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Abstract

For large-scale switched nonlinear systems subject to asymmetric input satura-
tion and output hysteresis, an adaptive control strategy is put forward by using a
novel neural network, that is, multi-dimensional Taylor network (MTN), which
can effectively cope with the output tracking problem of this system. Firstly,
asymmetric input saturation is expressed as the combination of a linear func-
tion and a bounded error function. Then, the modified Bouc-Wen hysteresis
model is employed to solve the nonlinear problem caused by output hysteresis.
Afterwards, based on the approximation ability of MTN, a novel adaptive decen-
tralized control method is designed by combining Lyapunov stability theory

with adaptive backstepping technology, which realizes the stability and bound-
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edness of the controlled systems. It should be noted that the asymmetric input
saturation, the output hysteresis, large-scale nonlinear systems and switched
nonlinear systems appear in the same framework for the first time. Finally, a
practical example and a numerical example are given to verify the availability of
the proposed control strategy.
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1 | INTRODUCTION

Of late years, the control of nonlinear systems subject to uncertain structures has fascinating serious attention in the
field of automation control.!* As two kinds of general approximators, fuzzy logic systems (FLSs) and neural networks
(NNs) are used to cope with the uncertainty problems caused by unknown nonlinear structures in the systems.*3 Among
them, multi-dimensional Taylor network (MTN), as a novel kind of NN, has been utilized to a host of nonlinear systems
due to its simple structure and powerful approximation performance, such as large-scale systems,”!? switched systems,!!
stochastic systems'>!® and discrete-time systems.* Unfortunately, so far, it is complete blank to fulfill the research on the
control of large-scale switched nonlinear systems via the MTN technology.

As the combination of interrelated subsystems, large-scale systems are comprehensively utilized in practical sys-
tems, including multi-agent systems,'® aerospace systems'® and power systems.!” Therefore, the research on control and
dynamic modeling of large-scale systems is of great practical significance. However, the control design of large-scale sys-
tems has become a significantly challenging problem due to the dispersion of controlled objects and the large number
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of variables. In order to solve this control problem, great deals of adaptive decentralized control approaches have been
published.'®2° Among them, on the basis of large-scale systems, switched systems, as a significant class of hybrid
systems with the unified dynamic mathematical model, have a profound industrial application background.?!*> Conse-
quently, it is a great value to investigate decentralized control of large-scale switched nonlinear systems. Therefore, for
large-scale switched nonlinear systems, quite a lot adaptive decentralized control strategies based on backstepping have
been published.?*** However, it should be pointed out that the control design and stability analysis of large-scale switched
nonlinear systems are complex due to the fact that the interactions of various inputs and outputs. Especially for the con-
straints analysis of various inputs and outputs, how to cope with the input and output constraints problem for large-scale
switched nonlinear systems turns into a serious challenge.

On the one hand, the problem of input saturation is inevitable in a multitude of practical dynamic systems. Input
saturation restricts the size of the control signals in the system and severely affects the stability of the system, which in
turn decreases the control accuracy. Therefore, for the sake of dealing with the input saturation problems in large-scale
systems or switched systems, lots of control strategies have been proposed.>2° The authors of Reference 26 discussed
the control issue of large-scale Markovian jump nonlinear systems with input saturation, but only the symmetric satura-
tion constraint was considered. However, it is also extraordinarily crucial and quite challenging to consider asymmetric
input constraints for nonlinear systems. On the other hand, hysteresis often occurs in the field of realistic systems.3%3!
The nonlinear problem depends not only on input but also on output, which is caused by hysteresis. Therefore, the
research on hysteresis has become a characteristic challenge in the control systems. For the sake of solving this chal-
lenge, quite a lot of mathematical models have been proposed, such as PI model,?? hysteresis inverse model** and
Duhen model.>* Compared with the above models, the modified Bouc-Wen hysteresis model was put forward by,
which can preferably solve the more general hysteresis problem. Based on the modified Bouc-Wen hysteresis model,
for switched systems or large-scale systems, many interesting research results about unknown hysteresis have been
obtained, such as input hysteresis,>**” backlash-like hysteresis,?® output hysteresis***°. However, according to our cur-
rent knowledge, there is no research on large-scale switched nonlinear systems with output hysteresis. Based on the
above discussion, it is more important and sense that how to compensate the influence of asymmetric input satu-
ration constraint and output hysteresis constraint has become an urgent problem for large-scale switched nonlinear
systems.

In this article, the tracking control problem for large-scale switched systems subject to asymmetric input saturation
and output hysteresis is discussed. Firstly, the asymmetric input saturation is transformed into the combination of a linear
function and a bounded error function. Then, the modified Bouc-Wen hysteresis model is applied to solve the nonlinear
problem caused by output hysteresis. Finally, an adaptive MTN-based control strategy is put forward, which combines
adaptive control and decentralized control in backstepping control process. The results show that the proposed control
strategy is effective. Compared with the existing literatures, the major contributions of this article are as follows:

(1) As a special NN, MTN is utilized on large-scale switched nonlinear systems for the first time. Based on the same
MTN estimation technology, the control scheme proposed in this article has quite differences from References 9-12.
Unlike,”!° the control issue of switched nonlinear systems is effectively solved. Different from Reference 11 and 12,
decentralized control research of large-scale systems is involved.

(2) Itis the first time that, as a class of nonlinear constraints, asymmetric input saturation is considered in large-scale
switched nonlinear systems. Although the tracking control problem of large-scale switched systems subject to input
saturation was researched by,?® only the symmetric input saturation constraint was considered. The asymmetric
input saturation constraints were considered in References 27-29, but these studies cannot cope with the control
problems of large-scale switched nonlinear systems.

(3) According to our current knowledge, there is no research on large-scale nonlinear systems subject to output hystere-
sis. In this article, the modified Bouc-Wen hysteresis model proposed by Zhou et al.*> to cope with the input hysteresis
issue is extended to the output hysteresis, and which is applied to large-scale switched nonlinear systems. The con-
trol strategy proposed in Reference 36 is only suitable for controlling large-scale systems with unknown actuator
hysteresis, rather than switched systems with output hysteresis. Even though the control results of switched systems
with output hysteresis were reported in References 39 and 40, the controlled objects do not include large-scale sys-
tems. The authors of References 23 and 24 considered the tracking control problem of large-scale switched systems,
but the problem of output hysteresis cannot be solved.

(4) It seems to us that little has been known about the research of large-scale systems, switched systems, asymmetric
input saturation, output hysteresis and MTN technology appearing in the same framework.
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2 | PRELIMINARIES AND FORMULATION
2.1 | System description

Considering a class of large-scale switched nonlinear systems subject to asymmetric input saturation and output
hysteresis, which consists of N subsystems.

bij = Pijr + Vijow <¢>i J) + Aijow (t, P; J> + Aijon@)

Gin,= Ui V) + Yino0 <$i,ni> + Ain,o) <t, Ei,nl) + Ainov®@) 1)
yi=Ei (1)

in system (1), i and j satisfy i =1, ... ,N,j=1,2, ... ,n; — 1, respectively. In addition, ¢;; mean the states of the i th
— T = T — .
system and @;; = [pi1, i, - - bij| € R, i = [bir, bias - s in] € R™.yi =E; (di1) express the output of the i th
system with hysteresis andy = [y;, ... ,yn]* € RN.6(f) : Ry - M = {1,2, ... ,m} represents the switching signal and m
denotes the number of subsystem. Withregard toVk € M,j =1, ... ,n;, vijk (51 J-> show the unknown nonlinear smooth

functions, and A;j (t, Ei J> show the unknown time-varying disturbance, and A;;(y) indicate the interconnections

between subsystems. v;, u; are the input and output of asymmetric nonsmooth saturation nonlinearity in the i th system,
respectively. u; (v;) can be expressed as

Hi,ma)u Vi 2 Uimax

Ui (Vi) = 9 hi V), —Uimin < Vi < Uimax > ()

— Hi min, Vi < —Uimin

where U; max, Uimin > 0 define the break points. H; max, Himin > 0 are the bounds of u; (v;). h; (v;) are the unknown smooth
and continuous nonlinear functions. u; (v;) represent the asymmetric input saturation constraint regarded in this article,
which are displayed in Figure 1.

FIGURE 1 Asymmetric input saturation constraint
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The objectives of the control scheme proposed in this article for system (1) are as follows:

(i) For the closed-loop system, all signals in it are bounded;
(ii) For the reference signals y; 4, the tracking error y; — y; 4 can be adjusted near the origin.
Assumption 1 (11). ForVt>0,i=1,2,... ,Nand Y ,1_/1-,0, Yi1, ... ,Y;, > 0 are constants, the y;4 and their time
—i0
derivative yg’;, j=1,2, ... ,nsatisfy the inequalities as follows =Y < y;4(t) < 1_/1-,0, |yi’d(t)| <Y1, ...,
’ ~i0

WO < Vi
Assumption 2 (39). ForVke M,i=1,2, ... ,Nandj=1,2, ... ,n;, the time-varying disturbance A; (t, Elj) satisfy
the following conditions.

Aijk (t, Ei,j) < @ijk <t, %,,-) + @ijk (3)

where @; <t, b, J) are unknown continuous functions and @;;; > 0 are constants.

Remark 1. The main idea of (3) is derived from Reference 41. With the aim of handling the discontinuous and unknown
time-varying disturbance A, (t, ai j > continuous functions @ x (t, Ei J) and constants @, ;; are designed. The constants
@i ensure that (3) hold for more general time-varying disturbance.

Assumption 3 (10). Combining with the mean value theorem, it can be obtained that nonlinear functions A; j ¢ (y) satisfy
the following conditions

N N
— 12 ~2
Ak @* < X A% 00 S Y VR ) @
=1 =1
with A;jx; V1), Aijkg (V1) express unknown nonlinear functions.

2.2 | Preprocessing of asymmetric input saturation model

For the sake of solving the nonsmooth problem in model (2), similar to Reference 29, continuous functions y; (v;) are used
to approximate u; (v;). Then smooth models are obtained as follows

Ui max tanh <Vi / ui,max) ;>0

(5)
— Ujmin tanh <Vi / ui.min) 0 <0

xi(v) =

with tanh(-) represents the hyperbolic tangent function. Then, u; (v;) can be rewritten as the combination of linear
functions and bounded error functions.

u(v) = i) +c(v), (6)

where |¢; (V)| = |u; () — i ()] < max {ui,max, ui,min} (1 — tanh(1)) = ¢; and ¢; > 0 are positive constants. Since y;(0) = 0,
for ¥; € (0,V;), the following formulas can be obtained by using the mean-value theorem.

2 = g G)w (7
with y/ (%) are the derivative of ;.
Assumption 4 (27). For the derivative of 7, there is a known constant k that holds the following inequality.

0<k< ()< co. ®)

Remark 2. The input saturation constraint considered in this article is asymmetric and nonlinear, which is more
comprehensive than References 25 and 26.
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2.3 | Processing of output constraint

In an effort to solve the issue of output hysteresis, the method of Reference 35 is introduced. Specifically, the system output
y; can be expressed by the following Bouc-Wen model.

Yi = Ei (¢i1) = piaia + pioh, )
wherei =1, ... ,N, pi1, pi» are unknown constants with the same sign. #; are auxiliary variables and satisfy the following
conditions.

hi = (ﬁi,lhi (hi,‘bi,l) (10)
hi(to) =0
with h; (R, ¢, ) are defined as
hi (hi, d)i,l) =1- sign ((j)i,l) lilhilKi_lhi - ﬁilhi|K", (11)

where 1;, 4;, K; denote the hysteretic parameters of the ith system and meet the requirements of ; > |4;| ,K; > 1.
Therefore, from (9), (10), and (11), it follows that

—_ 1 pi,
$i1 =B () =—yi - ihi,l, (12)
Di1 Dia
where ;1 = ;yihi <hl~,1, y—)
Dixh (hi.p[,%)ﬂ’u Pu
Then, new variables «;(f) are defined, which satisfy
Ki(t) = pix + pizhi (hi, iy ) - (13)

It is of interest to note that, according to Reference 41, the value range of «;(t) satisfy [—x;, —x,| U [k, ;] with k, > 0,
k; > 0, and satisfy

K= |pi’1|

Ki = |pia| + |piz] <1+ g |4 > (14)

L+ A L+ A

Remark 3. The output hysteresis, auxiliary variables #; and hysteresis inverse considered in this article are shown in
Figure 2. Output hysteresis exists widely in a variety of industrial applications, such as flexible guided lifting systems,
steering systems, floating container cranes systems and piezoceramic actuator systems. Therefore, it is of great practical
significance to solve the complex nonlinear problem caused by the output hysteresis.

2.4 | Nussbaum-type function

If the following are true, then the function N(s) is a Nussbaum function.

p
lim sup=/ N(s)ds= oo,
p—+co 0
1 [P
lim inf= [ N(s)ds = —oo. 15)
p—+oo p 0

It should be pointed that, many functions such as #? cos #, 2 sin #, exp (;12) satisfy the conditions of (15).
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FIGURE 2 Output hysteresis structure

Lemma 1 (41). Supposing A;(t) and ni(t) are smooth functions defined in [O, tf], then A;(t), ni(t) and
/Otf Wi(ON; () + 1) 7,27 dr are all bounded for t € [0, ;] and ty < +oo, if the following inequalities hold

&
0<A() <01 + / (wiN; () + 1) e~ 29 dr, (16)
0

where y;(t) are the time-varying coefficients with value on E; := [Yi‘, Y:r] and 0 ¢ E;, N; (;) are smooth Nussbaum-type
functions, and ©; 1, ©;, are positive scalars.

2.5 | Multi-dimensional Taylor network
MTN is an especial three layer NN, and its structure is shown in Figure 3. In this article, the MTN is intro-

duced into the controller design process to handle with the unknown nonlinearity. For MTN, the following Lemma
holds.
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Lemma 2 (10). On a compact set Q, for a continuous function Q(¢) : R" — R, and Yo > 0, there exists a MTN ﬁTPmﬂ(e)
as follow

Q(e) = BTPy, (€) + 8(e), (17)

T . . A
where Py, (€) = [51, e En €2, L En, L ET L ,eﬂ € Rlis the middle layer vector of MTN. € = [€1, €3, ... ,€,]7 € R"

is the input vector of MTN. 6(¢) is the approximate error between Q(g) and ﬁTPmn(e), and |6(g)| < 6. B is the weight vector
of MIN, and f* := argminseg {supAeg 'Q(e) - ﬂTPmn(e)‘ } eR.

3 | ADAPTIVE MTN TRACKING CONTROLLER DESIGN

Firstly, defining the coordinate transformation as follows

Zi1=Yi—Vid . 7 (18)
=i — a1, =2, ..., h

wherei=1, ... ,N, y;q are the reference signals. o;j_; are the virtual control signals, which values will be given in later
design.

2
Secondly, for i =1, 2, ,N,j=1,2, ... ,n;, unknown constants f;; are defined, and f;; = max { ”ﬁi,ij ke M}

B are the weight vectors of MTN, and their values will be given later. i j are the estimated values of f§;; and satisfy

ﬁ ﬂl,} ﬂlJ

Step i, 1: Constructing the 1th Lyapunov functions as follows

1 1=
Via = EZIZI + Eﬁi,r 19)

Based on z;; = y; — yig, (1) and (19), the time derivative of V;; are as follows
Via = k(021 (Zi2 + oy + Yk + Aivk + Ai1k®)) — Zi1dia — Birbis- (20)
With the help of Young’s inequality, and taking Assumptions 2 and 3 into consideration, the following inequalities can

be obtained.
—2

1,
ki(D2iaZi2 < = —z, + 2212, (21)
1 N
=2
k(D21 AsLkP) < Ezll + —Azlk(y) <S8+ 5 2 Vi Ak 0. (22)
=1
1 K,
Ziaki(®) (Vi + Apnk) < 2031 + ﬁzi%lRiz,Lk (23)

with Ri1x = Yi1k + @iak (t, EiJ) + @; 1, are continuous functions, and a;; > 0 are constants.
Then, from (20), (21), (22), and (23), the time derivative of V;; can be redescribed in the following form.
Vii < —2Wi,1Z,- + =

N
1 -2 ~ A
+zi1 [k + Quak] + EZ Vi1 0D — Bi (Zz1> Ziy = BB (24)
=1

1
212 211

where Q;1x = 2 zl 1Rl 1k —Via+t (Zwl-’l + Ef) Zi1+ Bi ( > Z;1 are unknown functions. B; < ) indicate auxiliary func-

tions. w;; > 0 are constants.
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For unknown functions Q; 1 x, in the light of Lemma 2, for Vo; 1 x > 0, there must be a MTN can be used to approximate
them, in other words, Q;; x satisfy

Qitk = ﬁzl,kpm,;l (51-,1) + 61k (%,1) (25)

with Em = [¢i,1]T, Sitk (EiJ) are the error between Q;;x and ﬁl P (En)
From Young’s inequality and (25), the following inequalities can be acquired.

2 T 1 L
Zlellk < 2f11 fz ll”ﬂzlk” P llP m;; + Ezi + 2511/(
1o Pl Py, + 322, + 2 26
5 11 szz 11ﬁ11 mz.1+2le+261k (26)

with #;; > 0 denote constants.
Then, comprehensive consideration of (24) and (26), the virtual control signals a;; can be designed as follows

1
m=MMOL@m+Q&H—26MW Pw @7)

‘

Combining (24), (26), and (27), one has

. . ~ 1 A
Vip < = (win = 1) 27, + [(ON; () + 1y + By <ﬁzzlprTni_1Pm,,l - ﬂi,1>

il
1 1 < 1
+5<a +f2 +O_;1k)+22 llkl(yl)_ '<11>Z11+2Z122 (28)
I=1
with the adaptive laws can be design as 7; = — (wi’l + %) Zi+3 ﬂ zl 1 ﬁl 1P,Tnl_JPmm.
Step i, 2: Constructing the 2nd Lyapunov functions as follows
Vi,z—Vl1+212+ ﬂzz (29)
Based on z;, = ¢hi2 — @i1, (1) and (29), the time derivative of V;, are as follows
Via =z (23 + @iz + viok + Aok + Aok @) — &i1) — Binbin + Via (30)
e R oa;. da;, i1 (141
withi=1,2, ... ,N, a;; = '“/311 bt P+ L nl+2100y1yj;)

By the aid of Young s 1nequa11ty, takmg Assumptlons 2 and 3, the following inequalities can be gained.

1,

1,

2i2%i3 < zzlz + 2% (31)

1 N

2 2 72
amnw<fmvﬂnm Tzign&mmx (32)
N 1 1L 2 p2
Zi2 (vizk + Aizk) < > 12+Izlz L2k (33)
i,2

with Rizx = Viok + @ik (t, ¢i,2> + §;, are continuous functions, and a;, > 0 are constants.
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Then, from (30), (31), (32), and (33), it follows that

N

. . 1 1 1 =2 = A

Via<Vii+2, 2Zl 3t 5 az, +2zia (@2 + Qizk) + EZ ViAi2g1 0D — Bisbiz (34)
I=1

with Qi2x = 2, zl »R? — @&;; are unknown functions.

i,2,k
For unknown functions Q;,, in the light of Lemma 2, for Vo, ,x > 0, there must be a MTN can be used to approximate
them, in other words, Q;, satisfy

Qizk = .Bzz,kpm,"2 (@z) + 6i2k (%,z) (35)

with ¢, = |11, ¢ 2] 8i2.x are the error between Q;2x and B,  Pm,, <¢,2>
Based on (35) and with the help of Young’s inequality, the following inequalities are true.

1 1, 1
Zzlezk_—fz ZiZz”ﬁiZkHZPTlZP + -z, + ale

2"12 " 32 Gl 2772
i,2
1, 1 5, T 1, 1,
< Efi,z + ?zi,zﬂi,szi, Pm + 2Z zo-i,2,k (36)

i,2

with #;, > 0 denote constants.
Then, comprehensive consideration of (34) and (36), the virtual control signals «;, can be designed as follows

1 .
@ =—(Wiz+1)zi2— ?Zi,zﬂi,zp rTnmP m, (37)
i2

with w;; > 0 are constants.
Combining (28), (34), (36), and (37), the new form of V;, can be expressed as

2
Via <= ) (wig = 1) 2, + [i(ON; () + 117, + Z Biq < 7 z; P, P, — /?i,q>

2 2 N
1 1 =2 1
+ EZ (aiq + 0+ O'iz,q,k) + EZ Z ViAiqu1 0D = B; ( >Z + 2Z13- (38)
Step i,j (3 <j < n; — 1): Constructing the jth Lyapunov functions as follows

1 1
2%+ 3P (39)

Vij=Vij1+ 5

Based on z;j = ¢ij — aij-1, (1) and (39), the time derivative of Vj; are as follows

Vij = 2ij (Zujer + @iy + Vigk + Dijik + Aiia®) — @ijr ) — Bijbiy + Vi (40)
s . . i i 2 i 9y (1+1)
withi=1,2, ... .N,j=2, ... ,m—2,d;;= llaﬁjﬁzl 11a¢d¢ll Jyl+_JWI+ ZanJ d

On the basis of Young’s 1nequa11ty, taking Assumptions 2 and 3 into cons1derat10n the following inequalities can be
achieved.

1, 1,
ZlleJ+1 2Z + 2Z1J+1’ (41)
1 N
<2
2ijAijc®) < —z + A2 MOEELTRED I R (42)

=1
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1 1
i (VLJk + Ay, k) < -ai + —Z2R2 (43)

with Rijx = vijk + @ijk (t, $i J> + @,k are continuous functions, and a;; > 0 are constants.
Then, from (40), (41), (42), and (43), it follows that

N
1 1 1 5 2 < 5 e
VIJ = Z + 2Z1J+1 + 2(1 + Zij (alJ + Ql,]k EZ ylAiJ,k,l o) - ﬁi,jﬂiJ‘ + Vi,]'—l (44)
I=1
with Q;jx = ﬁz,- JRiZJ. , — @ijo1 are unknown functions.
ij ?

For unknown functions Qijk, in the light of Lemma 2, for Vo; . > 0, there must be a MTN can be used to approximate
them, in other words, Q;; satisfy

Qijk = By Pm, (EiJ) + Bijk (61,;) (45)

T —
with ¢, = ;= [#i1. .- - dij] .+ 61k are the error between Q;;x and ﬁiTJ‘kPm”, (c/)i J->.
Based on (45) and with the help of Young’s inequality, the following inequalities are true.

1 1 1 2
ZiJQiJ,k < 551’] 1J||ﬁ1Jk|’ m + ZZ + 261Jk
1, 1 1-,,.1,
<50 ﬁ%ﬂw myFmy + 3%+ 3% o

with #;; > 0 denote constants.
Then, comprehensive consideration of (44) and (46), the virtual control signals a;; can be designed as follows

1 5 pT
aj=— (Wi + 1)z — ?Zi,;ﬁupmwpmi_j (47)
ij
with w;; > 0 are constants.
Combining (44), (46), (47) and repeating Step i, 2, the new form of V; j can be described as
j A
Vij < Zl (Wig = 1) 27, + [<i(ON; () + 11 + Z Biq fz 2 P, P, = Big
q:
13 19 1
2 25
+§2<a +f +O'lqk)+522yl lqkl(yl)_ ( )z11+2Z1J+1 (48)
g=1 g=1 1=1
Remark 4. Term 2zlJ+1, i=1,2,n,j=1,2,n; — 1 will be solved in the Step i,j + 1.
Step i, n;: Constructing the »n;th Lyapunov functions as follows
1 12
Vin, = Vi1 + EZiZ,ni + Eﬂi,ni‘ (49)
Based on z;n, = @i, — @in—1, (1) and (49), the time derivative of V; ,, are as follows
Vin, = Zim, (2Vi + i + Vingk + Dinge + Ain k¥ — din-1) — Bi,niﬁi,ni + Vi1 (50)
. . . _ n;—1 aalnL A - lYll aazl aall n;—1 aal IHini—1 (l+1)
withi=1,2, ... ,N, &in-1=2," = f+ 11 ~biy + +Z o Vid -

By the aid of Young’s inequality, taklng Assumptlons 2 and 3 1nto con31derat10n the following inequalities can be
gained.
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1 N
2
Zin Ain k@) < z -+ Afn WO <52+ 5 D VA 00 (51)
=1
1 1-2
ZinCi < Ezini + 26, (52)

a, + ! z, R, (53)

l\)l»—l

with Rip k = Yink + @ink <t, 51-,,”) + ;o are continuous functions, and a; ,, > 0 are constants.
Then, from (50), (51), (52), and (53), it follows that

N
. . 1- 1 1 2 ~ A
Vi,ni = Vi,ni—l + ziz,ni + E(Ji + Eaiz,"i +Zin, ()(i’vl' + Qi,ni,k) + EZ ylel-yni,k,l o) — ﬂi,niﬂi,ni (54)
1=1
with Qi = Py —Zi ”lezn &~ @in-1 are unknown functions.

For unknown functions Q;y k, on the basis of Lemma 2, for Vo;, , > 0, there must be a MTN can be used to
approximate them, in other words, Q; , « satisfy

Qink = /3”, KPmy, <¢1n ) + Sin,k <$i,n[> (55)

with ai,ni = [¢i,1, bizs oo i n] i,k are the error between Q;,, x and ﬁl " WP <$i’ni )
Based on (55) and with the help of Young’s inequality, the following 1nequahties are true.

1, 1 5, 25T 1, 1
Zin, Qi ke < Efi,"z + 207 Zin, ﬂi,ni,k” Py, Pm,, + 5%in, T 50 nl,k
1 2 T 1, 1,
S Efivni + Zfz Zi,niﬁi’nipmi.nipmi,ni + Ezivni + Eai»”isk (56)
i,n;

with Z;,, > 0 denote constants.
Then, comprehensive consideration of (54) and (56), the control inputs v; can be designed as follows

1 1 ~
Vi = —E (Wi,ni + 1) Zin, T ﬁZi»niﬁi,niPrTni,niPmi.ni] (57)
i,n;

with w;,, > 0 are constants.
Combining Assumption 4, (48), (54), (56), and (57), the new form of Vi,nl_ can be described as

1 A
Vln < Z rlqzlq + [ (ON; () + 11 7; + Z ﬂzq < Z'Z P;Fni‘quivq - ﬁi,q)

2 g
& 22,

n; n
- 2 12 1 -
<(1 +I/ﬂ +quk)+50i+5

+
q=1 q=1

M=

2
V1A g1 0D — B; <Z§1> Ziz,l, (58)

N | =
I
-

where rig = w;g—1> 0.

4 | STABILITY ANALYSIS

Theorem 1. Considering large-scale switched nonlinear systems (1) subject to asymmetric input saturation and unknown
output hysteresis, if the virtual control signals and the control inputs are designed as (27), (37), (47) and (57), the adaptive
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control laws are designed as

ﬂ él,}ﬂw + yzwpmup ij° (59)
wherei=1, ... ,N,j=1, ... ,n;, & > 0 are constants. For any bounded initial conditions, one has
(i) For the closed-loop system, all signals in it are bounded;
(i) Tracking error y; — y; 4 can converge to an adjustable region of the origin.
Proof. Based on Section 3, constructing the Lyapunov function for the closed-loop system as follows
1 N n 1 N n
== 2 42 i
V_zz ziJ+22 fi. (60)
i=1 j=1 i=1 j=1
Then, it follows from (58) that
N n N LA
. =2
V<= X g+ 2 ION ) + i+ 5 3 (au +7} +af,k> +-)5
i=1 j=1 i=1 i=1 j=1 i=1
N n AL N
~ A -2
- Z y ( i 22 PY, P, ﬂl,) 30D Y o - Y, B () 2 (61)
i=1 j= i=1 j=1 I=1 i=1
According to (59), the following inequalities can be derived.
- 1 A 1, =2 1
By <EZ?JP,T%Pm,._J. - ﬁiJ> < =5&bi + 58 (62)
ij
In addition, the following inequality is ensured by selecting the appropriate auxiliary functions B; <zil )
AL N
72
52 Y ViAo - ) By (Zf’l) z;, 0. (63)
i=1 j=1 I=1 i=1
From (61), (62), and (63), it follows that
V <—aV+b+ Y [k(ON; () + 111, (64)

i=1

i j i N i N ;
wherefork e M,i=1, ... ,N,j=1, ... ,n;,a =min {ZViJ,fiJ}, b= %Zi:l Z;’zl éiJﬂiz,; + %Zi:l Z]ll (a + fZ + GlJmax)
IyvN =2
+ ;Zizl Ci, Uf‘i’max = max{a;)k|k € M}.
Integrating (64) from O to ¢ (¢ > 0), the following inequality holds

N t
0<V < |V - g] e+ g + e“"z / [k (ON; () + 1] 7,¢** dr. (65)
i=1 /0

Similar to Reference 41, according to inequality (65), the conclusion can be drawn that all signals of the closed-loop system
are bounded, and the tracking error can be adjusted to a small neighborhood of the origin.
That completes the proof of Theorem 1. m
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5 | SIMULATION STUDY

The effectiveness of the proposed controller is verified by a numerical example and a practical example.

Example 1. Considering the following large-scale switched nonlinear system subject to asymmetric input saturation and
output hysteresis.

+ A1k ([, 51,1) + A1)
51,2) + Aok (t, $1,2> + A1)

11 =12+ 1k (Eu)
= U1 (11(1) + 112k <
1 =piradia +piai
$r1 = P22+ 121k (52,1> + A2k (f, 52,1) + A1)
< ) + Aok <t, Ez,z) + A224Q)

S
S
|

(66)

= Uy (v2(8)) + Y22k (@

-
N
S

|

Y2 = DP21$21 + P220o

S

with initial states ¢1.1(0) = ¢1.2(0) = ¢21(0) = ¢22(0) = 0. For Vk € M, o(?) : [0, 0) > M = {1, 2} is the switching signal.
When k = 1, the nonlinear functions in the system are setas y111 = —0.2¢1.1, y121 = —0.2¢1112, 7211 = —0.2¢h21, 7221 =
—0.2¢21¢22, A111 = ¢11 sinzt, Aip1 = ¢, sinat, Ayi1 = doasinat, Ayz1 = oaaasinat, Aviy = y1ya, Aran = ¥y,
Az11 =Y1Y2, Ao = y1y2 When k = 2, the nonlinear functions in the system are set as y; ., = —0. 1(1)1 1 7122 = —0. 1(,1)1 5
7212 = —0. 1492,1, 7222 = —0. 1¢2,2, A1 =@racosat, Arpp = ¢p11$12C08wt, Mgz = Po1COSaL, Appo = Po1¢h22COS L,
A1z = 0.501)2, A122 = 0.5V1y2, Az12 = 0.591)2, Az22 = 0.501)5.

Fori,j = 1,2, the parameters settings of output hysteresis are as follows: p;; = 1,1; = 5, K; = 2, 4; = 3.5. Therefore, the
=5 | i | 17l i — 3-5¢i,1|hi|2.

hi(t)=0

According to Theorem 1, the control structures of system (66) can be designed as follows.

output hysteresis can be expressed as y; = ¢;1 + #;, with {hi = bur

1
a1 = Nj () l— <Wi,1 + =

2 ) leﬂl 1P P ]

)Zi,l + z,”

1
v = 7 l(wi,z + 1) Zip + 2 ZlZﬂzZPm 2P 12] >

f
ﬂ =—&ibij+ —5% PT P, (67)
2fu Y
Withi,j=1,2,Ni('1i)=77,-200577i,'7i:—<Wi,1+%>z +2f2 leﬂu o Py Zin = dia = Yids Ziz = bia — 0111,211—[211]

Zi2 = [zi,l,zi,z]T. The parameters of the design controller are as follows: k = 1, w; 1 = 159.5, w12 = 29, w1 = 129.5, w,; =
89,611=1,62=2,£1=01,6,=02,711 =012 =021 =022 =1, U max = 8, Ui min = 9, Uz max = 40, Uz min = 10. The
simulation results are shown in Figures 4-8.

The trajectories of the system output y;(f) and their reference signals y; 4(t) are shown in Figure 4. The asymmetric
control inputs v;(¢) are displayed in Figure 5. Figures 6-8 respectively reveal the state variables ¢; », ¢, 5, switching signal
o(t) and the tracking error of the system (66). The tracking error can converge to an adjustable region of the origin. It can
be concluded from the simulation results in Figures 4-8 that the control strategy proposed in this article is effective.

Example 2. The inverted pendulum connected by two springs is controlled to verify the effectiveness of the control
scheme proposed in this article, which can be transformed as a switched nonlinear system.*

bi1 = di2
Bio = s 00+ (25 = 2 ) sin (ua) + ZE2 4y (12 ) + Aize®) (68)
Yi = DPirdia + pizh
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The reference signal y; 4

— — — = The system output y;
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The reference signal y, 4
05 — — = — The system output y, B
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0 5 10 15 20 25 30
time (sec)

FIGURE 4 System output y;(¢) and reference signal y; 4(f) of Example 1

0 5 10 15 20 25 30
Time (sec)

FIGURE 5 System control input of Example 1

where i = 1,2 and the initial states, switching signal, the parameters setting of output hysteresis, and the control struc-
tures of system are the same as those in Example 1. When k = 1, the nonlinear functions in the system are set as

X X 2
Y121 = M, Vo1 = M, Ajp1 = % sin (1), Az21 = % sin (y;). When k = 2, the nonlinear functions
1 2
2 .
in the system are set as y1 2, = ¢1'2+S(¢“), Y222 = ¢”+S(¢“), A2 =A002 = % sin (y1y2). The parameters design of the

1 2
inverted pendulum connected by two springs are shown in the Table 1. The parameters of the design controller are as
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FIGURE 6 State variables ¢ ,, ¢,, of Example 1
3 T T T T T
Switching signal o (t) ‘
251 7
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0 5 10 15 20 25 30
Time (sec)
FIGURE 7 Switching signal of Example 1

fOllOWS: k= 1,W1’1 = 99.5,W1,2 = 9,W2’1 = 99.5,W2,2 = 49, 51’1 = 1, 61‘2 = 2, 52’1 = 0.1,52’2 = 02, LﬂLl = fl,Z = 52,1 = fz,z =

1, Ui max = 5, Ui.min = 4, Uz max = 7, Uz min = 8. The simulation results are shown in Figures 9-13.

Figures 9-13 show that the control strategy proposed in this article can still achieve good results for practical system.
The above results further prove the effectiveness of the proposed controller.

Remark 5. In view of the following three aspects, the complexity of the adaptive MTN control strategy proposed

in this article is effectively reduced. (i) On the basis of backstepping technology, the construction of Lyapunov

functions and the controller design process are procedural, which ensures that the control strategy proposed in
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FIGURE 8 The tracking error of Example 1
TABLE 1 The parameters of system (68)
Parameter name Parameter value
Pendulum end masses m;, m, 0.1 kg,0.2 kg
Moments of inertia J 1kg
Spring constant S 10 N/m
The height of pendulum r 0.5m
The spring’s natural length [ 0.5m
Gravitational acceleration g 9.8 m/s?
The distance between two pendulum hinges b 0.4 m
0.5 —
The reference signal y; 4
— = — — The system output y;
O -
_0.5 1 1 1
0 5 10 15 20 25 30
time (sec)

T

1

T

The reference signal y, 4

— — — — The system output y,

\

FIGURE 9

15
time (sec)

System output y;(t) and reference signal y; 4(t) of Example 2

20

25

30
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FIGURE 10 System control input of Example 2
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l State variable ¢,
1 ~
0 -
Ak |
-2 L 1 L . )
Time (sec)

FIGURE 11 State variables ¢ ,, ¢, , of Example 2

this article is easy to achieve. (i) Either in comparison to large-scale nonlinear systems?’*® or switched nonlin-
ear systems®’ with asymmetric input saturation constraints, or in comparison to switched nonlinear systems with
output hysteresis,* this article investigates the control problem of more general large-scale switched nonlinear sys-
tems, and the proposed controller structures are simpler. (iii) As a kind of NN with special structure, MTN adopts
polynomial to approximate nonlinearity, which greatly reduces the computational complexity. The MTN-based con-
trol strategy is easy to be applied in practice, which has excellent dynamic performance and can realizes real-time
tracking.
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FIGURE 12 Switching signal of Example 2
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FIGURE 13 The tracking error of Example 2

6 | CONCLUSION

The problem of tracking control for large-scale switched nonlinear systems with asymmetric input saturation constraint
and output hysteresis is studied in this article. Firstly, the asymmetric input saturation constraint in the controlled sys-
tem is transformed into the combination of a linear function and a bounded error function. Secondly, the nonlinear
output hysteresis in the controlled system is converted into a linear problem. Thirdly, in the control process, an adaptive
backstepping control strategy based on common Lyapunov functions is proposed by combining Nussbaum function with
MTN technology. Significantly, it is the first time that asymmetric input saturation constraint and output hysteresis are
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considered for large-scale switched systems. Finally, two simulation examples are given to verify the effectiveness of the
control scheme proposed in this article.
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