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A coupled eontrolsktructures 
optimization procedure for the design 
of rotating composite box beams with 
piezoelectric actuators 
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Abstract. An optimization procedure is developed for controlslstructures interaction 
using a multiobjective formulation. A rotating composite cantilever box beam model 
is presented which includes piezoelectric strain actuators for vibration control. The 
model is implemented using the finite-element method. Multiple design objectives 
are efficiently combined using the Kreisselmeier-Steinhauser function approach. 
Actuator locations and ply stacking sequences are represented by discrete (0, l )  
variables while structuraVcontrol parameters such as box beam dimensions are 
continuous design variables. A transformation technique is used to formulate the 
combined continuoustdiscrete problem as a purely discrete problem. This allows 
both optimal actuator locations and structurallcontrol parameters to be determined 
inside a closed loop procedure. A technique based on simulated annealing is used 
for optimization in conjunction with an approximate analysis procedure to reduce 
computational effort. 
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cross-sectional area T 
vector of continuous design variables 
state and control matrices U 
terms of laminate extension and bending matrices 
vector of discrete design variables 
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u1, U,, U3 
V 
w ( x )  
x, Y, z 

matrix of control forces 
outer width of box beam 
outer depth of box beam 
piezoelectric constant Greek 

bec-dixg stifks-s 
applied electric field ai 

torsional stiffness 
identity matrix 
performance index 
bending-torsional coupling term 
stiffness and mass matrices 
total beam length 
total number of controls 
net bending moment 
modal matrix of eigenvectors 
vector of adjoint variabies for optimai controi 
vector of modal coordinate 
elements of laminate stiffness matrix 
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optimal control weighting matrices 
element coordinate 
"e! '"" 
time 
control vector 
displacements 
kinetic energy 
transvene displacement 
global coordinates 
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(0,l) variables for actuator locations 
warping parameter 
strain 
bending rotation 
axial twist angle 
diagonal matrix of eigenvalues 
piezoelectric strain constant 
warping term 
ith eigenvalue 
nth composite ply angle 
density 
stress 
rotational velocity (RPM) 
natural frequency 
matrix of eigenvectors 
vertical cross-section coordinate 
horizontal cross-section coordinate 
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a smart structure, it is often desired that the fundamental 
natural frequency of the structure is maximized to reduce 
the risk of rcsonance. It is also important to address 
the optimal control problem of minimizing the states and 
the control effort simultaneously since the design of the 
control system also influences the structural .response. Due 
to the significant coupling between the structures and 
the controls aspects of the problem, an efficient design 
must address both of these disciplines simultaneously 
rather fhan sequentiaiiy. , inis ieads to the necessity 
of developing a coupled controIs/structures optimization 
procedure. Gradient-based optimization techniques have 
been used by Miller and Shim [5] to address the coupled 
controls/structures problem. Cross-sectional parameters, 
such as width and depth, are continuous variables which 
are easily incorporated into gradient-based optimization 
procedures. In composite design, it is desirable to adhere 
to conventional ply angles such as O", +15", 3=30", f45" 
and 90". iiowever, if piy angies are inciuded as design 
variables using a gradient-based optimization technique, 
non-standard values may result which lead to suboptimal 
designs when rounded to standard angles as shown by Olsen 
and Vanderplaats [6]. Therefore, the composite stacking - 
sequence must be modeled as discrete design variables. 
Optimization procedures for including both discrete and 
continuous design variables have. not been investigated 
adequately in the literature and are part of the current work. 

- .  

Superscripts and subscripts 

H horizontal ply 
P piezoelectric term 
V vertical ply 

derivative with respect to x 

1. Introduction 

Recent developments in smart structures for both static and 
dynamic control appear promising. Today, there exists 
a large variety of materials which can serve as sensors 
and actuators in smart structures. Piezoelectric materials 
produce an electric field when deformed, and conversely 
deform by application of an electric field. Therefore, these 
materials are ideal for, vibration suppression applications 
as sensors and actuators. Modified lead-zirconate-titanate- 
(PZT) based ceramics are currently the most widely used 
piezoceramic materials. These actuators can be easily 

. integrated into a structure by surface bonding or by 

motion or inertial loads, compared to other types of 
actuator, due to their light weight. 

The control of a structure using piezoelectric materials 
can be enhanced through the use of tailored anisotropic 
composite materials in a typicai structural eiement such 
as box beam. This results in a more efficient 
design compared to conventional isotropic materials 
such as aluminium. However, the location of the 
piezoelectric actuators on a structure is an important 
issue. Analysis of intelligent composite structures using 
numerical optimization algorithms coupled with optimal 
control theory has not been adequately investigated in the 
literature and is the focus of this paper. 

Composite box beams are lightweight and have the 
potential of unique tailoring capabilities compared to 
conventional materials. They can be used to represent 
the principal load canying member in a rotor blade 
or an aircraft wing. The elastic coupling between 
bending, extension and torsional modes offers innovative 
design capabilities. The use of actuators coupled with 
composite tailoring requires additional investigation due to 
the complexity of the problem. The design of the composite 
box beam also has a significant impact on the efficiency 
of the actuators to reduce vibration. Smith and Chopra [l] 
have developed a model using the classical laminate theory. 
Crossley [Z] showed that it is possible to make several 
simplifying assumptions to reduce the computational effort 
while still retaining acceptable accuracy. The focus of 
fhe cwent wnrk inclcdes the develcpxent of I simp!ified 
intelligent composite box beam model with piezoelectric 
actuation for efficient implementation in an Optimization 
environment. 

Single-discipline-based optimization procedures have 

of actuator locations using discrete algorithms has 
been studied by Onoda and Hanawa [3]. The 
structural optimization of composite plates using simulated 
annealing has been investigated by Lombardi et al [4]. 
However, most aerospace applications are associated with 
multidisciplinary couplings. For example, in the design of 

~ - I . ~ A A L . -  I%-.. -11- -rnA..-n I P ~ C  P;--:C,---+ &-:,I L 4 . r  
C'.1UC"Ul"6. '.'Cy "U pLY""cC L L D I  = ' 6 " L L L M 1 L L  " & L Y  "YUJ 

hanr. -,I,I-aoca,I I-., --.,-**I -noao-.-h..-- n-L-:..-+:-.. 
UCCll L1""LcII- " J  D C I C X L I I  L C I W C I I G , I .  "y"L"'*a."UL1 

2. Problem statement 

objective of the ~n.mfit work is to forc.u!atp 
a simplified but accurate composite box beam model 
including the integration of piezoelectric materials for 
active control. Optimal control theory is used to minimize 
vibration and control effort. The coupled structures/controls 
probiem with continuous/discrete variables is investigated 
using a multiobjective optimization formulation and a 
simulated annealing algorithm. A simplified composite 
box beam model is developed which is based on classical 
laminate theory and includes embedded piezoelectric 
actuators to actively control vibration resulting from a 
disturbance force applied at the tip. The formulation 
also includes the effects of out-of-plane warping. To 
reduce vibrational amplitudes, the natural frequency of 
the box beam is maximized. in addition, a vibration 
index and the control effort of the piezoelectric actuators, 
used to actively damp oscillatory motion of the box beam 
caused by a disturbance force, are minimized using optimal 
control theory. Design variables include actuator locations, 
composite stacking .sequence and box beam dimensions. 
The inclusion of both discrete and continuous design 
variables in a single optimization formulation represents 
a difficulty which i s  overcome through the use of a 
transformation technique where the continuous/discrete 
problem is transformed into a purely discrete problem [7]. 
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1 "  

Figure 1. A composite box beam. 

3. Analysis 

3.1. The composite box beam model 

A composite box beam model (figure 1) is developed 
with spatially discrete piezoelectric actuators for vibration 
control. The analysis is based on the model developed by 
Smith and Chopra [I] which includes deformation through 
stretching, bending, twisting, shearing and warping. A 
symmetric laminate configuration is used in this paper 
which only includes elastic bending-torsion and extension- 
shear couplings. Also, the extension and shear terms are 
ignored and only bending about the y axis and torsion about 
the x axis are retained. This leads to a substantial saving in 
computational effort while maintaining a reasonable amount 
of accuracy [2,8]. The deformation of the beam cross- 
section is described only by bending, twisting and warping 
as follows. 

U, = -c w'(x) - h@'(x) 
uz = -(@(xj 

U3 = w(x) + tl@(x) 

(1) 
(2 j 

' ( 3 )  

_. 

where U,, Uz and U3 represent the total displacements in 
the x ,  y and z directions, respectively. The terms w ( x )  
and @ ( x )  represent the transverse displacement and twist, 
respectively and q and < are local coordinates as shown in 
figure 1. The quantity h is the contour warping function 
which can be transformed into a two-dimensional cross- 
sectional form as follows. 

1 = Bvc (4) 

where the warping parameter is denoted B and.the local 
coordinates are. represented by 7l and (. Two-dimensional 
linear strains, in the context of plane strain assumptions, 
are used in the analysis. Therefore, the transverse in-plane 
strains, E<( in the horizontal laminates and E,,,, in the vertical 
laminates, are zero. The strains in the horizontal walls are 
written a 

Exx = -< WI - A@! (5) 
(6) 

(7) 

and-the strains in the vertical walls are written as 

(8) EXX = -c WI' - A@ 
Eon = o  (9) 

The constitutive relations assume linearly elastic orthotropic 
composite plies. For a ply in the horizontal laminate (top 
or bottom), the stress-strain relations are as follows. 

{ z ]  = [ QIZ gzz pz6] {ET;: A ]  (11) 

where the values of represent the stiffness of each ply 
and relate to the beam coordinates [9]. The piezoelectric 
influence enters into the constitutive relations through the 
quantity A which represents the strains due to actuation 
of the piezoelectric material and is zero for all plies 
except those which include the piezoelectric material. The 
actuation strains are assumed to be linear and isotropic and 
are commonly defined as follows. 

QII  g12 e 1 6  Ex1 - 

%I Q16 1226 e 6 6  

A=d31E (12) 

where d3: is fie piezoe!mk Co!!s!lnt Z.d E is the qplied 
electric field [IO]. It is important to note that there 
is no actuation sbear strain in the piezoelectric layer. 
Similar expressions can be developed for the vertical walls, 
although the piezoelectric layers are to be located only 
in the horizontal plies. The equilibrium equations are as 
follows. 

where w is the transverse displacement and @ is the twist. 
The quantities E1 and GJ represent bending and torsional 
stiffnesses, respectively and K represents the bending- 
torsion coupling term. The values of these terms depend on 
the orthotropic properties of the materials used to fabricate 
the composite box beam and are described below. The 
bending moment about the y axis is denoted M and the 
torque due to torsion about the x axis is denoted T. The 
additional terms M P  and T p ,  are due to piezoelectric 
actuation and are also described next. 

The moment and torque equations, M and T, are 
determined from equilibrium requirements by integrating 
the following equations. 

(14) 

Integration of these equations provides the following 
relations for EI, GJ and K .  
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In the above equations, the subscripts H and V refer 
to the horizontal and vertical plies, respectively. Two 
additional terms result from the actuation strains due to 
the piezoelectric layers which are assumed to replace the 
outermost plies in the top and bottom laminates. This 
placement of the actuators results in the maximum possible 
bending moment efficiency for the actuators, although there 
are certain exceptions to this rule depending on material 
properties of the actuators and the beam which are not 
considered here [ll].  The stiffness constants EI, GJ 
and K are calculated for beam elements both with and 
without piezoelectric layers and are appropriately placed 
in the stiffness matrix for the corresponding elements. The 
expressions for the bending moment (Mp) and the torque 
( T p )  due to piezoelectric actuation are as follows. 

where the integration is performed only over the 
piezoelectric layers. Care must be taken to ensure that the 
proper stiffness terms are used corresponding to the material 
properties of the piezoelectric plies. Note that TP is zero 
for a cross ply lay-up as expected since the bending-torsion 
coupling vanishes for that configuration. 

$Ystcm 
equations of motion. 

u,i!t&s pr'.3cip,n!e is applied to Gcfive 

sn = [ ( s U  - 6V - 8W)dr  (21) 

where U is the strain energy, V is the kinetic energy and W 
is the work done by external forces. The resulting equations 
of motion are of the following form [l]: 

where terms M ,  and M+ are inertial terms corresponding 
to their respective displacements. It is important to note 
that the transverse displacement and axial twist are not 
dynamically coupled since the beam is symmetric and the 
elastic center coincides with the center of mass. The 
terms K,, and K++ represent the bending and torsional 
stiffnesses, respectively, and the quantities Kw+ and K+w 
are the bending-torsion coupling terms. Centrifugal 
stiffening due to rotation of the box beam enters through the 
term Kc! in the stiffness matrix where Q is the rotational 
velocity. The applied moments and torques are represented 
by FM and FT, respectively, and the piezoelectric terms 
are denoted FnrP and F T ~  respectively. Similar expressions 
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F3 

1- le -1 

Figure 2. A three-node beam element. 

I- s 

are derived for the mass, stiffness and forcing term in 
[I] and 1121. It must be noted that in the current work the 
centrifugal term is included in the stiffens matrix and not in 
the force vector. Viscous smctural damping is assumed to 
be zero to avoid confusion with the active damping from the 
piezoelectric materials which is the focus of this research. 

The governing equations are solved numerically using 
the finite-element method. The axial placement of the 
piezoelectric actuators is easily formulated once the finite- 
element method is applied due to the natural discretization 
of the beam into elements. The piezoelectric terms turns out 
to be point moments and torques which can be applied at the 
exterior nodes of the active elements. A cubic interpolation 

polynomial is used for q5 as shown below 
fgfi&fi in I&?!! for &.e disp!acem.efit E, while q!j&s!ic 

w = a, + azs + a3s2 + 44s' (23) 
. q5 = 61 + 62s + 63s. (24) 

Two exterior nodes are necessary for the determination of 
w and an additional interior node is used for the calculation 
of @ which results in a 7 x 7 element stiffness matrix 
K,. The ,element includes two transverse displacements, 
two bending rotations and three twist angles per element 
(figure ,2j. Tne eiementai mass matrix, MPe, is derived in 
a similar manner. Eigenvalues, hi, and their corresponding 
eigenvectors, +, are computed from the following equation: 

( K  - AiM)+i - 0 (25) 

where K and M represent the global stiffness and mass 
matrices, respectively and the eigenvectors are normalized 
to the mass matrix such that 

+'M+ = I .  (26) 

3.2. Optimal control 

Once the dynamic structural model is assembled and an 
eigenanalysis is performed, the equations are translated into 
a state space format for convenience of notation. It is 
assumed that all states are known. The state space equations 
are as follows. 
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Table 1. The control logic. Table 2. ODtimal control boundaw 

where q is a vector of modal coordinates, A is a diagonal 
matrix of the eigenvalues, I is the identity matrix and B' 
is a matrix of the maximum forces due to piezoelectric 
actuation. The matrix consists of columns +r which 
are the corresponding eigenvectors of Ai. The maximum 
piezoelectric forces are determined by first calculating the 
maximum nodal moments and torques at the maximum 
applied electric field E,, of the piezoelectric actuators. 
Next, they are placed in the matrix B' at locations 
corresponding to elements on the beam where the actuators 
are present. This matrix B* is premultiplied by the 
transpose of the modal matrix and the result is inserted 
in the control matrix B. By assembling the nodal forces 
ix th.ls "ne:, bcnxds ox each e!ement af the caztra! 
vector U can be normalized such that = 1 5 ui 9 1 
(i = 1, 2, . . . , in). This ensures that the applied electric 
field to the piezoelectric layers does not exceed E-. 

Optimal control theory is applied to the corresponding 
linear quadratic regulator (LQR) problem using the 
following performance index 1131: 

J = A 2 i"[[qIj]'Q [ 91 + u'Ru] dt (31) 

where minimization of the states and the controi effect are 
both included in the formulation. The weight matrices Q 
and R a r e  diagonal matrices chosen to result in a significant 
amount of reduction in the states with a reasonable control 
effort. The fixed final time, 9. is chosen to be an integer 
multiple of the period of the fundamental natural frequency. 
Note that a larger value of ff results in a longer time interval 
which may reduce control effort, but may also increase the 
integral of the states. Conversely, a smaller value of 9 may 
result in increased control effort and reduced states. The 
standard state equations and the resulting Euler-Lagrange 
equations are presented as follows. 

. .  . .  

(33) 

The control logic for each component of the control vector 
based on Pontryogin's minimum principle for bounded 
coxto! [I?] is shcwx in '.'.!e 1. The fixed fix-' tim 
optimal control problem is posed with free final states so 
that the boundary conditions on the adjoint variables at 
the final time are zero as shown in table 2. The initial 
conditions for the states, (40. Ijo]', result from an applied 
disturbance force which is removed at t = 0. 

3.3. The optimization formulation 

A coupled structuredcontols optimization problem is 
Iu'IIIuLaLCu WlllGill ILlGilUUCb Ucb'gII "",C"U"CS llU'll "UUl UIB 
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conditions. 
t = O  t = t  

state variables [qq] [ q O q O ]  free 
adjoint variables [PI free 0 

structural and the controls aspects of the formulation. The 
structural design objectives is to maximize the fundamental 
natural frequency W I .  The controls aspect of the analysis 
introduces the objectives of minimizing vibration and 
control effort, determined from optimal control theory, 
simultaneously. Since the problem involves multiple 
objective functions, it is desirable to combine these design 
objectives into a single function using a multiobjective 
formulation technique. 

The Kreisselmeier-Steinhauser (KS) function approach 
is used to efficiently combine multiple and conflicting d e  
sign objectives and constraints into a single unconstrained 
function [14]. Recent studies have successfully demon- 
strated the usefulness of the KS function technique in prac- 
tical design problems 11.51. In the KS formulation, each 
original objective function is transformed into a reduced 
objective function as follows: 

,, 5 0 K = 1,  2, ... , NOBJ - FK 

FKO 
FK = - - 1 - g 

(34) 
where PK are the reduced objective functions, FK are the 
original objective functions, F K ~  are their initial values 

maximum constraint. These reduced objective functions are 
analogous to constraints. Therefore, a new constraint vector 
f~ is introduced (A' = NCON + NOBJ) which includes 
the original design constraints and the constraints due to 
the reduced objective functions. The new KS objective 
function to be minimized is then defined as 

^I ,I.̂ I.,.-:..-:-- ^C ^^A. : .---. :..- ..--I - --------.- .L- 
a LUG ur~inooy VI Tabu nrlauuu aiu gmax ~cp~cbrr iw  "it: 

1 NCON+NOBJ 
F = f~., + - In ,P(~N-~N-)  (35) 

N=l 
where hr. m&ipiier p is m&gous io a draw-down factor 
controlling the distance from the surface of the KS function 
to the surface of the maximum function value. A larger 
value of p moves the KS function envelope closer to the 
maximum violated constraint while a smaller value of p 
retains contributions from all of the objective functions 
and constraints. Using this procedure, the use of arbitrary 
weight factors, commonly used to solve multiobjective 
optimization problems, can be avoided. The optimization 
problem is outlined below. 

(i) Objective functions. 

(a) maximize structural natural frequency 01; 
(b) minimize vibration 

and 
(c) minimize control effort . "t, 

1 - / .' [uTRu] dt. 
2. Jo 
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Gradients with respect to the continuous design variables 
are computed using analytical means whenever possible, 
or by using a finite-difference technique. Pseudogradients 
with respect to the discrete variables, aFx/ab,, which 
represents the sensitivity of the design to those variables, 
are constructed by simply calculating the difference F(z i ) -  
F(zi+,)  where zi and zi+, represent possible values of the 
discrete variables. During optimization, the approximate 
problem is solved and the solution is used as a seed point 
for the next linear approximation [7]. 

(ii) Design variables 

(a) Beam cross-sectional parameters, c, d; 
@) ply orientation angles, 0, and 
(c) actuator locations, ai. 

Using the KS function technique, the above multi- 
objective problem is transformed into a singleobjective 
unconstrained optimization problem. The coupled struc- 
turedcontrols optimization problem requires that both dis- 
crete (0,l) and continuous design variables be included in 
the formulation. Purely discrete (0.1) variables are used to 
represent the absencdpresence of a piezoelectric actuator 
pair at a particular location on the structure [3]. These dis- 
crete variables do not possess derivatives while the contin- 
uous variables such as box beam dimensions exhibit at least 
first derivatives. Therefore, a strictly continuous nonlinear 
gradient-based optimization technique is not appropriate for 
this application since the problem formulation includes dis- 
crete design variables. Partitioning the problem into dis- 
crete and continuous subproblems is not valid since all the 
design variables are heavily coupled. To further compli- 
cate the problem, the ply stacking sequence variables must 
assume standard values such as O", 515", 130", 45" and 
90". To overcome these difficulties, the continuousldiscrete 
problem is converted into a purely discrete problem. The 
continuous variables are transformed into discrete design 
variables as shown in 161 and [7]. The value of each con- 
tinuous design variable is selected from a corresponding 
vector of possible discrete values using (0.1) variables. 
Using this transformation, the objective functions can be 
totally represented by a discrete (0,l) design variable vec- 
tor. The transformed problem is then posed in terms of 
discrete variables only. An optimization procedure, based 
on a simulated annealing technique, is used to solve the 
transformed problem. This technique has been shown to 
be effective for optimization of a variety of engineering 
applications [3,4,7,16]. 

The solution using simulated annealing can be 
computationally prohibitive if an exact analysis is used 

approximate analysis, which is based on a first-order Taylor 
series expansion, is used to reduce the computational effort. 
Using this technique, each original objective function, F K ,  
is approximated as follows. 

E-- E....̂ *:̂ " .̂.̂ ,..̂ .:̂ "̂  ..& ^^^I. :*-..-+:.." TI.̂ -̂  - - ~  IUL LUIILUVII cvauauuim ar C~.CII itciauwi. ~ i ~ ~ c f u ~ r ,  an 

where FZ(a.  b) represents each linearized objective 
function and (ao* bo) represents the initial point for the 
approximation. The quantities a1 and br represent the 
continuous and discrete design variables, respectively. The 
quantity NC denotes the number of continuous design 
variables and ND is the number of discrete design variables. 
Since the problem being approximated is nonlinear in 
nature, the approximation is only valid for small increments 
in the design variable values. Therefore, move limits 
are imposed to ensure the validity of this procedure. 

4. Results 

Optimization results are presented for both a nonrotating 
and a rotating composite box beam with embedded 
piezoelectric actuators to study the effect of beam rotation 
or actuator locations. For this study, a box beam of length 
1 m made from a glasdepoxy composite and a stacking 
sequence of (0")a with actuators located on every other 
element is used as a reference design. Material properties 
for this beam are presented in table 3. The disturbance force 
consists of a 1 kg tip load and a unit torque of 1 N m applied 
at the beam tip for a period of 0.1 s and at a frequency of 
20 Hz. Once the disturbance force is removed, the controls 
are active for a,period equal to five times the period of 
the natural frequency of the beam. The continuous design 
variables include the width (c) and the depth (d) of the 
beam. Bounds are placed on c and d to ensure a realistic 
design (25 mm 5 c 5 75 mm, 10 mm 5 d 5 30 mm and 
L/d 2 30). The beam is discretized into ten equal-length 
elements. The absencdpresence of piezoelectric actuators 
in each of the ten beam elements are represented by ten 
discrete (0,l) design variables (ut). These variables are 
labeled in ascending order from the root to the beam tip. 
Recall that the outermost horizontal plies are replaced with 
piezoelecrric wafers in beam elements where actuators are 
embedded. Two ply orientation design variables, 81 and 
e,, are also included. The horizontal and vertical laminates 
are assumed to have identical six-ply lay-ups of the form 

of standard values of O", 515". 530" and 145". 
Four modes of vibration are retained during the 

analysis including the first two modes which represent 
bending. Typically, the third or fourth mode of vibration 
represents the first twist mode, depending on the current 
beam configuration during optimization. The bending and 
twisting modes are coupled for non-zero ply orientations 
as expected. The optimal control portion of the analysis 
is solved using a shooting method [13]. As the control 
effort is increased, the analysis becomes highly nonlinear 
due to bounds on the controls which result in convergence 
problems. By setting the matrices Q = I and R = 25111, 
reasonable reductions in the states and control efforts are 
obtained while minimizing convergence problems. 

The optimization results for nonrotating (Q. = 0) and 
rotating (Q. = 300) beams are presented in table 4 and 
figures 3-7. Significant improvements are observed in all of 
the objective functions compared to a reference design. For 
example, the natural frequency (U,) ,  which is maximized, 
increases by approximately 46% for both Q = 0 and Q. = 
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Table 3. Material properties 

EL Er G P 41 E,, 
Material (GPa) (GPa) (GPa) U (kg m-3) (m V-') (v m-') 
E-glass/epoxy 42.0 14.0 7.00 0.25 1620 - - 
PZT G-1195 63.0 63.0 22.5 0.20 7600 -166 x 600 x lo6 

15 1 

Figure 3. Natural frequency: reference and optimum. 

300 cases as shown in figure 3. The optimization procedure - -  
leads to reductions in the states (4 Jl [qglTQ 1 I dt) 

L -_I  

and control effort (i$[uTTRu]dr) by more than an 
order of magnitude for both the nonrotating and rotating 
cases indicating a significantly improved optimum design 
compared to ihe reierence design as shown in figures 4 
and 5. It must be noted that these results depend on the 
nature of the disturbance force. The solution also depends 
on the choice of the weight matrices Q and R. These 
matrices are chosen such that they produce a reasonable 
vibration reduction and control effort minimization for all 
of the designs within the bounds of the design variables 
rather than to produce an excellent response for one specific 
design. The convergence of the optimal control problem 
is also sensitive to the choice of these matrices. Further 
improvements can be obtained by fine tuning these matrices 
for the desired improvements of vibration reduction and 
control effort Despite the dependence of the optimal 
design on the disturbance force and Q and R matrices, 
it is clear from figures 3-5 that significant improvements in 
both the structures and controls design criteria are obtained 
using the developed procedure. The effect of rotation is 
more evident from the design variable trends and the final 
actuator configurations which is described next. 

T ~ P  desipr! Y&L&!~S for the referexe and t!~e cptimil 
designs are presented in table 4 for both the nonrotating and 
the rotating cases., The optimum beam width (c) decreases 
compared to the reference design for both cases. This result 
is not intuitively obvious since a wider actuator can produce 
a larger force compared to a narrow actuator. However, 
such a design is associated with an increase in ineitial 
load thus resulting in increased control effort. The beam 
depth (d) reaches its upper hound in both nonrotating and 
rotating cases. This is expected since a greater bending 
moment is generated due to the increased distance between 
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Figure 4. Vibration index: reference and optimum. 

0.Wl 
, n=o n = m  

ref. opt. rct. opr. 

Figure 5. Control effort: reference and optimum. 

Figure ti. Final actuator configuration for the nonrotating 
case. 

c - r:__, -.A...- ...._ I? I._ ...... : - -~ ~~~~ rigure I .  ririai actuator wnriguranon Tor me roraung case. 

the actuators on the upper and lower surfaces of the 
beam. The optimal stacking sequence of the nonrotating 
case is (-W, Oo)3 as shown in table 4. Therefore, the 
actuators have some authority over the twisting modes 
due to bending-torsion coupling. In the rotating case, 
the optimum stacking sequence is (0°)6. This represents 
a decoupling of the bending and twisting modes resulting 
in an uncontroiied twisting mode since the actuators oniy 
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Table 4. Optimization results4esign variables. 

SL=ORPM SL = 300 RPM 
Reference Optimum Reference Optimum 

c(mm) 50.0 38.4 50.0 46.1 
d (mm)  20.0 30.0 20.0 30.0 
81 (") 0 -15 0 0 

0 0 0 
ffi 1 1 1 1 
a(') 0 

ffZ 0 1 0 1 
a3 1 0 1 1 
a4 0 1 0 1 
a5 1 0 1 1 
a6 0 0 0 0 
017 1 1 1 1 
a8 0 0 0 0 
ffs 1 0 1 1 
a10 0 0 0 0 

affect bending in this case. However, stability of the twist 
mode does not appear to be a problem, since the vibrational 
mp!it.:des. do cct .":.erg. In gesera!, rotatias stiffeas. 
the beam which reduces the response of the beam to the 
disturbance force. The reference natural frequency of the 
rotating beam is slightly higher than the nonrotating beam 
(figure 3). Since the piezoelectric actuators rotate along 
with the beam, the stiffness of the actuators also increases 
by a small amount. Therefore, the effectiveness of the 
actuators would seem to remain unchanged due to rotation. 
However, four actuators are present in the optimum design 
of the nonrotating case while seven actuators are present 
in the rotaiing case. Tnis indicaies ibe sensitivity of ihe 
controls to rotation. The actuators are denser than the 
surrounding composite materials and are discrete in nature. 
Therefore, the actuators also act as tuning masses in this 
scaled model in addition to their original role as induced 
sbajn actuators for the purpose of vibration reduction. It 
is expected that this effect will be less significant in a 
full-scale model. The increased mass also intensifies the 
stiffening of the beam due to rotation. In both cases, 
the majority of the actuators in the optimal configurations 
appear near the root of the box beam as expected and as 
shown in figures 6 and 7. The optimization procedure 
using the approximate analysis is computationally efficient. 
Approximately 3.0 h of CPU time for the nonrotating case 
and 1.4 h for the rotating case are required using a Sun 
SPARClO workstation. If an exact analysis were used for 
each iteration, 8.0 d of CPU time would be required for the 
nonrotating case and 3.5 d would be needed for the rotating 
case. This represents a saving of 98% for both cases. 

5. Concluding remarks 

An optimization procedure was developed with the cou- 
pling of controls and structures using the Kreisselmeier- 
Steinhauser multiobjective optimization formulation. Sim- 
ulated annealing was used for optimization and an approxi- 
mation techniques was used to reduce computational effort. 
A simplified model of an intelligent rotating composite box 
beam was developed with embedded piezoelectric actua- 
tors fcx vibxfinn cen~o!. llre mode! icdded the cospkg 

of bending and torsion. Objective functions were included 
from both the structural and the controls aspects of the 

mensions, ply stacking sequence and actuator locations. A 
transformation technique was used to include both contin- 
uous and discrete design variables in the optimization for- 
mulation. The effect of beam rotation was studied by ana- 
lyzing both nonrotating and rotating cases. The following 
important observations were made from the current study. 

(i) The developed structures/controls optimization 
procedure based on a simulated annealing technique is 
computationally very efficient. 

(ii) Significant improvements of all objective functions 
are achieved in both nonrotating and rotating cases. 

(iii) In both the nonrotating and rotating cases, the depth 
of the box beam increased as expected during optimization. 
The width decreased, however, in an effort to decrease the 
inertial load which reduced the contra1 effort. 

coy!& p:&!eAys, De$ig~ .;&&&as ific)&d &x b ~ %  di- 

m ~ . -  ~~~~~ inis researcn was supporied by he W Army Research 
Office under grant DAAH04-94-G-0157; technical monitor, 
Dr Gary Anderson. 
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