamic uncertainties, if
for i =1,..., N, actual control input is selected as (40), and the virtual control signal is
designed as

1 AT .
mJ=_Eimﬂfwu&w>,=L”qm—L 3)

The adaptive law is constructed as
0ij=—nijTij0ij+TijzijSm ;. j=1....n. (44)

with n; j > 0 is a design constant.
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Fig. 8 Schematic of tripled inverted pendulums

Then, for bounded initial conditions, all signals in the closed-loop systems are semi-
globally bounded and the tracking error can converge to an adjustable neighborhood of the
origin.

Proof Choosing the Lyapunov function as follows

A 1 L& ~ A
DI AEED I IUNIRLNED Dl (45)
l

i=1 j=1 i=1 j=1 i=1
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Fig. 9 System output y; and reference signal y; 4 of Example 2

It follows from (42), we have

V<_er’] lj le zl ll+ ZZZM,,;(M)

i= 1] 1 =1 i= 1] 11=1
+3 ZZsJ+ZZ&J+2ZZJ&J+ZZ¢N>+Z*zo
i=1 j=1 i=1j=1 i=1 j=1 i=1j=1 1.0
_Z—c,r,—FZZO”(z” Smiy —Ti1055)- (46)
i.0 i=1j=1

~T
According to (44), term Zl | Z (z, iSmi; — Ty }0, j) can be rewritten as

N n;

~T _]é
Yo 6ii(ziSm, —Ti 00,
i—1 j=1

ni

N
<3 2 Lm0 =5 0s)
i=1 j=1

NM—*
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Fig. 10 Control inputs u; of Example 2

@

1 N n;
<_22(F_1)n,10 S USEEDID NI UN]

i=1j 1 2Xmax ij i=l j=1

where Amax (F ) represents the maximal eigenvalue of matrix F 1

The smooth and nonnegative function vl. 1 () can be selected as

N

Z 11 tl zl+ Zzzyl l_]l(yl)<0 (48)

=1 i=1 j=11=1
Combining (46), (47) and (48), the following inequality can be obtained

VS_Zi(Vi,j— ZZ g, - 0

ni,j iLjti,j
i=1 j=1 i=1 j= 12)»max(r, ]>

1N nj ) N n; 1N n; N
+§ZZ"U”0M” +szi‘j(t)+522§1%j+228is1

i=1 j=1 i=1 j=1 i=1 j=1 i=1 j=1

N
+222J511+Z lo—zrlofm
i=1 j=1

.0 i=1 """
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Fig. 11 State variables x; » of Example 2

N n;
< —a)V+bo+ Y > dijt), (49)

i=1 j=I

withi =1,2,...,N,j = 1,2,...,n;, a =min{2(r,,,- —bu), A”(;_l)cl} and by =
max |\ j

N i .
P 12, 1’111”011” +3 30 1 1§,,+Z, DR NE D IED RN NS
Zl lxlodlo

Forallz > 0, YN | 371 d;.j(1) is nonnegative. For all t > Tj o, >N Yilidi (@) s
equal to zero. Therefore, the following inequality holds

o0 N n;
/ZZd,,,-(z)d; < +o00. (50)
o i=lj=I

According to (50), the following inequality can be obtained

0<V@) < (V(O) - ?)fﬂm /ZZdl j(ndt, ¥1 > 0. (51)
0

i=1 j=1
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Fig. 12 Immeasurable unmodeled dynamics &; of Example 2

Using the similar discussion in [30], it follows that all signals in the closed-loop systems
are semi-globally bounded and the tracking error can converge to an adjustable neighborhood
of the origin.

Based on the above analysis, it can be concluded that with the help of adaptive control laws,
an adaptive MTN-based decentralized controller is designed for each subsystem. Therefore,
the control process in this paper can be described as Fig. 2.

4 Simulation Results

In this section, a numerical example, a practical example and a comparative example are
given to demonstrate the effectiveness of the proposed control strategy.

Example 1 Considering the following large-scale nonlinear systems with dynamic uncer-
tainties

& =gqi
X1 = giXi2+ fi,t +hin+ A
Xip=giaui+ fia+hiza+Ai2
Vi = X1
wherei = 1,2,3,x;,1(0) = x; 2(0) = 0,and [£(0), £(0), £&(0)]T =[0,0,01T,¢q1 = —& +
0.5)612’1 +x1,1, 81,1 = 2+0.5COSX12’1, fl,l = x12,1’ hl,l = y2c08y1, A1, = flxl,l sinxlyl,

(52)
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Fig. 13 Tracking error y; — y; 4 of Example 2

gia=1+ cf12 =0 e7 N Ry g = yiys, A = Eixaxig. @2 = =26 +

x 1Jr i
0.5x3 | +0.5, 82,1 = 2+sinx3 |, fo.1 = X3 |, ho.1 = y3sinyz, A1 = &ax2,1 sinxp 1,822 =
2
2

0. 2 . 2

1+ 1+ 2 s J22=x35,e e 0320 iy o = y1y3, Anp = Exxa 1 Sinx2 0, q3 = —3&+0.5x3 | +1,
8,1 = 3 +0.581nx31, f31 = x%,l, h31 = yisinys, Az = &x318inx31, €32 =
1+ 1+ 2 s f32 = x%z ~05%3.1 h3 5 = y1y2y3, As2 = &3x3,1x3 2. The reference signals are

sett0y1 d = 0.5(c0s 0.25¢ — c0s 0.5¢), y2,4 = 0.5(cos 0.75¢t — cos 0.25¢), y3.4 = 0.5sinz.

According to Theorem 1, the control structures are designed as (40), (43) and (44). The
design parameters are setto by, = 1, by =3, 11,1 =rip2 =121 =12 =131 =132 = 10,
mi=ma=mi=ma2=m1=ma2=1landl' 1 =Ty =T31=1I5T1p=02,=
I'32=19.

The simulation results are shown in Figs. 3, 4, 5, 6 and 7, respectively.

Figure 3 shows the system output y; and the reference signal y; 4. As can be seen from
Fig. 3, good tracking performance can be achieved. Figures 4, 5 and 6 depict the trajectories
of the control input u;, the state variables x; » and immeasurable unmodeled dynamics &;.
Figure 7 shows that the tracking error can converge to an adjustable neighborhood of the
origin.

Example 2 In order to further test the effectiveness of the control strategy proposed in this

paper, the tripled inverted pendulums with unmodeled dynamics is considered, which is
shown in Fig. 8 [33].
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Fig. 14 The tracking performance comparison of MTN and RBFNN

where 6; (i = 1, 2, 3) is the angle of the ith pendulum, / is the length of each rod, a is the
distance from the pivot to the center of gravity of the rod, m; is the mass of the ith rod, k|
and k; are the spring constants and g is the gravitational acceleration.

Letx;; =6;andx; > = éi , the tripled inverted pendulum can be expressed as the following
large-scale nonlinear systems with dynamic uncertainties.

& =q

Xi1=giaxip+ fix+hin+ A
Xip=gipui + fip+hia+Ain
Vi =Xi1

(53)

where i = 1,2,3,j = 1,2,x,j(0) = 0,&(0) =0, q1 = =& +x{ 1, g11 =1, fig =
kla

hip = A1 =0,812 =1, fi2 = $sinxy1, b2 = ;1% (sin ys cos ya — sin yj cos y1),

Ap =& @ ——§2+X%1 g1 =1 fo1=hy = A21 =0,8.2=07 fro =

%sin x2,1, hap = k1”2 (sin y; cos y; — sin yp cos y2) + kz“ 5 (sin y3 cos y3 — sin y; cos y7),
Arp = EFsint, g3 = 53+x31,g31—1f31 h%1 Az =0, g2 = 12,
f2 = g sinx3,1, h32 = 2(s1ny2 cos y» — siny3cosy3), A3z = 53 cost. The given

reference signals is cons1dered as y1,4 = 0.5(sin 0.25¢ 4 sin 0.75¢t), y2.4 = 0.5sin¢?, y3 4 =
0.5(sin ¢ 4 sin 0.57). The parameters of systems (53) are designed as g = 9.8 m/s?,/ = 1 m,
a=0.1m,m; =my =m3=0.5Kg, ky =10 N/m, k = 20 N/m. The design parameters
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are chosen as: by, = 1, by = 1.2, ni1 = mi2 =m0 = m2 = 031 = m2 = 1,
ria=nrn1=rn1=30,rna2=rn2=r2=10,T'11 =T =I31=1I5,T12=T22=
'3, = Io.

The simulation results are illustrated in Figs. 9, 10, 11, 12 and 13, respectively.

The simulation results further show that the control strategy proposed in this paper can
achieve satisfactory results.

Remark 5 According to the definition of virtual control signal ; ; and actual control input
u;, satisfactory tracking performance can be achieved when r; ;, n; ; are positive constants
and I'; ; is a constant matrix. However, in practical applications, with the aim of achieving the
superior tracking performance, it is necessary to select a set of optimal parameters through
continuously adjusting the designed parameters.

Example 3 With the purpose of displaying the effectiveness of the proposed controller, based
on Example 1, a comparative experiment is given. The comparison figure of tracking per-
formance obtained by using MTN-based controller and radial basis function neural network
(RBFNN)-based controller is shown below.

As can be seen from Fig. 14, similar tracking performance is achieved. It is worth noting
that as a kind of NN with special structure, the middle layer of MTN uses polynomial rather
than radial basis function. Therefore, from a structural point of view, the calculation speed
of MTN control strategy is relatively fast.

5 Conclusion

The problem of adaptive tracking control for a class of large-scale nonlinear systems with
unknown dynamic uncertainties is studied in this paper. The control process is designed based
on backstepping and MTN technology. First of all, a dynamic signal is introduced to solve
the unknown dynamic uncertainties problem effectively. Combining adaptive control with
decentralized control,a MTN-based backstepping controller is proposed, which approximates
unknown nonlinearity via MTN technology. The controller can ensure that all signals in the
closed-loop systems are semi-global bounded, and the tracking error can converge to a small
adjustable neighborhood of the origin. Finally, three simulation examples are given to verify
the effectiveness of the proposed control strategy.

In the future work, a MTN-based adaptive fully distributed control method will be dis-
cussed for the problem considered in this paper. It is of great significance to provide an
adaptive backstepping control strategy to balance dynamic uncertainties and random noise
for large-scale nonlinear systems.

Funding Funding was provided by Natural Science Foundation of Shandong Province (Grant No.
ZR2020QF055).
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