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A Design Method of Robust Non-Fragile Guaranteed Cost Controllers
for Linear Systems with Structured Uncertainties

Hidetoshi Ova*

This paper deals with a design problem of robust non-fragile stabilizing controllers with guaranteed cost for linear
systems with structured uncertainties. In this paper, we consider two classes of control gain perturbations and show that

sufficient conditions for the existence of the robust non-fragile guaranteed cost controller are given in terms of linear

matrix inequalities (LMIs). Additionally, a design method of optimal robust non-fragile guaranteed cost controllers which
minimize an upper bound on a given quadratic cost function is discussed. Finally, numerical examples are presented to

demonstrate the effectiveness of the proposed robust non-fragile controller.

key words robust non-fragile guaranteed cost controllers, control gain perturbations, LMIs

1. Introduction

Robustness of control systems to uncertainties has
always been the central issue in feedback control and
therefore for uncertain systems, a large number of
design methods of robust controllers have been derived™.
In particular, for so-called structured uncertainties in
the form of A(A(t)) éAJrDA(t)E (A <1), a
connection between quadratic stabilization and H*
control has also been established”.

By the way in most practical situations, it is desirable
to design robust control systems which achieve not
only robust stability but also an adequate level of
control performance. One approach to this problem is
the guaranteed cost control approach first introduced
by Chang and Peng”. This approach has the advantage
of providing an upper bound on a given cost function
and thus the system performance degradation incurred
by the uncertainties is guaranteed to be less than this
bound. Based on this idea, many significant results have
been presented®’. Petersen and McFarlane” adopted a
parameter dependent Riccati equation approach and Yu
and Chu®” presented a controller design method based
on linear matrix inequalities (LMIs).

On the other hand, there have been some efforts to
tackle the design problem of robust non-fragile
controllers'™. Because, uncertainties in controllers
appear for many reasons such as imprecision inherent
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in analog-digital and digital-analog conversion, finite
word length, and finite resolution measuring
instruments and roundoff errors in numerical
computations, and any useful design procedure should
generate a controller which also has sufficient room for
readjustment of its coefficients in the final controller
implementation'™”. In practice, Keel and Bhattacharyya'”
have shown through a series of examples that the
robust controller design without considering the
relatively small uncertainties in controller
implementation could lead to even closed-loop instability
under small perturbations in controller parameters.
Therefore, it is necessary to design controllers
tolerating some uncertainties in their parameters. For
linear systems with structured uncertainties existing
only in the system matrix, a design method of a robust

. Also a non-

non-fragile LQ controller has been shown
fragile H* controller for linear systems has been
derived'. However, so far the LMI-based design
method of robust non-fragile guaranteed cost controllers
for linear systems with so-called structured
uncertainties which are included in both the system
matrix and the input one has little been considered as
far as we know.

From this viewpoint, in this paper we present a
design method of a robust non-fragile guaranteed cost
controller for linear systems with structured
uncertainties existing in both the system matrix and
the input one. In this paper, we deal with plant
uncertainties in the form of A(A(t)) 2 A+DAR)E (]|A(t)
[| <1) and additive and multiplicative control gain
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variations, and we show that sufficient conditions for
the existence of the robust non-fragile guaranteed cost
controller are given in terms of LMIs. Besides, a design
method of optimal robust non-fragile guaranteed cost
controllers which minimize an upper bound on a given
cost function is considered.

This paper is organized as follows. In Sec. 2, notations
and two useful lemmas which are used in this paper are
shown and in Sec. 3, we introduce the classes of
uncertain systems and the control gain perturbations
under consideration. Sec. 4 and Sec. 5 contain the main
results. The design method of the robust non-fragile
guaranteed cost controller is presented. Finally,
illustrative examples are included to illustrate the
results developed in this paper.

2. Preliminaries

In this section, we show notations and two useful
lemmas which are used in this paper.

In this paper, we use the following notations. For a
matrix A, the transpose of the matrix A and the inverse
of one are denoted by A7 and A~ respectively. Also
H.{A} means A+ A” and I,, represents zn-dimensional
identity matrix. For real symmetric matrices A and B,
A > B (resp. A > B) means that A — B is positive (resp.
nonnegative) definite matrix and E{-} and T{-} denote
its expectation and its trace, respectively. Furthermore,
the following two useful lemmas are used in this paper.

Lemma 1 For given constant real symmetric matrix
=, the following arguments are equivalent.

(i). 22 ( oo ) >0
o2
(ii).
(iii).
Proof: See Boyd. et al'®.
Lemma 2 For matrices G and H which have

—_ —_ . ——1—
Z11 >0 and Zgp — :{2:‘11 =12 >0

— — _ ]
Z9o >0 and =1 — 12599 ‘:‘TZ >0

appropriate dimensions and a positive scalar 7, the
following relation holds.

1
GH +HTGT <~GGT + ;HTH

Proof: See Lemma 1 of Oya and Hagino".

3. Problem Formulation

Consider the uncertain linear system described by
the following state equation (see Remark 1).

H43% W1

d
220 = A®)z(t) + B(t)u(?) 1

where z(t) € R" and u(t) € R™ are the vectors of the
state (assumed to be available for feedback) and the
control input, respectively. The matrices A(t) and B(t)
are supposed to have appropriate dimensions and the
following time-varying structure.

Alt) = A+DAAL @
B(t) = B+ EAp(t)M

In (2), the matrices A and B denote the known nominal
values and the pair (A, B) is assumed to be stabilizable.
The matrices D, £, L and M represent the structure of
uncertainties. The matrices A4(t) € RP*9 and Ap(t)
€ R™** denote uncertainties and satisfy A4 (t)A%(t)
< I, and Ag(t)AL(t) < I,, respectively. Furthermore,
the quadratic cost function associated with the
uncertain system (1) is given by

T(0,09) = /U T (@ () Qx(t) + uT (B)Ru(t)) dt (3)

where @ € R"*™ and R € R™*™ are positive definite

symmetric matrices and can be adjusted by designers.
In order to consider control gain perturbations, the

actual control input implemented is assumed to be

u(t) = K (t)z(t) (4)

where K (t) € R™*" represent the control gain matrix
and the following two classes of uncertainties for the
control gain matrix K (t) are considered'”,

* the multiplicative form:

Kt 2K + Fulry ONmE ®)
* the additive form:
K@) 2K + Faly, (HNa 6)

where K is the nominal control gain matrix. In (5) and
(6), Fag, Fa,Na and Ny denote the structure of
uncertainties for the control gain matrix and are known
constant matrices with appropriate dimensions. Also,
the matrices Axc,, (t) € REM>*IM and A, () € RFaxla
represent the control gain variations and satisfy the
relation A, ()AL, (t) < emlyy, and Ax, (H)AE (1)
< eal, where erq and €4 are known positive scalars.
Note that the manipulated control input for the
uncertain system (1) is u(¢) 2K z(t), because the control
gain variations Ay, (t) € REM>Imand Agc, (t) € RPaxia
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d
aa;T(t)Pa:(t) =2T(t) {(A(t) + BOKM)T P+ P (A(t) + B(t)K(t))} z(t)
<0 for V() #0 ®)
d
Zal OPa(t) = o () {(AW) + BOK®)" P+ P (A) + BOK(®) fa(t)
< —2T(t) (Q+ KT(RK (1)) x(t) (1)
(S W,y.0,1) S wT SLT WTMT  WINEL, 0 £ WINT,
S —g-t 0 0 0 0 0 0 0
w 0 R '4vemFuFL, 0 0 0 0 0 0
LS 0 0 —I, 0 0 0 0 0
MW 0 0 0 —41, 0 0 0 0 <0 (13)
NuW 0 0 0 0 —pln 0 0 0
0 0 0 0 0 0 Ym0 0
er 0 0 0 0 0 0 —v, 0
NuWw 0 0 0 0 0 0 0 —ul,,
TS, W, 7,6, 1) & HAAS + BW} +4DDT + 66€T + pie g BFm F L BT (14)

cannot be handled. In this paper, we simply consider
the actual control input u(¢) described by (4), (5) and (6)
so as to design the guaranteed cost controller under
control gain perturbations.

From (1) and (4), we get

Lalt) = (AD) + BOK@)R(@) @

For actual controller implemented, we shall give the
following two definitions, which are similar to that in
the work of Petersen and McFarlane®.

Definition 1 The closed-loop uncertain system (7) is
said to be quadratically stable if there exists a feedback
gain matrix K and a matrix P > 0 which satisfy the
matrix inequality (8) for all uncertainties A 4(¢) and
Ap(t) and all control gain perturbations Ax,,(t) or
A A (t)

Definition 2 The control law (4) is said to be a
robust non-fragile guaranteed cost control with a cost
matrix P > 0 for the uncertain system (1) and the
quadratic cost function (3) if the closed-loop uncertain
system (7) is quadratically stable and there exists the
symmetric positive definite matrix P € R"*" satisfying

H {P(A(t) + BOK (1)} + @+ KT ()RK (1)< 0
9)

for all uncertainties A 4(¢) and Ap(t) and all control
gain perturbations A, () or Ay, (t).

The following lemma shows that a robust non-fragile
guaranteed cost control will achieve quadratic stability
of the uncertain closed-loop system (7) and define an

upper bound on the cost function (3).

Lemma 3 Consider the uncertain system (1) with
the quadratic cost function (3). Suppose that the control
law (4) with control gain perturbations (5) or (6) is a
robust non-fragile guaranteed cost control with the cost
matrix P > 0. Then the uncertain closed-loop system (7)
is quadratically stable and the following relation holds.

J (0,00 = /OOO(IT(t)Qx(t) + ol (t)Ru(t)) dt

< 2T (0)Pz(0) 2 7~ (10)

Proof: From the Definition 1 and Definition 2, the
quadratic stability of the uncertain closed-loop system (7)
is immediate. Let V(z,t) éacT(t)’Pac(t) be a Lyapunov
function candidate. Then from the Definition 2, the time
derivative of the quadratic function V(z,t) along the
trajectory of the uncertain closed-loop system (7) can be
computed as (11). By integrating both sides of the
inequality (11) from 0 to 7', we have

Ty
J(0,T¢)= / () (Q+ KT (RK(¢)) z(t)dt
0
< V(z,0) — V(z,Ty) (12)

Since the uncertain closed-loop system (7) is
quadratically stable, that is, #(Tf) — 0 when Ty — oo,
we obtain Ty — oo. Thus we get the upper bound on
the quadratic cost function (10).

It follows that the result of the lemma is true. The
proof of Lemma 3 is completed. O

From the above discussion, our control objective is to
design the robust non-fragile guaranteed controller.
That is to find the state feedback gain matrix
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%V(x, t) =27 (t)[H{P(A+ BK + DAA(H)L + EA()MEK + BF A ONM K
+ EAB(E)MFaAxc o (INME) ] z(t) (16)
(S, W) 2 HAP(A + BK + DAAH)L + EAg()MEK + BFprp, ONME + EAs(E)MFriArc,, OONME)}
+ Q+ (K 4 Falic o ONME) T R(K + FarAicp, ONMEK)

<0

(17)

1 1 1
(S, W, 7,0, 1) 2 Tra (S W, v, 6, 1) + ;sﬂcs + SWTMTMW + ;WTNLNMW

+ (EAB() + WINLAE (0 F MDY (EAs(1) + WINEAE () FEMT)"
+ 898 + WT (In + Farulr oy ONa) T R (L, + Fan A pe (ONa) W

<0

(18)

K € R"™*™ and the symmetric positive definite matrix
P € R™*" satisfying the inequality (9).

4. Design of Robust Non-Fragile
Guaranteed Cost Controllers

In this section, we show that the design method of
the robust non-fragile guaranteed cost controller based
on the LMI framework. Firstly, we give the following
theorem for the guaranteed cost controller under
multiplicative control gain perturbations of the form (5).

Theorem 1 Consider the uncertain system (1) with
the quadratic cost function (3). There exists the state
feedback gain matrix K such that the control law (4)
with the multiplicative control gain perturbations of the
form (5) is a robust non-fragile guaranteed cost control,
if there exist S > 0, W,y > 0,6 > 0, > Oand v > 0
satisfying the LMI condition (13). In (13), x4 is the
matrix given by 1y éIs — v(Is+ ey MFMmFLMT)
and I'v (S, W, v, 6, i) is the matrix given by (14).

If the solution & >0,W,~v> 0,0 > 0,u >0 and
v > 0 of the LMI (13) exists, then the state feedback
gain matrix K € R™*" is obtained as

K=ws"! (15)

Proof: By using a symmetric positive definite matrix
P e R"" we introduce the quadratic function
V(z,t) éxT(t)Pac(t) as a Lyapunov function candidate.
From (2) and (5), the time derivative of the quadratic
function V(z,t) along the trajectory of the closed-loop
system (7) with uncertainties and control gain variations
can be computed as (16).

Now we consider the condition (17) corresponding to
the inequality (9). Note that if there exist the matrices
P e R**" and K € R™*™ which satisfy the condition

(17), then the inequality (9) is also satisfied. If there exist
the state feedback gain matrix K € ®™*™ and the
symmetric positive definite matrix P € R"*" which
satisfy the condition (17), then the uncertain closed-loop
system (7) is quadratically stable and the upper bound
on the quadratic cost function (3) is given by (10), i.e. the
control law (4) becomes a robust non-fragile guaranteed
cost control (see Lemma 3).

Let us introduce the matrix § =P~ and consider the
change of variable WéKS. Then pre- and post-
multiplying (17) by S and using Lemma 2, we get the
matrix inequality condition (18). If the inequality
condition (18) holds, then the matrix inequality (17) is
satisfied, because the following relation is obvious.

B(S, W) < U(S,W, 7,6, 1) (19)

Furthermore, applying Lemma 1 to the condition (18),
simple algebraic manipulation gives the matrix
inequality (20) at the top of the next page. Also by using
Lemma 2, we obtain the condition (21) at the top of the
next page. One can see from the Lemma 2 that if the
matrix inequality (21) is satisfied then the inequality
condition (20) holds. Note that the matrix A(x, W) in (21)
is given by

1 1
A, W) 2 DEET 4+ WINENGW  (22)

From Lemma 1, it is easy to verify that the condition
(21) is equivalent to the LMI (13). If the solution
S, W,~,0, 1 and v of the LMI condition (13) exists, then
from the relation WéKS, the state feedback gain
matrix is given by (15).

It follows that the result of the theorem is true. Thus
the proof of Theorem 1 is completed. OJ
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T (S, W, 7,6, 1) S wT scT oWTMT - WINT 0
S Q! 0 0 0 0 0
w 0 —R! 0 0 0 0
LS 0 0 —vI, 0 0 0
MW 0 0 0 —41, 0 0
N 0 0 0 0 —ply, 0
0 0 0 0 0 0 —I,
EAB(T) WTN}"A
0 0
0 0
0 0 0 0 0 I,
+ He 8 8 < 0 0 AL ®Fy 0 0 0 Af (t)]-'/aMT) <0 (20)
0 0
0 0
Tm(S, W, 7,6, 1) + Awv, W) S wT Sct WMt WINEL o
S —-Q! 0 0 0 0 0
w 0 R '+vemFmFiy O 0 0 0
LS 0 0 -1, 0 0 0 <0 (21
MW 0 0 0 —41, 0 0
N 0 0 0 0 —ply, 0
0 0 0 0 0 0 T

Theorem 1 provides a sufficient condition for the
existence of a robust non-fragile guaranteed cost
controller under multiplicative control gain
perturbations. Next, we show the theorem for a design
method of a robust non-fragile guaranteed cost
controller under additive one.

Theorem 2 Consider the uncertain system (1) with
the quadratic cost function (3). There exists the state
feedback gain matrix K such that the control law (4)
with the additive control gain perturbations of the form
(6) is a robust non-fragile guaranteed cost control if
there exist § > 0,W,y > 0,0 > 0, > 0 and v >0
satisfying the LMI condition (23). In (23), T4 is the
matrix given by Tu 2 I,— v(Iy+ eaMFAFEMT) and
I'4(S,W,~,9, 1) is the matrix given by (24).

If the solution of the LMI (23) exists, then the state
feedback gain matrix K € R™*" is obtained as

K=ws! (25)

Proof: The result of Theorem 2 is derived in a similar
way as for Theorem 1. ]

5. Design of Optimal Robust Non-Fragile
Guaranteed Cost Controllers
Since (13) and (23) are LMIs in § >0, W, v>0, 6 >0,
1> 0 and v > 0, the matrix inequalities (13) and (23)
define a convex solution set of (S, W, ~, d, u1, v). Therefore

various efficient convex optimization algorithms can be
used to test whether the LMIs are solvable and to
generate particular solutions. Moreover, its solutions
parametrize the set of guaranteed cost controllers. The
parametrized representation can be exploited to design
the guaranteed cost controller with some additional
requirements. In particular, the optimal robust non-
fragile guaranteed cost control which minimizes the
upper bound on the quadratic cost function (10) can be
determined by solving a certain optimization problem.
In this section, we consider the problem of the optimal
robust non-fragile guaranteed cost control.

We now consider to design the optimal robust non-
fragile guaranteed cost controller. In (10), the upper
bound J* depends on the initial vector z(0). Thus in
order to avoid this dependence, we assume that the
initial vector z(0) is zero mean random vector satisfying
E{x(0)2"(0)} = I,[6, 17]. In this case, we consider the
value of the quadratic cost function as its expectation.
Then the upper bound on the quadratic cost function
(10) is given as E{J*} :TT{P}. Therefore we seek to
minimize Tr{P} subject to the constraint (13) or (23)
(see Remark 2). Namely the problem of designing the
optimal robust non-fragile guaranteed cost control is
reduced to the following constrained optimization
problem.
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TA(S W7, 6,0) S wT ScT WTMT  STNT 0 £ STANT
S gt 0 0 0 0 0 0
w 0 —R 4 veaFuFs 0 0 0 0 0
LS 0 0 - 0 0 0 0 0
MW 0 0 —61, 0 0 0 0 <0 (23)
NaS 0 0 0 —uln 0 0 0
0 0 0 0 0  -Ta O 0
er 0 0 0 0 0 —vl, 0
NaS 0 0 0 0 0 0 —vl,
Tu(S,W, 7,6, 1) 2 HAAS + BW} + vDDT + 66ET + peaBFAFLBT — £€7 (24)

Minimize [Tr{P}] subject to

SW.,v.6,pu,v

(13) (or (23)) and

S>0W,y>0,d>0,u>0 and v >0 (26)

Note that in the constrained optimization problem (26),
the constraint (13) is adopted in the case of the
multiplicative control gain perturbations of the form (5)
and the constraint (23) is adopted in the case of the
additive one of the form (6).

Since (13) and (23) are LMIs in S, W, ~, 6, 1 and v, we
now introduce a complementary variable Z € R"*"
satisfying the following relation.

zZ I'n, —1
(h S)ZOéZfS >0 27

Therefore we see from the relation S~! = P that the
minimization problem of Tr{P} can be transformed
into that of TT{Z } Note that the condition (27) is also
the LMI in Z and S. Consequently, the constrained
optimization problem (26) is reduced to the following
constrained convex optimization problem.

Minimize [T'r{Z}] subject to
Z.SW,v,6,1,v

(13) (or (23)) and (27) and (28)
Z>0,8>0W,v>0,0>0,p>0 and v >0

If the optimal solution of the constrained convex
optimization problem (28), denoted by Z*, &*, W*, ~v*,
0% p* and v* is obtained then the optimal robust non-
fragile guaranteed cost control law for all unknown
matrices A4(t) and Ag(t) and all control gain
perturbations A, (¢) or A, (t) is given by (4) with
the state feedback gain matrix K = W* (S*) ",

From the above discussion, the following theorem can
be developed.

Theorem 3 Consider the uncertain system (1) with
the quadratic cost function (3). There exists an optimal
robust non-fragile guaranteed cost control for all

uncertainties A 4(¢) and Ag(t) and all control gain
perturbations Ak, (t) or Ak ,(t), if there exist the
optimal solution which satisfy the following constrained
convex optimization problem.

Minimize [Tr{Z}] subject to
Z,8Wv,0,uv
(13) (or (23)) and (27) and
Z>0,8>0W,v>0,6>0,u>0 and v >0

If the optimal solution of the constrained convex
optimization problem (28) is obtained, then the optimal
robust non-fragile guaranteed cost control law for all
unknown matrices A 4(¢) and Ag(t) and all control gain
perturbations Ag,, (t) or Ax () is given by (4) with
the state feedback gain matrix K = W* (5*)™"

Furthermore, the upper bound on the quadratic cost
function is computed as Tr{(S*) '}

Remark 1 In this paper, the design problem of the
robust non-fragile guaranteed cost controller for the
uncertain system (1) has been considered. By the way,
It might not be necessary to consider uncertainties in
the input matrix, because by introducing additional
actuator dynamics and constituting an augmented
system, uncertainties in the input matrix are embedded
in the system matrix of the augmented system'.
However, even if such augmented system is constituted,
the dimension of the resulting LMI needed to be solved
is more larger than one of this paper. Namely, the
amount of computation required to solve becomes large
for problems with large state dimension. Additionally,
the resulting controller in this case is not static
feedback controller but dynamic one, ie. the controller
is more complex than the proposed controller. One can
see from this fact that the proposed design method is
useful.

Remark 2 In the above, the minimization problem
of 7 {p} instead of the upper bound J* 2 2T (0)Pz(0)
is considered. However, the minimization problem of the
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%x(t) - ( o ) (1) + ( o ) At (025 005 )a(t) + ( o ) u(t) + ( oo ) As(tu(t) (1)

upper bound J* é.1=T(0)73'.7c(0) can be directly
considered. In this case, we introduce a scalar variable
o satisfying the following LMI condition instead of the
complementary variable Z € R"*™ which satisfies the
constraint (27).

o 2"(0) T
(SL‘(O) S >0=0—z" (0)Pz(0) >0 (29)
Therefore in this case, considering the LMI condition
(29), the design problem of the optimal guaranteed cost
control is reduced to the following constrained convex
optimization problem.
J1}9111}‘1}121[1(1;%13V[Tr{a}] subject to
(13) (or (23)) and (29) and (30)
c>0,8§>0W,v>0,0>0,p>0 and v>0

If the optimal solution of the constrained convex
optimization problem (30), denoted by o* > 0, S* >0, W*,
¥*> 0, 6*> 0, > 0and v* > 0, is obtained then
the optimal non-fragile guaranteed cost control law for
all unknown matrices A 4(¢t) € RP*¢and Ap(t) € R™*°
and all control gain perturbations A, (t) € RFmxim
or Ax(t) € RE4xl4is given by (4) with the state
feedback gain matrix K = W* (§*)". Furthermore, the
upper bound on the quadratic cost function is computed
as z7(0) (8*) " z(0).

6. Illustrative Examples

In order to demonstrate the efficiency of the proposed
controller, we have run a simple example.In this
example we deal with the multiplicative control gain
perturbations of the form (5) and using Theorem 3, we
consider to design the optimal robust non-fragile
guaranteed cost controller. Also, the simulation results
are shown for the proposed optimal robust non-fragile
guaranteed cost controller, the conventional guaranteed
cost controller designed without thinking of control gain
perturbations based on the existing results®® and the
standard linear quadratic regulator (LQR) which is
designed for the nominal system.

Note that the control problem considered here are
not necessary practical. However, the simulation results
stated below illustrate the distinct feature of the

proposed robust non-fragile controller.

Consider the uncertain linear system (33). In this
example, we assume that kay = Iy =1 (Le. Ay, (2)
c RIXL Fp € RI¥1 and NM e R and Frq and NM
in (5) and erq are given as Fa = 1.2, Ny = 1.0 and
erm = 0.5 respectively.

Now we select the weighting matrices @ = 1.0/3 and
R = 0.5. Then by applying Theorem 3 and solving
the constrained optimization problem (28), we obtain the
following optimal solution.

P (19.76483 28.87171)
28.87171 184.14328
S ( 6.56252 x 1073 —1.02893 x 10—3>
T \—1.02893 x 1073 7.04381 x 107*/ (32)

W* = (9.28699 x 10~® —2.88031 x 1071)
v = 227982 x 1072, §* = 1.09736
wt = 243430 x 1071, v* = 7.40741 x 107!

Thus, we get the following state feedback gain matrix.

K= (78.31594 753.03892) (33)

Furthermore, the upper bound on the quadratic cost
function E{J*} =Tr {(8*)71} can be computed as

B{J*} = 2.03908 x 10° (34)

On the other hand, selecting the same weighting
matrices @ =1.0/s and R = 0.5, the feedback gain
matrix for the conventional guaranteed cost control
based on the existing results®®, denoted by K, has
been derived as

Ko = (—7.87642x 1071 —7.13502) (35)

Also the optimal gain matrix for LQR, denoted by Kro
has been obtained as

Kro=(3.33332x 1077 5.00000)  (36)

For numerical simulations, the initial value for the
uncertain linear system (31) is selected as z(0) =
(5.0 fl.O)T. Besides, for the uncertain parameters
A (t) and Ag(t) and the control gain perturbations
Ag,,(t). Case 1) and Case 2) in (37) are considered. The
results of the simulation of this example are depicted in
Fig. 1-8. In these figures, Proposed represents the
transient time-response, the manipulated control input
and the actual control input generated by the proposed
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e Case 1) : Ay(t) =sin(2.00mt), Ap(t) = —cos(5.0mt), Ax,,(t) = f% (1 — exp(—5.0t) cos(10.07t))

e Case2) : Au(t) =10, As(t) =10, Axlt) = % for 0<t<0.5
Aut)=—-1.0, Ag(t)=-10, Ax(t)= —% for 0.5<t<15 (37)
Ault)=—10, Ap(t)=10, Ax(t)= % for 1.5<t<2.0
Aat) =10,  Ap(t)=-10, Ax(t)= f% for > 2.0

guaranteed cost controller. Furthermore, Conventional
and LQR show the time histories of the state and
control input for the conventional guaranteed cost
controller and LQR with the optimal gain matrix Ko
(36) for the nominal system, respectively.

From Fig. 1-4, we find that the proposed guaranteed
cost controller (Proposed in figures) and the
conventional guaranteed cost controller (Conventional in
figures) stabilize the linear dynamical system (31) with
parameter uncertainties and control gain perturbations.
However, the closed-loop uncertain system for LQR
with the optimal gain matrix K .o is unstable.

On the other hand, we see from Fig. 5-8 that though
the uncertain closed-loop systems for Conventional and
LQR are unstable, the proposed controller stabilizes the
closed-loop system with plant uncertainties and control
gain perturbations. Namely this result shows that
although the conventional guaranteed cost controller
designed without thinking of control gain perturbations
is fragile under the control gain perturbations, the
proposed guaranteed cost controller is not fragile.

Therefore the effectiveness of the proposed robust
non-fragile guaranteed cost controller is shown.

7. Conclusions

In this paper, a design method of a robust non-fragile
guaranteed cost controller for linear continuous-time
systems with structured uncertainties which are
included in both the system matrix and the input one
under control gain perturbations has been presented
and the multiplicative control gain perturbations of the
form (5) and the additive one of the form (6) have been
considered. Additionally, an optimal robust non-fragile
guaranteed cost control which minimizes an upper
bound on a given quadratic cost function has been
discussed. Finally, simple numerical examples are given
for illustration of the proposed robust non-fragile
guaranteed cost controller and the simulation result has

shown that the closed-loop system is well stabilized in
spite of plant uncertainties and control gain
perturbations.

We have shown that the proposed robust non-fragile
guaranteed cost controller can be easily obtained by
solving LMI and the design problem of the optimal
robust non-fragile guaranteed cost controller has been
reduced to a constrained optimization problem.
Therefore, the proposed robust non-fragile guaranteed
cost controller can be easily obtained by using software
such as MATLAB’s LMI Control Toolbox and Scilab’s
LMITOOL.

The future research subjects are extension of the
proposed design to such a broad class of systems as
large-scale interconnected systems and discrete-time
systems and output feedback systems.
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