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H_NORM AND VARIANCE CONSTRAINED
CONTROLLER DESIGN FOR PERTURBED
STOCHASTIC SYSTEMS VIA VARIABLE
STRUCTURE CONTROL

Wen-Jer Chang* and Koan-Yuh Chang**

Keywords: Sliding mode control, Upper bound covariance control, He,
norm constraints, Variance constraints.

ABSTRACT

Based on the concept of variable structure control,
this paper investigates the upper bound covariance
assignment with H,, norm and variance constrained
problem for perturbed stochastic systems. Because of
the invariance property of variable structure systems,
the matched perturbation of the system disappears on
the sliding mode. With the aid of Ito-formula, the
controller u(t) is proposed. Combining the sliding
phase and hitting phase of the system design, the control
feedback gain matrix G is derived to achieve upper
bound covariance assignment with H,, norm and vari-
ance constraints.

INTRODUCTION

As one knows that how certain control objectives,
robust stability and noise attenuation, will be achieved
if certain H, bounds are achieved (see [18]). Hence,
there has been |ots of papers for the feedback controller
design with H,, norm constraints (see[1], [17] and [29]).
In practice, we always require to develop some ways for
designing controllers to achieve multiobjectives. There
are some papers (see [2] and [28]) discussing the H,,
norm and variance constrained problem simultaneously.
However, the Riccati equation approach applied by [2]
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and [28], which minimizes a scalar cost index, does not
ensure to satisfy the individual variance constraints. A
more straightforward methodology (namely, covariance
control) for designing controllers to achieve variance
constraints of individual states has been developed in
[11, 12, 19] and [27]. In [19], the authors do not
consider the presence of system perturbations, hence,
the system may become unstable when it is suffered
from perturbations. Animproved control method, which
we call upper bound covariance control (UBCC) here,
for satisfying variance constraints with perturbations
was proposed in [11, 12] and [27]. Using the direct
UBCC approach, the state feedback gain designed in
[11, 12] and [27] will become very large when the
systems are suffering from large perturbations. Itis
well known that atoo large feedback gain is not encour-
aged in practical application.

As above mentioned, it is hard to design the state
feedback control for perturbed stochastic system by
using UBCC method directly. Owing to the simple
design, easy implementability and insensitivity to
system perturbations, variable structure control (VSC)
has become a successful synthesis method and has been
applied to many complex systems (see [16, 20, 21, 23,
24] and [25]). The main advantage of VSC system is
that the system dynamicsin the sliding mode are invari-
ant if parameter uncertainties and/or perturbations
satisfy a certain matching condition. Using the concept
of VSC, the authors have discussed the stochastic
large-scale systems [6, 7] and stochastic model
reference systems [8, 9] and [26]. In [5], the authors
have successfully extended the above approach to linear
perturbed systems. Moreover, for apractical application,
the authors have successfully extended this combined
technique to deal with the perturbed ship steering
yaw-motion systems [10].

In this paper, based on the VSC concept and with
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the aid of UBCC, an improved design method will be
developed in this paper for achieving H,, norm and
individual variance constraints. Consequently, we will
use V SC approach to show that if a proper switching
function is chosen, the controlled system in the sliding
mode is insensitive to the perturbation (i.e., the system
has an ability to reject the perturbation) and can be
represented as a nominal linear feedback form (i.e., the
system can be simplified). Then, based on the UBCC
approach, the H,, norm and individual variance con-
straints can be achieved on the sliding mode. Therefore,
our propose has the ability of perturbation rejection,
noise attenuation and robust stability that are our major
contributions. Note that the upper bound covariance
control solutions presented in this paper are indepen-
dent to the system perturbations. Hence, the present
solution forms will be more concise and efficient than
that in [11, 12] and [27].

This paper is organized as follows. Section 2 de-
scribes the system statement and problem formulation.
In section 3, the switching function and sliding phase
for VSC method are presented. Moreover, the hitting
phase property of controller u(t) is discussed in section
4. In section 5, the H,, norm and variance constrained
design problems will be considered and the necessary
and sufficient conditions for the existence of control
feedback gain matrix G is stated. A numerical example
is given to demonstrate the control effect of the present
method in section 6. Finally, some conclusions are
made in section 7.

SYSTEM DESCRIPTION AND PROBLEM
FORMULATION

Consider a linear time-invariant perturbed sto-
chastic system established on afiltered probability space
(Q, F, (Fowort, P)and the system is described as

X(t) = (A+ AA)X(t) + Bu(t) + Dw(t), (1a)

y(t) = Fx(t), (1b)
where x(t), B,andD OR; FOR™™ Aand AAO R,
u(t) O RY; w(t) O R* is a white noise input. Here, the
white noise w(t) of (1) satisfies (2)

E(w(t)) = 0, E(x(O)w(t)) =0, Ew (1)) =1,  (2)
where x(0) denotes the initial state, (-)" denotes the
transposition of (-). Suppose that (A, B) is astabilizable
pair, and the perturbation, AAX(t), satisfies the perfect

matching condition, i.e.,

rank [B:AA] = rank [B]. (3)

Moreover, we also assumption that the range space
of matrix B intercepts the range space of matrix D only
at the origin. The goals of this paper are as follows: how
to design the controller u(t) for the system such that
(i) Theindividual steady state variance constraints are

satisfied, i.e.,

[X]i=Var (x)<[X];<0? i=12, ..n, (4

where Var(x;(t)) and o; denote the variance value and
root mean square (RMS) constraints for the i-th state of
the system, [X];; denotes i-th diagonal element of upper
bound covariance matrix X and [X];; denotes the i-th
diagonal element of matrix X. Here, we define X as
follows .

X = lim E(X()XT(). (5)

(i) In the sliding mode, the H,, norm of transfer function
from w(t) to y(t) isless than afixed scalar for system
robust stability.

The goal (i) is called the UBCC problem and the
goal (ii) can be seen as a H,, norm constrained problem.
The presence of AAx(t) will make the UBCC problem
with state feedback control be much more difficult. In
order to avoid the difficulty from AAXx(t), the invariance
property of VSC is a nice choice for us to handle the
perturbed system. Consequently, the concept of VSC
will be utilized to carry out the UBCC with H,, horm and
variance constrained problem in this paper.

SLIDING PHASE OF THE SYSTEM

First we define the switching function S(t) corre-
sponding to x(t) as follows

(t) = Cx(t) - Jot (CA+ CBO)X(1)dr, (6)

where C and G O R'*" are constant matrices to be
designed. C is chosen such that CB is nonsingular, CD
= 0 and G is the control feedback gain matrix to be
determined so that the state covariance can fit the re-
quirement in the sliding mode. The switching function
in (6) iswell defined for the solution x(t) of the system
(1) (see [13] and [22]).

In the sliding mode, the states satisfy the equation

() = Cx(t) — fot (CA+ CBG)X(1)dr = 0, @)

Differentiating equation (7) with respect to time,
we obtain

§t) = Cx(t) — CAX(t) — CBGX(t) = 0. (8)
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Substituting (1a) into (8), we can get the equiva-
lent control as follows

Ugg(t) = GX(t) = (CB)"C(BAX(t) + Dw(t)) (9)

Therefore, the equivalent dynamics of (1) in the
sliding mode, S(t) = 0, can be obtained by substituting
(9) into (1) as

X(t) = (A+ BG)X(t) + (I — B(CB)~1C)(AAX(t) + Dw(t)),
(10a)

y(t) = Fx(t), (10b)

where | denotes the identity matrix. The invariance
property (see [16]) had been known to be insensitive to
perturbation in the sliding mode and it exists because of
the perfect matching condition (3). Therefore, the
dynamics (10) is insensitive to the perturbation AAXx(t)
and is thus reduced to,

X(t) = (A + BG)X(t) + Dw(t), (11a)
y(t) = Fx(t), (11b)

where D=(l — B(CB)™C)D. If we choose CD = 0 then
D =D. Therefore, (11) can be rewritten as follows

X(t) = (A+ BO)X(t) + DY), (12a)
y(t) = Fx(1). (12b)

Then how to design a controller u(t) to guarantee
the existence of the sliding mode and to choose the
control feedback gain matrix G so that the specified
upper bound covariance matrix can be achieved in the
sliding mode are our next works.

A CONTROLLER DESIGN FOR HITTING
MOTION

Now, this section tries to find a controller u(t) such
that the states of the system (1) can be driven onto the
sliding surface. Let us define a Lyapunov function

V(S(1) = SX(t) (13)
The following theorems will be given.
Theorem 1

Consider the system (1) with the solution x(t). If

a Lyapunov function V(S(t)) is designed as (13) and
white noise w(t) with intensity 1 is satisfied as (2) and

CD = 0 is chosen, then we have

dv(s() = 25090). (14)
Proof:

Suppose that x(t) is a solution of (1) then x(t) is a
semimartingale ([13] and [22]). Since S(t) is defined as
(6), then S(t) is also a semimartingale. From (13), and
by Ito-formula ([13] and [22]), we can obtain

V(s =258 + §(S9), (15)

where (SS), is an operation called bracket of S(t) ([13]
and [22]). Then we have

<s, s>t = <0x—fo C(A +BG)X(1)dT,

Cx— f C(A + BOX(1)d r> (16)
0 t

= (Cx, Cx),, (17)

= (CDB8, CDB>t, (18)

= (CD)*B, B), (19)

= (CD)%, (20)

= 0(since CD = 0). (22)

t
where B is the Brownian motion, i.e., B(t) =j w(7)dr.
0

Substituting (21) into (15), we obtain (14). The proof is
compl eted. O

Remark 1

The sliding mode dynamics of the system (12) is
independent of the vector C. The choice of C to satisfy
CD = 0isvery easy and does not affect the sliding phase
of (12).

Theorem 2

For the system (1), if CD = 0 and let the controller
u(t) be

u(t) = Gx(t) = (CB)“[kal[CIIIK®)I| + alsgn(S(Y)),
(22)

where k; > ||AA||, a is an arbitrary positive number; |jx
M1, 11AA|] and ||C]| denote the 2-norm of the vector x(t)
and the induced 2-norm of the matrices ||AA]| and C,
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+ x(1)
"LF 20}

Fig. 1. The structure of the system (1) with the designed controller u(t).

respectively. Then the state of system will converge to
the sliding surface S(t) = 0 with probability 1.

Pr oof:

Differentiating (6) and choosing CD = 0 and mul-
tiplying it by S(t), we get

SHFt) = S)[CBu(t) + CAAX(t) — CBGX(1)]. (23)
Substituting (22) into (23) and, then (23) becomes

St = SHCAAX() — k| C|| x(t) | D St) [—a | SB) |.
(24)

Therefore, (14) becomes

%V(S(t)) = 25() CAAX(Y) = 2kq|[C]l+|x(E)][*[S(D)]

- 2a|S(1)| (25)
< 2|S() CAAX(L)| = 2Ky |IC] o[ Ix(t)[[*|S(V)]
- 2a|S(t)], (26)
< 2|[Cl[|AA[ [ x®)[FIS(D)] — 2k [C]]
|IXO[FISH)] - 2alS(t)]. (27)
If ky > ||AA]] holds then (27) satisfies
%V(S(t)) <—2a|s)|<0. (28)
That means the state x(t) will convergeto S(t) =0
with probability 1. The proof is completed. ad

Remark 2

If CD # 0, (14) becomes %V(S(t)) = 25()g(t) +
(CD)2. That will make the control design of u(t) be

much more difficult.
Remark 3

For alleviating the phenomenon of chattering on
the sliding mode, the boundary layer or sliding sector
approach may be used to smooth out the control input
(see [4], [14] and [15]). By using these methods, the
robustness of control systems will be decreased and the
system states will only reach to practical stability.

In order to express the overall scheme of the
system (1) with the designed u(t) (22), a block diagram
of the system structure is shown in Fig. 1.

THE CONTROL FEEDBACK GAIN MATRIX G
DESIGN WITH H, NORM AND VARIANCE
CONSTRAINTS

From the last two sections, the controller u(t) in
(22) forces the state to hit the sliding surface (7).
According to the matching condition (3), the invariance
property exists in the sliding mode and the sliding mode
dynamicsis (12). The left problems are that does the
matrix G exist and how to get it to achieve the goals (i)
and (ii)?

Now, consider the system dynamics (12) in the
sliding mode. The transfer function H(p) from noise
input w(t) to output y(t) is,

H(p) AF(pl —A—BG)~'D, (29)

where p isthe Laplace operator. Therefore, the goal (ii)
can be rewritten as (30)

[IH(P) | <, (30)
for some prescribed positive constant y.

For the moment, let us consider a useful lemma
which was presented in the Reference [2].

Lemmal[2]

Consider the system (12). Let G be given, H(p) O
RH., y> 0 and assume there exits a positive definite

matrix X satisfying

(A+BG)X + X(A+BG)" + y~2XRX + DD" =0, (31)
where R=FTF, then

(A+BG, [y~ 2XRX+DD"]*'? is stabilizable,(32)

if and only if (A + BG) is asymptotically stable. In this
case,
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HP)k < v (33)

and
X < X. (34)
O

Proofs of Lemma 1 are found in [2]. Note that if
the matrix X is positive definite, then the equation (32)
is stabilizable. Hence, the purpose of this section may
be restated as follows.

Given a positive scalar yand a symmetric positive
definite matrix X which satisfies the constraints [X],, <
[X]ii < o?. Determine the control feedback gain matrix
G such that the equation (31) is satisfied for the speci-
fied yand X.

In the following lemma, we will introduce a method
to check whether the H,, norm constraint (33) of the
system (12) is satisfied. The proofs of Lemma 2 can be
found in [3].

Lemma 2 [3]

Consider the system (12). There exists a positive
scalar yto satisfy [|[H(p)|}. <y, if and only if M, has no
eigenvalues on the imaginary axis, where

_| A+BG  y-DD'
My— T T
-y 'F'TF —(A+BG)

O

It follows from Lemma 1 that the satisfaction of
(31) leads to (A +BG) is asymptotically stable; H,, norm
bound y, and an upper bound covariance matrix X for the
state covariance matrix X. Hence, in this section we will
first derive the conditions and solutions for which (31)
is satisfied. Then, the controller solutions G will be
characterized by the UBCC which is based on the ap-
proach of singular value decomposition and the theory
of generalized inverse.

Theorem 3
Consider the system (12) Given an upper bound
covariance matrix X = X" >0, then there exists a control
feedback gain matrix G such that X solves (31), where
G=B"(Q-X)+(1-B*B)zZ, (35)
in which Z is an arbitrary matrix if and only if
(1-BB")(Q-X) =0, (36)

and

(A+ QX+ X(A+Q)T+X(y~2R-21)X +DD" =0,
(37)

for some Q, where Q 0 R "and ()" denotes the Moore-
Penrose inverse of ().

Pr oof:

Necessity : Suppose there exists a G satisfying (31) for
given X>0. (31) can be rewritten as

AX + XAT—XX -BGG'B" + y~2XRX + DD' + QQ"
=0, (38)

where
Q=BG+ X. (39)

By assumption G satisfying (39) exists. Hence,
(39) hasto be solvable for G, which is guaranteed if and
only if

(1-BB")(Q-X)=0. (40)
The solution G is given by
G=B*(Q-X)+(1-B'B)Z, (41)

where Z is arbitrary matrix. Substituting (41) into (38)
yields

(A+ QX+ X(A+Q)T+X(y~2R-21)X +DD" =0,
(42)

where we used the relation given by (40). This com-
pletes the necessity of the existence of G satisfying (36)
and (37).

Sufficiency : Now suppose X >0 satisfies (36) and (37)
for some Q. For suficiency, we will show that G given
by (35) solves (31). From (35) and (36),

BG=BB"(Q-X)=Q-X. (43)
Putting (43) into the left-hand side of (31) yields

(A+BG)X + X(A+BG)" + y~2XRX + DD"

=(A+QX+XA+Q T+ X(y~2R-21)X+DD".
(44)

But since (42) holds, the right-hand side of (44) is
zero. Hence, (31) holds for G given by (35). This
compl etes the suffiency of the existence of G satisfying
(36) and (37). O
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When the system (12) satisfies the necessary and
sufficient conditions of the Theorem 3, then there exits
acontrol feedback gain matrix G such that the specified
upper bound covariance matrix X will be achieved for
the equation (31).

Let us summarize the above design procedure to be the
following steps.

Initial status: The system (1) is given with certain as-
sumptions in section 2. An upper bound
covariance matrix X is pre-specified.

Step 1. Choose C to satisfy CD =0 and CB # 0.

Step 2: Find some Q to satisfy (36) and (37), then get G

from (35).
Step 3: Get the switching function (t) as (6).
Step 4: The controller (22) is obtained.

A NUMERICAL EXAMPLE

In this section, we consider a perturbed system as
(1) and it’ s perturbation satisfies the matching condition.
We will use our proposed method and the method of
[27], respectively, to solve the problem and also make a
comparison between them. Now, consider alinear time-
invariant stochastic system (1) with the system param-
eters

e 5 foe{ 3ol

1-08

AA =105 o F=[11], (45)

where 0 0 [0, 1] isan uncertain parameter. Here, we
suppose that the system is driven by initial states x(0) =
[x1(0) Xx5(0)]" = [7 7]" and white noise w(t) which
satisfies (2) with identiy covariance. The design goals
are to find the controller u(t) such that the steady state
of the system satisfies the following requirements.

[IH(P) | < 1, (46)
Var(x,(t)) < 1.5, Var(xs(t)) < 3. 47
Case (i): Using the present approach

If we pre-specify the upper bound covariance
matrix X =[ % %] which has diagonal elements satis-
fying the performance constraints (47). Then, the pro-
posed design procedure may be obtained as follows.

Step 1: Choosing C =[1 0] such that CD = 0. Clearly,
the perturbation AAXx(t) disappears on the slid-

ing mode.
Step 2: Substituting X into Theorem 3, the conditions
(36)-(37) are satisfied with Q=| 9§ L.

Hence, from (35) we may obtain the control
feedback gain matrix as follows.

G=[-1 -2]. (48)
Step 3: From (6), the switching function has the follow-
ing form.
t
St)=[1 Ox(t)— f [-1 —1x(n)dr. (49)
0

Step 4: A controller u(t) is obtained by choosing k; =
18.5 and a = 1 from Theorem 2. Then, the
controller u(t) becomes

u(t) = [-1 =2]x(t) - [18.5|x(1)|[ + 1]sgn((t)).(50)

For the comparison with UBCC technique in [27],
Table 1 shows the results of control effects (the indi-
vidual variances of state x;(t) and x,(t) and control
feedback gain G) with respect to uncertain parameter &
(0=0.2,0=04,0=06,0=0.8,and d=1).

From the above design procedure, we can con-
clude that the upper bound covariance matrix X will be
achieved if the system is driven by controller (50) to the
sliding mode. In the simulation of case (i), dis chosen
as arandom number between O and 1. The time response
of states x(t) and x»(t) are given in Fig. 2 and Fig. 3,
respectively. The time response of (t) and u(t) are
shown in Fig. 4 and Fig. 5, respectively. For stability,
the phase plane of (xy(t), Xo(t)) isshown in Fig. 6. Itis
easy to check that the matrix M, which defined in
Lemma 2 has no imaginary eigenvalues, hence the H,,
norm constraint (46) is satisfied. Moreover, the vari-
ances of xy(t) and x,(t) are 0.0521 and 0.1628,
respectively. Therefore, the individual variance con-
straints (47) are also achieved.

Case (ii): Using the UBCC technique developed in [27]

Pre-specifying the upper bound covariance matrix

X:[ % %] and using the UBCC approach of [27], we

can obtain the feedback controller G respect to AA.
Table 2 shows the individual variances of state x;(t) and
Xo(t) and control feedback G due to different uncertain
parameters J.

In Case (i) we can see that the feedback gain G is
independent of perturbation. Therefore, if AA isin-
creased then G is still a constant gain. However, the
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Table 1. Statevariancesand control feedback gain using the
present method

5=02 5=04 6=06 06=08 5&=1
Var(x,(t)) 0.0573 0.0542 0.0493 0.0539 0.0500

Var(x(t)) 0.1539 01586 0.1684 0.1620 0.1686
G [1-21 [(1-21[-1-2] [-1-2] [-1-2

8 . : :
4 S R SR M

x,(8) .
% SR SN S SO SN
s S e ST PRPPee
] ST SRS B eneeneod
Y T T —
I
) ST RTINSOt SO
20 2 0 &0 & 100

___________________________________________________

___________________________________________________

Fig. 3. Timeresponse of state x,(t).

UBCC feedback gain G will become large if AA in-
creases in Case (ii).

CONCLUSIONS

This paper has provided a method to design a
controller u(t) to achieve the UBCC with H,, norm and
variance constraints. Based on the concept of VSC, we
can obtain the linear closed-loop system without

2 ; :
] SEEEEEERE R EEEE SRR EEE PEPETE PR PR PERPEPE
NG ; :
LA EEEEEEREE b domenonee O EREEEEE EREPPEETS
05k-------- e LR R ———
Dr
] s R EEREEE doemooooos D ERnEt SETEEEEEES
L S e . R A
15 fmmmmmnn RN R S
2 L 1 H h
0 20 40 60 80 ‘ 100
Fig. 4. Timeresponse of ).
100 T T

-100 H H i i
0 20 40 60 80 100

Fig. 5. Time response of u(t).

'
LS

x ()

Fig. 6. The phase plane of (x4(t), xo(t)).
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Table 2. Statevariancesand control feedback gain using UBCC method of [27]

5=02 5=04 5=06 5=08 5=1
Var(x,(t)  0.1629 0.0775 0.0683 0.0657 0.0645
Var(x(t)  0.0672 0.1223 0.1323 0.1353 0.1367
o [— 4.1168} T [— 19.4672] T l— 45.0512]T [— 80.8688] T [— 129.920]T
1.6420 11.8756 28,9316 52.8100 835108

perturbation. Since the utilization of V SC, the designed
control feedback gain matrix G not only achieve the H,,
norm and variance constraints but also determine the
sliding surface. Furthermore, in order to satisfy the
hitting motion to the sliding surface, Ito-formula has
been used to solve the effect of white noise w(t). This
paper is a new trial to combine VSC and UBCC for
achieving H,, norm and individual variance constraints
for perturbed linear stochastic systems.
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