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Integrated Optimum Design of Structure and
H*®° Control System

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

An approach for an integrated optimum design of a structure and an H*® control system is presented. The
complex method and the genetic algorithm are adopted in the optimization process in the integrated design. The
structural shape and the control system, including the locations of both sensors and actuators, are optimized
simultaneously by the proposed approach. The improvement of frequency response shaping under the constraint
of the structural mass can be realized by the integrated optimum design presented in this paper. The desired
properties with respect to the control performance and the robustness are realized by the frequency shaping ability
of H* control. Effectiveness of the presented approach is verified by both simulation and experiment by the
integrated design of a panel structure and H* control system.

Nomenclature
= damping matrix of the original model € R"*"
= number of disturbances
= number of controlled variables
= fitness function in genetic algorithm
= transfer function matrix
= DOF of the reduced modal model
= objective function
= stiffness matrix of the original FEM model € R"*"
H® controller
mass matrix of the original FEM model € R"*"
DOF of the original FEM model
number of control inputs
state variable vector of the reduced modal model € R*
= number of outputs
= gefie in GA
= control force vector € R?
= frequency weighting function matrix
= disturbance vector € R?
= modal weighting coefficient,i =1~ g
= displacement vector € R"
= output vector € R’
= controlled variable vector
= reduced eigenvalue matrix € R8>8
= H® norm of the transfer function matrix
= reduced modal displacement vector € RS
= design variable vector of structure
= reduced modal matrix € R**¢
f = ith-order natural frequency of structure,i =1~ g
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Introduction

N machines, such as optical disk devices and large flexible space
structures, the characteristics of both the structure and the con-
trol system extensively influence each other. The optimum design
of both the structure and the control system is required to realize
improved performance in such kinds of machines. Results have been
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reported with respect to simultaneous optimization of the structure
and the control system. The objective function has been defined as
the combination of the structural and the control characteristics.!
Computational aspects of the simultaneous optimization using a
simple beam model have been shown as an example.? A method
of vibration control of flexible space structures by simultaneously
integrating structural design and control design has been provided,
in which structural modification of a simple truss was performed
using a finite element model (FEM) for optimal control by a lin-
ear regulator.® Structural modeling and optimum control of space
structureschave been studied,® and the structural and control de-
sign process of large-scale structures by linear regulator theory has
been examined.® Iteration methods on optimum structure/control
design for preventing vibrations of flexible structures have been
proposed.®” The sensitivity of a control system with respect to
minor structural modifications has been discussed for combined
control/structural design.® An approach to simultaneous optimum
design of a structure and a control system for a large flexible space-
craft has been proposed.® A method for simultaneous optimization
that assures the stability of the system corresponding to high-order
natural modes that have been ignored in designing the control system
has been given by the present authors.!

In the simultaneous optimization of actual complex structures, the
stability robustness with respect to structural uncertainty is required
in the design of the machines. An approach for the minimum weight
design using H* control theory has been presented.!! The integrated
optimum design of the structure and H* control system to improve
the frequency response shaping, however, has not been discussed
enough.

In the present study, an approach for integrated optimum design
of a structure and H* control system is proposed. H* control
theory enables us to design a robust control system for a structure
with parameter uncertainties. The desired properties of both the
control performance and the robustness are realized by the frequency
shaping ability of H* control. Higher performance of frequency
response shaping is achieved by integrated optimum design of the
structure and H™ control system. Two optimization methods are
adopted in this paper, namely, the complex method and the genetic
algorithm (GA).

In the approach based on the complex method, a nonlinear op-
timization method, the objective function is the H* norm of the
closed-loop system that is the performance index of control. The
structure is modeled by the finite element method and the model
reduction is achieved through the use of modal coordinates. The
shape of the FEM and a control parameter with respect to the H™
norm are adopted as design variables. As the existence of the so-
Iution of the H> controller depends on the given H* norm, this
existence condition cannot be described as continuous function with
respect to design variables. Thus, the complex method with which
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the discontinuous objective function can be optimized is adopted in
this approach.

In the approach based on GA, the size and the shape are adopted as
the structural design variables, and the locations of the sensors and
the actuators are adopted as the control design variables. As the sen-
sors and the actuators are placed only at the nodal points of the FEM,
the control design variables take the discrete values. GA is useful to
search the optimum design variables in such a discontinuous prob-
lem. The frequency responses are shaped by the frequency weight-
ing functions included in the H* control system, and the modal
weighting coefficients proposed in this paper. Adopting the modal
weighting coefficient, the dynamic response of all natural modes
can be controlled without increasing the order of the controller. The
effectiveness and practicability of the proposed approach are veri-
fied by both simulation and experiment for controlling the vibration
of a panel structure.

Modeling of System
Modeling of Structure
The original FEM spatial model of an n-degree-of-freedom
(DOF) structure has the following equation of motion:

Mx + Cx + Kx = B;yw + Bou (1)

The spatial matrices M and K are composed by FEM. As r is large
in usual FEM structural models, Eq. (1) cannot be used directly
for designing the control system. The equation of motion of this
physical model is transformed from the spatial coordinate to the
modal coordinate with g (< ») natural modes in order to reduce the
order of the model. Adopting the lower g normalized natural modes
® € R"*#8,Eq. (1) is transformed to the reduced modal model with
the following equation:

x = P§ )

where ®TM P = I,.
The state equation of the reduced modal model becomes

Qs = A.\'qs + Blsw + BZtu (3)

_5 _ 0 I, _ 0
RS A RPN

[ 0
By =

, L=37Co
.-

The diagonal eigenvalue matrix I" of this reduced modal model is
defined as diag(Q}, 3, ..., ©22) € RE*&.
The controlled variable z, € R® is given by

Zs = C1qs + DysW + Dipsu )

where C;; € R¢*2%, Dy;; € R2*%, and Dy, € RE*P. The spatial
outputy € R’ is given by

¥y = Caqs + Daysw + Dopu &)

where Ca; € R'*%8, Dy, € R**9, and Dy, € R'*?. Equations
(3-5) are synthetically formulated as

G.)%= | ¢, ®
Cos | Doty Do

where the notation

I:A B} N »
AC(sI—A)"'B+D
ch

is used in Eq. (6).

Frequency Shaping by Frequency Weighting Function
The frequency weighting functions with respect to the controlled
variables are defined to shape the frequency responses:

Ay | Bu
=Wz,  WE)2 [C D] )

The augmented state equation is obtained by synthesizing Egs. (6)
and (7),

A_, 0 Bl_g BZx
A chls Aw Blel.\' BwDIZ.\'
G(s) = -
chls Cw Dlel.\' Dlelx
Cyy 0 Doy Das
[ A | B, B
= ®

Frequency Shaping by Modal Weighting Coefficient

This study proposes the simple method for frequency shaping in
which modal control is realized by multiplying the modal weighting
coefficient of each mode. In this method, the controlled variable of
Eq. (4) is described using the following weighted modal matrix ®,,
instead of the modal matrix ¢ of Eq. (2):

P, = [wl¢1’ lU2¢2, R wg¢g] &)
Using this ®,,, the controlled variable z; can be obtained as

Zs = 25(Pw)

I

Cl:(¢w)q: + Dllsw + DlZ.vu (10)

The modal control system is easily designed only if the modal
weighting coefficients are given, and this method can reduce the
order of the controller. A relatively large value must be given as the
weighting coefficient of the natural mode that it is intended to sup-
press. From the described procedure, it is clear that this approach
does not extend the order of the controller, so this modal control can
be performed with a controller of small order.

Theoretical Background of Integrated Optimum Design

The H* control problem in the integrated optimum design is de-
fined. This study considers two kinds of frequency shaping methods.
One is a method based on the typical frequency weighting functions,
and the other is the method using the modal weighting coefficients
proposed in this paper. In case of the frequency weighting functions,
the H® control problem can be described as

‘}’Wsz’w

1 1
WaTw ||~ (11

oc

where T, is the transfer function matrix, between the disturbance
w and the controlled response z’ and 7, is one between w and
the control inputs u. W; and W, are the frequency weighting func-
tions with respect to the controlled response and the control input,
respectively.

In the case of the modal weighting coefficient method, the H*
control problem becomes

yTz;w

<1 12
WZTuw ( )

o

where T ,, is the transfer function matrix between the disturbance w
and the weighted response z/, obtained by Eq. (10). In the preceding
H® control problems, y in Eqgs. (11) and (12) should be maximized
to realize the desired frequency response shaping. In this study, the
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w z

r— [Gn(-“) Gypfs) | [y

Gy (s) Gafs)
u y
Control Output
: K (s)'(

input

Controller

Fig.1 Block diagram of H> control system.

optimum solution to maximize y is determined by the complex
method and the GA approach.

H® Control Theory

H® control theory'?>!? is presented simply here to describe the
integrated optimization problem. An H* control system is shown
in Fig. 1. The standard H* control problem is concerned with
constructing a dynamic feedback, internally stabilizing controller
u = K (s)y to minimize the H* norm of the transfer function from
wtoz:

1Tewlleo < ¥ 13)

Usually, y is initially given and minimized by the y-iteration
process.

The H* controller is designed by the two-Riccati equation for-
mulas in this study.!>!> The simple case in which the following
equations are satisfied is taken here without loss of generality:

o= [3]
12 I (14)

BDT, =0

Dy =0, Dy =0,

Dy =[0 1], DLC; =0,
In this case, the two-Riccati H* theory is applied and the solutions
of two-Riccati equations are described as follows:

X = Ric{Hy}, Y = Ric{Hy) (15)

where Hy and Hy are the following Hamiltonian matrices:

(R r
Hy = A ﬁBlBl = BB, (16)
| —CcTc, —AT

1
AT )-ﬁc{cl -CIC,

Hy = an

| —B;BT —A |
The set of H* controllers is nonempty if and only if the Riccati
solutions X and Y exist and satisfy the following three conditions:

X >0, Y >0, Mmax(XY) <y? (18
where L, (XY) denotes the maximum eigenvalue of the matrix
XY.If Eq. (18) is satisfied, the central solution K (s) in the set of

the H* controller can be obtained as the following state equation:

X, = Apxy + Bry (19)
u = Cixy 0)
where
A=A+ (1/y*)BB] X — BC; + B,C, 21
By =[Y"' = (1/yHX17'C] 2)
Ci=—BFX @3)

The given formulation is constrained by Eq. (14), but it is clear that
Eq. (14)is not always satisfied in all cases. In the case that Eq. (14) is
not satisfied, the H* controller can be obtained by the loop shifting
method formulated by Safonov and Limebeer.!

Integrated Design by Complex Method

The optimization problem is defined with the following condition
that the objective function becomes equal to y in Eq. (11) or (12)
under the constraint of the structural mass:

maxJ =y

SUbj Mmin =< M =< Mmax (24)
where My, and M,,, are the lower and the upper bounds of the
structural mass, respectively. The thickness of the FEM element is
adopted as the design variable T € R’ of the structure. On the other
hand, y in Eq. (11) or (12) is adopted as the design variable with
respect to the control system, as well as the objective function. The
optimization is done by maximizing the y in Eq. (24).

The existence of the H*™ controller described in Eq. (18) must
be considered in the optimization problem. The necessary and the
sufficient condition for existence of the Riccati solutions X and Y is .
that Hy and Hy should have no pole on the complex axis of s plane.
This condition can be written using the poles sy; and sy; of the
matrices Hy and Hy as the following equations:

[Re{sx;}| > 0 (Vi) 25)
[Refsyi}| > O (Vi) (26)

where Re{sy;} denotes the real part of the complex eigenvalue sy;.
In Eq. (18), X = O and Y > 0 are satisfied if the eigenvalues Ay;
and Ay; of the matrices X and Y satisfy the following equations:

Axi 20 (V) @7
Ayi 20 (Vi) (28

In addition, Amax(XY) < p? should be satisfied, and the design
variables of both structure and control system are constrained by
the upper and the lower bounds,

I I 29)
Yy <y <y™ (30)

Under these constraints, the optimum solution of the design vari-
ables to maximize the objective function of Eq. (24) is determined.
Typical nonlinear optimization methods using the derivatives of the
objective function can not be applied in this case because the con-
straints of Eq. (18) cannot be formulated as the continuous function
with respect to the design variables. Therefore, the optimum solution
of the design variables is searched by the complex method,'* which
is one of the random search methods, without using the derivatives
of the objective function.

Integrated Design by Genetic Algorithm
The structural thickness and the locations of both sensors and
actuators are adopted as the design variables. The locations of the
sensors and the actuators take discrete values, because they can only
be at the nodal points of the finite element model. GA is available
to search for the optimum solution of the design variables in such
a discrete optimization problem as this. GA consists of three basic
operations, namely, selection, crossover, and mutation. In this study,
the design variables are described by binary codes, and these are
searched by GA for their optimum values. The structure and the
control system are simultaneously optimized by this approach.
The y inEq. (11) or (12) is adopted as the objective function. The
objective function is maximized under the constraint of the constant
structural mass. The y is also adopted as the fitness function in GA.
In this approach, the fitness function f is defined as the following
equation:
y — ¥ (solvable withy > y,) 31
f= 0 (unsolvable withy = y,) @D
where y, is the initial value of y, and y; is introduced to leave the

structural design variable that has good characteristics, when the
H* control problem cannot be solved.
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The genetic operation in this approach is based on simple GA,
and the appropriate condition of GA operation is set: namely, 1) the
selection is based on the roulette selection strategy, 2) one-point
crossover is adopted as the crossover strategy, in which the crossover
probabilities with respect to the locations of the sensors and the
actuators and with respect to the structural shape are independently
defined, 3) the mutation strategy is performed by inversion of a
gene that is stochastically selected, and 4) the elitist preserving
strategy is adopted to leave the large fitness individuals to the next
generation.

Simulation and Experiment

Approach by Complex Method

Figure 2 shows a steel plate panel structure with one fixed end
whose vibration control system is designed by the proposed ap-
proach based on the complex method. The initial thickness of this
plate is 3 mm and the initial mass of the structure is 2.179 kg.
The striped region in Fig. 2 shows the fixed end of the plate. This
plate is divided into 108 nodal points and 88 elements to make the
FEM model. The displacement and the velocity in the direction nor-
mal to the surface are measured at two points (61 and 93), and the
detected outputs include the sensor noises as disturbances. The de-
tected signals are fed into the digital signal processor (DSP32C
from AT&T) after A/D transformation, and necessary computa-
tion for H* control is performed with the sampling frequency
of 5 kHz. After D/A transformation, the output signals are fed
to the two voice coil actuators attached at points 52 and 74. The
disturbance forces are also applied at points 52 and 74. Thus, the dis-
turbance vector w, the output vector y, and the control input vector &
become

W = {Wsy, W4, Wee1, Weo3, Wis1, Wios)" (32)
y = {x61, %03, Xo1, Xo3}” + [0 IsIw (33)
u = {us, u74}T (34)

The controlled variables are the displacements at the points 61, 93,
-and 97, and the control inputs at the points 52 and 74,

T
Zs = {X61, Xo3, Xo7, Us2, U74} (35)

The frequency response function (FRF) of the initial structure be-
tween the disturbance ws, and the displacement x4, without control
is shown in Fig. 3. In Fig. 3, it is observed that the calculated re-
sult agrees well with the experimental result. The five resonance
peaks in the frequency range lower than 300 Hz are considered in
the optimum design of the structure and the H* controller. Thus,
the number of the adopted modes of the structure is 5 and the order
of the state equation becomes 10.

Here, the integrated design is performed by the complex method
using the modal weighting coefficient to realize the modal vibration
control system. The objective of the integrated design is the vibration
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Fig. 5 FRF between wsy and xo3 after optimum design by complex
method: ........, calculated FRF without control; - - -, calculated FRF
after controller optimization; and ——, calculated FRF after integrated
optimization.

suppression of the five natural modes, especially fourth and fifth
modes. The weighting coefficients are defined as

w = 1.0, Wy = 1.0, w3 =

36
Ws = 3.0 ( )

Wy = 3.0,

The frequency weighting function W, with respect to the control
input is introduced as the following equation to maintain stability
robustness in the presence of the structural uncertainty:

W, = diag[w,.2(s), we(s)]

37N
ey (5) = 20s/(s +2.262 x 10%

The FRF of Eq. (37) is shown in Fig. 4. In this case, y in Eq. (12) is
adopted as the objective function and is maximized by the presented
approach based on the complex method.

First, the design of only the control system without the structural
optimization is performed by y-iteration procedure. As the result,
the maximum value of y becomes 2.4827 and the controlled FRF
between ws; and x93 is shown in Fig. 5 by the broken line. It is
observed in Fig. 5 that the vibration of the low-order modes is largely
suppressed but the high-order resonance peaks cannot be suppressed
sufficiently.

Next, the integrated design of the structure and the control system
presented in this study is performed. The structural design variables
are the thicknesses of the five regions, as shown in Fig. 6, ail of
which are bounded to take the values between 1.5 and 4.5 mm.,
The objective function is J = y and the mass M of the structure is
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Table 1 Optimum values of structural thickness obtained by
complex method

Region no. 1 2 3 4 5
Thickness, mm 1.83 1.66 438 4.11: 2.92
Total mass of the structure = 2.167 [kg]

-
o Fig. 6 Regions of structural
N design variable.
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Fig. 7 Experimental result of FRF between wsy and xg3: - - - - , calcu-

lated FRF after integrated optimization; and ——, measured FRF after
integrated optimization.

constrained as 2.0 kg < M < 2.2 kg to prevent a large change of
the mass from the initial structure. The modal weighting coefficient
and the frequency weighting function of the control input are the
same as Egs. (36) and (37). As the result of the integrated design, the
maximum y becomes 4.9295 and the structural mass M is changed
to 2.167 kg. The optimum solution of the thickness is shown in
Table 1. The value of the maximum y in the integrated design be-
comes larger than that in the control system only design. The FRF
calculation result between ws; and xg3 is shown in Fig. 5 by the solid
line. It is clear from this figure that the higher mode vibration for
the integrated design is suppressed more than for the control-only
design . The experimental result of FRF for the integrated design is
shown in Fig. 7 by the solid line. In Fig. 7, the broken line is the
calculated result that agrees well with the experimental one.

Approach by Genetic Algorithm

In this approach based on GA, the thickness of the FEM model
and the locations of where the sensors and the actuators are attached
are taken as the design variables. The controlled object is the panel
structure, which is the same one as shown in Fig. 2. In this case, the
disturbances act at points 53 and 74, and the displacements at points
60, 92, and 98 are evaluated as the controlled variables, as shown
in Fig. 8. The design variables are the thicknesses of five regions in
Fig. 6, all of which are bounded to take the values between 1.5 and
4.5 mm, and the locations of where the 2 sensors and the 2 actuators
are aftached.

The control input vector u, the disturbance vector w, the output
vector y and the controlled variable vector z are defined by the
following equations:

u = {uy, s}’ 38

w = {Ws3, W14, Wnal, Wnd2, Wnvts Wnu2}' (39
={y1, 2, y1, 727 +100x [0 Lw (40)
2y = {Xgo, Xoz, Xog, U1, U2} 1
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where w4 and w,,; are the output noises with the displacement
and the velocity sensors, respectively, whose attachment locations
are optimized in this approach.

FRF between ws; and xgp without control is shown in Fig. 9 in
which the broken line is the calculation result and the solid line is
the experimental result, respectively. The number of the adopted
modes is five here, as well as the preceding case.

The design variables should be coded to search the optimum
solution by GA. In this approach, the design variables are descnbed
by binary code with 39 bits:

tita... g t7...h2 tz...tig tig...fs Ifrs5...l39
actuator 1 actuator2 sensor 1 sensor 2 structure

where 1; shows the genes, all of which can take the values of 0 or 1.
The symbols #—# indicate the nodal point number with the binary
code for the location where one of the actuators should be attached
and that nodal point number m becomes

(22Xt1+21 xt2+2°xt3) x9
+(2' x5 +29x 1) +37 (64 =0)

(22 x t + 21 xt2+2°xt3) x9
—(2} x 15 +2° x £) + 37

43)

(=1

The location of the other actuator and the two sensors are also defined
in the same way as Eq. (43).

The #; from ty5-t3 show the structural thicknesses of the five
regions with the binary code. Each thickness is described by each
binary code with 3 bits,

bstaglyy  fshwolzn  Bailaalas  laalssis  t37l38f39
PSSt M S i g )

(44)
region 1 region2 region3 region4 region5

Thus, each thickness 7; can take one of the following discrete values
(in millimeters):

7, =1.5,2.0,2.5,3.0,3.5,4.0,4.5 45)

For example, one thickness 7; of the region 1 is given as the following
equation:

1 =05x (2 xns+2 x5 +2° x 1) + 1.5 (46)
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Table 2 Parameters in integrated design by GA

Actuator Sensor Structure
Population size 60 60 60
Chromosome length 12 12 15
Selection probability, % 80 80.0 80
Crossover probability, % 60.0 60.0 60.0
Mutation probability, % 1.0 1.0 1.0
1x10'
1x10"
3 §
g [
& 1x10™!
=
12102
1x10°3

0 100 200 300 400 500
Frequency [Hz]

Fig. 10 FRFs of frequency weighting functions:
Wez.

5 Wey; and - - - -,

The thicknesses from region 2 to region 5 are found in the same way
as Eq. (46). However, no chromosome takes the thickness 7; = 5 mm
in this optimization algorithm.

Here, the integrated design based on the frequency weighting
functions is performed to realize the desired frequency shaping.
The following frequency weighting functions are defined:

- 2= WE)z (@7)
W(s) = diag(W,1 -y, Wer - ¥, Wor - v, Wz, Wea)  (48)

2.088 x 105
= 49
Wer($) = 377589.05 1 2.088 x 10° “9)

20.00s

= 50
Wal9) = 35562 x 108 0)
Wi(s) = diag(W,1, W1, W) (51)
Wy = (Wez, We2) (52)

FRFs of these frequency weighting functions are shown in Fig. 10,
in which the solid line is the weighting function with respect to
the vibration response and the broken line is that with respect to
the control input. The objectives of the integrated optimum design
are vibration reduction near 230 Hz close to the fourth and fifth
resonance peaks of the original structure, and the achievement of
stability against the ignored higher modes. The order of the H*
controller becomes 18, which is larger than the preceding case us-
ing the modal weighting coefficients. In this case, ¥ in Eq. (11) is
adopted as the fitness function and is maximized by the presented
approach by GA.

In the integrated design by GA, y, and y, in Eq. (31) are defined as

yo = 0.125, vy = 0.125 (53)
The mass of the structure is constrained to be M = 2.179 kg, which
is the initial mass of the structure. The parameters in the integrated
design by GA are shown in Table 2. The integrated optimum design
is done using the four kinds of random numbers, and the result of
the optimum fitnesses obtained by the presented approach is shown
in Table 3. Each design variable of the result 1 in Table 3 is shown
in Table 4. FRFs between wss and xog, and between wq4 and xog
calculated by the result 1 are shown in Figs. 11 and 12, respectively.
In Figs. 11 and 12, the dotted lines are FRF without control, the bro-
ken lines are the results after the optimization of only the locations
of the sensor and the actuator, and the solid lines are FRF after the
integrated optimum design. It is observed from Figs. 11 and 12 that
the vibration response near 230 Hz is strongly suppressed in the
integrated optimum design.

It is easily understood that the modal vibration control and the
reduction of the controller using the modal weighting coefficients

Table 3 Result of optimum fitness obtained by integrated design

Optimum fitness Average fitness

1st 50th 1st 50th

generation generation generation generation
Result 1 3.344 7.234 0.955 5.704
Result 2 3.148 6.641 0.972 4.502
Result 3 4.000 6.914 0.941 4.905
Result 4 4.063 6.188 1.003 4.520

Table 4 Result of each design variable by result 1 in Table 3

Node no. Node no.
of actuator of sensor
Fitness 101 98 103 91
Region Region Region Region Region
7.234 1 2 3 4 5
4.0 mm 3.5 mm 4.0 mm 1.5 mm 2.0 mm

Magnitude [mm/N]
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Fig. 11 FRF between ws3 and xog after optimum design by GA: ....... s
calculated FRF without contrel; - - - -, calculated FRF after sensor
and actuator placement optimization; and , calculated FRF after
integrated optimization.
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Fig. 12 FRF between w4 and xog after optimum design by GA: ...... y
calculated FRF without control; - - - -, calculated FRF after sensor
and actuator placement optimization; and , calculated FRF after
integrated optimization.

can be realized with the GA approach, as well as with the complex
method. The results obtained in the described applications indicate
that high-performance frequency response shaping can be realized
by the proposed integrated optimum design of the structure and the
H® control system.

Conclusions

1) Approaches to the problem of an integrated optimum design of
a structure and an H* control system based on complex method and
GA are proposed to realize high-performance frequency response
shaping.

2) An excellent improvement of the frequency response shaping
under the constraint of the structural mass can be realized by the
approaches to integrated optimum design proposed in this paper.

3) The optimum design with the discontinuous constrained func-
tions with respect to H* controller existence is achieved by the
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complex method, and the structural shape and the H* control
system, including the locations of both sensors and actuators, can
be simultaneously optimized by the GA approach.

4) The frequency response shaping method using the modal
weighting coefficient is available to control each mode and prevents
an increase of the order of the controller.

5) Validity and usefulness of the proposed approaches are verified
by both simulation and experiment.
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