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ABSTRACT In this paper, we mainly study the adaptive exponential quasi-passivity and adaptive tracking
control of lower triangular uncertain switched nonlinear systems, even though the adaptive output tracking
control problem of individual subsystem is unsolvable. First, the exponential quasipassivity concept is
proposed to describe the energy changing of the overall switched nonlinear systems without the exponential
quasi-passivity property of all the subsystems. Then, for switched nonlinear systems, the semiglobally
uniformly ultimate boundedness is achieved by using exponential quasipassivity. Second, this result is
applied to solve adaptive tracking control problem uncertain switched nonlinear systems in lower-triangular
form. A new adaptive tracking control technique is developed by combining quasi-passification methods with
adaptive backstepping techniques. The unknown nonlinear functions are approximated by the radial basis
function neural networks. In contrast to the existing results, the multiple storage functions method reduces
the conservativeness caused by a common Lyapunov function for all subsystems. Finally, the effectiveness
of the proposed method is verified by an example.

INDEX TERMS Switched nonlinear systems, neural networks, output tracking control, exponential quasi-

passification.

I. INTRODUCTION

The notion of passivity originated in electrical network theory
was first proposed by Willems [1]. In general, passive system
dissipates no more energy than the external supply. Passiv-
ity theory was widely applied in analysis and synthesis of
nonlinear systems [2], [3]. This motivates the researchers [4]
to establish necessary and sufficient conditions for feed-
back passification of nonlinear systems. In practical sys-
tems, In practical systems, structural uncertainty and other
uncertainties are ubiquitous. These effects of uncertainties
on plants can be eliminated with the aid of robust control
and adaptive control [5], [6]. To deal with with structural
uncertainties, [5] adopted robust control method to solve
passfication and stabilization problems. In [6], adaptive pas-
sification method was developed for nonlinear systems with
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parameter uncertainties. When the controlled system is con-
sidered unknown, neural networks passivity was investigated
in [7], [8]. Nevertheless, the aforementioned feedback passifi-
cation method is its limitation to systems with relative degree
one and being minimum-phase. To overcome these restrictive
conditions, [5], [9] combined backstepping technique with
passification method to solve the stabilization problem of
uncertain nonlinear systems. Because of the existence of the
large uncertainties, it was often hard to realize exact feedback
passification. In [10], [11], only passivity except for a com-
pact region was achieved. Similar practical passivity prop-
erty was investigated in [12]-[14]. [12] proposed a concept
of quasi-passivity. Compared with passive systems, quasi-
passive systems can produce energy itself. In [13], [14], semi-
passivity was studied and applied to solve synchronization
in networks of neuronal oscillators. This practical passivity
was also used to solve nonlinear control problem of uncertain
nonlinear systems in lower-triangular form [11], [15]. In [11],
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exponential quasipassivity and backstepping technique were
adopted to anaylize stability of power system. In [15], based
on the set passivity theory, adaptive fuzzy tracking problem
was solved by backstepping technique for a class of unknown
nonlinear systems with saturation input nonlinearity.

On the other hand, switched systems have received
extensive research attention in recent years [16]-[23].
Many real-world systems can be modeled as switched sys-
tems [16]-[19]. Several methods were often used to inves-
tigate switched nonlinear systems [18]-[23]. Passivity is
an important system property of switched systems as non-
switched systems. So far, many scholars have studied the
passivity of switched systems [24]-[31]. [24] defined pas-
sivity of switched systems using a common storage function
method. But it is often hard to obtain a common storage
function even not exist. Therefore, it is natural to study pas-
sivity of switched systems by the adoption of multiple storage
functions [25], [26]. For switched nonlinear systems with
structural uncertainties, robust passification and stabilization
were investigated in [27]. In [28], Ho control problem was
solved for uncertain switched nonlinear systems with passive
and non-passive subsystems. For switched nonlinear systems
with parameter uncertainties, the adaptive control technique
and passification method were combined to solve the ouput
tracking and stabilization problems in [29], [30]. Neverthe-
less, there are few results on passvity of the switched system
with unknown nonlinear functions. [31] investigated passivity
analysis and feedback passification for a class of switched
T-S fuzzy systems with the sampled-data-dependent switch-
ing strategy and controllers. As nonswitched systems, quasi-
passivity is useful for practical switched systems. Although
exponential quasi-passivity property for non-switched sys-
tems has been studied thoroughly in [13]-[17], a switched
system does not necessarily inherit the properties of its sub-
systems. Hence, [27] studied expnential quasi-dissipativity
and boundedness of switched nonlinear systems without
considering uncertainties. In [28], practical stability for
uncertain switched nonlinear systems using exponential
quasi-passivity property of subsystems was obtained via the
average dwell time method. Nevertheless, at least a sub-
system was required to be feedback quasipassive, which is
a conservative condition, because non-quasi-passive system
is commonly encountered in the real world. Subsequently,
in [29], robust semipassivity of switched nonlinear systems
with structural uncertainties was studied by the design of
a state dependent switching law, even if each subsystem
was not semipassive. Nevertheless, a switched system with
unknown nonlinear functions has not been studied in [29].
Moreover, to solve the feedback quasi-passification prob-
lem, the relative degree of each subsystem was required
to be one. How to remove this restriction is worth
studying.

Motivated by the above analysis, this paper will solve
adaptive exponential quasi-passification and adaptive track-
ing control for uncertain switched nonlinear systems
in lower-triangular form. The contributions are in three
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aspects. First, an exponential quasipassivity is proposed.
It is a generalization of exponential passivity. Second,
the semiglobally uniformly ultimate boundedness is obtained
using the quasi-passivity concept. This result was firstly
applied to solve adaptive tracking control for uncertain
switched nonlinear systems in lower-triangular form. In con-
trast to conventional backstepping, a class of nonlinear
adaptive controllers with new control inputs are designed
constructively. The new control inputs can be redesigned to
solve the tracking and stabilization problem and so on. This
method can remove the major obstacle to feedback quasi-
passification that requires the relative degree of each sub-
system is one [29]. Finally, a more general switching law
which allows the storage function increase at each switching
point is designed constructively to achieve output tracking
control, while the dwell time and the common Lyapunov
method adopted in [20]-[22] are infeasible for the problem
under study.

Il. PRELIMINARIES AND PROBLEM FORMULATION
A. PRELIMINARIES
Consider a switched nonlinear system described by

X Zfrr (x, ug) ,

y=hs (x), ey

where x € R" is the state, o : [0,00) — [ = {1,2,..., M},
called a switching signal, is a piecewise constant function.
u; € R™" and y € R™ are the input and output vectors of the
i-th subsystem, respectively. f; (-) and h;(-) are assumed to
be smooth with f; (0,0) = 0 and A; (0) = 0. The switching
signal can be characterized by

> = {x0; G, o), (1, 11), - (ks 10, o lik €1,k € Z4 ),
)

in which x( denotes the initial state at the initial time #p and Z
stands for the set of non-negative integers. When o () = i,
the ix-th subsystem is active during [#, fx+1) . In addition,
we assume that the state of the system (1) does not jump at
the switching instants.

The definitions of class K, functions, class G/XC function
are introduced as follows.

Definition 1 [35]: A function y : RT — RT is called a
class K function if it is continuous, positive definite, strictly
increasing and y (r) — oo as r — 00.

Definition 2 [19]: A function « : Ry — Ry is called a
class G/C function if it is increasing and right continuous at
the origin with @ (0) = 0.

Next, we will give an exponential quasi-passivity definition
of system (1).

Definition 3: System (1) is said to be exponentially quasi-
passive, if, for a given switching signal o, there is a nonneg-
ative function V (o (¢),x) : I x R" — R, called storage
function, constants A > 0, ¢; > 0, class G function « such
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that
MV (o (1), x (1) — "V (o (1) , x (1))
t
< / ey (1) 23 (1) + o) dT + 0 (Ix (1))
fo
3)

holds for all the initial state x (¢).

Remark 1: Obviously, system (1) is quasi-passive by letting
A = 0. ¢; is seen as internal supply rates, which means
system can produce energy by itself. If ¢; = 0, Definition 2
degenerates into passivity of switched system in [27]. By (3),
the energy of switched system may increase at any switching
time and is bounded by e*a (||x (19) ).

We will investigate ultimately boundedness of system (1)
using exponential quasi-passivity.

Definition 4: System (1) is semiglobally uniformly ulti-
mately bounded, find, if possible, feedback controllers u;, i €
I and a switching signal o (¢) such that for given any initial
compact set €2, the closed-loop system possesses the follow-
ing properties.

(a) (Uniform boundedness) there exists compact set €2,
such that for all 79 > 0, xo € Q2 implies x (1) € Qg, Vt > 19.

(b) (convergence) for all initial condition xo € €2, there
exists T > 0 such that states x (¢) eventually converge to the
compact set Qg i.e. x (t) € Q,t > T.

We will investigate ultimately boundedness of system (1)
using exponential quasi-passivity.

Lemma 1: Suppose that system (1) is exponentially quasi-
passive with a storage function V (o (¢) ,x) = Vo) (x) . If
there exist class Koo functions ¢, ¢, satisfying ¢ (||x]]) <
Vi(x) < ¢ (|lx]]). Then, the closed-loop system (1) with
the output feedback controllers u; = —W; (y) is semiglob-
ally uniformly ultimately bounded, where V; (y),i € I are
continuous functions satisfying ¥; (0) = 0 and y" v/; (y) > 0.

Proof: Since system (1) is exponentially quasi-passive, for
t € [tk, tk+1), substituting u; = —W; () into (3) gives

MV (o (1), x (1) — 0V (o (t9) , x (t0))
= MV, (x (1)) — M0V (x (10))

t
< / & eo(dT + e (Ix (1)) - @)
1

0

It follows from ¢; (||x||) < V; (x) < ¢, (||lx]) that

1 (lx (01
< Vi (x (@)
< e MY (x (19)) + e (Jlx (10) 1)

_|_§ (1 — e—)n(t—to)>
= M (Vi o) = S +a(r @) + 5 )
=@ (lx ()l + 7. (©)

where ¢ = malx {cil, & = a + ¢». From (6), for any

1€
bounded initial conditions xp € €2, there exists a compact
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set @ = {x| Il = &y (@ (x () ) + £) | such that for
alltg > 0.x () € Q.

(1) When Vi (x (1)) — 7 + a(lx(®0)l) = 0, for
any bounded initial conditions x9 € £, (5) implies that
lim ||x ()] = qbl_l (%) ., 1.e. there is T > 0 such that state
—>00
x(0 e =[xl Il g7 (5} =T,

(2) When Vi (x (t0)) — 5 +a ([lx (t0) ) # O, for any xo €
Q, we have lim [lx ()| = ¢; ' (£).

t—00 . . .

Therefore, the closed-loop system is semiglobally uni-
formly ultimately bounded.

B. PROBLEM FORMULATION
1) SYSTEM DESCRIPTION
Consider system (1) in the special form

Z = foo (z,x1),
X1 =x2 + fio (2, X1)
X2 = x3 + far (2, X2),
@)
Xn—1 = Xn + fin—1)o (@ Xn—1) ,
Xn = Uo + fro (2, Xn)
y =X,

where z € RP, x = (x1,xp.. .x,,)T are the system states with
o= x0Tk = L2000 foi(), fu(). ko=
1,2...n,i € I are unknown smooth functions and fy; (0) =
0, fii(0O) = 0, k = 1,2...n,i € I. The switching
sequences can be characterized by

= {<Z()T,xg) ; (o, 20), (ir, 1), - o (i, 1),
... Jipel,leN} (8)

with the initial states (z{, x7 )T

In this paper, for a given reference signal y; (¢), the main
control objective is to design adaptive NNs-based controller
for each subsystem of system (7) and an appropriate switch-
ing law such that

(a) all the signals of the resulting closed-loop system are

semiglobally uniformly ultimately bounded.,

(b) the output of the system can follow the reference

signal y, (¢) to a small compact.

To this end, we make the following assumptions.

Assumption 1: There exists a positive definite and radially
unbounded smooth function W; (z), B (z) < 0, and smooth
functions w;; (z) with 1 (0) = 0 and w;; (z) = 0, constants
¢i > 0,x; > 0fori,je I such that

Ifﬁo(z,yfl)Wi (@ +AiWi (2

M
+ D Bk @ (Wi (@) = Wi @)+ pix @) < civ (9)
k=1

I{f;,o(z’x])ﬂik (@) + Ak (2) <0, (10)
Wij (2) + ik (z) < min {0, pix ()} (an
hold fori,j e 1.
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Assumption 2: The reference signal y; (t) and its
time derivatives yg (¢), yq (7). .. y;”) (t) are continuous and
bounded.

Remark 2: Under Assumption 1, the tracking control
problem for each subsystem is not required to be solvable.
Therefore, Assumption 1 is much weaker than the conditions
provided in [23], [26], [30]. Assumption 1 can degenerate
into [30] by letting ¢; = 0.

2) FUNCTION APPROXIMATION USING RBF NNs

RBF neural network is usually used to model nonlinear func-
tions. In [35], an unknown continuous function f (X) : R" —

R can be expressed as f (X) = WS (X) + e (X), where
X = [x1,.. xn]T € R” is the input vector of NN, W e R
is a weight vector of the NN, / > 1 is the number of the
NN nodes. ¢ (X) is the approximation error which satisfies
le (X)| < |e| and & is an unknown bounded parameter,
SX) = [s1X),...ss(X)]" e R!is the basis function
vector, where s;(X) can be chosen as the Gaussian functions
in th form

— X — u)T (X = 1
si(X)=exp|: ( Ml;z( Ml)i|, i=1,2,...1,
(12)
where w; = [1i1, 2, - - -, in]” is the center of the receptive

field and &; is the width of the Gaussian function.

As mentioned in [36], for sufficiently large nodes num-
ber /, the RBF neural networks 8*S (X) can approximate any
continuous function f (X) over a compact set €2, that is, for
Ve > 0, there exists the RBF neural networks W*S (X) such
that

) =0"SX) +e" (X)),

where W* is the optimal weight and |¢* (X)| < ¢ is the
smallest approximation error.

VX € Q C R, (13)

Ill. MAIN RESULTS
This section will solve the output tracking control problem of
system (7) using the exponential quasi-passivity concept.

A. NEURAL NETWORKS-BASED ADAPTIVE EXPONENTIAL
QUASI-PASSIFICATION CONTROLLER AND SWITCHING
LAW DESIGN
In the following, a set of adaptive controllers and a state-
dependent switching law will be designed constructively
to solve the exponential quasi-passification problem of
system (7).

Step 1: Consider the i-th (z, x1) subsystem. Construct the
output e = x1; — ygq. Thus, the i-th (z, x1) subsystem is
described by

Z = foi(z, e1 +ya),
e1 = x2+ fii (z, e1 +ya) — Va, (14)

where x> is a virtual input of (14). Thus, the zero dynamics of
system (14) is z = fp; (z, yq) . Using the mean value theorem
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gives:

foi (z, e1 +ya) = foi (z,ya) + €l foi (z er +ya),  (15)

g — [z stya)
where foi (z.e1 +ya) = J, F = sel ds are
unknown smooth functions. Let
(z)
Rii (X)) = fii (. x1) + R X — as

= (z,x1,yd,yd).

Using an RBF neural network 95*5 1 (X1) + &} to approx-
imate Ry; (X) gives

Rii (X1) = 0/*S1 (X)) + % (X)),

with the ideal constant weights 67, and the approximation
error S;"l. Define an unknown constant ®1 = max {||6,-1 ||2}.

1
A storage function for system (14) is constructed as
- 2 -
Vii(z e1.01) = }Wi@ + F + 46} with the estimation
error (:)1 =0;— (:)1, where @1 is the estimation of @1,/ > 0

is a design parameter.
Differentiating Vj; together with (9) gives

Vi
1 oW,
=e |2t —foi . e1 + ya) +fii . er + ya) —
l ow; 1~
—foi (2. ya) — —91@1
l 0z
= o1 (xa + O71 (X0) + £ (X))
ow; 1~ «
+— = foi (2, yd) — 5010 (16)
[ 9z [
Applying the Young’s inequality gives
& 75, + B oper < G4
e101*81 (X1) < 2—9151 S1+ = 2 ,ere; < 5 + > (17)
where a; > 0 is a design parameter. Therefore,
2
. el T el ay
Vii < — 018 S1+ — —
11_€1<X2+2a% 19191 + 2>+ 2

N

8% 19 1
fo,(zyd) 79101 (18)

+— + -
Design the virtual common controller as:

X = o <@1,€1,X1) + ez,
s (2 D) e+
B AT IS ,
1 s t5)eatya

— A0y, (19)

o] = —

1
2

e
1—LsTs,
271
2a1

A

0 =

where A = miIn {A;}. From (9) and (19), we have
IS
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2 @2 2 =2 A @2

A e LY &8 :
S6162—YWi(Z)—)L?—??_F7 S+75

ul Wi W@  pma@)  c
+k§ﬁ,~k<z)<l -+ )+7

a% 8% A@z Ci
<6162—AV1,+?+ > +77+7

M
+> Bk @) (Vi (2. e1) = Vi (. e1) + jLix (2. e1)),

k=1

where fLix (z.e1) = ik (2) -

Stepj(1 <j <n—1):LetXy = (Z,)_Ck, O1,..., Ok_1,ya,
T - -
--,y(dk)) ,Zj = (Z, el, ...ej) s ﬁj = (@1,..., Q/).Repeat-

ing this process, we can obtain, at the j-th step, that the
virtual output virtual input and the storage functions of

Z, Xj— TCI @1 2) subsystem: e¢;_; = xj_1 — «; and
5 = e LX) + e Vieri (Z-1.9j-1) = (Wi +
_ 2
Z 7" 2_k satisfying
= a,% e,% @k ci
V]ltfej lej_)"‘/] 11+;(_+?+77) l
M
+ Z,Bik @ (Vi—1i (Zi=1,9j=1) = Vie1.k (Zi—1, 95-1)
k=1
+iik (Zi-1, 9j-1)) - (20)

where Ly = i (2)-

Consider the i-th (z, Xj, @1, e, (:)j_l)
the output ¢ = x; — oj_1.xj41 is a virtual input of i th
(Z, )_Cj, (:)1, ey éj—l) subsystem. Let Rj,,‘ (Xj) 2]5‘,1' (Z, )_Cj) -
&j_1, which are the unknown functions. Employing an RBF
neural network GT*S (X;) to approximate R;; (X;) gives

Rii (X5) = 6;*S; (X;) + €5 (X)) ,

where 9; * denotes the ideal constant weights, s;’f is the
approximation error with constant & > 0. Define ®; =

max [ [0,).

Choose the storage function as

subsystem. Let

e () =5 e

2 02
Vi (73 93) = Vit (Zim1, 0) + 5+ 2

where ©; = ©; — ;, ©; is the estimation of 0.
The derivative of Vj; along the trajectory of the i-th (z, Xj)
subsystem together with (20) and (21) is
Vi < (e/ ) +x,+1 +J§z (z 56/) — &) ej = AVj-1

NG ci ®A
+Z(—+—+——) )

+ Zﬂik @ (Vi (). 07) = Vi (2. 95) + fuae)
k=1

221428

5(e11+x,+1+0,15( )+e) —AVi_1i
S -
a £ 102 ¢ Ojq1 A
+§ (Gt o+ 750+ == O

+ Z Bik @ (Vi (2. 95) — Vi (2. 0)) + i) (22)
k=1

Applying the Young’s inequality gives
2 2
e; a;
J T J o
gG)]SJ Sj + ?, ejsi,j <
J

. (23)

Nl\cﬁ\,
[\)lk l\l,

ejfy *Sj (X;) <

where aj1 > 0is a design parameter.
Design the virtual common controller as:

Xji41 = o + ejy1,
A e
Eej,® _lgsl S —)»®

€ A
1 &.5T¢q. _ o, | _
g®jsj Sj €j—1
J

o = —

Substituting (23), (24) into (22) gives

V) 2
. a 3 AB
Vii < ejejs1 — AVii+ Y (7" + 7" - 77")+c,-

k=1

+ DBk @ (Vi (2 07) = Via (2. 9) + e (2)).
k=1

(25)
Step n: According to the above analysis, we have
n—1 9 -2
. a;, & 1 ©2
Vn—l,i fgn—len_)\vn—l,i+l;(_+?+__k) l

M
+ Z Bik @ (Va—1,i Zn-1, On—1)
k=1
~Vietk Zn=t1, On—1) + fLik) -

Consider the i-th (z, Xn, @1, e, @n_l subsystem. Define
the output e, = X, — a,—1. Use an RBF neural network
Hii*Sn (Xy,) to approximate fy, ; (z, Xn) — Gtp—1-
Let ©jy1 = IIl)eellx { ||9,-j+ 1 ||2} Choose the storage function
as
e2 ®2

an (va 19‘") Zl

n lt(Zn 17 n— l)+

where @n =0,— @n and (:)n is the estimation of ®,,. Design

the controllers as:

uip = oy + Vi,

~

sTs,

oy = —
n
n = 12—25,35 cH (26)
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The derivative of V,;; is

n 2 =2 2
. a, & G Ci
Vii < envi — AVai + ) (—+—k+——k)+—’
k=1

M
+ > Bik Zns ) (Vi (Zn 9n) = Vi Zov. D)

k=1
+itik (Zy, Un)) , 27

where B (Zn, ) = Bit (2) . i (Zn, ) = T1tik (2) -
Let

S-zi = {(Zn, ﬁn” Vi (va 19n)
—Vauk (Zy, On) + [Lik (Zn, D) < 07] € I}
and
S~2ij = {(Zn, 9| Vi (Zn, V)
—Vauk (Zy, On) + laik (Zy, ¥n) = 0,i 7é k} .

According to [22], the set { ©;|i € I} is a partition of
R¥™P_When Vyi (Zn, 94) = Vik (Zu, O0) + ik (Zn, ) <0,
we have

2 5‘2 @% ci
Vii < eavi — AV, ST S S I O3
ni = €nVi m+kz;( + 2 +l 2) I (28)

Multiplying both sides of (28) by e*, respectively, yields:

d
- (e“ Vi) < € (eqvi + Ci) (29)

where C; = Z ( + 2 O‘)+ g

Integratmg (29) over [s, t] for Vt > s > 19 gives:

t
M V,i(t)— e Vyi(s) < f e (e (1) vi (1) + Ciydt . (30)

s

Design the switching law as:
o) =iifo (t_) =iand x (t) € Q;,
o (f) = min {j ‘x ) e Q,] ito (1) = iandx (1) € .

(31)
From (31), we have
Vi (Zn (t1) s On (1)) — Vi (Zn (1) , 0 (11))
= ik Zn (1), 0n @), 1=0,1,... (32)

and e}"ﬂikj (Z, (t), 0 (¢)) are decreasing on [#7, f741).

The storage function of system (7) is defined as
V(o @),Zy, %) = Vou)(Zy, V). Fort > tp > 0 and
tE [tk i)

From (30), (32), and (21), we have:

MV (0 (1), Zy (1), B (1)) — €0V (0 (10) . Zy (10) , P (1))
= e“v,-k (Zu (1), 00 (1)) — €%V (Zy (1), O (1))

+ Z )\.t[]+1 Vl

Zy (tp41)  On (tp+1))
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eMr Vi, (Za (1p) s O (1))

k

+ Z M (Vi, (Zu (1p) . 9 (1p))

p=1

Vip 1 (Za () s 9n (1))
f e (e (T) vy (1) + Cp)dT
fo

IA

k
+ Z M i, iy (Za (1p) + On (1p)
p=1
fz; & (e (1) v (1) + Cy)dt  if kis even
Jip €7 (en (M) Vo (1) + Co)dr
+€0 [Ljgi, (Zy (10) , O (10) )

t
/ e (en (V) vo (1) + Cp) dr
0]

+ea(||(Zy (t0) , Dn (1)) (33)

IA

if k is odd

IA

where o (s) = max {|uix (Zy, Op)| i,k el} is a
1(Zn, 90)lI<s

class GK function. Therefore, system (7) is exponentially
quasi-passive.

Remark 3: Because of the existence of uncertainty, quasi-
passification was only achieved instead of exact feedback
passification.

B. STABILITY ANALYSIS
Based on the above quasipassive system, the output tracking
problem will be solved by output feedback controllers.

Theorem 1: Consider system (7). For the given refer-
ence signal y; (t), suppose Assumptions 1,2 hold. Then,
there exists the switching law (31) and adaptive controllers
(26) such that closed- loop system is exponentially quas-
ipassive from the inputs v; to the output ¢, = x, —
oy. Furthermore, if the new control input is redesigned as
vi = —W;(e,) with the continuous function ¢; (-) satisfy-
ing e,{ W, (en) > 0, the output tracking control problem is
solvable.

Proof: By Lemma 1, all the signals of the resulting closed-
loop system are semiglobally uniformly ultimately bounded.
Thus, all the signals (z, el,...en, O1,...0,) in the closed-
loop system are bounded. Because ®, ®;,...®, are con-
stants, @1, o (:)n are bounded. By Assumption 2, z, x1, ... X,
are bounded. The states and parameter estimation errors con-
verge to compact sets whose sizes can be reduced by choosing
appropriate design parameters / and a;.On the other hand, for
all initial condition, e eventually converge to the compact set.
Therefore, the output can follow the reference signal y4 (¢) in
a small compact.

Remark 4: In contrast to conventional backstepping, a class
of nonlinear adaptive controllers with new control inputs
are designed constructively. The new control inputs can be
redesigned to solve the tracking and stabilization problem and
so on. The switching law (31) can degenerate into the well-
known “min-switching” law in [23] by setting u;; = 0.
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IV. EXAMPLE
In this section, a numerical example is given to demonstrate
the effectiveness of the results.

Consider the following system

Z = foo (z,%1),

X1 = x2 + fio (2, X1) ,
X = g + foro (2, %2),
y =X,

(34)

where o (1) : [0, +00) = I ={1,2}z = [z1, 22]" € R®,x =
i, w]" € R for = [=921 +3x1,22 4 cosziza)l”
fit = ax +xf o =2+ e fia = x2z3 4 cosxi, for =
[2z1 + cos (1.2z2), —1620 + 2417 Jon = z%xg. The refer-
ence signal is yq (#) = sint.

First, let W; = %z% + Z%, Wy, = Z% + %z% It is easy to
verify that the conditions in Assumption 1 are satisfied with
M = 1,4 =6,c1 = 2,¢c0 = 2,012 = u21 = 0 and
P2 = —12, By = —22.

Similar to the proof of Theorem 1, the adaptive NN con-
trollers and update laws as:

el A or A1
x2=cost—2—2®1SlSl— §+5 e1 +e, (35)

aj
e ~ .r MM
= ——— 0818 —e1 — = , 36
u 22 28,8 — ey 2€2+V1 (36)
_ ey A T %)
uy = _2_a§®2S2 Sy —er — e + v, 37
A 62 ~
O = 5581 — 20, (38)
2a1
A 62 N
Oy = [—257 8, — 60, (39)
2a2

where A = min{A;|i = 1,2} = 1. Then

Var < 12(Va1 (z, €2) — Va2 (2, €2)) + eavi — Va1 + day,
Vo < 22(Vaa (z,e2) — Va1 (2, €2)) + e2vy — Voo +da,

where

2 2 =2 2
a g L0 c;
dy = (E+LE4ZHh 42

k
£ =¢

Vai(z,e2) = Vii +

i=1,2.
Design the switching law as follows:

o (t) =1, when V21 (z,€2) — V22 (z,€2) < 0;

o (t) =2, when Vx(z,e2) — V21 (z,e2) =0; (40)

By Theorem 1, system (33) is exponentially quasi-passive
from v; to the output e,. Therefore, the output tracking prob-
lem for closed-loop system (33,36-39) is solvable by vi =
—ep, Vo = —2ey under the switching law (40).
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FIGURE 1. State responses of the switched system.

outpul_and reference signal

0 05 1 15 2 25 3 35 4 45
time sec)

FIGURE 2. Output and reference signal.

o tracking error

FIGURE 3. Tracking error.

Leta; =0.24,a, = 0.2,1 = 20.
The input vectors of RBFNNSs are X1 = (z1, 22, X1, _}zd, Vd)

and X, = (Zl,zz,ik, @)1,...,(:Dk_1,yd,...,y£lk)) . The
centers and widths are chosen on a regular lattice in the
respective compact sets.The centers and widths of RBFNNs
evenly spaced on [—2, 2], [—2, 2].The widths of RBFNNs
are §1 = & = 2. The simulation was performed with
the initial state (z(0),x (0)) = (—1.5,0.6,—-0.2, —0.05),
A1 (0) =0, O, (0) = 0.

The simulation results are shown in Figs. 1-4. See from
Figure 1, the states are bounded under the switching law
described in Fig. 4. Figs. 2 and 3 imply the outputs of the sys-
tem (33) can track the reference signal under the controllers
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]
8

FIGURE 5. Control input.

as shown in Fig. 5. Therefore, the adaptive tracking control
problem of the resulting closed-loop system (33) - (39) is
solvable. The simulation results well illustrate the effective-
ness of the proposed approach.

V. CONCLUSION

This paper has studied adaptive exponential quasi-
passification and adaptive tracking control for uncertain
switched nonlinear systems in lower-triangular form. A more
general switching law and adaptive controller are designed
constructively. There are relevant problems that need to be
investigated. One of such problems is how to solve finite
time tracking problems using finite-time quasi-passivity for
switched nonlinear systems.
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