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ABSTRACT This paper considers the reduced-order Hy, filtering problem for singular Markovian jump
systems (SMJSs) with incomplete transition rates (ITRs) by using augmented system method. The considered
conditions in this paper are necessary and sufficient (NS), whereas the existing conditions are mainly
sufficient. To be concrete, by extracting system matrices in the considered system from augmented system,
NS condition for the existence of the full-order Hy filtering is provided in terms of linear matrix inequalities
(LMIs). However, it is hard to extend the condition to the existence of the reduced-order H, filtering. Thus,
by fixing augmented system matrices, NS condition for the existence of the reduced-order one is presented
to guarantee the desired filtering error system to be stochastically admissible with Hs, performance level.
Furthermore, there are neither complicated matrix transformation nor equality/rank constraints in this paper.
One numerical and one practical examples are illustrated to demonstrate the effectiveness of the achieved
results.

INDEX TERMS Singular Markovian jump system, incomplete transition rates, sufficient and necessary

conditions, reduced-order filtering.

I. INTRODUCTION

Singular systems, also referred to descriptor systems, implicit
systems and generalized state-space systems [1], [2], which
are formed by a set of coupled algebraic and differential
equations. It is a generalized representation of the state-space
system. Thus, singular systems can model various kinds of
practical systems, such as networks, power systems, flexible
robots and so on [3]-[6].

On the other hand, Markovian jump systems (MJSs) rep-
resent a convenient mathematical model to describe system
dynamics in a situation when the system experiences fre-
quent unpredictable parameter variations. MJSs have been
studied both in many practical systems such as chemi-
cal process, manufacturing systems, flight systems and so
on [7], [8] and in theoretical researches [9]. In the past
decades, transition rates (TRs) in the jumping process are
usually assumed to be completely known. However, it is
difficult to implement the practical control systems to accu-
rately estimate the TRs. Therefore, study on the MJSs with
ITRs receives the attention of researchers [10]. When sin-
gular systems experience abrupt changes, which lead to
famous singular MJSs (SMJSs) [11], [12]. Note that the
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research on SMJSs are even more difficult than the regular
MISs since the properties of stability, regularity and causal-
ity (discrete-time) or non-impulsiveness (continuous-time)
should be taken into account simultaneously. Thus, research
on SMISs is of significance, and majority of theoretical and
applied results have been widely researched. To name a few,
in [13], the problem of asynchronous H, control for SMJSs
with redundant channels under the dynamic event-triggered
scheme is studied. To save the resource of bandwidth lim-
ited network, a dynamic event-triggered scheme has been
proposed. The design of finite-time mixed Hy, and passive
asynchronous filter for T-S fuzzy SMIJSs with uncertain tran-
sition rates under the dynamic event-based scheme has been
discussed in [14]. An asynchronous filter is considered such
that the phenomena of asynchronous modes between the
original SMJSs and the considered filter is modelled as a
hidden Markov model. In [15]-[19], H filtering has respec-
tively reported for SMJSs, and some sufficient conditions
on full- and reduced-order H, filtering have been derived.
Especillay, the NS full-order Hy, filter condition for SMJSs
has been achieved in [19]. However, the information of all
TRs and estimated state are required. It is hard to extend the
condition in [19] to the reduced-order filtering problems for
SMISs with ITRs. Thus, how to derive an NS condition on
reduced-order filtering with ITRs constitutes this paper.
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In this paper, the reduced-order Hy, filtering problem is
considered for SMJSs with ITRs. Note that the achieved H
filter matrices in [19] depend on all information of TRs and
the estimated state. Thus, its method cannot be extended to
the reduced-order ones for SMJSs with ITRs. In this paper,
with the aid of augmented system method, system matrices
(such as A;, B,,;) are extracted to construct an augmented
system (A; = diag{A;, 0}, B,,; = [BL,, 017). Then, by using
elimination method, the necessary and sufficient (NS) full-
order Hy, filtering is received for SMJSs with ITRs. The filter
matrices can be computed by a set of LMIs. However, similar
with [19], the full-order NS conditions cannot be extended
to the reduced-order ones due to some special matrix struc-
ture (such as A; in [19]). In this case, tuning the order of
filter matrices and without separating the augmented system
matrices (i.e. A;, BW,-), the NS reduced-order Hy filtering is
proposed for SMJSs with ITRs. Compared with some existing
works, there are neither complicated matrix transformation
nor equality/rank constraints in proposed conditions.

Notation: Throughout this paper, R" represents the
n-dimensional Euclidean space; X7 denotes the transpose
of X; (2, F, P) is a probability space with 2 is the sam-
ple F is the algebra of subsets of sample space and P is
the probability measure on F; **’ in LMIs represents the
symmetric term of the matrix; X > O(< 0) means X is a
symmetric positive(negative) definite matrix; He[X] means
that X + X7; Amin(X) respects the minimum eigenvalue of
X; £(X) denotes the mathematical expectation operator of
X; £5[0, co) refers to the space of square-integrable vector
functions over [0, c0); |X| denotes the Euclidean norm for
vectors of X; col[X, Y] denotes [XT, YT]T; diag{. . .} repre-
sent a block diagonal matrix.

Il. SYSTEM DESCRIPTION AND PRELIMINARIES
Consider a class of singular Markovian jump systems
(SM1JSs), which are defined on a probability space (2, F, P)

Ex(t) = A(r)x(t) + By (r)w(t),
(@) = C(r)x(2), (D
2(t) = L(ry)x(2),

where x(tf) € R”" is the system state, y(f) € RP is the
measured output, z(¢) € R? is the signal to be estimated and
w(t) € R™ is the disturbance input that belongs to £;,[0, 00),
¢(1) is a compatible vector valued initial function. The matrix
E € R™" may be singular and rank(E) = r < n. A(ry),
B(rt), By, (ry), C(rt), and L(ry) are known real constant matri-
ces with appropriate dimensions for each r; € S. ry,t > 0 is
a continuous-time Markovian process with right continuous
trajectories and take values in a finite set S = {1,2,...,N}
with transition rate matrix IT £ {m;j} given by

Pririie =jlr =i} = ..
1+ mjjo+o(o), j=i
where 0 > 0, limy_90(0)/0c = 0, and m;; > 0, for

Jj # i, is the transition rate from mode i at time t to mode
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jattimet + o and w; = — Z;V:Lj#i ;. Furthermore, this
paper is concerned with the Hy, filtering for SMJSs with
ITRs. That is, some elements in IT are unknown. Take a

7?7 7w 13
w1 7 ?

777
“?” represents unknown element. For convenience, i € S,
we denote

S]i =R mjj is known for j € S},

3 operation modes for example, [T = , where

Si. £ {j: 7; is unknown j € S}.

In addition, if S,i =0, rr,i £ Zjes;; 7, and when i € S;k,
it is necessary to provide a lower bound nﬂ"l for it and we have
7y < —m;. And for each possible r; = i, i € S, a matrix
M (r,) will be denoted by M;, A(r;) by A;, Ag(ry) by Agi and
SO on.

The following preconditions are essential for main results.

Lemma 1: [23] Given a symmetric matrix 2 € R"*", two
matrices ¥ € R™™ and ® € R¥*" with rank(¥) < n and
rank(®) < n. Consider the problem of finding some matrices
G such that

Q4+ VWGP + (WGD) < 0. )
Then (2) is solvable for G if and only if
viQut? <0, otQet! <o. 3)

Lemma 2: [20] Let P be symmetric such that ELTPEL >
0 and Q to be non-singular. Then, PE + UTQV7 is non-
singular and its inverse is expressed as (PE + UTQVT)~! =
PET + V®U, where P = P"and Q is nonsingular such that
EYPER = (ElPE,)"', 0= vTV)"lo-\(wvuT)~'.

Lemma 3: System (1) with ITRs is stochastically admissi-
ble with H, performance if and only if there exist symmetric
matrices Py;, nonsingular matrices Q; fori € Sandj € S:ik
such that

EZPUEL > 0, (4)
61 AlB.i  Cl] ‘
x =y 0 | <0, ifieS, (5)
| * * —I |
(61 AlBwi C] .
x  —y2 0 | <0, ifies,, (6)
| * * —I |
where
81 = He[A,-TAu] + Z?TijETPUE — T[,iETPUE,
jeS,i
§ii = HelA] Al + ) miE" PjE — n{E" P\;E
jesi

+ i ETPLE — w ET PyE,
Ay =PLE+UTQuVT.

and nfl is a given lower bound for the unknown diagonal
element.
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Proof: Two steps are given as follows.
Step (I): Connecting with the proof of Lemma 3 in [19],
the sufficiency and necessity of the following inequalities
have been finished.

E[ P\iEL > 0, )
8 AlB,, cT
x —yi 0 | <o, 8)
* * -1

where 8; = He[AT Ay;] + Zjv: | TiET PyjE.

Step (II): Connecting with the proof of Theorem 1 in [10],
it yields the following two cases.

Case 1:if i € S}, then Zjvz , miET PyjE in (8) is equivalent
to Zjesli JTUETPUE — ﬂ]éETPUE.

Case 1:ifi € S,i, then Zjvzl néjETRL/E in (8) is equivalent
t0 Y st TiET PyjE —m BT PyE + 1y ET PyiE — myE" PyjE.
Rearranging (8), it yields Lemma 3 of present paper. This is
completed the proof.

lIl. MAIN RESULTS
In this section, the reduced-order Hy, filter existence condi-
tion for SMJSs (1) with ITRs will be presented.

Firstly, consider the following filter for the estimation of

2(t):

{ Epir(t) = Agxy (1) + By (1), ©)

zr(t) = Cpxr(t) + Dgy(1),

where x¢(1) € R(7 < n), zr(1) € RY, Ep, Ay € R™", By €
RAXP, Cs € RI*, Df € R?*P are to be determined. Let
X(t) = collx(t), x¢(¢)], 2(t) = z(t) — z¢(t). Then, the filtering
error system can be represented as

{E)NC([) :Azi(t) +Bwtw(t)v (10)

(1) = (1),

where

~ | E 0 5 A; 0
E'_[O Ef]A’_[BﬁCt Aﬁ]

- B.. | -
B; = |: (V)W]Ci =[Li—DsCi  —Cz].
Furthermore, define R, S satisfying R~I:3 = 0and ES = 0 are
both satisfied. Note that the matrices A; and C; in (10), which
can be written as

A; = A; + FGH;, C; = C; + JG;H,. (11)

Associated with Lemma 3, we have the following proposi-
tion:

Proposition 1.: System (10) with ITRs is stochastically
admissible with Hy, performance if and only if there exist
symmetric matrix P;, nonsingular matrix Q; for i € S and
j€ S;k such that

El'PE; > 0, (12)
Qi + WiGid; + (WiGid)" <0, iesS, (13)
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Qi + W,Gi®; + (ViGid)" <0, ieSy., (14)
where
A ATB,; CT
Qi=| * -y 0 |,s=12,
* * —1I
Ajn = He[ATA;] + Z miET PiE — nlET PE,
jesi
Ap = He[AT Ay;] + Zn,»,-ETPJ-E — nETPE
jesi
i T p 1 i-Tp 1
+miETPE — n ETPE,
Gi= |0 A= PE RO,
| B Ag
- [A 0] 4 B,i| -
Ai = _Ol 0],Bwi=|: 6W:|,Ci=[Li 0],
ATF
Vi=| 0 |.&=[H 0],
L
o o _ a0
F = 0 I]J_[—I,O],H, = [ 0 1]'
Then, by Lemma 1, (13) <
oot <0, (15)
vQwlt <o, (16)
and (14) &
o Q0 <0, (17)
Wy w!t < 0. (18)

Now, we will present a full-order Hy, filtering such that
system (10) is stochastically admissible with Hy, perfor-
mance.

Proposition 2: There exists a full-order Hy filtering in (9)
such that system (10) is stochastically admissible with Hy
performance y if and only if there exist symmetric matrices
P, Pii, nonsingular matrices Qy;, QiiforieS andj € S:ik
such that

EI'PLEL I ]
- > 0,
[ I E}PiER |
ifieSi, (19
[ cltonctt  ctayB,  CHCTT
* —y21 0 <0, (20)
| * * -1
8> Buwi Ri1(x) Ry(x) |
2,2
* yl 0 0 <o,
* * =S11(x) 0
| * * * —821(x) |
ifieS,, (1
CténCtt  CHATB,;, CHCl
* —y? 0 <0, (22)
| * * -1
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i szi Ri1(x) Rai(s)
* =yl 0 0
« % —Sh) 0 <0 23)
* * * —So1(x)
where

8 = He[AiA1]] + miEPLET
8o = He[A; A1) + w EPLET,
Ryi(x) = [«/ﬂszpliER]jeg;;/{i},

Ro1(x) = /—m{EPyER,

Ryi(x) = /-7 — m EP\;Eg,
S11(x) = diag{Eg P1jER}jcgi /i),
So1(x) = E} PyjEg.
Furthermore, if Py;, P1;, Q1i, O1; are the solutions of (19)-

(23), then H, filter matrices G; can be given by substituting
the solutions of (19)-(23) into (13), (14), where

A= A 1_\fl~l — A P — Py P
LAY T Au—AG T P Pai |
1i 1i 1i 1i 12i 3i

the other notations are defined in Lemma 3 and Proposition 1.
Proof: Recalling W; and ®; in (13), (14), by a simple
calculation, we can obtain

[c o] 0 O
o =| [0 0] I o], (24)
[0 0] o0 I
-T
1 0] o oA 00
Wit = [[ } I 0. (25
[0 0] I O 0o 0 I

Next, we will probe the NS condition for i € S,i as follows.
(The proof process for i € S, is similar, which is omitted).

(Necessity). For symmetric matrices P;, P; and nonsingular
matrices Q; and Q;, we have the following partition

iZ[Ilei Plzi]lgl_z[f’u [112i:|’ (26)

i P Pszi Ps;
o owl 5 _[0u OQu
Q0 = |:Q21i Qsi } F Q1= [QZli Qsi } - @D

Then, substituting (24)-(27) into conditions (15) and (16),
which respectively lead to (20) and

81i By
[ « =y |~ % @9
where
821i = He[A;Ay] + Z”U‘Bij - ”li%"j’
jes
Py = EP];‘ETPUEPHET
+ Hel[EPE" P1jyEP],E"]
+EP\yE" PyEP],E".
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Recalling (12), we have ELTngEL > (0 and
E] PEL = (151€1E’1]'151e)_1 + E] PiyEL
x (E{ PyEL)”(E[ P,EL). (29)
Further, we get
Pij = EPLEREL P;ER) (EPyER)"
+€L(E[ PyEL) '€y, (30)
€ = E[ PyEPI,E" + E[ PlLEPE".  (31)

Thus, condition (28) gives

821i By
[ ] <o (32)
where
821; = He[A;A1] + Z”ijEpliER
JjeS

x (E§ P\;ER)"(EP\;ER)" — ] EP\;Eg
x (Eg PyiER)"(EP;ER) .
By Shur complement, we get (15) = (21).

Next, we shall probe (12) is equivalent to condition (19).
Condition (12) satisfies the following relations:

o - | EfPuEL  E[PuiEL
ElPL.E, E[PyEL |

0 < ElP3yEL,0 < EfPLEL
— E[ PiiEL(E[ PyEL)'E[ P{yEL
= (ExPyiEp)™",
&
< El'PiEL(E] P3iEL) 'E] PLLEL
= E[ PiEL — (EgP\iER)™", 0 < Eg PyiEg,
which implies condition (19). Summarizing the above discus-

sions, the proof of necessity is completed.
(Sufficiency). Construct P; and Q; as follows

_ | Pui P
P; = |: « P } ; (33)
| 9 O
0 = |:Q12i 03i ] ’ S

where

P = —P3;, Q12i = —Q3i,
Py = Py — EL(ELEp)™!
x (Ef PriEg)”"(E[ EL)"'E[ |
Qi = Qi — (VIVouuuhH™,
and Py;, Py; 01, Qli are the same as those Lemma 3. Then,

from (33) and (34), A; in (15) and (16) can be constructed as

Ay A

. — p.E. TrH.¢T _
Ai = Pifi + RS _|:A12i —A1;

] N € R))
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where A1; = Aj;' — Ay; and Ay, Ay, have been defined in
Proposition 2.

In view of Lemma 2, one has A; = P,-ET + SOiR, where
R = diag{U, U}, S = diag{S, S} and

5 Py Py - O1; sz}
Pi=|% 0= =2 =, 36
' [Pli P3ij| o [in 0s; (36)
Therefore, we have
ATETPEA; = EPETPEPET = [S*U :} ., (37

where §;j = EPER(ELP;ER) 'ELP;ET and « indicates
irrelevant matrices. Then, applying (33), (36) and (37) to
conditions (15) and (16), respectively, we have (20) and

82110 Bwi
[ ! _y21]<0, (38)

where 8211; = He[A;A1] + Zjes}i 7;j8ij — 7. 5ij- Thus,
we can conclude that (20) and (21) hold if (15) and (16) hold,
respectively.

Further, set Py = EZPUEL, PIR = (EgpliER)_l, in this
case, condition (19) can be expressed as

0 < Pip — Pir, 0 < Pig,
=

0 < |:— Pir

Pir—PiL
Pir — P1L ’

Pip — Pir

which implies condition (12). Summarizing the above state-
ments, the proof of Proposition 2 is completed.

Based on Theorem 1, we can directly derive the following
NS condition for SMJSs with CTRs.

Corollary 1: There exists a full-order Hy, filter in (9)
such that system (10) is stochastically admissible with Hx,
performance y if and only if there exist symmetric matrices
P, Pii, nonsingular matrices Qy;, 0, fori € Ssuch that (19)
and

CronCitt  CEATB,;  CGHLTT
s —y2 0 <0, (39
% * -1 |
81 Buyi [/7GEPERjes/{i}
* —y21 0 <0, (40
% * —diag{E} PjER}jes/{i} |
where
S11i = HelA] Ayl + ) mjET PyE,
jes

821; = He[A;A1;] + m;EPLET,
Ay =PuE +UTQ VT, Ay = PLET +VO,U.

Furthermore, if Py;, Pli, O1i, Ql,- are the solutions of (19),
(39) and (40), then Hy, filter matrices G; can be given by
substituting the solutions of (19), (39) and (40) into (13),
where ©1;, A; and A; are defined in Proposition 2.

Remark 1: 1t is noted that NS full-order H, filtering has
been proposed for SMJSs with CTRs in [19]. Since the filter
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matrices in [ 19] are constructed with the TRs, the TRs should
be completely known. Fortunately, the filter matrices can be
directly given by solving Proposition 2 if the TRs is incom-
plete. Thus, the method of present paper is more general than
the result proposed in [19].

Remark 2: It is noted that the methods in Proposition 2 and
[19] cannot be extended to derive the reduced-order one
since some special matrix structure, such as, Er, A;, and [_\,-
in Proposition 2 and [19]. To be concrete, i) in [19], filter
parameters Ay, Bp, Cp is dependent on full-order #. ii) In
[19] and Proposition 2, A; must be completely known for the
solvability of filter parameters. iii) Ef = E is determined in
[19] and Proposition 2 due to the utilization of Lemma 2.
Thus, without constraints, we will give the following NS
reduced-order Hy, filtering in another insight.

Theorem 1: There exists a reduced-order H, filtering in
(9) such that system (10) is stochastically admissible with H,
performance y if and only if there exist symmetric matrices
P;, P;, nonsingular matrices Q;, Q,- fori e Sandj € Szik such
that (12) and

ifieSi,
NN <o, (41)
FApFT  FB,; FRi(x) FRy(x)
2
* —y-l 0 0 4
* * —S1(x) 0 <0, @2
* * * —S2(x)
if i €Sy
NiaiNT <0, 43)
FAnFT  FB,;, FRi(x) FRy(s)
2
* —y°l 0 0 44
* s —sm o | =0 69
* * * —S2(x)
where

Ap = HelA;A;] + mEPET,
AiZ = He[Ail_\i] + ﬂéEPiET,
Ri(x) = [JTGEPER]cgi /i),

Rz(x) = —N,iEP,’ER, RQ(S) = ,/ —ﬂé — JTIiEP,'ER,
S1(x) = diag(E PiEr)jeg; (i}, S2(x) = Eg PiE,
Ai = PiE +R"QiS", A; = PE" + SQR,
and the other notations are defined in Proposition 1.

In this case, inspired by [21], [22], for given any appro-
priately dimensional matrices R; > 0, Z; and Y; satisfying
[Till < 1. &y, W; satisfying &p;p; = O;, ViV Vg = W,
where ®;;, ®g; and _lI/Li, \1113,- are any full rank factors of ®;
and ;. Then, if P;, P;, Q;, Q; are the solutions of (12), (41)-
(44). Then reduced-order H, filter parameter matrices G; can
be given by

Gi = WKy + Zi — ViR Z; o), ie S,  (45)
Gi = Vi Kui®], +Zi — VEWRZi®p®F,, i€ S, (46)
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where
Wis = (VR — 20! = 0,
Ski = Ri — W[ [[Wii — W @pi(@riWii®p) ™' 10,
K = —R WL W0k (g Wi @) ™!
+ RISy Wi R 12,
Wiki = (‘IJLTiRi_l‘I'LTi — Q)7 >0,
Suki = Ri — W Wil — @R PriWui®h) ™ Wi,
Kui = —R; "W Wi U (@ pi Wi @) ™!
+R;lSl/2Li(q>RiWuki<D17;i)_l/2'

i
Proof: Recalling ¥; and ®; in (13) associated with
reduced order 7, we can obtain

n Ni On,m On,q
qu = Om,n-i-ﬁ I Om,q s (47)

Oq,n+fl Oq,m Iq

ol [ F 0w On
! Om,n+fz I Om,q

-T
A,’ On+f1,m On+fl,q

< | Oppii In Ome |- 48)
Oq,n+fl Oq,m Iq

Then we shall will the NS condition for i € S,i as follow,
the proof process for i € S}, is similar, which is omitted.
Associated with Lemma 3, condition (15) is equivalent to
(41). Next, we need probe the (16) is equivalent to (42).
As the proof of Proposition 2, condition (16) can be written
as (32), connecting with Lemma 3, condition (32) can be

rewritten as
A'Z B [
[ 21 wi } < 0’

. i
s i €5}, (49)

where

A = He[AiA{] + ijl'lij — m Iy,
jesi
H,’j = EP,‘ER(EITQ-PI‘ER)il(EP,'ER)T.

Further, by Shur complement to (49), we get (42). Sum-
marizing the above statements, the proof of Theorem 1 is
completed.

Corollary 2: There exists a reduced-order Hy, filtering in
(9) such that system (10) stochastically admissible with H,
performance y if and only if there exist symmetric matrices

P;, P;, nonsingular matrices Q;, Q; for each i € S such that
(12) and

NiQuNT <0, (50)

FApFT  FB,;  FlymjEPER)jcs/{i}
* —y2 0 <0 (51
* * —diag{E} PiER}jes/1i}
where

F = [y, 0, 4] Ni = diag{Ni, I}, N; = [C;-, 0, 5141,
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Ap = He[;\,-z_\i] + JTi,'EPiET,
Ai = P,E+RT0:ST, A; = PiET 4+ SOiR,

and the other notations are defined in Proposition 1.

In this case, inspired by [21], [22], for given any appro-
priately dimensional matrices R; > 0, Z; and Y; satisfying
[1Ti]] < 1. &;, ; satisfying &p;Pg; = O;, ;WL VR = Vi,
where ®7;, Pgr; and Vy;, Wg; are any full rank factors of &;
and ;. Then, if P;, P;, Q;, Q; are the solutions of (12), (50)
and (51). Then reduced-order H, filter matrices G; can be
given by

G = ‘I"EKiq)E +Zi — \I/I_e'—iq/RijqDLiq)Ev (52)
where
K; = —Rl.*l\I/LTiWi\Iflgi(inWi@gi)_l
1ol)2 -
+R'S P wiok) 2,
Wi = (LR — @),
Si = Ri = WHIW; — Wbk (@ Widh) ™ 10

Remark 3: Note that Theorem 1 in [19] and Proposition 2 of
present paper, the attention is focused on system matrices
of the considered system (1). And the first aim is to obtain
A1; = PLE + UTQ;VT by building matrices A;. However,
the order 2n cannot be changed in [19] and Proposition 2.
Thus, in Theorem 1 of present paper, we directly focus on
system (10), the Lyapunov decision order is n + 71, we can
first get matrices A;, the order is also n+n. Thus, the reduced-
order H, filtering is obtained.

Remark 4: It is well known that reduced-order filter design
is a very important issue in many applications, especially
when fast data processing is necessary with a process of
limited power. Therefore, considerable attention has been
devoted to the study of reduced-order filter design over the
past few years. In some existing works [7], [23], sufficient
conditions for reduced-order H., filtering are derived on
equality/rank constraints, which are hard to find a solution
to perfectly satisfy the equality constraints due to its round-
off errors in computation. Furthermore, complicated matrix
transformation and matrix structures inverse the mathemati-
cal derivation. In this paper, the obtained results have neither
complicated matrix transformation nor equality/rank con-
straint, which make the conditions easier to find numerical
solutions than the existing works [7], [23].

Remark 5: In this paper, only the switching probabilities
were considered. However, in practice, there is usually a
restriction to the switching frequency. In this case, by combin-
ing with method in [24], [25]. The present synthesis method
can be extended to deal with singular systems with average
dwell time (ADT) switching.

IV. EXAMPLES

In this section, we will give one numerical and one practical
examples to demonstrate the applicability of the proposed
approaches.
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Example 1: To demonstrate the efficiency of full-order Ho,
filtering in Corollary 1 and Corollary 2 for system (1) with
CTRs, the following parameters are given:

-3 1 0 1
Al = 0.3 2.5 1 ,Bi=1]0{,
-0.1 03 38 1
05 1"
Ci=[08 03 0],Li=|-01]|,
1
-25 05 —0.1 —0.6
Ab=| 01 =35 03 |,Bb=]| 05 |,
—0.1 1 -2 0
T
C=[-05 02 03],L=| 1 |,
0.4
1 0 0
nz[_oof _0(')69:|,E= 0 1 0
' : 0 0 0

TABLE 1. The minimum allowable y for different methods.

methods  Theorem 1, [15]  Corollary 1 ~ Corollary 2
Ymin 0.4087 0.2632 0.2632
04k %l —— = i)
02
0 j‘\\'\fk
o1 2 3 4 5 6 7 8 9 W
0.4 \M\) ) —— = i,
02}
ot 1 1
o1 2 3 4 5 & 7 B 9 1
08 Kl —— = il
Of
05 .
o1 2 3 4 5 & 7 B 9 W

timers)

FIGURE 1. Responses of x(t) their estimations.

05
]

time(s)

FIGURE 2. One possible switching signals and responses of z(t) and their
estimations.
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A comparison among [15], Corollary 1 and Corollary 2 of
present paper is depicted in Table 1. Obviously, Corol-
lary 1 and Corollary 2 are equivalent for full-order Hy filter-
ing, which are superior than the method in [15]. Furthermore,
Corollary 2 can be also used to reduced-order filtering while
Corollary 1 can not be. If 7 = 2 in Corollary 2, the mini-
mum H, performance level y is 0.2754. It concludes that
Corollary 2 is more general than Corollary 1. Next, supposing
¥ = 2, by using Corollary 1, the full-order Hoofilter matrices

G = ZB)]):: EZ_ can be given by
Gi
[ 0.0005 0.0001 —0.0002  0.0010
_ | —1.9011 1.5078 0.6197  —1.1988 % 10°
—0.7221 0.5685 0.2266  —0.0740
| 0.7099 | —0.5585 —0.2269  0.0687
G
0.8299 0.4125 0.8310 0.1473
_ | 59.7086 29.3448  —11.1787 —18.9317
7| —32.2933| —14.1969 3.1590 10.5842
| —14.7964| —7.4667 3.8307 2.5805

With the initial states of x(0) = ¢0l[0.2,0.5,0], x,(0) =
col[0, 0, 0], 7(0) = 1 and w(r) = —0.3sin(5t)e ¥ . From
Figure 1 and Figure 2, it is seen that proposed full-order H,
filtering is efficient.

Example 2: To demonstrate the efficiency of reduced-order
H filtering in Theorem 1 for system (1) with ITRs. Consider
a DC motor driving a load that changes randomly [19].

Jv; = K;c(t) — bjv(t), (53)

u(t) = Ric(?) + Kyw(1),
where v(?), u(t), Ky, K,, R; mean the current, the speed of the
shaft, the input voltage, the torque constant, the electromotive
force and the electric resistor, respectively. The coefficient
relations such as J; = J,,, + %, b, = b, + % hold, where
Jm and J,; are the moments of the motor and the load; b,, and
b.; are the damping ratios with gear ratio n. In this case that
Jn = 0.5kgm, J.1 = 50kgm, J.o = 150 kgm, b,y = 100,
boo =240, Ry = R, = 1R, by, = 1, ks = 2Nm/A, k, =
1Vs/rad, b,y = by, = 0.4 and n = 10, the stabilized DC
motor model with disturbance can be modeled as SMJS (1)
with state x(z) = [v(¢), c(t)]T which has the following system
matrices:

-2 3 0
Ar= [—0.52 —0.908]’31 - [—0.1]’
—-1.7 1.5 0
Az_[—1.03 —0.64]32_[—1]'
For the system output, we set the following coefficients:

Ci=[10 0].C;=[11 0],
L Z[l 0],L2=[1 0].
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. e 1 .
Singular matrix is given as £ = [ 0 8 j| and the transition rate

matrix is given as

—0.0193 0.0193
no 00 oo

Now, a first-order H, filter will be designed. Suppose the
required Hy, norm bound is y = 0.5 and the following

parameters are given as 715 = -1,E =1,R = ST =
01000 01000

[0,1,0, Nt = | 00010 |,Na=[{00010 |. Then,
00001 00001

by solving Theorem 1 of present paper, a first-order filter
matrices can be given as

Gi — 0.1580\ —0.2322 G, — 0.1192\ 0.6262

'~ | 0.5000] —1.4643 | >~ [ 0.4000] —0.8393 |
With initial state x(0) = co0l[0.2,0], x¢(0) = 0, rp = 1,
w(t) = 0.1sin(51)e~%2". From Figure 3, it can be observed
that the first-order filter design method is efficient.

n2F

-

AR
0z . . . . . . . s s

0 2 4 B 8 W 12 14 1B 18 20
02 l\ — i ——— ]

g, -~

OF
02 . . . . . . . s s

o 2 4 6 B8 MW 12 14 1B 18 20

FIGURE 3. One possible switching signals, responses of x(t), z(t) and
their estimations.

V. CONCLUSION

In this paper, the reduced-order H, filtering problem is con-
sidered for SMJSs with ITRs. By separating augmented sys-
tem matrices, the existence of NS full-order Hy, filtering was
formulated in terms of strict LMIs. To gap the existence of
NS reduced-order Hy filtering for SMJSs, without separating
the augmented system matrices, the NS reduced-order Hyo
filtering was successfully derived. The complicated matrix
transformation and equality/rank constraints are avoided in
this paper. Two examples are illustrated to demonstrate the
effectiveness of the achieved results. In the future, extending
the methods in this paper to more complicated situations, such
as for SMJSs with ADP switching in [24], [25] and time delay
[26] deserves further exploration.
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