ohar A vl 2t 6k 8] ]

Journal of the Korean Society of Precision Engineering. Vol. 16, No. 11,

A6 A A1

2 (1999 119
November 1999,

M1 A 7o

Elctw712,

lolg| g=7olug
=7 o} ® oA e

o|&st EB{A Fx=0f
12| SAl = HMA

uEE

Simultaneous Optimum Design of Structural and Control Systems
for Truss Structure with Collocated Sensors and Actuators
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1. Introduction

In the field of designing flexible structures such as
large space structures, they are required to have lighter
weight in consideration of transportation cost. However,
when the structures are made lighter, their stiffness
becomes small and even a little disturbance causes big
vibrations. Besides, generally, the inner damping of
space structures is so small that once vibrations are
caused, it is not easy to suppress them. A simultaneous
optimum design of structural and control systems is
considered as one of powerful methods for the cases like
[hese‘”‘z‘.

In this paper, we consider a simultaneous optimum

design of structural and control systems for 3-
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The
structural objective function is the structural weight and

H,
transfer function from the disturbance input to the

dimensional truss structure as design object.

the control objective function is norm of the
controlled output in closed-loop system. The objective
function of simultaneous optimum design problem is the
linear sum of the normalized structural objective function
and control objective function which are on competitive
terms. By minimizing this objective function, it is
possible to make optimum design by which the balance
of structural weight and control performance is taken. We
propose an optimum design method for truss structure
with control system to find cross sectional areas of the
truss members which minimize the objective function.
the validity of

We also consider sensor/actuator
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collocation for control system design.
2.System Formulation and H.. Control Problem

Generally, flexible structures are expressed by the

following equation of motion.
M, q+D g+ K g=Lw+Lu ()

where M .D. and K are the mass, the damping, and
the stiffness matrices. g, w and u are the displacement,
the disturbance input and the control input  and [,
and [ are the disturbance and control input matrices.
The de;cﬂptor system of the model becomes Eqgs. (2), (3)
and (4), where X, Z and y are the descriptor variable, the
controlled output and the measured output, C, and C,

are the controlled and measured output matrices. D,

and D, are the matrices which satisfy

Dsz ,D, >0 and D,, DZT1 >(Qwhere super  script
T means its transposed matrix.

Ex=Ax+Bw+Bu 2

z=Cix+D,u 3

y=Cx+D,w 4

e
SHES RN

In this paper, the control system is designed with the
H_ control to suppress the effect of the disturbance. In

Fig.1, H_control problem is to find such a controller
K(s)that the closed-loop system is internally stable and

the following /| norm condition is satisfied
N=|T,6)|, <7 5)

I, 9], = 5UP & oy (T ()

where T, (s) is the transfer function from the
disturbance input W to the controlled output 2 in the

closed-loop system. y is a prescribed positive number
and o, T) is the maximum singular value of T, -
Eq.(5) which is expressed in frequency domain is

equivalent to the following equation in time domain.

j 2 (O)z(0)d < y? j w (Owyd: (0
0 0

It is considered from Eqs.(5) and (6) that H
norm, N, denotes the degree of disturbance
suppression because the right-hand side of Eq.(6)
denotes the effect of disturbances.

Plant
W z
I .
G(s)
Controller
K(s) N
u y

Fig.1 H,, Control System

The necessary and sufficient conditions for the
existence of H_controller are that there exist
X and Y which satisfy the following symmetric

Ricatti equations®

(4-B,D}C) X + X" (4-B,D}C)
1

- XT(B,R;}B! - B, BI)X (7

+ (D]éC] )T (Dxlzcl) =0
E'X=X"E>0 )

(4= B,D}C,)Y +Y"(4- B D} C,)
~Y'(C,R,C] -—lz—c,cf)y )
r

+B,C5,(B,Dy) =0
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det(l, ——YX)#0
¥

1
Z=, - =0,
y?
whereR ., R,» D/s D\, Dfand D, are
R, :Dz’rlez >0, R, :D:iDITI >0
Dy, :R{lesz ’ Dle = I—DIZD;I
Dfl zDzrleil1 ’ D;I =1 _DZ#IDN

Now, we have the following H_ controller

Exi=AXx, +B.y
u=Cx, +D,y

where 4.,B,.C,, and p, are
A, =A-B,C,+yY'C/C,
+(B, +7 *Y'C{ D,,)C,

Bk = (YTCZT + BID; )Rgll
1

2

Ck = Rl;I {DIY:’ICI + (BZ + YTC]TDIZ )[Z}

D, =0

3. Optimum Design Problem

(10)

(th

(12)

(13)
(14)

Fig.2 3-D Truss Structure

In this paper. we consider a minimum weight dest
gn probiem for structural system and suppression pro
blem of the effect of disturbances for control system
as the purpose of the design. Taking a 3-dimensional
truss structure as an object, the mass, damping, and
stiffness matrices of the system can be modeled as
the function of the cross sectional areas of the truss
The structural
w and

members from FEM formulation®.
objective function is the structural weight
the control objective function is N, that is, H
norm of the transfer function from the disturbance
input to the controlled output in closed-loop system.

We take a 3-D truss structure shown in Fig.2 as
...,10 are nodes and [11...’[12]are

Considering non-dimensional form,

design object. |,
truss members.
the length of long members is 10, short members
242, density 1.0, and Young's modulus10*. The
The damping

nodes from 5 to 10 are fixed.

matrix is assumed by

D. =0.001M, +0.001K,

The structural objective function W is caiculated
by

12
W=2%pla, (15)
i=1

which p I, and g, are density, length and cross
sectional area of the [—th truss member. Control
objective function N is the minimum value of »
in Eq.(5) which can be calculated by iteration
method'” ( yiteration) in the following interval.

0<y<10 (16)

3.1 Sensor/Actuator Collocation

The structures in which their sensors and actuators are
located in the same directions and at the same positions
(called collocation) are to be minimum phase system, i.e.
real parts of invariant zero points are all negative.
Minimum phase system is known as better than non
minimum phase system for control system design'®.
In this section, we perform the control system design to

minimize only the control objective function N
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under the condition that the structural system is given for These results show that the structures with
several cases that all members of truss structure have collocated sensors and actuators are better for
uniform cross sectional areas. And we consider the control system design than those with which they

positioning problem of sensors and actuators, which is
important for the control system design. We compare the
cases that sensors and actuators are collocated with non-
collocated cases.

+non- collocate d(a=0.7)
16| 4
rar *non- collocated(a=1.0)]
127 7
=z
E
8 1t ~
cs8r b
o8 ’> collocated(a=0.7) J
collocated{(a=1.0)
o4qr R 1
40 60 80 100 120
structuralweight'w
(a) comparison between collocated case and
non-collocated case
0.7 ' " " ]
a=0.5
0.85 uniform cross sectional area 1
with collocated sensorfactuator
o6
Z 055}
E
o
=
05
0.45
04t
0.35 s ' L )

40 &80 80 100

structuralweight W

(b) collocated case

Fig. 3 Relation between weight W and norm N
(uniform cross sectional area)
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are not collocated as shown in Fig.3 (a). Therefore,
from now in this paper, we consider the optimum
design problem for truss structure as shown in Fig.2
on the assumption that both the sensors and
actuators are located at the node 1in x, y and
Z directions. In Fig.3 (b), the relation between the
structural weight, W, and H_norm, N, isshown
for several cases that all members of truss structure
have uniform cross sectional areas. We recognize

that two objective functions are on competitive terms.

3.2 Simultaneous Optimum Design

In this section, we consider a simultaneous optimu
m design problem of structural and control systems
for flexible structure. The objective function in this

approach is the linear sum of the normalized

structural objective function and control objective
function as follows
W(a N(a
J(a) =wy ( )+wN———( ) an
[¢] 0

where Wy, andw,, are the weightings for structural
weight, W, and H_norm, N, and W, (=76.971)
and N, (=0.485) are the values of the structural
weight and of H_ norm for the initial structure
which all members have uniformcross
as q =1G=1,--,12).

We formulate the simultaneous optimum design
problem such as to find

in
sectional are

cross sectional areas of
truss members for the minimization of the objective
function, J , as follows :

W(a) an

minJ(a)=w,
a 0 0

wy +wy =1 (18)
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There exists X in Eq(7).
There exists Y in Eq.(9) -
Eqs.(8),(10),(11) and (12)

are satisfied

a™ <a<a™

subject fo 4

where a is the set of cross sectional areas of

the truss members, a™ and @™ are lower and u
pper limits of the cross sectional area.

By minimizing the objective fanction, J, it is
possible to make optimum design by which the
balance of structural weight and control performance
is taken.  The simplex method is used to solve the
optimization problem ahove. We take into

ration the following constraint for cross sectional

conside-

areas as design variables.
-12)

a9

First, we perform the
design in

simultaneous optimum
the case of the set of weightings for
the structural and control objective functions
Wy, wy) = (0.50.5)- In this case (casel), from the
result by the minimization of J, the structural weig
ht, W, is 71.383 and the H_ norm, N, is 0.473.
We get 7.3% lighter , and
99% smaller value of H_ notm, N , than their
initial values, Woand N,

structural weight, W

Then, in the case of the set of weightings for
(wy, . w,) =1(0.6,04), the
simultaneous  optimization. In this case (case2),
Wis 64945 and Nis 0.460. We get]5.6% lighter
weight and 52% smaller value of the norm than
those of

we perform

initial structre. In both cases, we get
lighter structural weight, W, and smaller H_norm,
N, than the initial structure, i.e.the reduction of the
cost for structural system  designand the improvem-
ent of the suppression for the effect of disturbances
for control system by the simultaneous optimum

design are obtained.
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Fig. 4 Distribution of Cross Sectional Area
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Next, the
design in the case of the set of weightings for
(W, ,w,) =(0.7,0.3). In this case (case3), the struct
ural weight, W, is 54.693 and the H_ norm, N,
is 0.519. We get 28.9% lighter structural weight,
W, than the initial weight W, . But, the value of
H  norm, N ,is7.0% increased than Ny» that is,
the suppression problem of the effect of disturbances
worse than the initial structure. And in the
case of (w,,w,)=(03,07), W is 85308 and
N is 0.419. In this case (case4), we get 13.6%
smaller norm, N, than Ny but the structural
weight, W, is 10.8% increased than W,. These
results show the effect of weightings for structural

we perform simultaneous optimum

got

and control objective functions
Fig.4 shows the distribution of the

optimum cross sectional areas for these cases.

in our optimum
design method.

06
+uniform cross sectional area
(a=0.7)

case3
*jn itial structure
(a=1.0)

0.45 case2

0.35 * - +
40 60 80

structuralweight w

100 120

Fig. 5 Pareto Optimality for Weight and Norm

In Fig.5, the set of structural weight and H_ norm,
(W, N), corresponding to the minimum state of
J in Eq(17) of

(stw/v)'

is shown for several sets
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4, Conclusion

In this paper, we formulated a simultaneous
optimum design problem of structural and control

systems and suggested a design method for 3-
dimensional truss structure as the design object.

By our simultaneous design method, we
obtained the reduction of the cost for structural
system design and the improvement of the
suppression for the effect of disturbances for

control system compared with the design which
considers only the control system. We also showed
the of
control system design and that of weighting method
structural

validity sensor/actuator  collocation for

for simultaneous optimization of and

control objective functions.
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