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This paper is concerned with the problem of adaptive tracking control for a class of switched stochastic
nonlinear systems in nonstrict-feedback form with unknown nonsymmetric actuator dead-zone and
arbitrary switchings. A variable separation approach is used to overcome the difficulty in dealing with the
nonstrict-feedback structure. Furthermore, by combining radial basis function neural networks’ universal
approximation ability and adaptive backstepping technique with common stochastic Lyapunov function
method, an adaptive control algorithm is proposed for the considered system. It is shown that the target
signal can be almost surely tracked by the system output, and the tracking error is semi-globally uniformly
ultimately bounded in 4" moment. Finally, the simulation studies for a ship maneuvering system are
presented to show the effectiveness of the proposed approach.
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1. Introduction

As a typical class of hybrid systems, switched systems have
drawn considerable attention in the past decades since many phys-
ical systems can be mathematically modeled by such multiple-
mode systems. Given their widespread applications, the studies on
switched systems never cease and a number of excellent results
have been reported, see for example, Briat (2014), Li, Wen, Soh,
and Xie (2002), Vesely and Rosinova (2014), Xiang and Xiao (2014),
Xie, Wen, and Li (2001), Zhang and Gao (2010), Zhang, Zhuang, and
Shi (2015), Zhao, Yin, Li, and Niu (2015) and Zhao, Zhang, Shi, and
Liu (2012) and the references therein. In Zhang and Gao (2010) and
Zhao et al.(2012), the control problems for switched linear systems
in both continuous-time and discrete-time contexts were solved
under average dwell time switching and mode-dependent aver-
age dwell time switching, respectively. In Zhang et al. (2015), the
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authors considered Hy, filtering for a class of switched linear dis-
crete systems under their proposed persistent dwell-time switch-
ing. The problem of switching stabilization for slowly switched
linear systems with mode-dependent average dwell time was in-
vestigated in Zhao et al. (2015) by using invariant subspace the-
ory. Recent advances for switched systems in linear setting can be
found in Briat (2014), Vesely and Rosinova (2014) and Xiang and
Xiao (2014). In addition, for switched nonlinear systems, some suf-
ficient conditions were derived in Xie et al. (2001) to ensure that
the whole switched nonlinear system is input-to-state stabilizable
(ISS) when each mode is ISS. A concept of generalized matrix mea-
sure for nonlinear systems was proposed in Li et al. (2002) to study
the stability of switched nonlinear systems directly.

Note that during the most recent years, the adaptive back-
stepping-based control problems have been investigated for a class
of switched nonlinear systems (Han, Ge, & Lee, 2009; Long & Zhao,
2015; Ma & Zhao, 2010; Wang, 2014). To list a few, the global
stabilization problem for switched nonlinear systems in lower
triangular form was investigated in both Long and Zhao (2015)
and Ma and Zhao (2010) by using common Lyapunov function
and multiple Lyapunov functions, respectively; Han et al. (2009)
presented an adaptive neural control design for a class of switched
nonlinear systems with uncertain switching signals. However, the
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systems in these studies are of a strict-feedback form which greatly
limits the applicability in practice.

On the other hand, it is well known that stochastic disturbance
frequently exists in engineering applications. The systems subject
to the stochastic disturbance are usually termed as stochastic
systems that have also been widely probed, with switching
dynamics (Hou, Fu, & Duan, 2013; Wu, Cui, Shi, & Karimi, 2013;
Wu, Yang, & Shi, 2010; Wu, Zheng, & Gao, 2013; Zhang, Wu,
& Xia, 2014) or without (Wu, Xie, & Zhang, 2007; Xie & Duan,
2010; Xie, Duan, & Yu, 2011; Xie, Duan, & Zhao, 2014; Xie & Liu,
2012). To mention a few, the dissipativity-based sliding mode
control was adopted in Wu, Zheng et al. (2013) for switched
stochastic linear systems. Stabilization problems for stochastic
nonlinear systems with Markovian switching were studied in
Wu et al. (2010). By using a novel homogeneous domination
approach, the output feedback stabilization problem was studied
in Xie and Liu (2012) for stochastic high-order nonlinear systems
with time-varying delay. The global stabilization was considered
in Xie et al. (2011) for high-order stochastic nonlinear systems
with stochastic integral input-to-state stability inverse dynamics.
The concept of input-to-state practical stability is extended to
stochastic nonlinear systems in Wu et al. (2007), upon which they
considered the control problem for a class of stochastic nonlinear
systems with unmodeled dynamics by using stochastic small-gain
theorem. However, most of these control strategies require that the
nonlinear stochastic systems are known precisely or the unknown
parameters appear linearly with respect to the known nonlinear
functions. Furthermore, existing results on switched stochastic
systems also suppose that the systems are of a strict-feedback
form. Clearly, these ideal requirements cannot be satisfied in many
practical situations.

Moreover, dead-zone characteristics are encountered in many
physical components of control systems. They are particularly
common in actuators, such as hydraulic servo-valve, electric
servomotors, and biomedical systems. It is well known that a
system will become oscillating, and the regulation quality will
decline if some undesired dead-zone nonlinearities occur in the
system. Thus, it is more realistic and reliable to design controllers
based on the system model where the dead-zone nonlinearities
are taken into consideration. However, up to now, few results
on adaptive control have been developed for switched stochastic
nonlinear systems with dead-zone characteristics.

It is seen from the above observations that it is of both
practical and theoretical significance to investigate the problem
of adaptive tracking control for nonstrict-feedback switched
stochastic systems with actuator dead-zone, which is however
challenging and has not been studied so far. This motivates us
to carry out the present study. In this paper, a new approach
of constructing common virtual control functions is proposed for
the studied system, and a backstepping-based adaptive control
methodology is systematically developed with low computation
burden since the controller only has two parameters need to be
modulated. The contributions of the paper lie in that: (i) our
considered switched system model is of a nonstrict-feedback form;
(ii) the uncertainty can be completely unknown; (iii) the unknown
nonsymmetric actuator dead-zone is taken into account; (iv) the
stochastic disturbance is considered in the switched system model;
and (v) fewer parameters need to be designed which is more
efficient in practice.

Notation R" denotes the n-dimensional space, R™ is the set of
all nonnegative real numbers. G’ stands for a set of functions with
continuous ith partial derivatives. For a given matrix A (or vector v),
AT (or vT) denotes its transpose, and Tr{A} denotes its trace when A
is a square. X represents the set of functions: R* — R™, which are
continuous, strictly increasing and vanishing at zero; X, denotes
a set of functions which is of class X and unbounded. In addition,
||I-|| refers to the Euclidean vector norm.

2. Preliminaries and problem formulation

Consider the following switched stochastic nonlinear system in
nonstrict-feedback form:

X = (8iowXit1 + fio ®)dt + ¥, ) dw,
1<i<n-1,

an = (gn,a(t)va(t) +fn.a(t) (X))dt + WHT,U@) (X)dw»
Vo(t) = Doty (Uo ()
Yy =X, ( 1 )
where x = (x1, X2, ...,%,)" € R"is the system state, w is an r-
dimensional independent standard Brownian motion defined on
the complete probability space (£2, F, {F;};~¢ , P) with £2 being a
sample space, ¥ a o-field, { #;},-, a filtration, P a probability mea-
sure, and y is the system output; o (t) : [0, 00) = M = {1,2, ...,
m} represents the switching signal; vy (), Us() € R are the actua-
tor output and input. Foranyi = 1,2,...,nand k € M, fix(x):
R" — R, ¥k : R" — R are locally Lipschitz unknown nonlinear
functions and g; x are positive known constants.

The nonsymmetric dead-zone nonlinearity is considered in the
paper, which is defined as the form in Tao and Kokotovi¢ (1994):

mrk(uk - brk)v Uy = brk
Vg = Dk(uk) =10, _blk < U < brk (2)
my, (U +by), ux < —by,.

Here, m;, > 0 and m;, > O stand for the right and the left slopes
of the dead-zone characteristic, respectively. b, > 0and b;, > 0
represent the breakpoints of the input nonlinearity. It should be
noticed that, in this paper, m,,, my,, b;, and b;, are unknown.

In order to facilitate the analysis and design, it is assumed that
the nonsymmetric dead-zone nonlinearity can be reformulated as:

v = D (u) + u, (3)

where D (uy) is an unknown smooth function, ¢ is the error
between Dy (uy) and Dj (ug) with |t < .
Moreover, we have

v = Uk + (D (u) — up + 1)
= Uy + (W) + (4)

where 7, (ux) = Dj,(ux) —uy is an unknown function. The controller
can be designed as

U = Ug, — Ug,. (5)
Then (4) can be rewritten as

Uk = Ug, + M (Ui) — Ugy, + - (6)

where ug, is the compensator of dead-zone nonlinearity and u,, is
a main controller of system (1).

Our control objective is to design state-feedback controllers
such that a given time-varying signal y4(t) can be tracked by the
output of system (1) under arbitrary switching, while overcoming
the problem of actuator dead-zone. In this paper, we also assume
that the following assumptions hold:

Assumption 1. The tracking target y,(t) and its time derivatives
up to nth order yé") (t) are continuous and bounded. Also, it is
assumed that |y4(t)| < d,whered > 0is a constant known a priori.

Assumption 2. There exist strictly increasing smooth functions
®ik(), pix(-) * RT — RT with ¢;,(0) = p;x(0) = 0 such that
fori=1,2,...,nandk € M,

k@) < dixlIxl)). 7)
[Yik@| < pik(Ix1). (8)
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Remark 1. The increasing properties of ¢; (-), pi(-) imply thatif
a, by > 0,fori=1,2,...,nthen ¢ O [, @) < Y I, dir(na),
P b) < YL, pik(nb;). Notice that (). pix(s) are
smooth functions, and ¢; x(0) = p; x(0) = 0. Therefore, it follows
that there exist smooth functions h; (), 1 «(s) such that ¢; x(s) =
shi k(s), pik(s) = snik(s) which results in

Dik (Z aj) < Znajhi,l<(naj)~ 9
j=1 j=1

Pik (Z b]-) < D nbyi(nb). (10)
=1 =1

In Sanner and Slotine (1992), it has been proved that the radial
basis function (RBF) neural networks can approximate any contin-
uous real function f(Z) over a compact set £2; C RY. Specifically,
for arbitrary & > 0, there exists a neural network WTS(Z) such that

f@) =WTs@) +¢@), ¢@2) <&, (11)

whereZ € 2, C RI, W = [w;, wa, ..., w;]" is the ideal constant
weight vector, and S(Z) = [51(2),52(2), ..., s1(Z)]" is the basis
function vector, with [ > 1 being the number of the neural net-
work nodes and s;(Z) being chosen as Gaussian functions, i.e., for
i=1,2,...,1

~(Z—w)'Z - m)]
& ’

where u; = [1i1, tizs -+ - » Miq]T is the center vector, and ¢; is the
width of the Gaussian function.

si(Z) = exp [ (12)

Definition 1. Consider the stochastic system dx = f(x,t)dt +
h(x, t)dw. For any given V(x, t) € >, define the differential op-
erator £ as follows:

LV = av+a f( t)+lT hT32 h (13)
o o9V S dpr L
at 2 ax2

Definition 2. The trajectory {x(t),t > 0} of switched stochastic
system (1) is said to be semi-globally uniformly ultimately
bounded (SGUUB) in pth moment, if for any compact subset X C
R" and all x(tg) = xo € X, there exist a constant ¢ > 0 and a time
constant T = T (g, Xg) such that E(|x(t)|?) < ¢, forallt > to+T.In
particular, when p = 2, it is usually called SGUUB in mean square.

Lemma 1 (Krstic & Hua, 1998). Suppose that there exist a C>!
function V(x, t) : R" x Rt — R™, two constants ¢; > 0 and ¢, > 0,
class X functions &, and o, such that

{641(|XI) <Vx, t) < aa(lx))
LV < —1V(x, t)+ ¢

forallx € R*and t > to. Then, there is an unique strong solution of
system (1) for each xo € R", which satisfies

C:
EIV(x, )] < V(xo, to)e 1 + =, Vt > to.

C1

Lemma 2 (Polycarpou & loannou, 1996). Forany & € Rand @ > 0,
the following inequality holds:

0 < |&] — & tanh (i) <dw, (14)
w

with § = 0.2785.

3. Main result

In this section a systemic control design and stability analysis
procedure will be presented by using adaptive backstepping
technique (the readers may refer to Krsti¢ and Kokotovi¢ (1995)
and Krsti¢, Kokotovié, and Kanellakopoulos (1995) for more details

about adaptive backstepping technique). Fori = 1,2,...,n— 1,
let us define a common virtual control function «; as
L A+ 2 1 34sTs (15)
i = — : —\z — —Z :Sil,
' &i,min e ) Za,'z e

where A;, a; > 0 are design parameters, g; min = min{g;x : k €
M}, z; represents the new state after the coordinate transforma-
tion: z; = x; — aj_1, ®g = Yq. 0 is an unknown constant that will
be spec1f1ed later. S; = S;(X;) is the basis function vector. X; =

T with % = [x1. %0, ..., %17, 0 = [61, 0y, ..., B,
=WaYd,---» yfj’)]T. The z-system can be obtained as follows:

dZi = (GikXip1 + fix — Laj_)dt

(%], 9, Va
(1)

n—1 T
oo
+ (t/fn,k—z P 1wj,k> dw, (16)
JE

where the differential operator £ is defined in Definition 1, then
Laj_1 is given by:

daj_1 A
GCOlj_l = —0
a0

i—1
30{'_1
+ Z 3)16 (fs.k +gs,kxs+l)

s=1 S

i—1

o 1 %o
+ Z i—1 (s+1) Z i 11,[f;k1//q,k~ (17)

dy (5) 2 = 9xp0xq

Consider the followmg common stochastic Lyapunov function
candidate

n

1 1 - 1 -
V=Y -4+ —0%+ —92 (18)

where rq, 1, > 0 are design parameters; 6=06-— é, b=0-—10
with 6 and ¢ will be specified later; 8 and ¥ represent the estima-
tion of 6 and ¥ respectively.

Lemma 3. From the coordinate transformations z; = x; — aj_1, i =
1,2,...,n, ag = Yy, the following inequality holds

n ~
lIxIl < Z \zil gi(zi, 0) + d, (19)

where ¢i(z;, 0) = Qi D+ 55 ZéSiTSi]—i—l,fori:l,Z,...,

n—l,andgon—l

Proof. From Assumption 1 and (15), one gets

n n n
Ixl < > " lxil <> Azl +leial) < ) Lzl + ya
i=1 i=1 i=1

n—1
1 3 1 .
+ ri+ = )+ —z%0STs; ) Z
; (gi,min |:< ' 4> 2‘1,2 i i l:| | 1|

n
<) lzleiz, 6) +d.
i=1

The proof of Lemma 3 is completed here. ®
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By using Definition 1, (16) and (17), £V can be given by

— i—1
oo
LV = Zi3 <fi,k + gixXiy1 — Z ’(S)1 y((jerl)
=1 s=0 8yd
_ B} a1
819 9_; 8)'( sk + 8s.ieXs+1)
a4
—_ = Z axpax wp kl/fq,k
P q=1
3 9 2
Qi1
2 WI k jZ.: l//] k

n—1
00tn—1_(s41)

> Vi
A

+Z;? (fn,k + Zn,kVk —

s=0
n—1
dorp—_q dorp_q A
; aXs (fs,k +gs, 8é
183 Pan g 12
T3 2 oy, VerVek | =06
p.g=1 P
3 L S
2 n— 33
+§Zn Wnk_Z an I/fnk _gﬁﬂ
Jj=0
n i—1
Oai_q
=> 172 fu—D_ fs.k
i=1 ( s=1 9
30{1 1 (S+1) i1 aai_]
- Z (s) -2 x. SskXst
s=1 S
0j_1 4 1 =t 82(1,’,1 T
-——0-= Yok Wak
90 2 = 0xp0xg Pk Ta
3 2 it 8(1,_1 1-x
=z — — —06
+21 Wzk j:ZO 3Xj ‘//Jk "
1 .= n—1
- Eﬁﬁ + ;Z?gi,k)‘Hl + 228 Kk (20)
By using Assumption 2 and Lemma 3, one has
0o 1 i
1—
z’ (i,k - Z fsk(X)> _Z?ZUi—l,sfs,k(x)
s=1 s=
<2y Z(o, 1) +22z, ¢l (@, 0)
i
+ 122 Y |oio1.s] doa(( + Da), (21)
s=1
where ¢{, (21, 0) = ;(n+ 10} @, Ot (n+ Dzl 0), T2
= 0, and o;_ is defined as 0;_; s = a‘;;: s=1,2,...,i—1,

oi-1i=—1
Then, the following inequality can be obtained

2
Jda;
w;k_z Ilek

j=0

9. n B R i—1 n _ .
< GPm+ Dzl + 3 25 @ 0+ ) ) 2@, 0)
=1

j=1 =1

0 4
z(n+1)nz14 < '1>

8Xj

z 2+ 1227l (n+ D) + D B

=1
9 i—1 Sati 4
+gl 1)221‘42( : 1) I o ((n + Da), (22)
8 =1 8Xj
where [;; is a positive constant, and %}0 = 0 since ap = ygq, and
1 3 1 aZai71 I ) i—1 n s N
2 Z; — 8X 0% 1ﬁp,k\bq,k <@i—-1) ;;Zl psyk(z,,@)
i—1 i—1 2
0 i1
n+ 1)%nz’
S+ 1 Z(g}(sax})
s=1 j=1
i—1 i—1
3D ZZ P2 ((n+ D), 23)
s=1 j=1

where p P, k(zl, 9)
1,2,...,i— 1.
Substltutmg (21)-(23) into (20) gives

LV < Z nz4 Z(Uz 15)3 +ZZZZI ¢sk(zi’9)

i=1 s=1 I=1

+ Z |27 | Z |01 15| Bs. (0 + 1)d)
i=1 s=1

n i—1 n
+ Y35 - 2Bt (@ b)

i=1 s=1 I=1

n i—-1 i—1 2
+ZZZ (n+1)? nz; <8 8x]>

i=1 s=1 j=1

n i—1 i—1

32
+2.2225 <n+1>lz3|psk<<n+1>d>‘a°‘“
X5 0X;

i=1 s=1 j=1

n

9. S p
+Y {Slz(n + 1)%nz! + l;z,“p;}k(z,, 0)

i=1

i—1 n .
+ 2D ah@.0)

j=1 I=1

o 4
71(n+1)nzl4 < '1>

8Xj

1 2+ 1227l (n+ D) + ) 1

i—l) ,0, 4 ((n+ l)d)]
X

9, 2 4 =1 e
z 127

+ 81 n+ 1)z ]:Z] 5
— o B4 (s+1) aai—lé

80:, n—1
- Z : gs kxs+1) + ZZ 8i kXi+1 +Z &n,kVk
i=1
1~x 1.4
— —060 — —Vv.
I o

1+ 1z, é)n;‘,k((nﬂ)lzzwl(zz, ), s=
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Define U; x as

Uik = Y _ loic15lds.c((n + 1)d)
s=1

i—1 i—1
+ - (n+ 1)22 psk((n—l— 1)d). (25)
s=1 j=1
By using Lemma 2 one has
23
‘z |U,,< <z U,ktanh( )—|—8wlk (26)
Wi,k
It can be noticed in (24) that
n—1 n—1 n—1
Y Zgiuxii =Y Zguzia+ Y gz, (27)
i=1 i=1 i=1
and
n n _ R
Z Z Zz, ¢l(@, 0) = Zz;‘Z(n — 5+ 1)@, 0),
i=1 s=1 I=1 =1 s=1

- n n—1
i Z 32 ) =Y 2 Z(n—s)(i—l)ﬁ;‘,k<zi, 0).
i=1 s=1 I=1 i=1 5=

SN 2ot 6) = Z Z(n —j+ DB}, 0).

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

Foranyi=1,2,...,nandk € M,deﬁnef,;kas

- 3 i 4 1 - A
fue=gnai ) (0193 +2) (n—s+ D@, 0)
s=1 s=1

n—1
+z Z(n — )i — 1)} (2. 0)

11 2
1
gt Vngd <a ax,>

j=1

i—1
+
1

S=

i—

9 i—1 doti_ 4
+§12(n+1)2ziz< a;j ) 208 ((n + 1)d)

=1
+2 Z(n — i+ 7@, 0) + ,, 2(n+ 1)’nz;
j=1

9
+ giz(n + 1)%zl;

9, , i—1 day_s 4
—i“(n + 1)“nz;
+ 5P+ Dz Y 7

=
i1
i1 o)
- Z (s) Ya
=0 0Vq

3

z2U;
+Ulktanh< .

Wik

2pf((n + 1)d)

0w 1A oa; 1
= —2 gt

) + &ikZit1, (28)

with Zny1 = 0.
Substituting (6) and (26)-(28) into (24) yields

n—1

LV < ZZ?(E.k + 8ikati) + Zofuk + 2o @nk (Ue, + N — Ugy + &)

i=1
<8w, ot Z’u) (29)

1.z 1~
— 1919-!—
T Ly}

By using neural networks’ approximation ability and Young’s
inequality, the following inequalities can be obtained.
Zfix = z; W,T,(Slk +Zeik

&,
= 2qh 2 Wi S,ks,k+ Ly z +

< LZ.GQSTS» + a + Ezf‘ + _—1'4 (30)
T2 T 2 4T g
W}]:ksr],k + Zf? (817,k + Lk)
a ) 3zy + &)

4

Z2 +w = z,

1 T
2znf}ss + 5 , (31)

<
= 2a
where 6, = |Wii|*, 9i = Wi, 6 = max{6iy :

19,] = max{z?,,,k 1k e M}, : Enk + Lk| < 5‘,7.
Substituting (30) and (31) into (29) gives

k € M},

3
n

z20
LV < Zz ( i 15TS, +g,-,ka,-) +zg < > 2n TSn + &, kuck>

3 1 3 T (15 3 4 ég
+ann’k EZHQ,,SUSW - u¢k +gn,k ? + Zzn + z
T (2a% 4+ 34+ & 1.z
+ 7> - —66
> () -

—%Z§I§+Z <5w,’+Zl,-2j) , (32)

where w; = max{w;x, k € M}.
Design the virtual control function as

! [ (A + 3>z ! z3éSTS] (33)
o = (2 +2)z— —2365Ts: |,
1 &i,min "g)" zaiz e
where § = - 0, is the estimation of 6, and A; > 0 is a design
parameter.
The true actuator input is given as
U = Ug, — Ug,, (34)
where
1 3 1 551
uck = gn,k - )»n + Z Zn — 271?12“95,15,, 9 (35)
3 Enmax 34 T
e (A” - Z) 7 2a2g, U o)

with A,, A,, a5, @, > 0 being the design parameters, g, max = max

{8nk. k € M}, gnmin = min{gn, k € M}, and  the estimation of
¥. The adaptive laws can be designed as

n

A T ~
0= ——2s!si— pid. (37)
i=1 i,min
A r
B = Snma2 65T By (38)
n,min

Then, one can get from (32)-(3

2 54 n a.2 54
e Soatositea(§5) (5 +9)
i

i—1

+?éé+ —M+Z (awi+Zl,§.). (39)
1 j=1

8) that
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It is true that
an - ~ 1., 1,
99:9(9—9)5—79 +79 , (40)
=0 —0) < —702 + = 192 (41)
Combining (39) w1th (40) and (41) gives

Dcv<—le, ﬁ] _ P

2T2

(12
+ 8nk ( ) + Z < )
ﬂzt?z
8 I;
+Z(w-l+z ) 27'1 2T'2
=< —poV + qo, (42)
where An = k + Ay, Po = min{4;, By, B> :

2
Zz—l( + )+Zz 1(8@,4—2] 1 U)+ﬂ2]fl +ﬂ22ri +gn,k(07n+

7”). By using Lemma 1, we have

1<i<n},%:

dE[V ()]
“ar < —poE[V(®)] + qo, (43)
Then, the following inequality holds
0 < E[V(D] < V(O)e ™ + 22, (44)
Do
2(0) 3
where V(0) = Z};l St L9(0)% + o -L$(0)%. Eq. (44) means

that all the signals in the closed-loop system are bounded in
probability. It follows from (44) that
4qo
Ellzi|*l < —,
Po

Now, we are ready to present our main result in the following
theorem.

t — o0. (45)

Theorem 1. Consider the closed-loop system (1) with unknown non-
symmetric actuator dead-zone (2). Suppose thatfor 1 <i <n, k
M, the unknown functions f; can be approximated by neural net-
works in the sense that the approximation error ¢&; ; are bounded. Un-
der the state feedback controller (34) and the adaptive laws (37), (38),
the following statements hold:

(i) All the signals of the closed-loop z-system (16) under arbitrary
switching are SGUUB in 4th moment and

{llmZE|z, 5}—1

(ii) The output y of the closed-loop system (1) under arbitrary switch-
ing can be almost surely regulated to a small neighborhood of the
target signal.

Proof. It is not difficult to complete the proof by the above
derivations. H

Remark 2. From (37) and (38), one can see that there are only
two adaptive parameters that need to be modulated in our results.
Hence, the problem of over parameterization can be avoided by our
approach, and the computation burden can be greatly reduced.

4. An illustrative example

In this section, the simulation studies for a ship maneuvering
system are used to illustrate the effectiveness of our results.

The ship maneuvering system can be described by the following
Norrbin nonlinear model (Lim & Forsythe, 1983).

To o ft + 4 Qo = Kov)8 + @l () (W, h, Hw,

where T, is the time constant, h = 1 denotes the yaw rate,
Y stands for the heading angle, o, () is Norrbin coefficient, K, ()
represents the rudder gain, § is the rudder angle and w stands
for an r-dimensional independent standard Brownian motion,
bowy (¥, h,8) : R® — R*T is an unknown function, and o (vs)
is the switching signal which satisfies:

O<v <y

1,
o(vs) = {2, v < Vs < vy
3, vy <vs <uvr
vr, vy, vr represent the value of low speed, medium speed and
top speed, respectively.
A simplified mathematical model of the rudder system can be
described as follows:

TE,O’(US)S +8= KE,O'(US)aE,O'(US)S

where Tg , () represents the rudder time constant, § stands for the
actual rudder angle, Kg 5., denotes the rudder control gain and
Ok, (v) 1S the rudder order.

Letx; = ¥, X = h, X3 = §, Vo, = OF,0 (), We have the
following switched nonlinear system model with actuator dead-
zone to describe the dynamic behavior of the ship with low speed,
medium speed and high speed respectively.

dx, = x,dt,
dxy = (fo(ws) + bo(vg)X3)dt + ¢;(vs)da)

1 K
dx3 = (— X3 4 20 a(vs)) dt,
TE,U(vs)

Tt 6 (v5)
Vo (vs) = D(ua(vs))

— __1 _ To(s) 43 Ko (v5)
where fo ) = Totn 2 Toqg 2? To(vg) ©

The vessel data comes from a ship which has a length overall
of 1609 m. v; = 3.7m/s, K; = 32s7 !, T; = 30s, 1y =
40s%, Tgy =48, Keq =2; vy =7.5m/s, K = 114571, T, =
63.69s, T, = 30 Sz, TE,2 =25s, KEyz =1;vr =15.3 lTl/S, K3 =
51571, T3 = 80.47s, 13 = 255, Tgz = 1s, Kg3 = 0.72;
The initial conditions are x;(0) = 2, x,(0) = —0.05,x3(0) =
0.03, é(O) = 10, 1§(0) = 1. We construct the basis function
vectors Sy, Sz, S3 and S, using 11, 15, 21 and 48 nodes, the centers
Wi, M2, 43, Ly €venly spacedon[—1.5, 4.5]x[—3, 4]x[-10, 8],
[-5, 4] x [—30, 20] x [-0.5, 5.5], [-5.5, 8] x [—12, 25] x
[—0.1, 2]and [—10, 2]x[—60, 2]x[—0.2, 10.5],thewidths¢; =
1.2, &, = 2.2, {3 =2, &, = 1.8.The design parameters are a; =
ay = a3 =0y = 10, r = 2, I, = 10, ,31 = 05, ,32 = 01, )\.1 =
A2y = A3 =5, A, = 3.The desired trajectory is y; = 10 sin 0.08t.

bowy =

According to Theorem 1, the adaptive laws é, # and the control
laws uck, ug, are chosen, respectively, as

Z 0.01z°S7S; — 0.56,

¥ =0. 0362365T5 —0.19,

Ug, = —[ —5.7523 — 0.0052365!S5],
&3,k
0.00057 ;. ;
Ug, = 3.75z3 + 2395, Sy,
&3,k

where uy = g, — Ug,, 2y = X1 — Ya, Z2 = Xy — A, Z3 = X3 — Q3

and a1, «; are given by
@y = —5.75z; — 0.005220ST's;,
= —92z, — 0.082205!5,.
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Fig. 1. Tracking performance.
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Fig. 2. The responses of adaptive laws.

In order to give the simulation results, we assume that

10(ux — 50), u, > 50
vy = D(ug) = 10, —60 < u, < 50
20(u, + 60), u, < —60

and ¢ = 0.5x; sinx;x3, ¢ = 0.25x§x2 Cos X3, ¢3 = 0.1x1x3. The
simulation results are shown in Figs. 1-4, where Fig. 1 presents the
system output i and target signal yg4, Fig. 2 shows the trajectories
of adaptive laws, Fig. 3 demonstrates the responses of D(u,)
(without dead-zone compensation controller) and D(u,, — ug,)
(with dead-zone compensation controller), and Fig. 4 illustrates
the evolution of switching signal. From Fig. 1, it can be seen
that the output v can track the target signal y; within a small
bounded error. On the other hand, Fig. 3 verifies that the dead-zone
nonlinearity can be compensated by ug,.

5. Conclusions

This paper has investigated the tracking control problem for
a class of switched stochastic nonlinear systems in nonstrict-
feedback form under arbitrary switchings, where the unknown
nonsymmetric actuator dead-zone is taken into account. Adaptive
state feedback controllers are designed for the considered systems.
It is shown that the target signal can be almost surely tracked by
the system output within a small bounded error, and the tracking
error is SGUUB in 4th moment. In our future works, we will pay
attention to the control problems of more complicated systems
such as high-order switched stochastic systems by using efficient
adaptive algorithms.
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1000
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-3000 ‘ ‘ ‘ ‘
20 40 60 80 100
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Fig. 3. The responses of D(ug, — ug,) and D(ug,).
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Fig. 4. The response of switching signal.
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