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Hua Yang, Huisheng Shu, Zidong Wang, Fuad E. Alsaadi and Tasawar Hayat

Abstract

This paper is concerned with the problem of almost sure state estimation for general nonlinear hybrid stochastic
systems whose coefficients only satisfy local Lipschitz conditions. By utilizing the stopping time method combined
with martingale inequalities, a theoretical framework is established for analyzing the so-called almost surely asymptotic
stability of the addressed system. Within such a theoretical framework, some sufficient conditions are derived under
which the estimation dynamics is almost sure asymptotically stable and the upper bound of estimation error is also
determined. Furthermore, a suboptimal state estimator is obtained by solving an optimization problem in the Hs sense.
According to the obtained results, for a class of special nonlinear hybrid stochastic systems, the corresponding conditions
reduce to a set of matrix inequalities for the purpose of easy implementation. Finally, two numerical simulation examples

are used to demonstrate the effectiveness of the results derived.
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I. INTRODUCTION

The past few decades have seen an ever increasing attention in the optimal filtering or state estimation in
various application areas including target tracking, image processing, signal processing and control engineering
[25]. Among a variety of existing approaches, the Kalman filtering approach has proven to be an optimal one
on the assumptions that the linear model is exact and the noise statistics is known. On the other hand, the
H filtering can be regarded as a suboptimal filtering due to its capability of providing a smaller bound for
the worst-case estimation error [1,2]. It might be worth emphasizing that, in most of the existing results,
the estimators are designed to guarantee that the dynamics of the estimation error converges in terms of
certain stability concepts such as the stochastic asymptotic stability [23], the mean-square stability [6-8,11],
the mean-square exponential stability [29], the pth moment stability [14], and the asymptotic stability in
probability [24].
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In comparison with the aforementioned stability concepts, the almost surely asymptotic stability [20, 21]
describes the dynamical performance from the sample state trajectories. More specifically, the almost sure
stability requires that the probability of the system’s largest excursion from equilibrium goes to zero as time
tends to infinity. In addition, as mentioned in [13], there are some cases where the stochastic system is
not mean-square stable but stable in almost sure sense since the noise can play a role for stabilizing the
systems. Therefore, the performance of almost sure stability could be suitable to evaluate some real-world
engineering situations with high reliability requirements where the impact from the noises cannot be ignored.
For example, the performance requirement of the controlled rocket should be guaranteed with the probability
1. Very recently, the analysis and design problems in almost sure sense have attracted considerable attention,
see [3,4,13,14, 30] and the references therein. For instance, a Razumikhin-type theorem on pth moment
input-to-state stability has been developed in [14] for a class of nonlinear stochastic systems with Markovian
switching. In [13], a desired controller has been designed to stabilize a stochastic system almost surely
which may not be stabilized in mean-square sense. Also, from a practical point of view, in addition to the
traditional stability, the estimation performance is also vitally important and should been taken into account
in the estimator design. For example, in engineering applications, one would expect the effects from the
initial states and the jumping modes on the estimation accuracy to be attenuated or even minimized at a
satisfactory level and such kind of Ho-type performance consideration would give rise to considerable difficulty
in the selection of the estimator structure selection and the subsequent analysis. Unfortunately, to the best
of the authors’ knowledge, the almost sure state estimation problem with Ho-type performance constraints for
general nonlinear stochastic systems has not been properly investigated so far, and this constitutes one of the
motivations for the present research.

On the other hand, stochastic systems with Markovian switching parameters, which are usually referred
to as hybrid stochastic systems, provide much convenience for modeling system plants whose structures are
subject to abrupt changes such as component failures or repairs, changing subsystem interconnections, abrupt
environmental disturbances, see [9] for more details. As a result, the performance analysis and synthesis
issues for such systems have received much research attention [12,26]. In particular, with regard to H., state
estimation, some effective methods have been proposed in the literature [5,17-19,27]. For instance, attention
has focused on the design of state estimator to estimate the semi-nonlinear Markovian jump system in [12]
where a maximum likelihood solution has been obtained in terms of expectation-maximization algorithm.
In addition, Since nonlinearities are ubiquitous in practice, much effort has been devoted to deal with the
state estimation or filtering problems for nonlinear systems [22,31,32]. Up to now, in most reported results
concerning nonlinear filtering, a common assumption is that the coefficients satisfy both the local Lipschitz
condition and the linear growth condition. Such an assumption, however, would inevitably limit the applica-
tion potentials of the established results. Therefore, there is a practical need to deal with the filtering problem
with relaxed assumptions and another motivation of this paper is to shorten such a gap.

In this paper, we study the suboptimal almost sure state estimation problem for a class of nonlinear
hybrid stochastic systems whose coefficients are assumed to satisfy the local Lipschitz condition only. For
the concerned problem in this paper, the fundamental questions we are going to answer are identified as
follows: 1) what kind of methods can be developed to overcome the difficultly stemming from the assumption
of local Lipschitz conditions? and 2) how can we establish a suitable framework to analyze the estimation
performance in almost sure sense? It is, therefore, the main motivation of this paper to provide satisfactory

answers to the above two questions and also propose a design scheme of the suboptimal state estimator. The
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main contribution of this paper lies in the following three aspects: 1) in the plant under consideration, the
coefficients are only assumed to satisfy local Lipschitz conditions and the traditional linear growth conditions
are no longer needed; 2) a sufficient condition on almost sure stability is established in order to facilitate
the later suboptimal state estimation problem; and 3) a suboptimal state estimator is obtained by solving an
optimization problem.

The rest of this paper is organized as follows. In Section II, a class of nonlinear hybrid stochastic systems
(NHSSs) are presented, and some preliminaries are briefly outlined. In Section III, the main results are
established by using the stochastic analysis techniques. These obtained results are then applied to a class of
special NHSSs in Section IV. Furthermore, two examples are proposed to demonstrate the effectiveness of the
proposed results in Section V. Finally, conclusions are drawn in Section VI.

Notation The notation used here is fairly standard unless otherwise specified. R"™ and R™*™ denote,
respectively, the n dimensional Euclidean space and the set of all n x m real matrices, and Ry = [0, +00).
(Q, F,{Z},>0,P) is a complete probability space with a natural filtration {.%};>¢ satisfying the usual con-
ditions (i.e. it is right continuous and %y contains all P-null sets). M7 represents the transpose of the
matrix M. |- | denotes the Euclidean norm. E{-} stands for the mathematical expectation. P{-} means
the probability. C([—7,0];R™) denotes the family of all continuous R"-valued function ¢ on [—7,0] with
the norm |p| = sup{|p(@)| : —7 < 0 < 0}. C]b_-o([—T,O);R”) is the family of all Fy-measurable bounded
C([-7,0); R")-value random variables ¢ = {£(0) : —7 < § < 0}. L'(Ry;R,) denotes the family of functions
A: Ry — Ry such that [ A(t)dt < oo. K denotes a class of continuous (strictly) increasing functions p
from Ry to Ry with 4(0) = 0. Ko denotes a class of functions p in K with u(r) — oo as r — oo. Lo(R4, RP)

denotes the space of nonanticipative stochastic process y(t) € R? with respect to the filtration .%; satisfying
()7, =E [ ly(t)]dt < oo.

II. PROBLEM FORMULATION

In this paper, let r(t),t > 0 be a right-continuous Markov chain taking values in a finite state space

S ={1,2,..., N} with generator I' = (v;;) Nxn given by

. . A+ o(A if i#7,
P(r(t+A) = jir(t) =iy = 4 AT A

L+l +o(A) i i,
where A > 0 and ~;; > 0 is the transition rate from mode ¢ to mode j if i # j while v;; = — Zj 2 Vij- It is
known that almost all sample paths of r(-) are right-continuous step functions with a finite number of simple
jumps in any finite subinterval of R := [0, 00).

Let us consider the nonlinear hybrid stochastic systems of the form

) t))dt + g(x(t), t,r(t))dw(t)
), t,r(t)) (2.1)

I
< 8
=
~—
I
-

(x(t),t,r(
(t) = h(z(t),t,r(

where z(t) € R™ is the state vector, y(t) € RP is the actual measurement output, z(t) € R? is the state combi-
nation to be estimated, and w(t) represents a scalar Wiener process (Brownian motion) on (Q, %, {.% }i+>0,P).

Furthermore, assume that w(t) is independent of Markov chain r(t) and satisfies:

E{dw(t)} =0, E{dw(t)*} = dt.
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[0 R" xR xS >R h:R" xRy xS — RP and m : R" xRy xS — R? with f(0,t,7) =0, ¢g(0,t,7) =0,
h(0,t,7) = 0 and m(0,t,7) = 0 are vector-valued nonlinear functions.
In this paper, we are concerned with the estimate Z(t) of the state x(¢) by utilizing the measurement output

y(t). The state estimator is of the following form

{ di(t) = f(2(t), t,r(t))dt + K(r(t))y(t)dt 22)

2(t) = m(@(t), t,7(t)), #(0)=0

where Z(t) € R™ is the estimate of state z(t), 2(t) € R? is the estimate of the output z(¢), and K (i) is the

estimator gain matrix to be designed.

Assumption 1: For each i € S, the function f, g, h and m satisfy the local Lipschitz condition. That is, for
any H > 0, there is Ly > 0 such that

for all (z,z,t,1) € R" x R" x Ry x S with |z| V |Z] < H, and the function ¢ could be f, g, h or m.
Denoting n(t) = [z7(t), 27(t)]T and the estimation error Z(t) = z(t) — 2(t), we can obtain the following

augmented system

{ dn(t) = fe(n(t), t,r(t))dt + ge(n(t),t, (t))dw(t) (2.4)

E(t) = m(x(t),t,r(t)) - m(i'(t),tﬂ‘(t))

where
T

g (), t,r () = | g7 (x(0),1r(1) 0],
f(t),t,r(t))
FQ@(8),t,r () + K (r(t)h(x(t), t,r(t))

Let C21(R?" x Ry x S;R.) be the family of all nonnegative functions V'(n,,7) on R*® x R, x S that are
twice continuously differentiable in 7 and once in ¢t. If V € C*!(R?® x Ry x S;R,), define an operator £
associated with (2.4) from R?" x R, x S to R by

fe(n(t)v t, T(t)) = [

»Cv(mtﬂ) = ‘/t(nat72) + Vn(n7t7i)fe(n7t7i)

) N (2.5)
+ gtrace[gZ(??,tyi)Vnn(nztai)ge(natzi)] + Z'Yijv(nvtvj)
j=1
where
Viinti) = 8V(g;t,z’)’ Vi(n, i) = (avgz;lt,z),m 7avé§zz,z,z‘)>,

Before proceeding further, we introduce the following definition.
Definition 1: For g € R?" and g € S, the augmented system (2.4) with the equilibrium 7 = 0 is said to

be almost surely asymptotically stable if

P <tll>1£10 n(t;no,r0) = O> = 1. (2.6)
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Our aim in this paper is to develop techniques to deal with the suboptimal almost sure state estimation
problem for nonlinear hybrid stochastic systems. In other words, we are going to determine the estimator
parameter K; such that the estimation error output Z satisfies the following performance requirement

R1) the augmented system (2.4) is almost surely asymptotically stable;

R2) for every i € S, the estimation error output Z satisfies
[o¢]
E/ |Z|2dt < min V (o, 0,14) (2.7)
0 s.t.K;

where V' (n,t,1) is a positive definite function to be determined. Furthermore, such an estimator is said to
be a suboptimal almost sure state estimator. Note that the second requirement is closely related to the Hy
performance of the designed estimator against the initial states.

Remark 1: The traditional Hs performance has been considered for linear time-invariance systems based on
the Ho-norm, see [10] for the definition. In this paper, we use the interpretations of the Hy-norm to describe
the impact on the total output energy of the error dynamics from the nonzero initial values as well as the
jumping mode. The H-type performance constraint given in (2.7) is a very helpful measure to quantify the
capability of the design estimator that attenuates the effects from the initial states.

Remark 2: In [15], the almost sure asymptotic stability has been investigated for the state estimation prob-
lem of a general class of nonlinear stochastic systems with Markovian switching. Compared to [15], this paper
exhibits the following distinctive features: 1) the controlled output is included in the underlying model that
facilitates the investigation on the estimation performance; 2) the Hs-type performance index is introduced
to reflect the attenuation level of the estimation performance against the initial states as well as the jumping
modes; 3) an optimization problem is considered to design a suboptimal estimator in order to minimize the
impact from the initial states as well as the jumping modes on the estimation accuracy; and 4) the consid-
eration of the performance constraints in the almost sure sense demands more comprehensive mathematical

analysis, for example, the feasibility analysis of the suboptimal estimator design is more challenging.

ITI. MAIN RESULTS

In this section, the suboptimal almost sure state estimation problem of nonlinear hybrid stochastic systems
is discussed, and the results are specialized to a special case for practical convenience.

In the following theorem, a sufficient condition is derived to obtain a suboptimal almost sure state estimator.

Theorem 8.1: If there are functions V € C*'(R?" x Ry x S;Ry), A € LY(R;R,), p1 € Koo, n € K and

constant matrices K; such that

pi(lnl) < V(n,t,i), (3.1)
ﬁv(nvtvi) < )‘(t) - n(v(n7t7i))7 (32)

hold for every i € S and all (1,t,7) € R*™ x R, x S, then one has
tli)m n(t;no,m0) =0 almost surely (a.s.) (3.3)

for all ng € R?™ and ry € S, that is, the augmented system in (2.4) is almost surely asymptotically stable.

Before proving the main results in Theorem 3.1, let us present the following three lemmas.
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Lemma 1: If V € C*Y(R?™ x Ry x S;R,), then for any ¢ > 0, the generalized It&’s formula is given as
dv (n(t),t,r(t)) =LV (n(t),t,r(t))dt + Vy(n(t),t,7(t))ge(n(t), t,7(t))dw(t)

+ /R V((t), £, 7(1) + (), 0)) — V(n(t), £, 7(1))] ¥ u(dt, da)

where the function n(-,-) and the martingale measure pu(-,-) are the same as (2.6) and (2.7) in [30].

It is well known that both the local Lipschitz condition and the linear growth condition are generally
required on the coefficients of a stochastic differential equation in order to make use of the classical existence-
and-uniqueness theorem. Unfortunately, in some practical situations, the linear growth condition might be
difficult to be satisfied. In this paper, however, only the local Lipschitz condition (i.e. Assumption 1) is
utilized to guarantee a unique maximal local solution. Furthermore, under such a condition, the maximal
local solution is in fact a unique global solution, which is to be proved in the following lemma.

Lemma 2: Under the conditions of Theorem 3.1 and Assumption 1, for any initial data 79 € R?" and
r(0) =79 € S, the system (2.4) has a unique global solution.

Proof: The proof is conducted following a similar line to [30]. For each i € S and any integer k > b > |ng|,

we define
FP,t,8) = felmyp,t,0), g8 (0, 8,4) = ge(mnx,t,4)
where
Ak 040,
SRR
0, n=0

Then, in light of Assumption 1, it can be found that both fe(k)(n, t,1) and ggk) (n,t,7) satisfy the global Lips-
chitz condition as well as the linear growth condition. By utilizing the well-known existence-and-uniqueness
theorem, it can be seen that there is a unique global solution 7 (¢; 79, ¢) to the system (2.4) with coefficients
£ (n,t4) and g (n,1,9).
Define the stopping time
op = inf{t > 0: ne(t)| > k}

with inf ¢ = oco. It is easy to see that oy, is increasing in k. The property aforementioned also enables us to

define n(t) as follow:
n(t) =mk(t), 0<t <oy

It is clear that n(t) is a unique solution to system (2.4) for ¢ € [0, o) where o = limj_,o, 0. Obviously, to
complete the proof, we only need to show P{oc = co} = 1.

Applying the general Itd’s formula in Lemma 1, for any ¢ > 0, we have
t/\ok
EV (it Aok),t Aok, m(t Aoy)) = EV(1,(0),0,7(0)) + E/ LBV (i (s), 5,7(s))ds
0

where the operator £¥)V is similar to the definition £V. Specifically, f. and g. are replaced by fék) and ggk),

respectively. Note the definitions of fe(k) and ggk), one has

LEV (i (s), 5,7(s)) = LV (n(s), 5,7(s)), 0< s <t Aoy,
Consequently, it follows from (3.2) that

EV(nk(t A ok),t Aog,r(t Aog))
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gwmwmm+AA@w+EA—me@@mmm$

t
< V(n(0),0,79) +/ A(s)ds.
0
Noting the fact

EV(ni(t Aok),t Aok, r(t Aog))

v

/ Vnk(t A ow) b Ao r(t A o))dP
{op<t}

> P{Uk < t}inf\n|2k,t20,i€5’v(na t, 2)7

one has .
V(1(0),0,70) + [y A(s)ds

Ploy <t} < — =
inf |y >k,>0,6e5 V (1, t,7)

Taking A(t) € L'(R4;R.) and (3.1) into consideration, we can obtain that
P{c <t} =0.

Since ¢ is arbitrary, we have P{oc = oo} = 1, which completes the proof. |
Lemma 3: [16] Let A;1(t) and Ax(t) be two continuous adapted increasing processes on ¢ > 0 with A;(0) =
As(0) = 0 a.s., M (t) be a real-valued continuous local martingale with M (0) = 0 a.s., and ¢ satisfying E¢ < oo
be a nonnegative Fp-measurable random variable. Denote X (¢) = ¢ + A;1(t) — Aa(t) + M (¢t) for all t > 0 . If

X (t) is nonnegative, then
{tliglo Aq(t) < o0} C {tllglo X(t) <oo}n {tllglo As(t) < oo} as.
where C' C D a.s. means P(C'N D¢ = 0) = 0. In particular, if lim;_, A1(t) < oo a.s., then,
lim X(t) < oo, lim As(t) < oo and —oo < lim M(t) < oo a.s.
t—ro0 t—r00 t—»00

That is, all of the three processes X (t), A2(t) and M (t) converge to finite random variables with probability
one.

After presenting the previous three lemmas, we are now in a position to prove the Theorem 3.1.

Proof of Theorem 3.1.

According to Lemma 1 and the condition (3.2), we have
Vn(t),t,r(t)) = V(n,0,ro) —l—/ot LV (n(s),s,r(s))ds
[ Vatats)os )05,
# [ V@) 50+ nlr6),00) = V() s, e

IN

Wmum+AA®%—AnWW%&Wm%
+A‘MW%%N%%W@##@M@$
—i—/o /R[V(n(s), s,mo +n(r(s),a) — V(n(s), s, r(s))|u(ds, da). (3.4)
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Since fooo A(s)ds < oo, applying Lemma 3, it follows that there is an Q C Q with P(Q) = 1 such that for
every w € )
lim;_, oo sup V(n(t),t,7(t)) < oo, (3.5)

and
t

lim [ n(V(n(s),s,r(s)))ds = /000 n(V(n(s),s,r(s)))ds < co. (3.6)

t—o0 0

In what follows, for every w € €, we claim that

lim n(V (n(t,w),t,r(t))) = 0. (3.7)

t—o00
If (3.7) is false, then for some @ € Q and i € S, the following inequality
lim supn(V(n(t,w),t,3)) >0
t—o00
holds. Therefore, there exist a number € > 0 and a positive sequence {t}r>1 with ¢ + 1 < t541 such that

n(V(n(ty,w),tg,i1)) > e forall k> 1. (3.8)

On the other hand, it is straightforward to see from (3.5) that n(V(n(tg,@),tx, 7)) and V(n(t,),t,i) are
bounded and uniformly continuous. Let A be the bound of n(V (n(tx,®),tk, 7)) and d; be a positive number
to satisfy

In(u) — n(v)| §§ if 0<wu,v<h, |u—v|<d. (3.9)
Furthermore, there is a do € (0, 1/2) such that
[V(n(t,w),t,i) —V(n(s,&),s,9)| <o if 0<t,s<oo, |[t—s| <. (3.10)
Moreover, for every k > 1, it follows from (3.9) and (3.10) that

In(V(n(ty, @), tk, 1)) = n(V(n(t, ), t,0)] < 5 if tp <t <tp + b2,

N ™

For t, <t <ty + 09, it follows from (3.8) that

n(V(U(t (ZJ), t, Z)) 2 ”(V(U(tlm d})v 2 Z)) - |n(V(77(tk’ d})v 2 Z)) - n(V(n(tv (IJ), t, Z))| >

N ™

which results in

o o tr+02 [e%¢)
/ n(V(n(t,w),t,i))dt > Z/ n(V(n(t, @), t,8)dt > % = 0.
0 k=1"1tk k=1

This contradicts (3.6), which implies that (3.7) must be true.
Finally, noting n € K, we have
tllglo V(n(t;no,r0),t,i) =0 a.s.
which, together with (3.1), yields
Jim g (In(¢;m0,70)[) = 0 a-s.

Because p;(u) = 0 if and only if u = 0, we must therefore have

JHm In(t;n0,70)| =0 a.s.
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which completes the proof of Theorem 3.1.
In the following theorem, a sufficient condition is derived to obtain a suboptimal almost sure state estimator.
Theorem 3.2: For each i € S, assume that there are functions V € C%!(R?" xR x S; R, ) with V(0,¢,4) = 0,
11 € Koo, n € K and the constant matrix K; such that

pinl) < Vn,t, 1), (3.11)
LV (n,t,1) + |22 < —n(V(n,t,1)), (3.12)

hold for all (n,t,i) € R?® x Ry x S. In this case, the state estimator (2.2) is a suboptimal almost sure state

estimator in which the gain matrix is obtained by solving the following optimization problem:

' ). 1
s.t. Ki%??l),(s.m)V(n(o)’o’z) (3.13)

Proof: Firstly, in terms of Theorem 3.1, the system (2.4) is almost sure asymptotically stable, that is

lim n(t) =0 a.s. (3.14)

t—00
For every i € S and t > 0, by means of the condition of V' (0,¢,i) = 0, it is not difficult to verify that
tllglo V(n(t),t,i) =0 a.s. (3.15)

Moreover, for any T > 0, it follows from Lemma 1 and (3.12) that
T T
B[ sPd = B [ R+ dV .0+ V(. 0,0) ~ EV((T), T, )
0 0

T T
— V(,0,4) ~ EV(y(T), T,i) + E / (5P + LV (n(t),t,0))dt +E / Vi gedes
0 0

IN

T
V(n0,0,4) — EV (n(T), T, 1) +E/O —n(V(n,t,4))dt
V(1o,0,i) — EV(n(T), T,1). (3.16)

IN

Finally, taking T'— oo in (3.16), it follows from (3.15) that

T
min E/ 2)2dt < min V(no,0,i) VYiesS
st Ky,(3.11),(3.12)  Jo

st K,(3.11),(3.12)
which completes the proof. |

Remark 3: 1t can be found from the proof of Theorem 3.2 that, for each i € S, V(n9,0,7) is not a tight
upper bound of E fooo |Z|2dt. Obviously, it is a difficult task to determine the tightest (minimal) upper bound
due to difficulty in choosing n(V(n,t,7)). Instead, a more realistic way is to take V (g, 0,4) as a smaller upper
bound of E fooo |Z]2dt. Tt should be pointed out that, as discussed in [32], V' (1o, 0,1) is a tighter upper bound
of E [;° |Z|*dt when the condition (3.12) reduces to LV (n,t,i) < —|Z|*.

Obviously, the sufficient conditions given in Theorem 3.2 are difficult to be verified /solved. For application
convenience, a special Lyapunov function V(n) = V(x) + V(Z) can be utilized to decoupled the complicated
nonlinear inequality (3.12) into a seemingly simple form in the following corollary.

Corollary 1: Assume that there are two positive definite matrices P;, @Q;, a set of matrices K; (i € S), and

a positive scalar g; such that

2T Pif + 7 02 + g7 Pig 4 2m? + 2T P + 227 Qi f + ei2T Qi KiKF Qi + 2% + 7 Qu3 < 0 (3.17)
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holds for all z € R™,Z € R™. In this case, the state estimator (2.2) is a suboptimal almost sure state estimator

in which the gain matrix is obtained by solving the following optimization problem:

i P2, 3.18
st Rian 0 (3.18)

Proof: Define the following Lyapunov function
V(n,t,i) = 2" Pa+ 2" Qi

and let n(V(n,t,7)) = V(n,t,i). Then, the condition (3.12) associated with the system (2.4) becomes

20T Pif +227Qi f +2¢T Qi Kih + gT Pog + |7 + 2T Pz + 37 Qs < 0. (3.19)
Applying the inequality
XTY 4 YTX <eXTX +7'YTy, Ve>o, (3.20)
one has
2 T Kih < 627 QiK K] Qi + &7 'h?, (3.21)
and
1212 = |m — m|* < 2m? 4 2m?. (3.22)

On the other hand, it follows from (3.19)-(3.22) that the condition (3.12) is true. Therefore, it follows from
Theorem 3.2 that the state estimator (2.2) is a suboptimal almost sure state estimator and its gain matrix is
obtained by solving the following optimization problem (3.18). [ |

To illustrate the application insights of the main results we have obtained so far, a linear state estimator
is adopted to study the suboptimal almost sure state estimation problem for a class of special NHSSs in the

next section.

IV. A CLaASs OF SPECIAL NHSSs wWITH LINEAR ESTIMATOR

In the sequel, we denote the matrix associated with the ith mode by
L £T(r(t) =)

where the matrix I" could be A, B,C, L, F,H or K.
Consider a class of special nonlinear hybrid stochastic system as follows:
dz(t) = [A(r(t))z() + f(2(t), r(t))]dt + B(r(t))x(t)dw(t)
y(t) = C(r(t)xz(t) + ¢(z(t), (1)) (4.1)
z(t) = L(r(t)x(t)
where A;, B;,C; and L; are known matrices with appropriate dimensions, f(-,-) and ¢(-,-) are nonlinear
functions which are assumed to satisfy the following conditions for every i € S:

[f(2(t),0)]* < aTFa,  |o(x(t),d)* < 2" Hiz

with known positive definite matrices F; and H;.

We are interested in constructing a linear estimator of the following form for system (4.1)

{ dz(t) = A(r(t)z(t)dt + K (r(t))y(t)dt, 42)
di(t) = L(r(t)2(t), 2(0) = 0.
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where Z(t) € R™ is the estimate of state x(t), 2(t) € R? is the estimate of the output z(¢), and K (i) is the

estimator gain matrix to be designed. The augmented system can be written as follows:

{ dn(t) = fe(n(t), (1)) + ge(n(t), r(t))dw(t)

(4.3)
5(t) = Lr(®)a(t) — L(r(t)a(t),  #(0) =0

where

A(r(t)z(t) + f(a(t), (1)) ]

g (1(0), (1) = | BT (r(t)a(t) 0
Applying Theorem 3.2, we have the following result for which only the sketch of the proof is given in order
to ensure the conciseness.
Theorem 4.1: For the augmented system (4.3), if there exist matrices K; (i € S), and positive scalars e1;, €9;

and A satisfying the following matrices inequalities:

[ Q, \K;C; I, o 0
* A +MAT+X 0 AL, By
* * A, O 0 <0, Vies (4.4)
* * * —%I 0

i * * * * _521'] i

where
Qi = M+ AT + e NT + 0, H, + M,
1
I; = [F; AB; Lj], A;=diag{—euF;, —I, _51}7

then the state estimator (4.2) is a suboptimal almost sure state estimator in which the gain matrix is obtain

by solving the following optimization problem

i Az2(0). 4.
s.t. nfl(lil,l(4.4) o (0) ( 5)

Proof: Define the following Lyapunov function for system (4.3) as follows:
V(n(t),t,7) = AL (t)n(t) = AT (t)x(t) + &L ()2 (t), Vie S (4.6)

and let n(V (n,t,4)) = AT ()n(t) = V(n(t), t,4).

Based on Lemma 1, the condition (3.12) associated with the system (4.3) becomes

N
1 -
V;f + ane + 593‘/?71796 + Z%‘jvj =+ |Z|2 + )‘772
j=1

= 22T (1) Az (t) + 22T (8) f(x(t),4) + 2227 (£) Az (t) + 22T () K (Ciz(t) + p(x(t), 1))
+ A2T () B By (t) + | Liz(t) — Liz(t)|? + Xa (t)z(t) + NaT ()i (t)

< 2T () NA; + MNAT 4 e NPT + e Fiegi)\H; + ABY B; + 2X2LT L + M (t)
+ 3T (ONK;Cy + ACE K2 (t) + 27 (1) [NA; + MNAT + 5 K K, 4+ 2LT Ly 4+ M (2).

(4.7)

By using the Schur Complement Lemma, it follows directly from (4.4) that the right-hand side of the
inequality in (4.7) is less than zero for all n(¢) # 0, which means that the condition (3.12) associated with
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the system (4.3) holds. Furthermore, it is easy to verify that (3.11) is also true. Therefore, it follows from

Theorem 3.2 that the state estimator (4.2) is a suboptimal almost sure one with its gain matrix obtained by
]

solving the optimization problem (4.5).
V. EXAMPLES

To illustrate the effectiveness of the proposed methods, two numerical examples are given in this section.

For this purpose, let w(t) be a scalar Wiener process, v(t) be a right-continuous Markov chain which is

independent on w(t) and takes values in S = {1,2}, and the step size be A=0.005.
FEzample 1: The analysis of almost surely asymptotic stability

—0.9 09 >

Let the generator I be
F e . . —=
(i )acz ( 05 —05

Consider the system (2.1) with parameters:

fz(t),t,1) = —ga;(t) +e 2 ga(t),t,1) = zsin(t), h(x(t),t,1) = z(t);
F@),6,2) = —22(8) + sin(@()),  g(x(t),t,2) = %:pcos(t), h(z(t),1,2) = 2(t).

By selecting K1 = 1, Ky = 0.5, A(t) = e~ and V(n,t,7(t)) = 2%(¢) + #2(t), and utilizing Theorem 3.1, we
can check that the augmented system (2.4) is almost surely asymptotically stable. The simulation results of
the actual state trajectory z(t) and its estimate Z(t) are shown in Fig. 1. It can be found that they tend to

zeros when ¢ — 400.
FEzample 2: The design of suboptimal almost sure state estimator

Let the generator I' be
['= (vij)ax2 = < _0162 —1026 ) -
Consider the system (4.1) with parameters
Ay =2 f@®),1) = sa(t)sin(t), By — %
Cy = %, o(z(t),1) = zx(t) cos(t), L1 = %,
Ay= -3, f(x(t),2) = sa(t)sin(t), By =3,
Co=2 b)) = %x(t) cos(t), L= %

§7
By using Matlab software to solve (4.4) and the optimization problem (4.5) in Theorem 4.1, we obtain that
€921 = 1.17,

Kl = 0.52, €11 = 2.33,
€90 =132, A =0412.

K2 = 1.12, €21 = 6.3,

The simulation results are shown in Fig. 2 and Fig. 3, where Fig. 2 plots the real state x and its estimate Z,
and Fig. 3 depicts the estimate error x — Z. The simulation results have confirmed that the designed estimator

performs very well.
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VI. CONCLUSIONS

In this paper, we have investigated the suboptimal almost sure state estimation problem for a class of
general nonlinear hybrid stochastic systems with the assumption that coefficients only satisfy local Lipschitz
conditions. By utilizing the stopping time method combined with martingale inequalities, sufficient conditions
have been obtained such that the estimation error process is almost surely asymptotically stable and the upper
bound of estimation error is also determined. Then, a linear suboptimal state estimator has been obtained by
solving an optimal problem. Based on the proposed results, for a class of special nonlinear hybrid stochastic
systems, the corresponding conditions have been decoupled into a set of matrix inequalities which can be
easily solved by using Matlab software. Finally, the results derived in this paper have been demonstrated by

using two numerical examples.
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Fig. 2. The trajectories of x and Z of Example 2.

Fig. 3. Estimation error x — & of Example 2.
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