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adaptive multi-dimensional Taylor network approach
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ABSTRACT

For switched nonlinear systems with output hysteresis, by working on multi-dimensional Taylor network
(MTN), an adaptive control strategy is put forward, which can effectively solve the tracking control prob-
lem. Firstly, the modified Bouc—-Wen hysteresis model is employed to cope with the nonlinear problem
caused by output hysteresis. Secondly, the Nussbaum function is introduced into the control design pro-
cess, and MTN is used to approach nonlinear structures. Thirdly, a novel network adaptive control strategy
is constructed with the help of a common Lyapunov function, which can realize the tracking control and
stability of the system simultaneously. It is worth noting that as a new type of neural network, MTN is first
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used for control of switched systems with output hysteresis. Finally, two simulation examples show that

the proposed control strategy is effective.

1. Introduction

Over the past few decades, for the purpose of solving the issue
caused by the nonlinear structures in the control systems, fuzzy
logic systems (FLSs) and neural networks (NNs) were exten-
sively used in various systems as two kinds of general-purpose
approximate methods (Han et al., 2021; Li et al., 2019a, 2021;
Niu et al., 2020; Yue & Li, 2019). It is worth noting that multi-
dimensional Taylor network (MTN), as one of NN with a special
structure, has attracted quite a lot of attention due to its excel-
lent approximation ability, dynamic performance and simple
structure (Yan & Duan, 2021). Many research results of MTN
in plenty of systems were published, such as large-scale non-
linear systems (Chu et al., 2021), nonlinear systems (Han, Li
etal., 2021), discrete-time nonlinear systems (Duan et al., 2020)
and stochastic nonlinear systems (Han, 2018). Nevertheless,
there are few research results on MTN for switched nonlinear
systems.

In the wake of the rapid developments of automatic con-
trol theory, it is not easy to solve the problem faced by con-
trol science with a single control model. Consequently, as a
kind of unified dynamic mathematical model, the research
of hybrid systems has caught extensive attention (Cassandras
et al., 2001; Henzinger et al., 1998; Juloski et al., 2005; Zhao
et al., 2005). Among them, switched systems, as one of the
important hybrid systems, has a wide range of industrial appli-
cation background (Gong et al., 2011; Min et al,, 2021; Zhang
et al., 2015). Therefore, the study of switched nonlinear sys-
tems has become a research highlight in the field of automation

and control, and a host of research achievements have been
obtained (Lietal.,2021,2019b; Mao et al., 2022; Niu et al., 2018).
For the control problem of switched nonlinear systems, many
control approaches have been proposed, such as decentralized
control (Li et al., 2021; Zhang et al., 2021), adaptive control
(Wu et al, 2020), robust control (Niu & Zhao, 2012; Xiang
et al., 2012), fault-tolerant control (Zou et al., 2021), backstep-
ping design method (Ma & Zhao, 2010; Yin et al., 2020) and so
on. Among them, the backstepping design method has received
widespread attention since this method can obtain a globally
stable controller for the nonlinear systems that do not meet the
matching conditions. Subsequently, many adaptive backstep-
ping control strategies have been proposed for quite a lot of
important switched nonlinear systems, for instance, uncertain
switched systems (Chiang & Fu, 2014; Lai et al., 2018), switched
systems with input delay (Niu & Li, 2018) and switched sys-
tems without strict feedback (Liu et al., 2017). However, the
problem of output hysteresis is not considered in the research
achievements mentioned above.

In a multitude of practical systems, the hysteretic phe-
nomenon often occurs, and it seriously degrades the system
performance. In view of hysteresis not only depends on the
output but also depends on the input, so it is difficult to cope
with the hysteresis. In the past period of time, a lot of stud-
ies on the hysteresis problem were reported (Chen et al., 2008;
Han et al, 2015; Su et al, 2000; Tao & Kokotovic, 1995;
Zhou et al, 2012). For systems with hysteresis, authors in
Tao and Kokotovic (1995) achieved hysteresis linearisation by
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constructing hysteresis inverse, which can improve system per-
formance. With the help of the PI model, authors in Chen
et al. (2008) proposed an adaptive control strategy for dynamic
systems. Authors in Zhou et al. (2012) first proposed a modified
Bouc-Wen hysteresis model, which can deal with the control
problem of systems subject to more general hysteresis. Since
then, the modified Bouc—Wen hysteresis model has become a
popular design method to cope with hysteretic problem (Liu
et al,, 2015; Ma et al, 2019). However, the above methods
were mostly focused on general nonlinear systems rather than
switched systems, let alone switched nonlinear systems with
output hysteresis. Therefore, it is very meaningful to apply the
modified Bouc-Wen hysteresis model to switched nonlinear
systems with output hysteresis.

On the basis of the above investigations, this article
endeavours to develop an adaptive control strategy for a
class of switched nonlinear systems with unknown out-
put hysteresis. Firstly, the difficulty caused by the out-
put hysteresis is overcome by introducing the modified
Bouc-Wen hysteresis model. Then, in each step of back-
stepping, the nonlinear structures are approximated by an
MTN, and a novel type of network-based adaptive con-
troller is obtained. Finally, the results display that the pro-
posed control strategy is practicable for switched nonlinear
systems. The central contributions of this article are as fol-
lows:

(1) Although the adaptive MTN backstepping control has
achieved some research results for switched nonlinear sys-
tems (He et al., 2022; Zhu et al., 2020), the problem of sys-
tem instability caused by output hysteresis remains unre-
solved. In addition, although authors in Han (2021) dis-
cussed the tracking control issue for systems with output
nonlinearity, only the output dead-zone is considered, and
the output hysteresis is not considered. Moreover, the pro-
posed MTN-based control strategies in Chu et al. (2021),
Han (2021), and Yan and Duan (2021) are not suitable for
switched nonlinear systems.

(2) The modified Bouc-Wen hysteresis model proposed in
Zhou et al. (2012) is generalised to switched systems for
the first time. Unlike the traditional problem of hystere-
sis for uncertain nonlinear systems (Zhou et al., 2012), this
article addresses the issue of output hysteresis for switched
nonlinear systems, which is also an important cause of sys-
tem instability. Although the similar work was studied by
Lyu et al. (2019), a novel network controller is structured
in this article, which has a simpler structure than that of
Lyu et al. (2019).

(3) The control method combining MTN and modified
Bouc-Wen hysteresis model is adopted for the first time
to settle complex nonlinear problems for switched nonlin-
ear systems subject to output hysteresis, and the amount of
calculation can be greatly reduced.

The following notations will be applied in this article. R"
denotes the n-dimensional real space. For a given matrix or
vector x, x| means its transpose, ||x|| represents its 2-norm.
')&TPml. (x) is defined as MTN with i inputs and intermediate
layer polynomials of the highest power m;.

2. Problem formulation and preliminaries
2.1 System description

The following switched nonlinear systems with unknown out-
put hysteresis are considered.

<I5i=¢i+1+hi,g(t)< )—i—Am(t)( ) 1<i<n-—1
b= v+ husr) ((b ) + Ano ( to, )

y=T(¢)

1)
where ¢ = [¢1,¢2, . .. ,¢n]'T € R" denotes the state vector, and
¢, =[o1,02,...,¢]]" € R with i=1,2,...,n. o(t): Ry —
M ={1,2,...,m} denotes the switching signal and m denotes

the 1_1umber of subsystem. For i=1,2,...,n and Vk € M,
hix(¢;) represent unknown smooth nonlinear functions and
A;x(t,9;) represent the unknown time-varying disturbance.
y = I'(¢1) represents the output of systems and the hysteresis
mechanism. u(t) is the control input.

For reference signal y;, the main task of this article is to
design an adaptive control strategy for system (1) and achieve
the following objectives.

(1) For the closed-loop system, all signals in it are bounded;
(2) Tracking error, i.e. y — y4, can converge to an adjustable
region of the origin.

Assumption 2.1 (Li et al,, 2014): For V¢t > 0 and Y, Yy, Y1,
,Y, > 0 are constants, the y; and its time derivative

0 —Yo < yalt) <

Vi »1 < j < nsatisfy the inequalities as follows
Yo [ja()] < Y1,y O] < Yo

Assumption 2.2: For every i =1,2,...,n and Vk € M, the

time-varying disturbance A;x(t, ¢;) satisfy the following con-
dition.

Ak (6.8:) = ok (8.8:) + P @

where @; i (t, qsi) are unknown functions and ¢; x are unknown
constants.

Remark 2.1: The main idea of (2) comes from Liu et al. (2015).
A more general form of expansion and contraction for the time-
varying disturbance is taken into account in this article.

2.2 Processing of output item

The output hysteresis problem is solved by the modified
Bouc-Wen hysteresis model, which was reported in Zhou
et al. (2012). Its mathematical model is as follows

y=T(¢1) = p1¢1 + p2h (3)

where p1, p; are unknown constants and satisfy sign(,ol) =
sign(pz). h is an auxiliary variable, which can be solved by the



following differential equation.

i
ho

where ¢, @, K are hysteretic parameters and satisfy conditions
t> |o|,K > 1.

=1 — || 1N B — @y [B]N = dih
=0

(B, 1) @)

h(h 1) =1~ sign (1) LIRS h— o [BK (5)
Then, the inverse of model (3) can be expressed as
1
¢ =T ()= —y—2n (6)
£1 P1
; ¥ 7
where fi; = ey y EveS yh(hl, ) and h(hl, ) can be defined
by (5).

The variable « () is defined as follows
Kk (t) = p1 + pah (B 1)
So it can be concluded that y = k(H)r.

Assumption 2.3 (Liu et al., 2015): The value range «(¢) is

[—&,—k] U [«,k]. Among them, positive constants k,k are
defined as
= |p1]
_ L | | (8)
= lpil + 1+ ——+
1] |P2|< P L+ZU)

2.3 Nussbaum-Type function

Definition 2.1 (Liu et al,, 2015): For variable &, if the follow-
ing conditions are satisfied, the function N(¢) is said to be a
Nussbaum function.

I3
lim sup - / N(¢)d¢ =0
e—+o00
hm inf— / N(¢)d¢c = — 9)
€*> o0

It should be pointed out that many functions satisfy the con-
dition of (9), such as ¢ cos ¢, ¢?sin ¢, exp(¢?). For the Nuss-
baum function, the following Lemma holds.

Lemma 2.1 (Zhang & Ge, 2007): Supposing W (t) and ¢(t)
are smooth functions defined in [0,t7]. Then W(t), ¢(t),

fotf (E(HN(g) + 1)ce™ 2= dr are all bounded for t € [0, tr]
and ty < +00, if the following inequality holds

tr
0<w(n <6 + / EWBON () + 1) ce D dr (10)
0

where E(t) is the time-varying coefficient with value on E :=
[Y~,YT]and0 ¢ E. N(g) is a smooth Nussbaum-type function.
©1, ®, are positive scalars. T is a variable.
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Figure 1. MTN's structure.

2.4 Multi-dimensional Taylor network

MTN is an especially three layer NN, and its structure is shown
in Figure 1. In this article, an MTN is introduced into the con-
troller design process to handle with unknown nonlinearity. For
MTN, the following Lemma holds

Lemma 2.2 (Han, 2021): On a compact set 2, for a continu-
ous function h(A) : R* — R, and VB > 0, there exists an MTN
'XTPmn (A) as follows

h(A) = %*TPy, (A) + 8 (A) (11)
with Py, (A) A [AL-o A A2 A2, AT ’Anm]T
€ R is the middle layer vector of MTN. A 2 (A1, Az 5 Au]T

€ R" is the input vector of MTN. 8 (A) is the approximate error
between h (A) and 'XTP,,," (A), and |8 (A)| < B. X is the weight
vector of MTN, and

1 := arg min {sup h(A) — 2Py, (A)‘} eR.
%eR LAeq

3. Adaptive MTN tracking controller design

First of all, unknown constants A; = max{|| 'Xi,k||2 ckeM,i=
1,2,...,n}} are defined. k;x are weight vectors of MTN, and its
value will be given later. ’5&,- are estimated value of %; and satisfy
’}»,' =X — 3&1

Secondly, the coordinate transformation is defined as follows

Q@ =y—Jd

. (12)
g =¢i—&_1,i=2,...,n
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where y; is the reference signal. £;(i = 1,...,n — 1) are virtual
control signals, which value will be given in later design.

Step 1 : The candidate Lyapunov function is considered as
follows

1
¥ = —q% += xl (13)
The time differentiation of ¥; can be expressed as
Wy = quie (1) (qz + &+ hik (‘51) + Ak (1‘,‘1-51»
— qiyd — *ah (14)

With the help of Young’s inequality and Assumption 2.2, the
following inequalities can be obtained.

1 1.
k(D) q1qz < qu + Elczq% (15)

- - 1 ic?
€01 (i (61) + drx(661)) < S0t + v (16)
1
with y1x = hie(@) + @1kt @) + @1 and a1 >0 is a
constant.
Substituting (15) and (16) into (14), the following inequality

holds

1, @, 1,
W, < -q1+ 5% + Kk () q161 + 59 + qiHik

— w4+ 1) g — ki (17)

where H;x = — ¥4+ 2wy + 1)q; is an unknown

=2

2
27 MYk
function, and w; > 0 is a constant. According to Lemma 2.2,
for VB x > 0, exist an MTN that can be used to approximate

H; x, such as
Hy = 'xlTkprm (41) + 81k (41) »

with q, =
)H,kp mi (q1)-

With the help of (18) and Young’s inequality, the following
inequality is true.

(18)

N (‘]1)’ < ,Bl,k

[ql] 81k(q;) is the error between Hjj; and

aHixk=q -XEkPml + 9101k

1 Loy, 2 5T 1, 1o,
Zh+ a0 | %ael|” Py Py + S0+ 5Bk
1

(19)

1 1 1 1
<=0+ —@x P P, +-g+ =B
=54 %%‘11 155, Fmy 2‘11 zﬂl,k

where £1 > 0 denotes a constant.

Then, the intermediate control signal & is designed as
follows

1 1 ~
§&1=N(c) [— (Wl + E) q + ﬂ‘h MP;FumI} (20)
Combining (17), (19) and (20), one has

. 1 i? )

Uy < - (m - 5) G+ 5ah+ KON +11¢
= Loy 4 1L, 1, 1,

+ )il (iﬁqlpm Pm1 — Kl) + 5(11 + Egl + lel’k

(21)

where adaptive law ¢ = —(w; + %)q% + ﬁq% '3£1P;Fanm1
1

Remark 3.1: Term %q% will be solved in the Step 2.

Step 2: The candidate Lyapunov function is considered as
follows

1, 122

W, =W + qu + E-Xz (22)

The expression for the time derivative of W, is shown below

U, =g (q3 +& + hyk (q_bz) + Ay (t([_’z))

— @b1 — Rk + ¥ (23)
where
. 081, &1 G+ 05, 0& .  0& 2
b=+ T R Ry AL 3%
'y ; y;’)y R FE T M

With the help of Young’s inequality, the following inequalities
can be obtained.

1 1, (98 _, 2
— gk =414 1+a%‘12 <B_y) % (¢2 + v1k)

9 9 IE :
—q jgoj ayié)yg+l) 9 ail c—q aill A+ ia%
et () ey
9293 = %q% + qu (25)
@ (hz,k (‘i’z) + Aok (t, ‘52)) <a+ %q%yﬁk (26)

with vk = hyk($2) + @24(t @2) + @2k, and a; > 0 is a con-
stant.

Substituting (24), (25) and (26) into (23), the following
inequality holds

i i Ly, 1, )
\112§\I/1+2q2+2q3+(h§2+az+2a1
=2

2, s s
+ @Hy i — Th- K2k (27)

where

1 J
zqz ( ‘?) i (d2 + vi)?

051 . 0§ %
—c——X
dg X

1
Hyp = yﬁp)’zk

_Z 351 (;+1)

j=0 )’d
122 3!

ST ztp(?) ($2 + v10)>-

According to Lemma 2.2, for VB, x > 0, exist an MTN that can

be used to approximate H; x, such as

k()] < Bk (28

Hyx = 'x{ksz + 82 (45) »



with g, = [ql,qz]T. 82,k(q,) is the error between H,j and

+T
%) kPmy

From (28) and Young’s inequality, one has

Hop =g 'k{ksz + @282k

12 L oy 2 5T 1, 1 5
55 + ﬁ% | X2k | " Py Py + Snt Eﬂz,k

—

2

N

where £, > 0 is a constant.

1 2 1 2
= ‘Ez Kz QZ XZP sz + EQZ + E.Bz,k

(29)

Then, the intermediate control signal &, is designed as fol-

lows

§2=—<W2+%>CI2—

where w, > 0 is a constant.

1 Iy T
@CD szmz sz

Combining (21), (27), (29) and (30), one has

¥, < —chq] + q3+[/<(t)N(§)+1]§

]_

+Z K <2z2q1 PPy = 7‘1’)

+Zaf+%2£}+
j=1 j=1

1 2
2
5 2B
j=1

where fori = 1,2,...,n,¢; = w; — % are constants.

2

(30)

31)

Step 3: The candidate Lyapunov function is considered as

follows

1, 1:2
\113=‘L’2+EQ3+§X3

The time derivative of W3 has the form displayed below

¥3 = g3 <Q4 +& + hag (63) + Ask (f’ 4_’3))

- %éz - 'XS'BB + ¥,

(32)

(33)

9 &  (+1) 9 9
where 52 = E2y+ZJ 03% y +ZJ 1322 b+ szg

) _;\
+Z—1 (,izj ‘

With the help of Young’s inequality, the following inequali-

ties can be obtained.

. 1 2 0&, (]+1) 2 A
—@h = -y 0 Z 23

]and

1 JE 2
2 . 2

t - gyt )

e —q3 S_s‘ “2q3

%

(2 (g + ey

1 2 852 2_2 2
+a%%(8y> i* (¢2 + 1k)

1, 1,
‘13‘1455‘134‘5‘14

o (s (8) 20 (:5) =

1
@2 4 —g?y2
as 4a§q3y3,k

(34)

(35)

(36)
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where 3k = h3x(¢3) + @34t 93) + @3k and a3 >0 is a
constant.

Substituting (34), (35) and (36) into (33), the following
inequality holds

; S SR 2, 1
‘1135‘112+ZCI3+2Q4+‘13§3+“3+2‘12

1 ~ A
+q3Hszy — qu —X37%3 (37)
where
1 1 ag2>2 _2 .
Hak = — @5+ = — | « +
3.k 42 43V k p q3 ( oy (P2 + Y10

2

2 2
952 G+ 352. 0
oy d Z
yd j=1

2

1 1 &
+5‘13+ 2613Z<a¢]> (¢]+1+y]k)’

\

According to Lemma 2.2, for VB3 > 0, exist an MTN that can
be used to approximate Hj , such as

H3r = 'Xg,kng + 85k (3) |83k (a3)| < Bk (38)

with g; = [ql,qz,q3]T. 83k(q3) is the error between Hz and
%3 1 Prms

From (38) and Young’s inequality, the following inequality
holds

g3Hz = g3 ?ig,kPm + q303 &

12 Loy 2 5T 12 L,
5%"‘@% | 73] Pm3pm3+EQ3+EIB3,k

= 52 262‘13)13Pm3pm3+ ‘13+ :33k (39)

where £3 > 0 is a constant.
Then, the intermediate control signal £; is designed as
follows

1
&3 =— <W3 + E) q3 — Zz —q3 %3P Py (40)

where w3 > 0 is a constant.
Combining (31), (37), (39) and (40), one has

3
VA <—Zc]q] - q4+[/c(t)N(g)+ 1]¢

3
1 ~ 1 T A
+ Ea% +Y % (qupmjpmj - ,\j> (41)
j
Step i (4 < i <n— 1) : The candidate Lyapunov functions are

considered as follows

W, =W+ q, (42)
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The time derivative of the above Lyapunov functions ¥; can be
represented as

Wi =g (%’H + &+ hik (‘51) + Ak (t@,))

— qifio1 — Rk + Vi (43)

where

) 9E . i—1 JE i—1 IE ) -
g, = 81 1)’+ Z 1(])1y(]+1) + Z 81 1¢]
4 g Py

agz 1.+Za‘§z lA
j=1

According to Young’s inequality, the following inequalities can
be obtained.

: 1 9Ei-1\” 2
—qi§i-1 < 2 2 ( 8ly ) ic? (02 + v1k)
io1

i—1
0&i-1 (j+1 — &1 2
%Z I(J) «gj ) qiz — %j
= akj
]_
1 i—1 35
1 2
2 qzz(a;) (0301 + 2
i—1 ]
1 0&i_1 .
+5a,-2_1—q,- a’g ¢ (44)
1,
qiqi+1 < 5% + 5di+1 (45)

qi (hi,k ((5;) + Ak (tq;,)) <al+ —q, J/,k (46)

with yix = hix(@;) + ¢ik(t, ;) + @ik, and a; > 0 are con-
stants.

Substituting (44), (45) and (46) into (43), the following
inequality holds

bo<p gt Lo 2
Vi< Wi+ S di + 5 di+1 + qi6i + a;

1 1 ~ A
+ 5‘11-271 +qiHix — qu — Rik (47)
where
1 1 (0E1\ .
H- = —d; 2 + _ - K2 + 2
ik 4al;‘113’z,k aizI%< 3y ) (2 + vi.0)
-1
061 Gy 081 . 1
_ l(]) y((j] . 81 ¢ + qu
=0 9% §

i—1

851 1A 1 €1\
- Z alz Qi; (8_¢]> (¢j+1 + Vj,k)2~

According to Lemma 2.2, for V8;x > 0, exist an MTN that can
be used to approximate H; k, such as

Hix = ’XEkPmi + 8ik (4) »

1

8k (4;)] < Bixk (48)

with ¢; = [q1,92,-- -, qi]". 8ix(q;) are the error between H;

+T
and %;; Pp;.

With the help of Young’s inequality and taking (48) into
account, the following inequality holds

qiHix = qi 'XEkPm,- + qibik
1 2 1 2 | - 2 5T 1, 1 2
St @%’ | %Ki | ™ Py Prns + 29 + 5Pk

1 2 1 2 - T 1 2 1 2
531' + 2 RiPy Py + 547 + 5ﬂi,k (49)
1

where £; > 0 are constants.
Then, the intermediate control signals &; are designed as
follows

1 1 N
& =— (Wi + —) qi — —qz")‘»iPT,Pm, (50)
2 267 "

where w; > 0 are constants.
Repeating Step 3 and combining (47), (49), (50), one has

i
. 1 .
Ui < =) ga + Sqh Ik ON(© +11¢

j=1
i)

DRTE R
j=1
DIED LIS

] 1

(51)

+ - Zzz

Remark 3.2: Term %q?, i=23,4,...,n will be solved in the

Step i.

Step n : The candidate Lyapunov function is considered as
follows

1 1-2
=W+ -qp+ = %, (52)
2 2
The time derivative of W,, can be described as
v, =qn (u + hn,k (q;n> + An,k (t’ qsn))
- q;'tén—l - in%n + q’n—l (53)
where
) = 9&n—1 . +23§n 1 (;+1)+235n 1
9 j=0 }’d =1
8§n 1.

g+28$n lA'
j=1



According to Young’s inequality, the following inequalities can
be obtained.

1, (98,1, 2
-1= 3 qn( 9y ) i (¢2 + v1k)

n—1
n—1
08n—1
+ anl+ ——d, ( n > ¢J+1+V])
rll j=1

n—1
~an ;aSn(})l gH) d&n— 1g'+] lagn 1)lj (54)
an (B () + 2k (6:6,)) = @ +—qu (55)

with Vnk = hn,k(én) + @ni(t, én) + (ﬁn,ka and a, > 0 is a con-
stant.

Substituting (54) and (55) into (53), the following inequality
holds
nk — in;\xn

. . 1
W, < W1+ guu+ afl + Eai_l +g,H (56)

where

1 1 3En—1\"
Huk = 32 — qu¥i + ——dn (L> (2 + y10°

n—1 ay
— -_ aénl"'
55 2

08— 1 (;+1) 3$n 1

1 (061
+a2—qn2< 9 ) (@1 + ¥id)*-

n—1 j=1

According to Lemma 2.2, for Vf,, x > 0, exist an MTN that can
be used to approximate H,, x, such as

Hn,k = xE,kpmn + 5n,k (qn) p an,k (qn){ < ,Bn,k (57)

with g, = [q1,92,. - ., qn]T. 8nk(q,) is the error between H,,
and ')L};kPmn.
From (57) and Young’s inequality, the following inequality

holds

qnHuk = qn _XTkPmn + @ubnk

I A

_£2+?qn||Xnk|| P Pmn+ qn+ ﬂnk

1
< —ez + ﬁan nPpy P, + qn-i— ﬁnk (58)
where £,, > 0 is a constant.
Then, the control signal u is designed as follows
1 |
u=—\w,+ 3 qn — %qn KnPpy Pm, (59)

where w,, > 0 is a constant.
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Combining (51), (56), (58) and (59), one has

. n ) 1 n
W, <= gq; + [k (t)N(g)—l—l]g—i—EZij-i-

1 n
2
5 2B
j=1

j=1 j=1
+Za +- Za +Zx( 4P P, —}j)

(60)

4. Stability analysis

Theorem 4.1: Switched nonlinear systems subject to unknown
output hysteresis (1) is considered, if the virtual control signals
and actual input control signal are devised as (20), (30), (40), (50)
and (59), adaptive control laws are designed as

: 3 1 o1
%= —njkj+ = q; Py, P (61)
263

where j=1,2,...,n, nj > 0 are constants. For any bounded
initial conditions, one has

(1) For the closed-loop system, all signals in it are bounded.
(2) Tracking error, i.e. y — yg4, can converge to an adjustable
region of the origin.

Proof: The Lyapunov function is considered as follows

(62)

1 e =«
= qu EZ;-XJ'Z
p=

According to (60), one has

n n

. ~ 1

lIJf—E chf+[K(t)N(§)+1]§+EZ£j2+
j=1 =

1,
52 Bk
j=1
n ln—l n _ 1 R
3T (vt~ i)

j=1 j=2 j=1

(63)

Combining (61), %;(55 2PT Py — % j) can be rewritten as

2@2

~ 1 2pT p A I_-2 1 5
X ( quP —Xj> S—Enj);j+5njkj (64)

where nj=min{n;|j=1,2,...,n}
Substituting (64) into (63), the following inequality holds
V<al+b+ [k (ON()+1]¢ (65)

where a= min{2cj, r')]- |j=1,2,.
2
b= ] 1M X +3 Z]n:

..,n} Jmax max{ﬂfk | keM},
3 2
i T3 Z] 1 ]max+fz;l:1aj'
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Integrating (65), for Vt > 0, the following inequality holds

2
0<W< (WO —— |+ -
a a

T
+ e_“t/ [k (ON(g)+1]¢e* dr (66)
0

Based on inequality (66), using the method in Ma et al. (2019), it
can be concluded that all signals in it are bounded, and the track-
ing error converges to a small region of the origin by designing
appropriate parameters.

That completes the proof of Theorem 4.1. |

5. Simulation study

To verify the effectiveness of the proposed controller, two exam-
ples are given in this section.

Example 5.1: The following switched nonlinear systems with
the output hysteresis is discussed.

¢ =d2+hiow (1) + Ao (t>‘51
b2 =3+ haoi (2) + Aro (t> b,
¢ =u+hssq (4;3> + Aso(p) (l‘, ‘133)
y  =pi1$1+ p2h

with initial states ¢; (0) = 0, ¢,(0) = 0, ¢3(0) = 0.0 (t) : [0, 00)
— M = {1,2} is the switching signal. When o () = 1, the

(67)

2 .
nonlinear functions in the system are set as h;; = — ‘Pllj_l;g) L
1
_ _ ¢}sin(4+¢D)+14+¢2 _ sing3+2¢3+3¢3 The time-
hoy = 142674362 ° hs = 1207139l agl € time
varying disturbance are setas A ; = —O.Zx% sin(ﬁ), Ay =
1
—O.3¢>§ sinmt, Asz; = 0.4¢>§ sinrt. When o (t) = 2, the non-
2
linear functions in the system are set as hj, = _¢1110¢S>;P L
1
_ ¢Fcos(1+9)+1+¢2 __ cosn+2¢7+3¢3 .
hyp = Ty ey hsp = ey e vCang The time
varying disturbance are set as A, = —0.2(/)% cos(rlw), AYR)
1

= —0.3¢>§ cosmt, A3y = 0.4¢>§ sinrt.

The parameters of output hysteresis are set as follows: p; =
p2 = 1,0 =5,K =2, = 3.5. Therefore, the output hysteresis
can be expressed as y = ¢; + h, with

i =@ —5|gillhlh — 3.5¢1 k)
hoy =0 ’

According to Theorem 4.1, the control structure of sys-
tems (67) can be designed as follows

1 1 ~
§1 =N(s) |:<W1 + 5) Q1+ E‘h'}llpgmpm]}
1
1 l 7’\ T
b=—|m+ 7))~ Z—E%CD %2P,y,, P,y

1 1 . o
u=—\ws+ 3) 9~ %% R3P, P,

1 5

hj = —njkj+ =@ Py Py j = 1,2,3 (68)
2t

06 T T T T T
The reference signal yq
- - - - The system output y

0.4

0.2

-0.2

0.4

-0.6 L 1 1 L L

time (sec)

Figure 2. System output y(t) and reference signal y,(t) of Example 5.1.

30 T T T T T

The input u

20 1 b
1oj E
0 |

-10

30t 1

40 F ]

50 . . . . |
0 5 10 15 20 25 30

Time (sec)

Figure 3. System control input of Example 5.1.

with N(¢) = ¢?cosg, ¢ = (wi+3)q}+ g%q% #1PL, P,

Q=0 Y =¢2—E, 3=¢3— &, gy = @1’ ¢, =
[q1,921%, 45 = [91, 2, 93] The parameters of the design con-
troller are as follows: w; = 29.5,w, = 19.5, w3 = 79.5, n; =
2,n2 = 1,13 = 0.2, £; = £, = £3 = 1. The simulation results
are shown in Figures 2-6.

The output hysteresis y(t) of systems and its reference signal
y4(t) are given in Figure 2. Figures 3-5 reveal the trajectory of
control input u, two state variables ¢, (¢), ¢3(¢) and the switch-
ing signal o (¢) of systems (67). In the light of the system output
and its reference signal, the tracking error of systems is corre-
lated in Figure 6. The tracking error converges in a small range
of the origin. It can be seen from Figures 2-6 that satisfactory
tracking effect can be attained by the controller proposed in this
article.

Example 5.2: The electromechanical systems are used to verify
the effectiveness of the proposed control strategy, which can be
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State variable ¢o
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Time (sec)
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Figure 4. State variables ¢, ¢3 of Example 5.1.

0.5

Switching signal o(t) |

1
0 5 10 15
Time (sec)

Figure 5. Switching signal of Example 5.1.

20

25

30

1 T T T

0.8 [

06

04

0.2

1 L L L

T

The tracking error e |

0 5 10 15
Time (sec)

Figure 6. The tracking error of Example 5.1.
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T T ll'\ T /\
The reference signal y,
- = = = The system output y

L L L L

10 15 20 25 30
time (sec)

Figure 7. System output y(t) and reference signal y,(t) of Example 5.2.

transformed as switched nonlinear systems (Lyu et al., 2019).

¢ =d2+hioq (‘;51) + Ao (t"il)
b2 =3+ e (‘;52) + A2op) (f, ‘7_52)
¢ =u+hsg (63) + Asop (t,‘i3

y p191 + p2h

(69)

with the initial state, switching signal, the parameter settings
of output hysteresis and the control structure of systems are
the same as those in example 1. Among them, hy; = hj, =

K| +R;
0l =My = —Nsingy — Eo, h3y = —2b ¢y — Bathagy,
hsp = ——¢2 — R1+R3 =Lo=2¢3 are the nonlinear functions. Al 1=

—0.1¢;sint, A1 = —0 31 cost, Ay = —0.2¢4sint, Ay =
—0.2¢+cost, Az = 03¢, sinmt, Az, = 0.1¢p, sint are the
time-varying disturbances. The parameters design of elec-
tromechanical systems are Ry = 0.023, R; =5, R, = 10,R3 =
5, Ly = 0.305, L = 15, m = 0.506, My = 0.434, G = 9.8, By =
1.625 x 1072, ] =0.1625,K, = Kp = 0.9,B = £, N = 21 ¢
ML} | 2MoR}
Moko€, M = +3K°+ =+ =t

5K,
Flgures 7- 11 show that the control strategy proposed in this

article can still achieve good results for practical application
systems. The above results further prove effectiveness of the
proposed controller.

Remark 5.1: It can be seen from the Examples 5.1-5.2 that
the superior tracking performance are acquired by choosing
the optimal parameters. In theory, for switched nonlinear sys-
tems (1), based on Theorem 4.1, it can be concluded that the
tracking performance can be achieved when ;, w;, £; are posi-
tive constants. However, in practice, in order to obtain the spe-
cific control objective, it is necessary to obtain optimal tracking
performance by continuously adjusting design parameters.

Remark 5.2: For the system (67) with the initial states ¢(0) =
[0.3,0, O]T, the tracking control performance and control input
are displayed in Figure 12. It can be clearly seen that the control
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80 T T T T T

The input

60 [ 7

40 1

-100 1

120 . . . . .
0 5 10 15 20 25 30

Time (sec)

Figure 8. System control input of Example 5.2.

T T T T

.
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Figure 9. State variables ¢,, ¢3 of Example 5.2.

3 T T T
Switching signal o(t) ‘

05 4
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Figure 10. Switching signal of Example 5.2.
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06 7

04r 1
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Figure 11. The tracking error of Example 5.2.

T_ 7\
The reference signal y,
- = = = The system output y

10 15 20 25 30
time (sec)
T T T T
B 1
40 -
20 1
0 e
-20 1
-40 &
. . . . .
0 5 10 15 20 25 30
Time (sec)

Figure 12. The tracking control performance of system (67) with the initial states
¢(0) =0.3,0,0]".

effect is still satisfactory in the case of large error initialisation,
and a large control input is required at the initial stage of control
for the purpose of quickly acquiring superior tracking perfor-
mance. It is concluded that the control strategy proposed in this
article is able to achieve real-time tracking in a short period of
time, and satisfactory results can still be acquired in the case of
large error initialisation.

6. Conclusion

The tracking control problem of a class of switched nonlin-
ear systems subject to output hysteresis is studied in this arti-
cle. First, the nonlinearity of output hysteresis is transformed
into the combination of a disturbance term and a linear term
by using the modified Bouc—-Wen hysteresis model. Then, an
adaptive MTN control method is proposed based on back-
stepping technique. It should be pointed out that the adaptive



MTN method is extended to switched nonlinear systems sub-
ject to output hysteresis for the first time. The proposed control
method simplifies the backstepping design process from two
aspects. On the one hand, only one MTN is adopted to estimate
the nonlinear functions that appear in each step of backstepping.
On the other hand, the modified Bouc—Wen hysteresis model is
introduced to solve the nonlinearity caused by output hystere-
sis. At the end, two simulation examples show that the proposed
control strategy is effective.

The next research topic is to further consider the case of
unmeasured state based on the research in this article and
acquire a novel MTN-based adaptive control strategy. For track-
ing control of switched nonlinear systems subject to output
hysteresis, it is a major challenge to construct a reasonable state
observer and obtain a simple controller.
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