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Approach for Simultaneous Optimization of a Structure
and Control System

I. Kajiwara,* K. Tsujioka,* and A. Nagamatsut
Tokyo Institute of Technology, Tokyo 152, Japan

A new approach is presented for simultaneous structural and control optimum design of a system. The design
variables of both the structural and the control parameters are optimized simultaneously by the sensitivity
analysis to minimize the response due to disturbances of both white noise and colored noise subjected to a
constraint so that the system is stable corresponding to high-order natural modes. Three kinds of models are
adopted in this approach, namely, the original spatial model by finite element method, the reduced modal model
for designing the control system, and the original modal model for assuring stability of the system. The validity
and the usefulness of the present approach are verified by a vibration control experiment of a steel plate.
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Nomenclature

x n damping matrix of the original FEM model
- number of disturbances

E[ • ] = expected value
F = p x 2r feedback gain matrix
Ks = n x n stiffness matrix of the original FEM model
Ms = n x n mass matrix of the original FEM model
n = DOF of the original FEM model
p = number of control inputs
Q = weighting matrix for response
q = state variable vector of the reduced modal model
qp = state variable vector of the original modal model
qw = state variable vector of frequency weighting

function
R = weighting matrix for control force
r = DOF of the reduced modal model
ii = control force vector
v = number of natural modes to be stabilized by

optimum design and DOF of the original modal
model (n > v > r)

w = disturbance vector
jc = displacement vector
A = r x r reduced eigenvalue matrix
\e = v x v original eigenvalue matrix
£ = reduced modal displacement vector
fe = original modal displacement vector
TJ = design variable
4> = n X r reduced modal matrix
&e = n x v original modal matrix

Introduction

T HE designs of structure and control system are usually
carried out separately in machines or mechanical struc-

tures that contain control systems. But, with the recent in-
crease in demand for machines having an integrated control
system, mutual interaction of the structure and the control
system has become an essential factor and plays an important
role in the design of them. Especially in vibration control,
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simultaneous optimum design of the structure and the control
system has attracted the attention of engineering researchers
in previous decades. Some research has been reported con-
cerning control of flexible structures and simultaneous opti-
mization of the structure and the control system. Salama et
al.1 optimized the structural and the control systems, using a
linear combination of two objective functions on the structural
and the linear quadratic Gaussian (LQG) control systems.
Lim and Junkins2 optimized the robustness of the control
systems, adopting the element of the gain matrix of the output
feedback system, the placement of the actuators, and the
structural parameters as the design variables. Milman et al.3

explored the design approach by simultaneous optimization
and explained its computational aspects using a simple beam
model as an example. Khot and Venkayya4 provided a method
of vibration control of flexible space structures by simulta-
neously integrating structural design and control design, in
which structural modification of a simple truss was performed
using the finite element method (FEM) for optimal control
by a linear regulator. Venkayya et al.5 studied structural mod-
eling and optimum control of space structures. Miller et al.6

examined the structural and control design process of large
scale structures by linear regulator theory. Junkins and Rew7

and Bodden and Junkins8 proposed an iteration method on
optimum structure/control design for preventing vibrations of
flexible structures. Haftka et al.9 discussed two aspects of the
sensitivity of a control system to minor structural modifica-
tions for combined control/structural design, namely, the sen-
sitivities of the performance and optimum design of the con-
trol system. Onoda and Haftka10 proposed an approach to
simultaneous optimum design of a structure and a control
system for a large flexible spacecraft. An overview of this
research seems to indicate that stability of the system corre-
sponding to high-order natural modes11 has not been discussed
sufficiently in the simultaneous optimum design of the struc-
ture and the LQG control system and that experimental ver-
ification was not sufficient in previous researches.

The present approach for simultaneous optimization of the
structure and the control system assures stability of the system
corresponding to high-order natural modes which have been
ignored in designing the control system. The disturbances are
assumed to be two kinds, namely, a white noise and a colored
noise. The original spatial model of the structure of large
degrees of freedom (DOF) is made by FEM. Two kinds of
modal models are made from this original spatial model. One
is the reduced modal model with small DOF of which the
control system is composed and optimized. The other is the
original modal model of medium DOF used for judging sta-
bility of the higher order poles which have been ignored in
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composing the control system. The structure and the control
system are optimized simultaneously to minimize the response
under the two constraining conditions: that the control force
is smaller than a given value and that the control system is
stable corresponding to higher order natural modes. The pre-
sented approach has two characteristics. First, this approach
is valid in cases where the control system is not only collocative
but also noncollocative. Second, it is possible to apply this
approach when the disturbance force is not only white noise
but also colored noise.

In the present report, first, methods for modeling the struc-
ture and for designing the control system are explained. Sec-
ond, a new approach on simultaneous optimization of the
structure and the control system is presented. Third, a method
for simultaneous sensitivity analysis is introduced for the lin-
ear quadratic Gaussian control system and the FEM structural
model. Fourth, the validity and the usefulness of the present
method are verified by a vibration control experiment of a
steel plate.

Structural Modeling and Design of Control System
The original FEM spatial model of an n DOF structure is

explained by the following equation of motion:

where

Msx + Csx + Ksx = Blsw (1)

where Ms, Cs, Ks E 2ft" x " are the mass, the damping, and the
stiffness matrices, respectively; and j c E S f t " , w E S f t p , H > E 2 f t r f

are the displacement, the control force, and the disturbance
force vectors, respectively. The damping matrix Cs is ne-
glected in this paper. As n is very large in usual FEM structural
models, Eq. (1) cannot be used directly for designing the
control system. The following two kinds of modal models are
adopted. One is the reduced modal model of r DOF, and the
other is the original modal model of v DOF, where n » v
> r. The former (r) is used for designing the optimal feedback
control system, and the latter (v) is used for assuring stability
of this control system corresponding to high natural modes
neglected in designing the control system.

Design of Control System with the Reduced Modal Model
Adopting the lower r normalized natural modes & E Sft" x r,

Eq. (1) is transformed to the reduced modal model with the
following equation:

x = 3>£ (2)

where <&TM/& = lr.
The state equation of the reduced modal model becomes

q = Aq + + B2u (3)

C = o
Next, the optimal control system is designed under the

assumptions that the system of Eqs. (3) and (4) is both con-
trollable and observable, and that 2r = t. The restriction
2r = t is essential, and it means that DOF of the reduced
modal model must be selected always as the half-number of
the detected state variables. The feedback gain F is deter-
mined by the optimum regulator theory so that the following
quadratic performance index which contains both the state
variable q and the control force u takes the minimum value:

Jq = E[qTQq + uTRu] (5)

where Q and R are the weighting matrices. Solving the fol-
lowing algebraic Riccati equation,

(6)

(7)

ATP + PA + Q - PB2R 1B^P = 0

the gain F is obtained as follows:

F = R

The control system is composed of the state feedback control
force u = —Fq of the modal coordinates. As 2r = t, the
output matrix C is the square matrix of the rank r, and the
state feedback control force of the spatial coordinates is

u = -FC~ly (8)

This theory allows the design of the noncollocated control
system in which the positions of the sensor and of the actuator
are different. But, stability of this control system of r DOF
is not assured for the natural modes higher than rth. There-
fore, this system is optimized to assure this stability, taking
the pole arrangement of the closed-loop system of the original
modal model into consideration.

Pole Arrangement of Original Modal Model
The normalized natural modes of the number v (v > r) are

adopted to compose the following original modal model:

qe = Aeqe + Blew + B2eu (9)

where

where

? =
0 lr

-A 0

The diagonal eigenvalue matrix A of this reduced modal model
is explained as diag(Of, ft§, . . . , O^) E Sft r x r , where ft, is
the /th-order natural frequency (/ = 1 ~ r).

The spatial output equation is explained as^ = C0q0, where
C0 E 2ft'x2", t is the number of the outputs, and q0 = (jcr,
XT)T. Transforming this output equation from the spatial to
the reduced modal coordinates,

y = (4)

B -*" -
and £, E 2ft", the modal matrix <&e e Sft" x " , the eigenvalue
matrix Ae = diag(fli fli, . . . , Ov

2) e 2ft"x", and ®JM/be
= /v

Using Eq. (8) of the reduced model as the state feedback
control force of this original modal model

(10)

where
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The state equation of the closed-loop system of the original
modal model with Eq. (10) is

where

qe = (Ae - B2eFC Blew (11)

So, the poles i, (i = 1 ~ 2v) of this closed-loop system are
obtained by eigenvalue analysis of the following equation:

(12)

As this closed-loop system of the v DOF is composed of the
feedback gain F of the r DOF reduced modal model directly,
its stability is not assured for the natural modes higher than
the rth one. The stability of the control system is estimated
with these poles sf.

Simultaneous Optimum Design of Structure and
Control System

Method of Optimization
A method for optimum design is presented for determining

the state feedback gain F to assure stability of the control
system of the reduced modal model for all natural modes of
the original modal model as well as to optimize the dynamic
characteristics of the control system. The following expected
values of the square means of the output y and the control
force u of the r DOF control system with the reduced modal
model are adopted as the cost functions of these dynamic
characteristics.

Hy =

Hu = E[uTUu]

(13)

(14)

where r e ̂  x ' and II E $lp x p are the weighting coefficient
matrices. F and II are the constant matrices given beforehand,
and quite different from Q and R in Eq. (5). The modal
expression of Eq. (13) becomes

Hy = (15)

(16)

(17)

where P{ and P2
 are the solutions of the following Lyapunov

equations:

(18)

(19)

Equations (13) and (14) are determined as

Hy = tr^B.Vflf]

Hu =

where

- 0

P2G + GTP2 + FTUF = 0

G = A - B2F (20)

Equations (18) and (19) are obtained under the assumption
that a white noise acts as the disturbance. Next, the cost
functions are defined with the expanded state equation in
cases where the disturbance is a colored noise /. The state
equation becomes, in this case,

f = Cwqw

Bww

Dww

(21)

(22)

where w is a white noise. The following expanded state equa-
tion is introduced with Eqs. (3), (21), and (22):

«-

Bla =

Defining the cost functions of Eqs. (13) and (14) with this
expanded state equation, simultaneous optimum design of the
structure and control system can be performed according to
the given frequency characteristics of the colored noise. The
arrangement of the poles of Eq. (11) is taken into consider-
ation in addition to these cost functions to assure stability of
the original modal system.

The purpose of optimization is minimization of Hy of Eq.
(13) to improve the response. This optimization is performed
under the following two constraining conditions. First, Hu of
Eq. (14) must be lower than a given positive upper bound
//™ax, and the real parts of all poles s, must be smaller than
a given negative upper bound sfax. Thus, the optimization
problem becomes

min Hv

subj• \H,1- ^ o
ax < 0

(24)

2v)

Dynamic response, control force, and stability are taken as
the factors for optimization in the objective function and the
constraining conditions of Eq. (24) in this paper. But it is not
difficult to generalize the concept of optimum design, taking
into account the other factors additionally, such as weight,
stress, or cost.

The optimal values of the design variables are determined
according to Eq. (24), using the nonlinear optimization method
with the quasi-Newton method and the Lagrangean multiplier

^XObjective Structure^^-
i ,

[pEM Spatial Model]
I

Modal Analysis

Original State Equation
of Modal Model

Reduced State Equation /
of Modal Model /

*

Original Closed-Loop
System

I Weighting Matrices g. ̂  |
i

——|FeedbackGain^ |

Reduced Closed-Loop /
System /

Simultaneous
Optimization of

Reduced Closed-Loop
System

Blaw + B2au (23) Fig. 1 Flow chart of the proposed method.
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method. The overall flow chart of this approach is shown in
Fig. 1.

Based on the present method of simultaneous optimiza-
tions, no tradeoff relations exist between the structural and
control optimizations.
Definition of Design Variables

In the present report, the thickness of the plate is taken as
the design variables of the structure, and the elements of the
weighting matrices Q and R in Eq. (5) are taken as the design
variables of the control system. Allowable changes of the
structural variables are often limited in actual design, for ex-
ample tmin ̂  tj ^ tmax in this paper. To take this limit into the
optimization procedure in advance, the thickness of the plate
tj is defined with the following function of the design variable

t, =
- tm

exp{-a,}
(-00 < a. < oo) (25)

where tmax and tmin are the upper and the lower limits of change
of th respectively. To keep the positive-definite condition, Q
and R are transformed by Cholesky decomposition as

Q = LTL

R = UTU

(26)

(27)
and L and U are taken as the design variables instead of Q
andfl.

Sensitivity Analysis
Sensitivity of Quadratic Cost Function

The design variables of the structure and the control system
are defined as r; collectively. Partially differentiating Eqs. (16)
and (17) with respect to r,, the sensitivities of Hy and Hu
defined with Eqs. (13) and (14) are

= tr i BJBl + P VBl + PW (28)
dTj dTj d

(29)

The sensitivities of Pl and P2 are obtained, solving the fol-
lowing equations which are partial differentiations of Eqs.
(18) and (19):

di\ T ap1 dG dGT

dT; dT, dT, dT;

rc
dP2 ^TdP2-^G + GT—1

— = o

dG dGT

(30)

(31)

Equations (20), (7), and (6) are differentiated partially as
follows to obtain the sensitivities of G and F:

aG aA dB2
dT, dT; dT;

dF

— R 1BTP R i^P R W —

(32)

(33)

Sensitivity of Pole of Original Modal System
The Laplace transform of Eq. (11) is

(sI2v - Ge)qe(s) = Blew(s) (35)

The poles sf and the right eigenvectors <f>iR (i = 1 ~ 2v) are
given as the solutions of the eigenvalue analysis of Eq. (35),
the right-hand side of which is replaced by zero. Substituting
these eigenpairs into Eq. (35) and partially differentiating the
resultant equation we have

= 0 (36)

Partially differentiating Eq. (12), the sensitivity of Ge is ob-
tained as follows:

dGe dB,

dC
B2eFC l —

dF

- B2eFC ,—- (37)

where the sensitivity of F is given as Eq. (33). Multiplying
the left eigenvector <££ to Eq. (36) from the left-hand side,
the second term on the left side of the resultant equation
vanishes, and the sensitivity of the pole s, is

(38)

To calculate the given sensitivities, the sensitivities of the
matrices A,B^B2, C,Ae, and B2e which are contained in the
state equation, and of the matrices L and U which are con-
tained in the cost function, must be calculated beforehand.
In the case of colored noise, the matrices A, Bl9 and B2 in
the preceding series of equations are replaced with the given
matrices Aa, Bla, and B2a, respectively.

Sensitivity with Respect to Structural Design Variable
The sensitivity of the arbitrary function H concerning the

structural design variable af is found from Eq. (25) as follows:

(39)

Since dtf/da, in Eq. (39) is obtained easily from Eq. (25), only
dH/dtj is necessary for calculating the sensitivity with Eq. (39).
It is obvious from Eqs. (3) and (9) that the sensitivities of the
matrices A, Bl9 B2, C, Ae, and B2e can be calculated, only if
the sensitivities of the eigenvalue matrix Ae and the natural
mode matrix 3>e are known. On the other hand, the sensitiv-
ities of L and U do not exist in the case of structural design
variables.

The sensitivity of the eigenvalue H, with respect to the
thickness of the plate is

(40)2(1,

GT» + »G + (*£f + pu+ *_,&,
dTj dTj \ dTj dTj dTj dTj

-F^P + Fr^F\=9 (34)

The sensitivity of P is obtained by solving Eq. (34).

The sensitivity of the natural mode <£>, is

(41)

where 4>m E $1" x m(m > v) is the modal matrix. The com-
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ponent % of the modal coordinates TJ
the following equation:

7 is obtained with 30mm

(43)

Equations (40), (42), and (43) denote that the sensitivities of
the mass matrix Ms and the stiffness matrix Ks are necessary
for calculating the sensitivities of the eigenvalue and the nat-
ural mode. In the case of FEM, the sensitivity of Ms is obtained
with the following surface integration over the finite elements
which are optimized:

NTN (44)

where p is the density of the material and TV the shape function.
The sensitivities of the stiffness matrix Kp in in-plane defor-
mation and the stiffness matrix Kt in out-of-plane deformation
are given as

dKn dS

dK, tJEy [
-ty=4(l-v*)LDTE'DdS

(45)

(46)

where v is Poisson's ratio and Ey Young's modulus. D and Es
are the matrices which explain the strain-deformation and the
strain-stress relationships, respectively.

Sensitivity with Respect to Design Variable of Control System
The sensitivity matrices of L and U are defined as dL/dL, j

and dU/SUjj, in which the /, / elements are unity and all other
elements are zero. So, the sensitivities of L and Q are obtained
very easily. On the other hand, the sensitivities o f A , B l y B2,
C, Ae, and B2e do not exist in this case.

Experimental Verification
A rectangular plate of stainless steel with a fixed end shown

in Fig. 2, is taken as the object structure, and its vibration is
suppressed with the control system designed by the method
presented in this report. The initial thickness of this plate is
4 mm. This plate is divided into 80 nodal points and 64 ele-
ments to make the FEM model. The displacement in the
normal direction to the surface is measured at two points (24
and 66) with two gap sensors. The detected signals are fed
into the digital signal processor (DSP32C from AT&T) after
analog to digital (A/D) transformation, and necessary com-
putation for control is performed with the sampling frequency
of 15 kHz. After digital to analog (D/A) transformation, the
output signals are fed to two voice coil actuators attached at
the points 19 and 72 on the surface of the plate to generate
the control force. The white noise or the colored noise is input
at the point 72. Thus, the output and the control force vectors
are as follows:

U = (U19, U12)T

(47)

(48)

Thus, the relation of collocation does not exist in this control
system.

The frequency response function (FRF) between the dis-
turbance at the point 72 and the output at the point 66 when
the control system does not act is shown in Fig. 3 as the ratio
of the disturbance force voltage which acts on the voice coil

2 Element of F.E. Model

120mm

76 77 78 79

71

66

72

7

74

24

19

75

10

Fixed EndY//////////////S7\ Y///7A
Fig. 2 Experimental setup.

CD 180
3 0
£-180

10-
I

0 200 400 600 800
Frequency[Hz]

Fig. 3 FRF without control.

actuator to the detected displacement voltage with the gap
sensor. The experimental result (the solid line) agrees well
with the calculated one (the dotted line) in Fig. 3, and seven
resonance peaks are found in the frequency region lower than
800 Hz.

The control system is composed with a 2-DOF reduced
modal model using the first and the second natural modes.
Simultaneous optimum design of this 2-DOF control system
and the plate thickness is performed to assure stability of this
control system corresponding to these seven natural modes.
White Noise Disturbance

First, optimum design of only the control system is done,
adopting the first column elements of the weighting matrix L
of Eq. (26) as the design variables. The weighting coefficient
matrices in Eqs. (13) and (14) are given as T = diag(l, 1, 0,
0) and II = diag(l, 1), respectively. The quadratic perfor-
mance indices on the output signal and the control force are
as follows:

+
Hu =

(49)

(50)



KAJIWARA, TSUJIOKA, AND NAGAMATSU: OPTIMIZATION OF STRUCTURE AND CONTROL 871

The initial weighting matrices in Eqs. (26) and (27) are given
as

L =

ri i 1 0.1
o o o o
0 0 0 0
0 0 0 0

u = 1 0
0 1 (51)

Thus, the initial values of Hy and Hu in Eqs. (49) and (50)
become //Jrg = 4.11 and //°rg = 23.7, respectively, when the
disturbance force of intensity V = I acts on point 72. The
initial poles of the closed-loop system under these conditions
are shown as the square points in Fig. 4, and the sixth pole
becomes unstable.

The optimum control system design is performed under the
conditions that the upper bounds of the constraining condi-
tions on the control force and the poles are

= 70 = -3 (52)

As the result, the optimum weighting matrix L becomes

Lopt =

ril.56
0
0
0

10.33
0
0
0

2.380
0
0
0

1.0831
0
0
0

(53)

The optimum value of the objective function becomes H°pt

= 1.63, and the optimum value on the control force takes
the upper bound as H°pt = 70.0. The optimum poles become
stable as shown as the open circles in Fig. 4. FRF between
the disturbance w72 and the output y66 is shown in Fig. 5,

Imag.

0 5000 -

o

where the dotted line is the experimental result without con-
trol, the broken line is the calculated result with optimal con-
trol, and the solid line is the experimental result with optimal
control. Figure 5 indicates that the response levels decrease
at the resonance peaks by optimum control.

Next, simultaneous optimum design is performed, adopting
the weighting matrix L with the thicknesses of the plate at
five regions as shown in Fig. 6 as the design variables. The
bounds of the allowable thicknesses tt (i — 1 ~ 5) in Eq. (25)
are given as

3 < ff. < 6.5 (54)

Thetie upper bounds of Hu and st are given as in Eq. (52).
As the result of simultaneous optimum design by the method

presented in this report, the optimum weighting matrix L
becomes

0.9795
0
0
0

1.066
0
0
0

2.788
0
0
0

1.0811
0
0
0

(55)

o m

The optimum values of the thicknesses of the plate are shown
in Table 1. The optimum value of the object function is //Jpt

= 0.484, and the performance index of the control force is
H%pt = 70.0. The object function in this case becomes smaller
than that in the earlier case of the control system optimization.
The poles in the case of simultaneous optimization are shown
as the solid circles in Fig. 4. FRF between w72 and y66 is shown
in Fig. 7 in which the dotted line is the experimental result
on the nominal structure in the case of the control system
optimization, and the broken and the solid lines are the cal-
culated and the experimental results, respectively, in the case
of simultaneous optimization. The time history of the exper-
imental result of the response at the point 66 when a white
noise disturbance acts at the point 72 is shown in Fig. 8 in
which the dotted line is the case of optimizing only the control
system, and the solid line is the case of simultaneous opti-
mization. Figures 7 and 8 show that the response becomes
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Fig. 4 Pole plots of the closed-loop system.
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Fig. 5 FRF of nominal structure by control system optimization.

Table 1 Optimal values of plate thickness

Region no. 1
Thickness, mm 5.89 5.37 4.94 4.54 5.35
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Fig. 6 Regions of design variable.
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Table 2 Optimal values of plate thickness

Region no. 1
Thickness, mm 6.49 5.57 6.46 6.48 5.67

$ 1 8 0
£ 0
a--180

10°

13
.±±
C
O)
CO

200 400 600
Frequency[Hz]

800

......... measured FRF after controller optimizaion
— — — calculated FRF after simultaneous optimization
——— measured FRF after simultaneous optimization

Fig. 7 FRF after simultaneous optimization.

0.05

I"6

-0.05

—- Response after controller optimization
— Response after simultaneous optimization _

0 0.2 0.4 0.6 0.8
Time [sec]

Fig. 8 Response with white noise disturbance.

10
800200 400 600

Frequency[Hz]
Fig. 9 Frequency spectrum of the colored disturbance.

smaller in simultaneous optimization than in control system
optimization.

Colored Noise Disturbance
Figure 7 shows that 120 Hz is near the third resonance peak

in the case of the control system optimization and near the
second resonance peak in the case of simultaneous optimi-
zation. Here, it is assumed that a colored noise which has a
dominant component at 120 Hz, as shown in Fig. 9, acts as
the disturbance force. The simultaneous optimization is per-
formed in this case with the expanded state equations (21-
23), taking the thicknesses in Table 1 and the matrix in Eq.
(55) as the initial values of the design variables, which are
the results of the previous simultaneous optimization. The
initial values of Hy and Hu are calculated with Eq. (23) as
H°r* = 0.113 and H?* - 80.2. All bounds of the design
variables are same as the previous case of white noise. Hy is

0 200 400 600 800
FrequencyflHz]

........ initial design
—:— after simultaneous optimization

Fig. 10 FRF after simultaneous optimization.

0.01

13
Q.

O

-0.01 - v

- - - - - - - - - Response of initial design
——— Response after simultaneous optimization

0 0.10.05
Time[sec]

Fig. 11 Response when harmonic disturbance acts.

taken as the object function, and the constraint conditions
are given as

//rx = 20.0 - -3 (Vi) (56)

As the result of simultaneous optimization, the optimal
value of the matrix L becomes

[-0.9802 1.068 3.859 1.866i
0 0 0 0
0 0 0 0
0 0 0 0

(57)

and the optimal values of the thicknesses of the plate are
shown in Table 2. The optimal value of the objective function
becomes //£pt = 0.0319, and the optimal value of Hlt becomes
Hy* = 20.0. The calculated result of FRF between w72 and
y66 is shown in Fig. 10 in which the dotted line is the case of
the initial control, and the solid line is the case of control
after simultaneous optimization. Figure 10 shows that the
initial resonance peak near 120 Hz moves to another fre-
quency, and the response level near 120 Hz decreases signif-
icantly after simultaneous optimization. The calculated result
of the response at point 66 when a harmonic disturbance of
120 Hz acts at the point 72 is shown in Fig. 11 in which the
dotted line is the case of initial control, and the solid line is
the case of control after simultaneous optimization. The solid
line is much smaller than the dotted line in Fig. 11. Thus,
simultaneous optimization of the structural and the control
systems is especially efficient and useful in cases when the
colored noise acts as the disturbance.

Conclusions
1) A new approach for simultaneous optimum design of

the structure and the control system is presented to suppress
the vibration of a mechanical structure most efficiently and
to assure stability of the system corresponding to some of the
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higher order natural modes which are ignored in designing
the control system.

2) Effective vibration control performances are obtained
by the present approach when the disturbances of not only
white noise but also colored noise act on the system.

3) The present approach is effective for a noncollocation
control system.

4) Good agreement of the experimental results with the
calculated results proves the validity and the effectiveness of
the present approach.
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