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Fig.3 Measured and predicted stress-strain curves of off-axis speci-
mens subjected to a rapid change (decrease) in strain rate at 250°F.

Conclusions

The role of matrix in viscoplastic behavior of thermoplastic
composites is identified in this study. On the basis of the fact
that thermoplastic composite is a mixture of isotropic materi-
als (fiber and matrix), the viscoplastic behaviors of thermo-
plastic composites with various off-axis angle are simulated by
using the “‘unmixing-mixing’’ concept and a modified Bodner-
Partom flow rule as a matrix viscoplastic constitutive model.
As a consequence, this work gives us the simplicity in handling
of the elastic anisotropy of the thermoplastic composites and
makes it possible that the viscoplastic behavior of thermoplas-
tic composites with any off-axis angle can be predicted by the
viscoplastic properties of the matrix only. The concept of this
study can be extended to the analysis of the laminated struc-
tures by solving boundary-value problems.
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Introduction

ECAUSE of the increasing demands of high structural
performance requirements, the control of large flexible
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structures has attracted a considerable amount of research in
recent years. There are two basic steps involved in the control
of a flexible structure using discrete methods. In the first step,
the structure is modeled, usually by the finite element method
(FEM) that, for a large flexible structure, results in a large
number of ordinary differential equations. These dynamic
equations of motion (EOM) have to be used in the second step
to determine a control law appropriate for the structure. In
many cases, it is not practical or feasible to consider the full
dynamic model of the structure for the global controller de-
sign. The decentralized control design is very attractive in the
active control of large flexible structures, since it permits the
design of controllers at component level and avoids many
complications that may otherwise be present in the controller
design for the whole structure. Recently, an approach called
the controlled component synthesis was developed by Young!
in which an interlocking control concept was used to minimize
the motion of the nodes adjacent to the boundaries of the
substructures.

In this work, a general decentralized control approach is
presented for large flexible structures. The structure is decom-
posed into substructures for which the linear quadratic regula-
tor (LQR) theory is used to determine the decentralized con-
trollers at substructure level (subcontrollers). The reaction
forces at the substructure boundaries were balanced by the
control forces generated within the substructures. The subcon-
troller of each substructure is then used to assemble the con-
troller for the whole structure. The computational effort re-
quired in the approach is substantially less compared with the
complete structural model.

Substructure Decomposition

It is assumed that the flexible structure is decomposed into
r substructures, where the kth substructure has neighboring s
substructures. Note that in the subsequent discussions the
subscript & refers to the kth substructure. Let {7}, denote the
set of internal degrees of freedom (DOF) of the kth substruc-
ture, {B,}, represent the set of boundary DOF between the
kth and (k + 1)th substructures, and so on. The EOM of the
kth substructure can be represented as

My + Ciiy + Kixie = Dy 1

where x; and u; denote the vectors of displacement and con-
trol input, respectively; and M, Cy, K;, and D, denote the
mass, damping, stiffness, and input weighting matrices in the
configuration space, respectively. The matrices My, Cy, K;,
and Dy have to be summed properly to preserve the displace-
ment compatibility of the whole structure.

The EOM of the kth substructure, Eq. (1), can be rear-
ranged by grouping together the internal and boundary DOF
of the substructure. The internal and boundary DOF of a
substructure will vary depending on the surrounding substruc-
ture considered. Considering the kth substructure and its
neighboring (k + 1)th substructure, the set of internal DOF is
given by {Ay) = ({L}, {B:}, - - . ,{Bs}) and the set of
boundary DOF by {B;} = { B, }+. Hence the partitioned EOM
for the kth substructure can be stated as

[MAA MAB} {XA} + |:CAA CAB] {XA}
MBA MBB k xB k CBA CBB k xB k
+ [KAA KAB] {xA} _ [DAA DAB] {qu @)
Kps Kppl,{Xp), Dy Dpg|(us),

By using the Guyan static condensation method, the following
relation can be written:

K 'K
EXA} = [ as AB} Xpr = Tixpy 3
XB & IB k
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where T} is the transformation matrix for the kth substructure
while considering the interaction with the (k + 1)th substruc-
ture. By defining proper sets for { A, } and {B,}, the transfor-
mation matrices between the kth substructure and the other
substructures can be determined using Eq. (3).

Controller Design and Balance of Interaction
. Forces for Substructures
The EOM of the kth substructure in state-space form are
given by

2 = At + Fog 2 + By = A 2 + Bruy @

where A, and B, are the system and state-space input matrices,
respectively; uy is the vector of control input generated within
the kth substructure; and z; is the state vector for kth sub-
structure defined as

2= (X X )T = {Xag xp Xy g )T &)
and also
Fgzy = ZS: 0 6)
pee = M, 'Fpy

i=1
where Fp; is the actuator (controller) force generated by the
ith substructure surrounding the kth substructure. Note that
Fg; denotes the actuator force passed from the previous itera-
tion. The input vector u; in Eq. (4) is found using the LQR
method as

U= —Gzx= —[R"'BT Pl % Q)]
where P, satisfies the following algebraic Riccati equation:
PAL + A{TP,—P B R, 'B{ P, + Q=0 @

Recall that the input weighting matrix of the kth substructure
is defined as

0

where Dy is the input weighting matrix of the kth substructure
in the configuration space. Postmultiplying Eq. (9) by Eq. (7)
yields

0
10
-M; ' D, Gk]Zk (10

By, = [
In the current iteration, the actuator force that is generated
within the kth substructure to balance the interacting forces
from the surrounding substructures (and to suppress vibra-
tion) can be determined using Eq. (10) as

XAk

X,
fk={fﬂ=[—MkM;1Dka1zk=[—Dka1 Loay

ka XAk

Xpi

where f4; and fp; are the actuator forces at the internal and
boundary DOF of the kth substructure, respectively. By defin-
ing proper sets of { A4 }; and { B }, for the kth substructure and
each of its surrounding substructures, Eq. (3) can be used to
condense the actuator force, f; in Eq. (11), into the boundary
DOF of the surrounding substructures. Consequently, Eq.
(11) can be expressed as

fe= f“‘k} =[—DkaTk'1{’.‘”k} a2

Bk, XBk.

where

. T, O
welz g

Note that fg;;, which is the actuator force generated by the
kth substructure and condensed into the boundary DOF of the
ith surrounding substructure, is not the same as Fpgy; (— Fpj)
since they are obtained at two different iterations. At the final
iteration, however, their magnitudes are the same.

If the kth substructure has no actuator(s), then the EOM of
all its surrounding substructures must be modified. This can
be done by lumping the mass, damping, and stiffness matrices
of the kth substructure into those of the surrounding substruc-
tures. If the ith substructure is connected to the kth substruc-
ture, its EOM are modified as follows:

|:MAA1' M yp; ]{5@41} +[ Cuui Cusi :I{xAi}
Mpa; Mpgi + MY | (Xg Cpai Cppi+C{ | (x5
Kani Kan ) [ Dani Dani|{(ua
+ { AA ABi /:l {XA:} — l: AA AB:l {umz (14)
Kpai Kppi + K | (x5i Dgai Dpgp;j(up;
where

M} =T{MTy, CL =T{CTy, K{=T{KT, (15)
and 7} is found from Eq. (3) as discussed before.

The previous procedure is iterated until the closed-loop
eigenvalues of the whole structure converge. Convergence
does not mean, however, the convergence to the closed-loop
eigenvalues of the complete model of the structure in the exact
sense, for the approximation always exists due to the Guyan
condensation scheme. Convergence is rather due to the better
representation of the control forces at the substructure
boundaries as the iterations progress, since the iterations start
with the assumption that no actuator is present in the first
substructure. Finally, the global controller for the whole struc-
ture is obtained by assembling the substructural gain matrices
into the global gain matrix. The technique is illustrated by the
following numerical example.

Numerical Example

The 18-bar planar truss shown in Fig. 1 is a cantilevered
square truss with dimensions as indicated in the figure. The
truss is made of aluminum with E = 107 psi and p = 0.1 1b/
in.3, The cross-sectional areas of the members of the truss are
A;=1in2,i=1,..., 18. The truss has 24 DOF in the state
space. The actuators that can generate forces in the x and y
directions are placed at nodes 2, 3, 5, and 6. The state and
input weighting matrices Q and R are selected as 10°*I5 and I
where I and I, are the identity matrices with sizes 24 X 24 and
8 x 8, respectively. The structure is decomposed into four
substructures as shown in Fig. 1. The displacement response
of DOF 2 of the structure to a unit impulsive force applied at
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Fig. 1 Eighteen-bar truss with four substructures.
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Fig. 2 Displacement of 18-bar truss at DOF 2 (y direction at node 1)

in response to a unit impulse at DOF 2: , complete structural
model; - - -, substructure model.

DOF 2 using both the complete structural model and the
substructures method is shown in Fig. 2. It can be seen in Fig.

2 that the responses given by the substructures method closely
match those given by the complete structural model. This
proves that the substructure decomposition method yields very
accurate closed-loop system characteristics of the complete
structure with a substantially smaller computational effort.

Conclusion

A substructure decomposition methodology has been devel-
oped to design the global controllers of large flexible struc-
tures from the decentralized subcontrollers designed at the
substructure level. After partitioning the whole structure into
substructures, transformation matrices between the substruc-
tures have been found by using the static condensation
method. After determining the size of actuators for substruc-
tures, the control forces have been transformed into the
boundary DOF of concerned substructures using the proper
transformation matrices. A numerical example has been con-
sidered to show the efficiency of the method.
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