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Abstract: This paper addresses the design problem of practical (or satisfaction) output-feedback controls
for stochastic strict-feedback nonlinear systems in observer canonical form with stable zero-dynamics under
long-term average tracking risk-sensitive cost criteria. The cost function adopted here is of quadratic-
integral type usually encountered in practice, rather than of quartic-integral one used to avoid difficulty
in control design and performance analysis of the closed-loop system. By coordinate diffeomorphism the
zero-dynamics are separated from the entire system so that the transformed system has an appropriate
form suitable for integrator backstepping design. For any given risk-sensitive parameter and desired cost
value, by using the integrator backstepping methodology, an output-feedback control is constructively
designed such that (a) the closed-loop system is bounded in probability and, (b) the long-term average
risk-sensitive cost is upper bounded by the desired value. Furthermore, under some additional conditions,
another output-feedback control is designed to ensure the closed-loop system be asymptotically stable in
the large and admit a zero risk-sensitive cost. Among others, this paper does not require the uniform
boundedness of the gain functions of the system noises.
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rion, output-feedback, stable zero-dynamics.

1 Introduction

Research on the global stabilization control design for
nonlinear systems has been accelerated over the recent
two decades. After the celebrated characterization of the
feedback linearizable systems (see [10]), a breakthrough
is achieved with the introduction of the integrator back-
stepping design methodology (see [16]), which provides a
general constructive tool for designing global stabilization
controls for nonlinear systems in or feedback equivalent
to strict-feedback form. Since the early 1990s, a series
of research results on strict-feedback systems have been
obtained by using this methodology together with other
design tools such as nonlinear damping, tuning functions,
and MT filters (see. e.g., 7], [11], [15], [14], [18], [19],
[24], [26], and [29]).

The design of the controls for strict-feedback stochas-
tic nonlinear systems has received intense investigation
recently (see, e.g., [1], [5], [6], [8], [20], [23], [21], [22],
[25] and [27]), where [6], [8] and [25] considered full state-
feedback control design, and [1], [5], [20], [23], [21], [22]
and [27] considered output-feedback control design. Un-
der the assumption (A): “the disturbance vector field van-
ishes at the origin”, [5], [6] and [8] studied the prob-
lem of designing a control to asymptotically stabilize the
closed-loop systems in the large. While [1], [20], [23], [21],
[22], [25] and [27] considered the control design to achieve
the boundedness in probability of the closed-loop system
without using the assumption (A). Specifically, [6] con-
sidered the disturbance attenuation problem; [27] consid-

ered the stabilization problem of systems with stable zero-
dynamics; [25], [20], [1] and [23] considered the design of
satisfaction control under a quadratic, a quartic regula-
tion and quadratic tracking risk-sensitive cost criterion,
respectively. [1] used the assumption (B): “the gain func-
tions of stochastic noise are uniformly bounded”, while
[20], [23] and [25] did not; [21] and [22] considered the
reduced-order observer-based stabilization control design
of the single-input multi-output stochastic nonlinear sys-
tems.

This paper studies the problem of output feedback
control design for a class of stochastic nonlinear systems
in observer canonical form with stable zero-dynamics un-
der a quadratic tracking risk-sensitive cost criterion. In
general, the design of output-feedback control is more
difficult and challenging than that of full state-feedback
control. Since the early 1990s, a general framework to
study output-feedback control problem has been devel-
oped. The key thought is to first introduce the so-called
INFORMATION STATE, which is a generalization of ob-
server or filter, and then, by a measure transformation,
to change the output-feedback control design problem
into a full state-feedback one of an augmented system
(see, e.g., [2], [3], [9], [13], or [12]). However, generally
speaking, the equality (or inequality) of the information
state satisfied is infinite-dimensional, to which an explicit
finite-dimensional solution exists only for linear or special
nonlinear systems (see [2]). The method of this paper
is different from the information state one, and can be
used to deal with more general inherently nonlinear sys-
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tems. The objective of this paper is very practical: to
search for a SATISFACTION control rather than an opti-
mal one. This makes it possible to avoid the measure
transformation. In order to get the explicit formula of
the control, strict-feedback nonlinear systems are consid-
ered. The main results of this paper indicate that: for any
given risk-sensitive parameter and desired tracking risk-
sensitive cost value, a dynamic output-feedback control
can always be constructively designed so that the closed-
loop system is bounded in probability and the long-time
average risk-sensitive cost is upper bounded by the desired
value. Under certain conditions, we can design control so
that closed-loop system is asymptotically stable in the
large and the long-time average risk-sensitive cost equals
zero. Unlike [1], where the assumption (B) is essential,
this paper does not use this assumption. In addition, the
value range of the characteristic parameter of the value
function used for backstepping design is enlarged from %
(see [20]) to set (3, 1). This provides control designers
with a freedom in choosing value function.

The remainder of the paper is organized as follows.
Section 2 describes the system model and formulates the
control problem to be studied. Section 3 describes the
constructive design procedure of the control by employing
integrator backstepping approach. Section 4 addresses the
main results of this paper. Under some additional condi-
tions, Section 5 considers the control design of asymptot-
ically tracking almost surely and zero tracking long-term
average risk-sensitive cost. Section 6 gives some conclud-
ing remarks. The paper ends with an appendix, which
introduces the definitions of stability notions: asymptot-
ically stable in the large and bounded in probability(see
[17]), a key theorem of sufficient conditions for the solv-
ability of the control problem, and provides two technical
lemmas which play an important role in the control design
and performance analysis.

Throughout this paper, x| denotes =z;; =
[1,...,2;]7; for any given ith continuously differentiable
function ya(t), yy)(t) denotes the ith derivative with re-
spect to the time variable ¢, the first and second deriva-
tives are denoted by 94 and 44 respectively, and yg] de-
notes the (i + 1)-dimensional column vector consisting of
Yds Udy -+ y((;), ie., ygl = yd,y'd,yjd,...,yf;) . Ob-
viously, z(1) = =1, Z(n) = =, y([iO] = yq. 0ix; denotes
the (i X j)-dimensional matrix with all zero elements and
will be written as 0 for brevity when there is no confu-
sion caused. We use I; to denote the identity matrix of
i-dimension.

2 Problem Formulation

2.1. System model

Consider the stochastic nonlinear systems as following
(see [27]):

dz; = zipr dt + fi(y) dt + hi(y) dw,
i=1,...,p—1, 1)
dzj = [zj41 + fi(y) + beg(y)u] dt + by (y) dw,
j:p -nvk:m_‘j_l—p Tn+1 :Oa
where y = 1 is the measurable output; =z =
[©1, ..., xz,]” € IR" is the state vector, and the initial

condition z(0) is fixed but unknown; u € IR is the con-
trol input; w € IR® is a vector-valued standard Brownian
motion defined on probability space (2, F, P), with Q be-
ing a sample space, F being a filtration, and P being the
probability measure; p = n — m is the relative degree of
the system and supposed nonzero in this paper.

The main results of this paper are based on the fol-
lowing assumptions:

A1l The nonlinear functions f;(-) and hi(:)(i =
1, ..., n) are smooth, i.e., f;(-) € C™ and h;(-) €
C*; the nonlinear function g(+) is continuous, and,
for any y € IR, g(y) # 0.

A2 All the roots of the polynomial b, s™ + - -+ b1s +
bo, b # 0 have negative real parts.

A3 Desired system output yq is deterministic, it and
its derivatives 94, ..., yfin) are known, uniformly
bounded.

2.2. Control objective

The goal of control design is to make the solution process
of the system (2.1) be bounded in probability and the
following quadratic tracking risk-sensitive cost criterion
achieve a pre-defined long-term cost value:

Jo(u) =

T
liqrﬂn_)sup% 5 gln {E [exp <g/ (y— yd)2 dt)} } ,(2.2)

that is, for any given positive cost value R; (maybe arbi-
trarily close to zero), the risk-sensitive cost Jg(u) is not
larger than R;, where 6 > 0 is called the risk sensitivity
parameter, y — yq is called the output tracking error.

In addition to the purposes of cost upper bound, we
are also interested in achieving boundedness in probability
and asymptotical stability in the large for the closed-loop
system. These two stability notions, which were intro-
duced in the classical book [17], have been widely used
now and is restated in Appendix.

As in [20] and [25], with the long-term average risk-
sensitive cost criterion Jg(u), for a given desired cost value
R; > 0, a practical risk-sensitive output-feedback tracking
control is designed as

é::a(t7£1y): Oé(',',')€Cl><Cl><Cl, (23)
w=pt &y, p(,)ec xC®xCP :

so that there exists a nonnegative value function
V(t,x, &) € C® x C* x C? and radially unbounded with re-
spect to z and &, satisfying the following Hamilton-Jacobi-
Bellman (HJB) inequality:

a_V 8_V 8_V f+ Bgu " Qa—vhhT

c dr ¢ « 4 Ox

8V " 1 BZV T 2
(2 1 B —
(835) +2Tr<3w2hh>+(y ya)” < Ri.(2.4)

From (2.4), it is easy to see that the essential difference be-
tween the stochastic HJB and determ;nistic HJB is that
the former has the It6 term 1Tr a—‘,/hhT

2 Ox?
deal with this term is the key to the control design and
performance analysis.

How to
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3 Control Design
3.1. Observer design

Design the following observer to rebuild the states of (2.1):

37\1' =Tip1 + ki(y — 71) + fi(y),
i=1,...,p—1,

N0 = = (3.1)
Tj = Tjt1 + ki (Y — 20) + f5(y) + brg(v)u,
j=p, -~-7n§k=m*j+,0; ZTpt1 =0,
where k1, ke, ..., k, are design constants such that all the

roots of polynomial s + k1™ ~! + - - + k, have negative
real parts. The initial condition for observer (3.1) is set
by certain value z(0).

Let T = [z1, Z2, ..., Zn]”. Both system output y and
observer state vector = are available for control design.
Denote the state estimation error as © = x — z. Then, we
have

£ Az dt + h(y) dw. (3.2)

Thus, the systems with observer dynamics (3.1) in the
loop can be rewritten into

& = AT dt + h(y) dw,

dy = (T2 + T2) dt + f1(y) dt + ha(y) dw,

T, = Tiy1 + kily — 71) + fi(y),
1=2,...,p—1,

Ty =T+ ki(y—21) + £,) + g (),
j=p...,nk=m—j+p; xpy1 =0,

(3.3)

To carry out an integrator backstepping design, some ap-
propriate coordinate transformations should be taken to
transform the system (3.3) into a lower-triangular form in
the case where z = 0.

3.2. State diffeomorphisms

In this subsection, we introduce a coordinate diffeomor-
phism (see [28]) transforming the system (3.3) into an
appropriate form which is amenable to the application of
integrator backstepping methodology.

dz = Az dt + h(y) dw,

r bm—1
T Tbm
. Im—1
d¢ = o m ¢
T bm
[ =52 0--0
dp,p+1 —dp—1,p
+ y+ T2
L dpn _dp—l,n—l
9p.p+1(Y, 1) hp+1(y)
+ dt + : dw
gon (Y, 1) Hn (y)

2 (B¢ + Li& di + Loz + Qy)] dt + U(y)dw, (3.4)

dm = [dp1y + (n2 + T2) + gp1 (y, 1)) dt
+/1;1(y) dw,

dni = [dpsy + Nit1 + 9pi(y, T1) — dp—1,i—122]dt
+hi(y)dw, i=2,...,p—1,

dnp = 1,01 (p—1) | Cdt + dppydt + gop(y, 1)t
Fbmg(y)udt — dyp—y p1T2dt + hy(y)duw,

where L, = Wp,p+1, e E,m]T and

Q=[9,,110) + dppt19s -+, Gy n (W) + dpny] .

This structure allows the design of output feedback con-
troller by using integrator backstepping methodology.

3.3. Control design procedure

Actually, we can regard both dynamics ¢ and Z as a new
dynamics x = [¢7, 27| € IR"™"™, which satisfy:

Bob x dt + ) dt + 1) dw
Onx1 h(y)

OnXm A
S Wy dt+ F(y) dt + (y) dw. (3.5)
Here L = [L1, Lo, Omx(n—Z)]'

dx =

The dynamics x can be partitioned as x = Xz, x317,
where xo = [(7, 21]7 € R™"! is available for feedback
design, while xp = [22, ..., T»|” € IR"™" is not. Specifi-
cally, x, and x; satisfy the following stochastic differential
equations, respectively:

E Ll LZ Om X (m—2)
dx. = Xa + Xb
1

O1xm —k 01><(m—2)

1
+ ) dt + Y@ dw
0 hi(y)

WaXadt + Laxpdt + Fa(y)dt + @a(y)dw,

0 0---0 —ko
5 In—2 5 g 5
dxy = | - xedt+ | Do 01| Xadl
00---0 0---0—ky
ha(y)
+ dw
hn (y)

£ Wyxpdt + Lyxadt + p(y)duw.

\

Thus, we have the following overall systems which is
amenable for integrator backstepping design.

dx = Wxdt+ F(y)dt+ ®(y) dw,

dn; = nipadt + dixsdt + gi(y, xa)dt + hadw,
izl: "'7/0_17

dny = [bmg(y)u+ dpxs + g,y Xa)] dt + hyduw,
where
di = [1,01x(n=2)]:
di = [—dp-1,i-1,01x(n=2)), 1=2,...,p,
9i = 9pi (¥ [01xm, 1]Xa) +dpiy, i=1,...,p—1,
9o = Ypp (y: [leﬂw I]Xa) +dppy + [1>01><m] Xa-

(3.6)
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Now, we turn to the development of a recursive con-
struction procedure for the desired risk-sensitive con-
troller.

First, introduce a set of transformed state variables:

Zi :ni_ai—l(t7 Xaan[i—l])7 Z:]-a7p (37)

where ai, ..., a,—1 are smooth functions, which are
known as virtual controllers in the backstepping proce-
dure. For the sake of simplicity, let ao(t) = ya(t) and
u = an(t, Xa, 7).

In fact, (3.7) defines a smooth diffeomorphism.
Clearly, there exist smooth functions 9;(¢, xa, 1)), ¢ = 1,
.., p, such that

Z[z] = 192“7 Xas 77[1])1 1= 17 ceey P (38)

From the transformation (3.7) and y = 71, the system
(3.6) can be expressed, in terms of the z coordinates, as

dx = Wxdt+ F(y)dt + ®(y) dw,
dz; = [zi41 + o + Fi(t, Xa, m)] dt
+8i(t, Xa> Ma))xb At + Vi(t, Xa, M) duw,
t=1,...,p—1,
zp = [X1 + bng(¥)u + Fo(t, Xas mp))] dt
+85(ts Xas Mp))xo dt + Yp(t, Xa, Njp)) dw,

(3.9)

where, fori=1, 2, ..., p,

=1
60(1'_
Fi = gi(ya Xa) - Z Wl[nj+1 +gj(y7 Xa)]
X J
j=1
80(1 1 8047, 1
WaXxa + Fa —
xe [Waxa + Fa(y)]
P, P, \ "
_lTr 82051'—1 hl hl
27 |00 )PP | : ’
Ei—l ﬁ¢—1
8(11 1 6011 1
S; =d; — L.,
Z P
j=1
Oav;— 1y ~ Oay
Do (y).
Zl on; Lol 0Xa W)
J

Note that Fi(t, Xa,m) = Fi(Xa;m) = g1(n1, Xa),
§1(t7 Xa; M) = S1 = di and Ui(t, xa, m) = ¥i(m) =
ha(m).

Then, we can design controller by using backstepping
approach. The detailed design procedure is omitted for
the space limitation.

It should be pointed out that during the backstepping
design, for y, we design the value function (or LYAPUNOV
function) as

Vo(x) = ¢(§) = d(c+&)" = d¢”, £ = X" Px,

where 0 < 0 < 1, ¢ > 0, <W<la,nd'y,cand5ale
design constants to be spec1ﬁed Constant + is called as
the CHARACTERISTIC PARAMETER of value function Vj.
Clearly, Vp is positively definite and radially unbounded.
This is the necessary feature of a LyAPUNOV function used
to stability analysis.

4 Main Results

We summarize the main results of this paper into a theo-
rem.

THEOREM 4.1 Consider the system (2.1) and the track-
ing risk-sensitive cost criterion (2.2). Suppose the sys-
tem (2.1) satisfies Assumptions A1-A3. Then, for any
given risk-sensitive parameter @ > 0 and desired cost value
R; > 0, there exists an output-feedback control such that
the closed-loop system:

1. has a unique solution on [0, oo) almost surely,

2. admits a guaranteed cost value Ry for the risk-
sensitive cost criterion (2.2),

3. is bounded in probability.

Proor. The proof is omitted for the space limitation.

5 Control Design of Asymptot-
ically Tracking

If in addition to Assumptions A1-A3, we have f;(y4) =0
and hi(ya) = 0 (i = 1,...,n), then there exists an
output-feedback risk-sensitive control so that the closed-
loop system is asymptotical stability in the large, and at
the same time, admits a zero risk-sensitive cost, i.e., the
tracking error converges to zero almost surely. A special
case (with yq being constant) was studied for control de-
sign with zero risk-sensitive cost in [1].

THEOREM 5.1 Consider the system (2.1) and the track-
ing risk-sensitive cost (2.2). Suppose thal system (2.1)
satisfies Assumptions A1-AS3. For any given risk sensi-
tivity parameter 8 > 0 and desired cost value Ry > 0, if
fi(ya) =0, hi(ya) =0 (i = 1, ..., n), then there is an
output-feedback control such that the resulting closed-loop
system (a) has a unique solution on [0,00) almost surely,
(b) is asymptotically stable in the large, and (c) admits a
zero risk-sensitive cost.

6 Concluding Remark

In this paper, the practical output-feedback control de-
sign problem of stochastic nonlinear strict-feedback sys-
tems in observer canonical form with stable zero-dynamics
under a long-term tracking risk sensitive cost criterion is
investigated. A state observer is designed to guarantee
an exponentially convergent state estimate when there is
no disturbance. By coordinate transformation, we trans-
forms the system with the state observer in the loop into
a lower triangular structure. And then, for any given
risk-sensitive parameter and desired cost value, by using
integrator backstepping method, we can present construc-
tively the output-feedback control design algorithm. The
cost function adopted here is of quadratic form usually en-
countered in practice, rather than of quartic one used to
avoid difficulty on controller design and performance anal-
ysis of the closed-loop systems. It is shown that under the
control designed, (a) the closed-loop system is bounded in
probability, (b) the long-term average risk-sensitive cost
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of the closed-loop systems is upper bounded by the de-
sired value. Besides, the value range of the characteristic
parameters of the value function is investigated. When
system vector nonlinearity and stochastic disturbance vec-
tor field vanish at the desired output ya, i.e., fi(ys) =0,
hi(ya) =0 (i =1, ..., n), we can design a control based
on this information such that the resulting closed-loop
system is asymptotically stable in the large and admits a
zero risk-sensitive cost.

Appendix Preliminary Results

In this appendix, we give the definitions of bounded in
probability and asymptotically stable in the large, and a
key theorem to present the sufficient conditions for these
two stability notions.

For a general control-free stochastic nonlinear system:

dx = f(t,x)dt + h(t,z) dw, (A1)

where f and h are assumed to be continuous in ¢ and
locally Lipschitz in x, w is vector-valued Brown motion
defined as in Section 2.

DEFINITION A.1 The solution process {z(t), t > 0} of the
system (A.1) is said to be bounded in probability, if
lim sup P {|z(t)]| >e}=0.

€20 (0, 00)
DEFINITION A.2 Consider the system (A.1), with
f(t,0) = 0 and h(t,0) = 0. The solution z(t) = 0 of
the stochastic differential equation (A.1) is said to be
asymptotically stable in the large, if for any ¢ > 0,

lim P {sup lz@)]| > s} =0,

[lz(0)[|—0 t>0

and for any initial condition x(0),

P { lim z(t) = 0} =l
t—o0
The following theorem can be directly derived from
Theorems 5 and 6 of [25] and will be the base of the de-
sign and analysis of this paper.

THEOREM A.1 Consider stochastic mnonlinear system
(A.1) and tracking risk-sensitive cost criterion (2.2). Sup-
pose that Assumptions A1-A3 are satisfied. For any given
risk-sensitive parameter 8 > 0 and desired risk-sensitive
cost value R; > 0, if there exist a nonnegative value func-
tion V(t,x) € C' x C?, a function o(t,x) € C', and a
nonnegative function l(t,x) such that

Wi(z) < V(t, x) < Wa(x), (A.2)
AV (t, z) < o(t, x) dw — ga(t7 x)o" (t, x)dt
—I(t, z)dt — (y — ya)® dt + R dt,  (A.3)

where W1 (z) and Wa(z) are positive definite and radially
unbounded, then

1. system (A.1) has a unique solution on [0, o) al-
most surely ;

2. the risk-sensitive cost Jo(u) is upper bounded by Ry;

3. in addition, if there are constants ¢ > 0 and
¢z > 0, such that

LV(tz) < —cnV(t o) +cm,  (Ad)

then system (A.1) is bounded in probability, and
when cj2 = 0, system (A.1) is asymptotically stable
in the large and admits a zero risk-sensitive cost.

PROOF. The proof is omitted for the space limitation.
The following is key to the backstepping design pro-
cedure.

LEMMA A.1 For any given positive definite matriz P and
constant v € (3, 1), set

IL,(z, c)
2 |z|P Nk (P) — (¢ + 2" Pa) Yjz|%, =€ R,
and

M (c) = sup Il,(z,c).

c€IR™

If ¢ is positive and finite, then M/(c) is also finite and
satisfies

lim M,(c) = 0, lim M, (c) = +oo.

c—0t c—+o0

PRrOOF. The proof is omitted for the space limitation.

REMARK A.1 Lemma A.1  shows that: term
)2 Aas(P) is Mo(c)-close to term (c + x" Px)'~*
lz)|?, and M. (c) is arbitrarily close to zero as constant c
18.

LEMMA A.2 For every given positive definite matriz P
and constant v € (%, 1), define function:

A"/(zyc) = (C+$Tpx)’y S AZ]&X(P)”:EHZ’Y?
c>0, z€lR".
Then, we have
Ay (z,c) <0. (A.5)

REMARK A.2 From Lemma A.1 and Lemma A.2, we
know that for any x € IR™™, there exist the following
inequalities:

xll™ < ™

1y Ixl* ]
S )\max(P) M’Y(C) + (C+ XTPX)l_W_ ’ (AG)

(c+Xx"Px)"=¢

[ x?
< )‘max(P) M‘Y(C) + (C+XTPX)1—'Y- !

LEMMA A.3 For any given constants a1 and az satisfying
1 <ar <az, set for,a0(x) =2 —2*2. Then

a

as — Q; a as—aq
P fup aa(e) = ()T (A
zeRTU{0} a2 az
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Abstract—This paper discusses the problem of switching
control for singular and impulsive systems which has not been
studied up to now. A new criterion for exponential stability
of the controlled impulsive and switching singular systems is
established. Finally, an example is given to demonstrate the
effectiveness of the theoretic results.

Keywords Singular and impulsive systems, switching control,
exponential stability

I. INTRODUCTION

Singular systems have been of interest in the literature since
they have many important applications in, for example, circuit
systems, robotics, aircraft modelling, social, biological, and
multisector economic systems, dynamics of thermal nuclear
reactors, control systems, singular perturbation systems, and
so on. Progress in dealing with singular systems can be found
in books [1], [2], [4], [6].

Many singular systems exhibit impulsive behaviors, which
characterized by abrupt changes in the states at certain instants
in the fields of information science, electronics, automatic
control systems, computer networks, artificial intelligence,
robotics, and telecommunications [3], [7], [9], [10], [12].
Many sudden and sharp changes occur instantaneously, in
the form of impulses, which cannot be well described by
using pure continuous or pure discrete models. Therefore,
it is important and, in fact, necessary to study singular and
impulsive systems. For singular systems with infinite impulses
and jumps in the solutions of the systems often happen [5],
[15], but, except for the work by Guan et al. [10], [11] and
Liu et al. [14], [13], there are few papers dealing with singular
and impulsive systems.

On the other hand, switched systems have received increas-
ing interest in recent years [17], [18], [19], [20] due to the fact
that switched systems have numerous applications in control
of robotics, multi-media, manufacturing, power electronics,
switched-capacitor networks, chaos generator, automated high-
way systems, air traffic management systems, etc. A switched
system arises when a switched controller is used. The major
reason why one chooses a switched controller rather than
a continuous controller is that a switched controller can be
applied to achieve better performances [16].

In this paper, a basic model of singular and impulsive
system is introduced and the switching control for this model

is studied. The paper is organized as follows. In Section
2, using the switched controller, the hybrid impulsive and
switching singular model is presented. Then, in Section 3,
the exponential stability for such impulsive and switching
singular systems is investigated. An example and conclusions
are given in Section 4 and 5, respectively.

II. PROBLEM FORMULATION
Let R+ = [0,+OO)7 J = [to,-I-OO), (tU 2 0)’
and R" denote the n-dimensional Euclidean space. For
r = (xl,..l.,asn)T € R", the norm of =z is
n 5
H.’LH:<ZLL12>Z Correspondingly, for A = (aij)nxn €

i=1
RV || All:= élax (ATA). The identity matrix of order n
is denoted as I, (or simply I if no confusion arises).

An linear singular impulsive control system with impulses
at fixed times is described by

Ei = Az + Bu, t#tg
A:v:Uk(t,x), tztk,

where t € J,x € R" is the state variable, v € R™ is the
control input. The matrix E € R™*™ may be singular, and it
is assumed that rank(E) = r < n. 4 and B are known real
constant matrices with appropriate dimensions. It is assumed
that the pair (E, A) is regular, that is, det(sE — A) # 0 for
some complex number s.

A sequence {ty, Uy (t, z(tx))} has the effect of suddenly
changing the state of the system (2.1) at the points 5, where

(2.2)

2.1)

e 7] e 000 TR nco lim t; = oo,
k—o0

and t1 > tp; that is

Ay, =t a(t]) - 2(t;) = Us(tr, 2(ts)),

Y & -\ — 1; _
where z(t]) = hlirg+ z(ty +h) and 2(t; ) = hlirng z(ty — h).

For simplicity, it is assumed that 2(t, ) = x(t),). Furthermore,
Uy (tr, z(tx)) can be chosen as corz(ty) with cof being
constants for k =1,2,---.

Construct a switching controller u for system (2.1) as
follow:

u(t) =) Cua(t) In(t), (23)
k=1
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where Cyy, are n x n constant matrices and [y (t) is the ladder
function, 1.e.
b—1 <t <y,

otherwise. 05

If one chooses the switching control gain matrices {C1}
as C1,Cy, -+ ,Cp, thatis, Oy € {C], Cy, - ,Cm}, then the
closed-loop system of (2.1) under control (2.3) becomes

Ei = (A + Bcik)l’, te (tk_l,tk}
Az = copz(ty), t =1t (2.5)
z(td) = zo, k=1,2,--

where iy, € {1,2,--- ,m}.

System (2.5) is also called a hybrid impulsive and switching
singular system. It can be rewritten as the following compact
form:

Ei = Aikﬂj, te (tk_l,tk]
Az = cpa(ty), t=tg (2.6)
z(t]) = xo, k=12,
where t € J, z € R" is the state variable, A;, = A+ BC;,
are n X n matrices, ¢, are constants for £k = 1,2,---, iy €

e
(2.2).

It is obvious that system (2.6) has m different modes, that
is,

,m} is the switch index, the sequence {t;} satisfies

Ei=Aw, i=12--m 2.7

switching in the interval .J.

Definition 2.1: ([8]) The system (2.1) (by setting u(t) = 0)
is said to be E-exponentially stable if there exist constants
a > 0,b > 0 such that

IEz(t)]| < |[Ex(to)]ae ™),

E>t. (2.8

III. HYBRID IMPULSIVE AND SWITCHING
SINGULAR SYSTEM

In this section, we discuss the asymptotic properties of the
hybrid system (2.6) under arbitrary switch.
For the system (2.6), let

(L4 &) < Br (3.1)

Theorem 3.1: (i) It is assumed that there exists a con-
stant 0 < o < A such that

In gy, — 2a(tk - tk—l) <0,

k=1,2---.

k=1,2-. (32

(i) If there exists a constant invertible matrix P satisfying

ETP=PTE >\, (3.3)
ATP+PTA+22E'P<0, i=12---m,
(3.4)

then the trivial solution of system (2.6) is globally E-
exponentially stable under arbitrary switch, where [y, is given

by (3.1).

Proof. For system (2.6), construct a Lyapunov function in the
form of
v(t)

=z (t)E" Px(t), (3.5)

and let v(t):=v(x(t)), where P is a constant invertible matrix
satisfying (3.3) and (3.4). The total derivative of v(z(t)) with
respect to (2.6) is

o(z(t)) 06 = xTAiTkPx +2 PT Az
= xT(AZCP +PTA; )z

< —-2'ETPr=-2X\(t), t€
which implies that
o(t) <o(tf_)e” A1) e

<tk—1-, tk:]»

k=1,2,---.
(3.6)
On the other hand, it follows from (2.6) and (3.5) that

o(tf) = ' (t))E" Pa(t)
= (1+c)%x (tx)E" Pa(ty)
= (14 c)’o(ts)
< Beolte), k=12,

where (3, are defined by (3.1).
The following results come from (3.6) and (3.7). For t €

(tﬂatl],

(tr—1,tk],

(3.7)

u(t) < wltd)e A,
which leads to
o(t) < w(tg)e ),

and
)\(t1—t0)_

v(tf) < Bro(t) < Bro(td)e
Similarly, for ¢ € (t1, 12,
v(t) <oth)e ) < Bt e

In general, for ¢ € (ty,tg+1], notice the assumption (3.2),

/\(t*to).

v(t) < (td)B ﬁke—wt—to)
= v(td)B ~20(t~to) ,~2(A~a)(t~to)
< w(th)py - Gre2oltemto)gm20A—a)(t—to)
= U(t+)8 e 2a(ti—to) - B =20t —th-1)

e~ 20—a)(t—to)
< ot 2Amt)  t e (b,
namely,
oft) Solt)e 20NN, s gy

Since ETP = PTE > (0 and P is invertible, there exists
a positive definite symmetric matrix Q such that ETP =

ETQE. Thus, we obtain
Auin( @Bz (@) < v(a(t))

v(tg)e—%\—a)(t—tn)

INA

IN

|2 (t)1* Mmax (@) 23~ E~10),

t > tp,
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that is,
/\max (Q)
/\min ( Q)

implying that the system (2.6) is E-exponentially stable under
arbitrary switch. This immediately completes the proof. <

IEz(@)]| < || B(t)| emOmlt=to) g > g,

IV. NUMERICAL EXAMPLE

In this section, we give an example to demonstrate the
effectiveness of the proposed method.

Consider the linear singular and impulsive system as fol-

lows:
1 o], [2 0 3 —20
{0 0%‘{5 10}9”[5 0}“’ EF b
“12 0
Ax = l: 0 06 :|1’(tk), t=1t.

It is easy to see that (1 + ¢;)? < B, = 1. Select a = 0.5,
A =1and ty —tx_1 = 0.06 such that In 3. —2a(tk —tkfl) =
—0.06 < 0.
If we choose
—-1.2 0 1 12
Cl*{ 0.8 —0.5}’ and CQ*[l 0 ]
then substituting the matrices specified above into Egs. (3.3),
(3.4) and solving it, we have
p_ 2.6192 0
| 05598 —10.0913 |’

which implies, from Theorem 3.1, that the solution of con-
trolled system (2.6) is globally E-exponentially stable under
arbitrary switching control. Simulation results are shown as
follows.

x1

6
5
4
3F\ 4
2
1
0

-1 L L L L L

0.4

X
o
©

T

_—

L

0.4 0.6

t

Fig.1. System states of controlled system

V. CONCLUSIONS

The problem of linear singular and impulsive systems via switching
controller has been studied. Some new fundamental properties of singular
systems with impulse and switch effects have been derived. Several sufficient
conditions guaranteeing the stability for the corresponding closed-loop sys-
tems via switching controller are presented. A numerical example has been
provided to verify the effectiveness of the proposed approach.
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Bifurcation Suppression of Nonlinear Systems
via Dynamic Output Feedback
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Abstract: This paper deals with the problem of bifurcation suppression of nonlinear systems. It is proved that the
bifurcaerted solution of a nonlinear system can be suppressed via dynamic output feedback if and only if its zero
dynamics has nobifurcated solutions. In addition, a sufficient condition for guaranteeing bifurcation suppression and
asymptotical stabilityof the closed loop system is presented. These results are applied to bifurcation control of axia
compressor. A dynamiccompensator that guarantees bifurcation suppression and asymptotical stability is constructed for
the axial compressor.

Key words: nonlinear system, bifurcation control, dynamic compensator
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a(0,h(0))=0.
[3], [4], [5], [6] [7]
[8]
2.2, x=0 (2.2)
(2.1)
, (2.1) r.
(2.1)
&= fo(z,¢,u)+00(2,¢, 1),
&=¢,,
A (2.5)
égrL—l:Er’ .
&=1(2.&u)+ 9, (2, 1),
y=¢
9 ZOR"™, §=(&.A &) OR", f4,0,.F, 0,
' gl(0,0,,u)iO, #D(_él!al) '
(2.5)
= f(x)+9(x u)u, (2.1) &= f,(z0,u) )  (2.8)
y = h(x), =90(20,1)9," (20,1)f, (20, 12)
xOR" , UOR ,
yOR . uOR ; 3
f,g:Ux(-9,0) - R", h:U -R; f,g h
,U x=0 , ¢>0. 3.1 x=0" . (2.1)
u=0 (2.12) :z=0
Re=(xu). (2.2) v Oub(=¢,,¢,),
2. 1 X:0 (2 2) ) fO(Z,O,,U)_go(Z,O,,U)gl_ (Z,O,,u)fl(Z,O,/J)ZO
¢, >0 z=0 , z=0.
&= ¢(¢,y),
2.
u=a(g,y), (2.3) _
- fo(z, 1)
(x6)=(00) = 1o(20,11) - 0o( 20,10)9,(20,11) ,(20,11)
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Varied-Line-Spacing Holographic Grating design
By Applying Genetic Algorithm
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Abstract: This article applies genetic algorithm in the design of varied-line-spacing holographic grating. Transforms the
problem of choosing recording parameters of varied-line-spacing holographic grating to the optimization of
multi-variable function, combines genetic algorithm with local search method to find the proper recording parameters.
Comupting result shows that this method is effective in optimization.
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[51[6]
1 Nind
15 Nind 1000 counter
0
2)
X
X =1
F(x)=2-SP+2(SP-1)—" (11)
Nind -1
P SP=2
3) Stochastic Universa
Sampling Nind x GGAP
GGAP
Nind
N =NindxGGAP Sum= Z F(x) [0,1]
ptr
Eptr X Sum, ptr x 23im A, ptr x Sum%
C N C
-1 n D
& F(x), Z F(xi)F
X
4) N N
PP
O, =aP, +(1-a)P,
0, =ab, +(1-a)PR, (12)
a [-0.251.25]
5) N
Nvar Var J.
[Min;, Max; ]
Max —Min =zt
Var '=Var +Muth,X(¥) x Z,BL 27 (13)
MutMx  1/Nvar +1 1/Nvar
-1 1-2/Nvar 0 45 1
1/m 0 1-/m m 20
6) Nind N
Nind
counter 1 counter < MaxGen
2 7 MaxGen 100
7)
5

VLS

n=n,(1+b,w+bw* +b,w’)
n, =1400 groove/ mm

b, =1.1256x107 1/mm

b, = 7.8845x10™° 1/ mm?

b, =0.0000x107° 1/ mm®

50x10(mm?) W, = 25mm
457.9nm A, =4.579%10 mm
1000mm -90°
+90° 100mm  2000mm

50

EAT YA
2.
1. 10"rad 107" mm
n, (groove/ mm) 1400.0000 1400.0000
b, (1/ mm) 1.1256x107 1.1256x107
b, (1/mm?*) 7.8845x10° | 7.8845x107
b, @/ mm®) 0.0000x10~ | 0.0000%107
2. 0.001rad Imm
n, (groove/ mm) 1400.0000 1399.6869
b, (1/ mm) 1.1256x107 1.1226x107
b, (1/ mm?) 7.8845x10° | 7.8699x107°
b, @/ mm®) 0.0000x10~ | 0.4037x107°
2
1



1142

0.001rad 1mm 2
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