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Abstract— For symmetric systems, the useage of symmetric
controllers is known to be effective. The existence conditions
of the controller have been shown in several studies. They
require the symmetry of the plant as well as the control
specifications. This paper describes the condition by matrix
inequalities and relaxes it to be applicable to the case of
non-symmetric sepcifications for the symmetric H., controller
design. Additionally, the optimal symmetric controller design
for mechanical systems is investigated as a special case.

I. INTRODUCTION

Symmetric controller is known to be effective for the sym-
metric plants [1]. This is because it is regarded as superior
to the non-symmetric controller in the robustness and the
control performance when the plant is symmetric. For the
controller synthesis, several schemes have been proposed [2],
[31, [4], [5], [6], [7], including our study on the optimal Hy,
controller design for large space structures [8]. The literatures
commonly use the fact that the symmetric controller exists
for the plant having the symmetry with respect to the control
input and measurement output as well as the exogenous
input and controlled output. The controller is optimized
for the generalized plant satisfying the symmetry in both
senses using Riccati equations [3]. However, there exist
some cases that non-symmetric control specifications should
be used even when the plant is symmetric, for example
the usage of the frequency weighting functions [9], which
are generally non-symmetric, is effective in H,, controller
design. In view of this, our first objective of this paper is to
clarify the existence condition of the symmetric controller
and describe it by matrix inequality conditions for the case
of non-symmetric control specifications. The condition for
the case of symmetric specification is derived from the
result. Then, the discussion is focused to a specific class
of systems for which non-parametric stability is guaranteed
by the symmetric controller [2], for example the collocated
mechanical system and an optimal H., controller design
method is derived.

II. PROPERTY OF SYMMETRIC CONTROL
SYSTEM

First, we describe the properties of symmetric control
systems. Let a controllable and observable system described
by the state equation be given as
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where x € RP is the state variable, u € R™ is the control

input, and y € R™ is the measurement output. Laplace
transform of G yields the transfer function matrix as

G(s) =D+ C(sI — A 'B. )

Additionally, let > be a signature matrix which is diagonal
with diagonal elements of +1 or —1. Then, the following
lemmas are known.

Lemma 1 [1] : The following conditions are equivalent.

1) G is symmetric.

2) ©G(s) = GT(s)%, Vs

3) There exists a non-singular symmetric matrix 7' such

that

TA=ATT, TB=CTY, D=xD'y. (3)

Lemma 2 [1] : The system G is called internally symmetric
with internal signature 7' and external signature X if T
belongs to the admissible class of signature matrix.

The symmetric property of the control system is gener-
ally defined by the input-output relationship of the system.
Lemma 1 relates the symmetric structure to the state space
realization. The conditions are effectively used in the follow-
ing symmetric controller design.

III. DESIGN OF SYMMETRIC CONTROLLER

For the symmetric controller, several design schemes have
been proposed [3]. They rely on the recognition that the
symmetric controllers always exist when a non-symmetric
controller exists for the plant, if the control specifications of
the closed-loop system as well as the plant are symmetric.
In the Hoo control problem, this statement requires that the
exogenous input and the controlled output must be selected to
satisfy the symmetry. However, the condition constrains the
design flexibility. In view of this, we consider the condition
that the symmetric Ho, controller exists for the symmetric
plant with the non-symmetric control specifications.

For the design of the controller, the following generalized
plant including (1) is considered by setting A = A, By = B,
Coy=Cand D=0in (1).

Ax + Biw + Bau
z = Cixz+ Dijw+ Disu “4)
= Chyx + Dyw
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It is assumed that A, By and Cs satisfy the condition (3) as

TA=ATT, TBy,=CY. ®)

This is the condition of the plant itself being symmetric.
Other matrices By, 1, D11, D12 and Dsp corresponding to
the exogenous input w and the controlled output z are
appropriately defined. When these matrices also satisfy the
condition (3) as

TB; = CIT, D1 = Dfl Dig = Dgla (6)

the control specifications are said to be symmetric. For the
generalized plant (4), we use the dynamic output feedback
controller

Ay + Bry
Crrg + Dry

Ty =
u =

(N

where 2, € R* is the state variable of the controller, and
By, and C, are assumed to have full ranks. By applying (7)
to (4), the closed-loop system becomes

To = Aclxcl + Bclw

z - Cclxcl + Dclw (8)
where 2 = [z 2] |7, and
A, — A+ BoD.Cy ByCh
b= B, C, Ay,
B — B1 + ByDy Doy
“ By Do ©9)

Cei = [C1 + D12DxCy  D12Cy]
Dy = [D11 + D12Dy Do |

Then, the bounded real lemma in the H,, control theory is
given as follows.
Lemma 3 [10] : The following statements are equivalent.
1) The matrix A; is internally stable and the H,, norm of
the closed-loop system (8) is less than a scalar v > 0.
2) There exists a matrix X = X% > 0 satisfying

Hir Hio
= <0 10
H |: H{Q H22 :| ( )
where
Hii = Xada + AL X
H12 = [Xcchl Cg; ] (11)

_ [ Dj
H22 N |:Dcl _’YI .
Our objective in this section is to obtain the controller (7)
satisfying (10) and

TiAy = AFTy, TyBy =Cl, Dy = D{ (12)

under the conditions (5) or (6). In (12), T}, corresponds to
the non-singular symmetric matrix in Lemma 1. We consider
to use the following lemmas to the problem.

Lemma 4 : For any generalized plant (4), there exists
a positive definite symmetric matrix X, and a scalar
satisfying (10), if A is internally stable.

Proof : When A, is internally stable, H11 < 0 holds from
the Lyapunov inequality. Then, for sufficiently large -, there
exists Hoo < 0 that satisfies the Schur complement

~Hi1 + HigHas Hiy >0 (13)
Therefore, there exists X.; satisfying (10). O

Lemma 5 : There exists a symmetric controller that guar-
antees the internal stability of the closed-loop system (8)
under the conditions (5) and (12), if the inequality H1; < 0
is feasible and its solution X; satisfies the following.

X' =Yu=T"XuT;" (14)

where T = diag[ T T, |-
Proof : By multiplying chl to both sides of Hi1, we
obtain
TJlXclTJlTClAClTJl + %
\[AT 4 CIDTBI CIBT
Cy B3 AR
=YaAL + AuYy <0

=T, XuT, +x (15

where *x denotes the transpose of the first term. Therefore,
the symmetric controller based on Lemma 1 guarantees the
internal stability, if 7{;; < O is feasible and the condition
(14) is satisfied. ]

From the lemmas, we can state the following theorem.

Theorem 1 : There exists a symmetric H,, controller
satisfying (10) under the conditions (5) and (12), if the
closed-loop system (8) is internally stable and the condition
(14) is satisfied.

Proof : It is obvious from Lemmas 4 and 5. O

Theorem 1 states that there exists a bounded scalar v > 0
satisfying (10) and we can obtain the symmetric H,, con-
troller even when the control specification is not symmetric if
the closed-loop system is internally stable. However, from the
practical viewpoint, the H,, performance may be degraded
because of the increase of ~.

For the optimal symmetric Ho, controller design, we can
derive the following corollary from Theorem 1.

Corollary 1 : There exists the symmetric Hy, controller
satisfying (10) under the conditions (5) and (12), if and only
if the matrices X and Y satisfy

[ XA+ATX XB; CIT
Nf?j BlTX —~I DlT1 NIJ%-T <0
L Cl D11 —’}/I
[ AY +Y AT YCIT B, (16)
N}Ji Cly —’yI D11 NIJ:{T < 0
L BlT D1T1 -1
X I X I
{I Y]ZO, rank[I Y}gn—i—p
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where

XX

Y YQ] B [TlXTl T X1t

(17)
Yd_{YQT Ys TOIXIT™Y T XsT

and the matrices N and N~ are the bases of the null spaces
OfNR = [CQ D21 O]T andNL = [Bg D{Q O]T,
respectively.

Proof : Tt is derived by applying Lemma 5 to the standard
algorithm for H, controller design using the LMIs [11]. O

From Corollary 1, the symmetric controller can be de-
signed by the convex optimization in the general H,, con-
troller design method. In the general case, we might not
be able to obtain the solutions of (16), because the closed-
loop system is not always internally stable under only the
conditions (5), (12) and (14). However, for the limited
class of the symmetric system, the internal stability can be
guaranteed by the property of the symmetric structure as
described in the next section.

On the other hand, if the generalized plant (4) also satisfies
the symmetric control specifications (6), the following well
known fact [3] is derived from Theorem 1.

Corollary 2 : There also exists a symmetric Hoo controller,
if there exists a non-symmetric Ho, controller for (4) under
the conditions (5) and (6).

In order to clarify the relationship of matrix inequality and
Corollary?2, its proof is given below.

Proof : Assume that there exists a non-symmetric Ho,
controller under the conditions (5) and (6). The matrix
inequality (10) can be described as

H=0Q,+ CeTSTBeTXe + X.B.SC. <0 (18)
where
XclAs + AZXCI XclBs C?
Q. = BSTXcl -1 DST
C, D, —~1
_ Ay By
Xe=diag[ Xy I1], S= |:Ck DJ
BZ = [Bgl 0 BEQ] , Co= [Cel 0 Ceﬂ
(19)

a0 B
o[t o]

C5: [Cl O]; D5:D11

Bey = B BE)Q} , Bea=1[0 D1y

0 I 0
Cel - |:02 0:| ) CeZ - |:D21:|

Then, by the congruent transformation, the following matrix
inequality is obtained.

X, HX, = Qy + B.STCY, +Y.CTSBL <0 (20)

where
-1
Xy =diag[ 1 XaTy I 1], T; = [TO ?]
Y, =diag[ Vs I 1], Ys=TXuTi =X} o
Y. AT + AY, Y.CT B
Qy = C,Y, —~yI DT
BST Dy —~I

By multiplying Y,"! to both sides of (20), the matrix
inequality

Qs + X B.STC. + CTSBTX, <0 (22)

is derived. From (18) and (22), we obtain the following
feasible condition.

2Q. + XeBe(S+ST)C. +CH(S+ ST)BT X, <0 (23)

Therefor, there exists a symmetric H,, controller under the
conditions (5) and (6), if there exists a non-symmetric Hy,
controller. O

IV. SYMMETRIC MECHANICAL SYSTEM
In this section, we apply Theorem 1 to the mechanical
system which belongs to the specific class of the symmetric
system. We consider the mechanical systems, described by
the dynamics equation

Mi+Dg+ Kq=Lu+ Fw (24)

where ¢ € R"™ is the displacement vector, u € R™ is the
control input vector, and w € R' is the disturbance input
vector. Matrices M, D and K € R™*" denote mass, damping
and stiffness, respectively, and generally satisfy

M=M">0, D=D">0, K=KT>0. (25

Positive semi-definiteness implies that the system has rigid
body modes corresponding to the zero eigenvalues of D and
K. The matrices L € R™™ and F € R"*! are defined
by the locations of actuators and the directions of actuator
control forces and the points of application and directions of
disturbance forces. It is assumed that sensors and actuators
are collocated and displacements are measured at the actuator
locations. In this case, the measurement output y € R™ is
described as

y=L"p+ Nuw. (26)
In addition, we assume that
rank [D L] =n, rank [K L} =n. 27

This is the requirement for the rigid body modes of (24)
being controllable and observable [3]. The type of the system
includes the linearized large flexible spacecrft or multi-body
mechanical system, for which many robust control method
have been investigated.
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First, we show that the system satisfies Lemma 1. For the
purpose, (24) and (26) are described by the following state
equation when w = 0.

z = Ax+ Bou
y = Cor (28)
where * = [ ¢7 ¢ ]T is the state variable and matrices

A, By and C are as follows.

0 I B[ 0
~-M~'K -M~'D|’> 7?7 ML (29)

Cy = [LT 0]

This state equation satisfies Lemma 1 when we select

A:

TA=ATT, TBy=CTY

D M
51 7o [0 4]

By applying the symmetric controller (7) to (28), the closed-
loop system becomes

(30)

T = AciTel (31)
where 7o = [ 2T 21 |7 and
A — A+ BaDCy  ByCy
b B.Cs Ay,
0 I 0 (32)
= |-M"YK+LD,LT) —-M~'D M~'LCy
BkLT 0 Ak

It satisfies the following salient stability property.
Theorem 2 : The system (31) is stable if the following
condition is satisfied.

TwAr TeBr| o  or
T, > 0, {Ck* D =5§=8§" <0 33)
Proof : Let a matrix
-D -M 0
V=M 0 0o |, (34)
0 0 Ty

the following relationship is derived under the conditions
(25), (27) and (33).

K—-LD, LT 0 —LC
VA, = 0 M 0
—TkBkLT 0 _TkAk
(35
K—LD, LT 0 —LCy
= 0 M 0 = AZVT >0
-crr™ 0 —T,Ay

Therefore, by defining the positive definite symmetric matrix

Xa=VIT(VAy) 'V =X1 >0, (36)
we obtain the following Lyapunov inequality.
XclAcl + AZ;XCl
(37)

=VT+V =-W = —diag[ 2D 0 2T} ] <0.

Then, from the conditions (25), (27) and

rank [%ﬂ = rank(K + LDy L")

(33)
+rankM —+ rankA; = dim z;,

the pair (W, A.;) is observable. Therefore, the system (31)
is stable under the condition (33). ]
Theorem 2 means that the symmetric controller satisfying
(33) guarantees the closed-loop stability based only on the
symmetric structure of the mechanical system (31) and the
controller (7). This is effective to satisfy the internal stability
condition in Theorem 1. Therefore, by applying Theorem
1 to the generalized plant (4) including (24) and (26), we
can obtain the optimal symmetric Hy, controller satisfying
suitable control specification under the condition (33).

V. CONCLUSION

We have derived some conditions on the symmetric Ho,
controller design in the form of matrix inequalities. Addition-
ally, its applications to collocated mechanical systems have
been investigated. The motivation of our study is to improve
the design flexibility of the symmetric controller, especially
by relaxing the symmetry constraint of the control specifica-
tion. For the design purposes, the obtained conditions have
been described by LMIs.

To extend our scheme for the frequency shaping method
in the Hy, control theory is currently under study. The result
is going to be applied to the attitude control orbit experiment
of a large flexible spacecraft.
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