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The spacecraft antenna reflector orbiting in the space environment would be exposed
to continuous variation in both temperature level and temperature distribution
because of the variation of solar radiation and shadowing conditions (temperature
varies from −80 to 180 °C). The thermally induced structural responses would occur
with the variations of the on-orbit thermal loads. Thermal induced deformation
could adversely affect the performance of antenna reflector. The thermally induced
deformation can be controlled using lead-based piezoelectric actuator. In the last few
decades, these lead-based piezoelectric ceramics are used abundantly due to their
superior performance. However, these lead-based piezoelectric ceramics are toxic in
nature and cause severe health and environmental problems during its fabrication. In
this study, thermally induced deformations in the antenna reflector are controlled
using lead-free piezoelectric ceramics. Finite element formulation of layered com-
posite antenna reflector has been presented to predict the deformation. Further beam
shaping and beam steering of the antenna reflector through the piezoelectric actuator
has been demonstrated. Finally active shape control of antenna reflector has been
demonstrated by optimising the size and location of piezoelectric patches and the
applied electric potential.

Keywords: finite element modelling; active shape control; lead-free piezoelectric
ceramics; antenna reflector

1. Introduction

Spacecraft antennas are used as radars, satellite communication networks and
space-borne remote sensing systems. Performance of such systems deteriorates with the
distortion in their shape and surface. These distortions may get introduced due to
manufacturing defects, in-orbit thermal distortion, material degradation, loose structural
joints or creep as stated in Agrawal, Elshafei, and Song (1997). To keep the distortion
level within prescribed limit or to retain the original shape, piezoelectric actuators are
utilised for the shape control. Further these antennas have a limitation that they can
provide only one particular beam pattern. Realignment of whole satellite is required if
one needs to scan from one point to another or to vary beam pattern. Shape control can
also help to make an antenna capable of scanning from one point to another as well as
capable of changing desired coverage area without any realignment. The property of
antenna which allows it to scan from one point to another without realignment is
referred to as beam steering and the property which allows it to change the desired cov-
erage area, either to increase or decrease, is referred to as beam shaping as stated by
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Washington (1996) and depicted in Figure 1(a). A number of smart materials are avail-
able such as piezoelectric, shape memory alloys and electrostrictive materials, which
may be used as actuators for shape control. Many researchers have successfully demon-
strated the use of piezoelectric materials as sensors and actuators. Koconis, Kollar, and
George (1994) used piezoelectric actuators in shape control of structural elements such
as composite beams, plates and shells. Voltage needed to achieve desired shape was
calculated analytically using two-dimensional, linear, shallow shell theory including
transverse shear effects. Agrawal and Treanor (1999) presented the analytical and
experimental results on optimal placement of piezoceramic actuators for shape control
of beam structures. The analytical model for predicting beam deformation was based
on Euler–Bernoulli model. It was found that simultaneous optimisation of the locations
and input voltages of a fixed set of actuators proved to be unreliable, thus optimised
actuator locations and input voltages were found separately to produce much more reli-
able results. A literature review is presented by Irschik (2002) for shape control of
structures, where special emphasis is laid upon smart structures with piezoelectric con-
trol actuation. Haftka and Adelman (1985) introduced the concept of shape control by
presenting analytical procedure for computing temperatures in control elements so as to
minimise the overall distortion of large space structures from their original shape. Capa-
bilities of piezoelectric materials are sufficiently enough for certain applications such as
recovering from the effects of thermal distortion and manufacturing surface errors.
Yoon and Washington (1998) developed an active aperture antenna that employs Lead
zirconate titanate (Pb [ZrxTi1−x] O3) (commonly known as PZT) strips as actuators.
The electric field is applied to the PZT strip, which makes it to expand or contract.
When joined perfectly on structure, this expansion or contraction causes the production
of a bending moment which makes the structure bend. This can also help in achieving
beam shaping and beam steering for antenna reflector. Agrawal et al. (1997) used
higher deformation theory to develop finite element model for a composite plate with
piezoelectric sensors and actuators. The voltages applied to the actuators are optimised
to minimise the error between the desired shape and the deformed shape. Doubly
curved antenna structure was modelled by Yoon, Washington, and Theunissen (2000)
as shallow spherical shell, to achieve better performance in controlling the coverage

Figure 1. (a) Beam shaping and beam steering phenomenon Washington (1996). (b) General
parabolic shape of antenna reflector.
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area. They showed that an active aperture antenna can be developed using piezoelectric
actuators which can be used to change far-field radiation patterns by shape changing.
Gupta (2011) carried out optimisation based on genetic algorithm (GA) to find out opti-
mum location, length and applied electric field to the piezoelectric actuators to achieve
desired steering of antenna.

In this paper, shape control of antenna reflector (Figure 1(b)) with the help of vari-
ous piezoelectric materials is carried out using finite element formulation based on
degenerated shell element for generally used laminated paraboloidal shell structure. The
model is validated with existing literature and a numerical study is carried out for the
shape control along with beam shaping and beam steering of a laminated antenna
reflector under thermal loading. PZT is abundantly used as sensors and actuators, which
contains 60 weight percent lead. Due to its high toxicity use of lead has been aban-
doned from many commercial applications and materials. Although there has been a
concerted effort to develop lead-free piezoelectric ceramics, no effective alternative to
PZT has yet been found. Here, an effort has been made to study some lead-free
piezoceramics which can be used as an alternative for PZT.

2. Material and finite element methods

2.1. Material

In this paper, emphasis is given to replace the lead-based piezoelectric materials with
environment-friendly lead-free materials. Both lead-based and lead-free materials are
mostly used in transducer applications. Yasuyoshi et al. (2004), Maeder, Damjanovic,
and Setter (2004), Takenaka, Nagata, and Hiruma (2008), Aksel and Jones (2010) have
reported various alternatives to lead-based piezoelectric materials. Despite the concerted
effort from a number of researchers to develop lead-free piezoelectric ceramics, no alter-
native to completely replace PZT has yet been found. In this paper following two lead-
free piezoelectric materials have been selected to study their performance in comparison
to PZT. One material is K.475Na.475Li.05 (Nb.92Ta.05Sb.03) O3 (KNLNTS) presented by
Lee, Kwok, Li, and Chan (2009) and the other is .885 (Bi.5Na.5) TiO3-.05 (Bi.5K.5)
TiO3-.015 (Bi.5Li.5) TiO3-.05BaTiO3 (BNK-LBT) presented by Chan, Choy, Chong, Li,
and Liu (2008). An effort has been made to use them as an alternative for PZT in beam
shaping, beam steering and shape control of antenna reflectors. The reason to select only
these two materials is that KNLNTS and BNKLBT are lead-free piezoelectric materials
that have comparable piezoelectric properties to PZT. Properties of these materials are
given in Table 1.

2.2. Finite element method

In this section, finite element formulation of composite piezolaminated layered shell is
presented to predict static response. The formulation is based on first-order shear defor-
mation theory. First geometric and displacement field expressions are given, followed
by piezoelectric constitutive equations and electric field expressions. Finally equations
of motion are described. Figure 2(a) shows a piezolaminated composite structure hav-
ing n-layers. Top and bottom piezoelectric layers act as actuators. The thickness of pie-
zoelectric layer is very less when compared to shell structure. The piezoceramic layers
are perfectly bonded above and below on shell surface and the effect of bonding mate-
rial is neglected on the properties of structure. The major contribution of this paper is
the study of beam shaping, beam steering and optimised shape control of parabolic
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antenna reflector using lead-free piezoelectric materials. The theoretical and numerical
formulation of both types of materials is the same. The laminated composite structures
under consideration are made up of various laminae with various stacking sequence,
details of which will be discussed later.

Table 1. Material property table.

Host
structure

Piezo-electric materials

Properties
Corbon-
epoxy

PZT (Lead
zirconate
titanate)

KN-LN-TS
(Potassium sodium

niobate based
ceramic)

BNK-LBT
(Bismuth titanate
based ceramic)

Elastic moduli
(109 Pa)

E1 135.2 61 87 110.5
E2 9.24 61 87 110.5
E3 9.24 61 87 110.5

Poisson ratio v12 .32 .29 .39 .278
v23 .32 .29 .39 .278
v31 .32 .29 .39 .278

Shear moduli
(109 Pa)

G12 =
G23 =
G13

6.28 23.64 31.29 43.23

Density (kg/m3) 1600 7700 4600 5780
Piezoelectric

charge constant
d31 =171e-12

(m/V)
e31 =16.3 (C/m2) e31 =3.91 (C/m2)

d32 =171e-12
(m/V)

e32 =16.3 (C/m2) e32 =3.91 (C/m2)

Electric
permittivity
(10−9 f/m)

b11 16.5 5.43 2.283
b22 16.5 5.43 2.283
b33 16.5 6.6 3.929

Thermal
expansion
(10−6 m/m°C)

α11 −.30 1.2 2.96 3.8
α22 28 1.2 2.96 3.8

Figure 2. (a) Piezo-laminated layered shell structure. (b) Nine node degenerated shell element
Kumar et al. (2008).
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2.2.1. Geometry and displacement field

In the present study, nine nodded degenerated shell element (shown in Figure 2(b)) has
been taken into consideration for finite element formulation. The coordinates of
arbitrary point within the shell can be given in terms of thickness and nodal coordinates
as:
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z
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; ¼
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where xi, yi, zi are the global coordinates of mid-surface node i, hi is the thickness of
node i, t is the thickness of shell element, l3i, m3i, n3i are the normal unit vectors at
node i, Ni is the shape function and nnel is the No. of nodes per element.

Taking into account the shell assumptions of degeneration process, the displacement
field is described by five mechanical degrees of freedom i.e. three displacements
(u, v, w) and two rotations (αi, βi). The displacement of any point within the element
can be given as:
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where l1i, m1i, n1i are the direction cosines of tangent unit vector V1i and l2i, m2i, n2i
are the direction cosines of tangent unit vector V2i. The rotations about V1i, V2i are αi
and βi.

2.2.2. Piezoelectric constitutive equations (direct and converse effect)

The linear piezoelectric constitutive equations representing direct and converse piezo-
electric effect are given as follows (Kumar, Mishra, & Jain, 2008).

Df gk ¼ �e½ �k ef gk þ �b
� �

k
Ef gk þ �pf gkHk (3)

rf gk ¼ Q
� �

k
ef gk � e½ �Tk Ef gk � k

� �
k
Hk (4)

where {D}, {E}, {ε}, {σ}, {p} and {λ} are the electrical displacement, electric field,
strain vector, stress vector, pyroelectric coefficient and stress–temperature coefficient,
respectively. [Q], [e], [b] are the elastic stiffness coefficients, piezoelectric coefficient
and dielectric constant matrix, respectively.

The above piezoelectric constitutive equations are in material coordinates. These
equations are required to be converted to global coordinates. This can be done through
transformation presented by Kumar et al. (2008).

�k
� �

k
¼ Te½ �T To½ �Tk kf gk (5)

e½ �k ¼ Tv½ �T e½ �k To½ �k Te½ � (6)

b
� �

k
¼ Tv½ �T b½ �k Tv½ � (7)

Q
� �

k ¼ Te½ �T To½ �Tk Q½ �k To½ �k Te½ � (8)
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where [Tv] is the vector transformation matrix, [To] is the ply orientation transformation
matrix and [T�] is the strain transformation matrix.

2.2.3. Electric field

In the present study, it is assumed that the electric field acts in thickness direction of
piezoelectric layer and electric effect is constant within a layer of element as discussed
by Detwiler, Shen, and Venkayya (1995). Within an element, electric field inside kth
layer can be given mathematically as:

Ef gk ¼ � Bu
� �

e
upk (9)

B/

� �
e
¼ 1

tpk

l3
m3

n3

8<
:

9=
; (10)

where tpk, ∅pk are the thickness and electric potential of kth piezoelectric layer,
respectively.

2.2.4. Equations of motion

The governing equations for an element can be written as (Detwiler et al. (1995))

½Kuu�e qf ge þ ½Ku/�e /f ge � ½Kuh�e hf ge ¼ Fmf ge (11)

½K/u�e qf ge � ½K//�e /f ge þ ½K/h�e hf ge ¼ Fq

� �
e (12)

where ½Kuu�eis the elemental elastic stiffness matrix,½Ku/�eis the elemental elastic–
electric coupling stiffness matrix, ½K//�eis the elemental electric stiffness matrix,
½Kuh�eis the elemental elastothermal stiffness matrix and ½K/h�e is the elemental electro-
thermal stiffness matrix as given by Detwiler et al. (1995). {Fm}e and {Fq}e are applied
mechanical force and applied electrical charge for an element, respectively. {q}e is the
elemental nodal displacement vector, {∅}e is the elemental voltage vector and {θ} is
the elemental temperature vector. By assembling the elemental equations, we will get
global governing equations as:

½Kuu� qf g þ ½Ku/� /f g � ½Kuh� hf g ¼ Fmf g (13)

½K/u� qf g � ½K//� /f g þ ½K/h�e hf ge ¼ Fq

� �
(14)

3. Numerical results

3.1. Validation of finite element model

The finite element model presented above was first employed to reproduce the analytical
results presented by Lam, Peng, Liu, and Reddy (1997) for the purpose of validation. A
cantilever laminated composite plate (200 mm × 200 mm) with both the upper and lower
surfaces symmetrically bonded by piezoelectric ceramics as studied by Lam et al. (1997)
has been modelled. Thirty-six elements (6 × 6) are used to model the plate. The plate
consists of four composite layers and two outer piezo-layers. The stacking sequence of

204 C.K. Susheel et al.



the composite plate is [−θ/θ/−θ/θ] and θ = π/4. The total thickness of the composite plate
is 1 mm and each layer has the same thickness (0.25 mm); the thickness of each
piezo-layer is 0.1 mm. The effects of adhesive layers have been neglected. The plate is
made of graphite–epoxy composites and the piezoceramic is PZT.

First, the voltage of −10 V and +10 V is applied across the thickness of top and
bottom piezoelectric actuators, respectively, and the static deflection of the plate is cal-
culated by the proposed finite-element model. Figure 3(a) shows the deflection along
the centreline of cantilever plate due to the voltage applied to the actuators. The
abscissa represents distance measured along the centreline from the fixed end of the
beam. Second, the deflection of the plate is calculated for different applied voltages
extending from 0 to 60 V. Figure 3(b) shows the deflection of the centreline’s free end
point. It can be seen in Figures 3(a) and (b) that the results produced by finite element
model meet exactly with referred analytical results.

Finally, the actuator’s effect on the shape control is investigated. The originally flat
plate is first subjected to a uniformly distributed load of 100 N/m2 so as to produce ini-
tial bending in it. Then to flatten the plate again, active voltage is input incrementally
until the centreline deflection of the plate is reduced to a desired tolerance. Figure 3(c)
shows the calculated centreline deflection of the composite plate subjected to uniformly
distributed load under three different input voltages viz. 0, 30 and 50 V. The results
obtained by finite element model are in agreement with the analytical results referred.
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Figure 3. (a) Centerline deflection of the plate (actuator input voltage = 10 V). (b) Deflection of
free end point against actuator input voltage. (c) Centerline deflection under uniform load and
different actuator input voltages Lam et al. (1997).
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3.2. Active shape control of paraboloidal antenna reflector

A doubly curved shallow paraboloidal antenna reflector made of laminated [90/0/90]
composite (carbon–epoxy) is considered for numerical investigation. The antenna
reflector with height h = 0.0583 m, radius R = 0.2023 m and thickness 3.75 mm is con-
sidered. It consists of a small circular cut-out of 0.3 around the apex for mounting. For
the actuation of the antenna reflector, eight piezo patches are bonded along the meridi-
ans separated by 90°, respectively, in a bi-morph arrangement and thus forming four
actuators as shown in Figure 4. Thickness of each piezo patch is 1.3 mm. Equal
voltages with opposite signs are applied across the thickness of the outer and inner
piezoelectric actuators, respectively. The properties of the unidirectional composite
(carbon–epoxy) of which host structure is formed and the piezoelectric materials
chosen for the study are shown in Table 1.

3.3. Beam shaping of antenna reflector

Beam shaping performance characteristics of antenna reflector are highlighted in this
section. Beam shaping means widening or narrowing the main beam. It is used when
there is a need for change in coverage area of antenna reflector. For the paraboloidal
antenna reflector shown in Figure 4, this can be achieved by applying equal voltage of
opposite sign at inner and outer piezo-layers to all actuators. Because of symmetric
loading and geometry, a quarter of the antenna reflector is modelled as shown in
Figure 5(a) and a mesh has been generated using 10 × 16 degenerated shell elements.
Piezo-patches are placed as shown in Figure 5(a). When the voltage of 300 V (assum-
ing maximum operating range that can be taken by PZT patch is �300V) is applied to
top layer piezoelectric actuator and −300 V to bottom layer piezoelectric actuator, out-
ward deformation is obtained whereas when the voltage of −300 V is applied to top
layer piezoelectric actuator and 300 V to bottom layer piezoelectric actuator, inward
deformation is obtained. Resulting deflections (scaled by a factor of 20 for clarity)
along the edges AOC and BOD are plotted in Figure 6(a) and (b), respectively. It is
observed that all points A, B, C, D move outward or inward. This type of deformation
is useful in changing the coverage area of antenna.

Figure 4. Piezo-laminated paraboloid in bimorph arrangement.
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Beam shaping of antenna reflector is further studied using two other piezoelectric
materials which are lead-free. Piezoelectric properties of these materials are shown in
Table 1. For clarity resulting deflection obtained at 300 V is scaled by a factor of 20
and their comparison with PZT is shown in Figure 7. It is found that deflection
obtained in case of PZT is maximum when compared with others.

Figure 5. Typical finite element model with piezoelectric patches. (a) Quarter part used to
achieve beam shaping. (b) Half part used to achieve beam steering.
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(b) along the edge BOD.
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3.4. Beam steering of antenna reflector

Beam steering is another performance characteristic which refers to changing the
principal direction of the antenna reflector and is used when one needs to change
the scanning area from one location to another location. For the paraboloidal
antenna reflector shown in Figure 4, this can be achieved by applying opposite volt-
age to pairs (viz. (A, B) & (C, D)) of piezoelectric actuators. In this study, for pair
(A, B)+300 V is applied to top layer of piezoelectric actuator and −300 V is applied
to bottom layer of piezoelectric actuator whereas for pair (C, D), −300 V is applied
to top layer piezoelectric actuator and +300 V is applied to bottom layer of piezo-
electric actuator. For this case, geometry is symmetric about AC and BD but load-
ing is not symmetric about either AC or BD. However, loading is symmetric about
PR as shown in Figure 4, therefore half part of paraboloid shell is modelled as
shown in Figure 5(b). Resulting deflection (scaled by a factor of 20 for clarity)
along the edge AOC is plotted in Figure 8(a). Steering in opposite direction can be
obtained if opposite voltage is applied to the pair (A, B) and (C, D) as depicted in
Figure 8(a). It is observed that points A, B, C, D move in such a way that the
reflector rotates about its axis. This type of deformation changes the principal direc-
tion and hence is suitable for beam steering.

Beam steering of antenna reflector is further studied using two other piezoelectric
materials namely KNLNTS and BNK-LBT which are lead-free. The same geometry
and loading conditions, as used for PZT, are used for these materials too. A compara-
tive plot of deflections achieved with these materials has been shown in Figure 8(b).
For clarity resulting deflections are scaled by a factor of 20. It is observed that deflec-
tion of rotation axis obtained in case of PZT is maximum when compared with others.
However, KNLNTS gives the performance very near to PZT. Thus, KNLNTS can
become a possible replacement for PZT.
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3.5. Active shape control under thermal loading

The antenna reflectors are exposed to severe space environment with wide temperature
variation from −80 to +180 °C which causes distortion in the original shape leading to
weak performance. The model has been analysed by assuming that a linear thermal gra-
dient acts across the thickness of the antenna reflector with a temperature of 25 °C on
the outer surface and a temperature of 20 °C on the inner surface. Due to symmetry in
geometry of antenna reflector and thermal conditions, quarter part is considered for the
analysis. Initially, to regain the shape, various locations and number of patches are tried
randomly and the calculations are done until the local displacement along AOC is
reduced to a desired tolerance. Figure 9 shows the location and number of patches
which regain the shape to a desired tolerance. Equal voltage is input incrementally to
each actuator. Figure 10 shows the resulting local deformation along AOC. The original
undeformed shape is kept as datum and thus it appears as a straight line of zero defor-
mation. From the graphs it can be seen that after thermal loading, the highest deforma-
tion in the range 3.4e-5 is achieved near the free end of antenna reflector. Shape
control achieved by applying 40, 70 and 100 V has also been shown. Although an
applied voltage of 100 V brings most of the surface of the deformed antenna reflector
back to nearly original shape yet at the end negative deformation is observed which is
considerably high. This indicates a need for proper optimisation of dimensions and
locations of piezoelectric patches and the voltage applied so as to achieve better shape
control.

Before taking up the optimisation the performance of the other two lead-free
materials (KNLNTS and BNK-LBT) for active shape control of antenna reflector with
the model shown in Figure 9 has been studied. Considering that the best results are
obtained at 100 V for PZT, performance of the other two materials has first been stud-
ied at the same voltage and the comparative plot of all the materials has been depicted
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in Figure 11. It is found that shape regain of reflector is best for PZT followed by
KNLNTS and BNK-LBT, respectively, when applied voltage is 100 V. Now, the finite
element model has been used to find out the voltage at which KNLNTS gives best
shape control as shown in Figure 12. It is found that for KNLNTS-based piezoelectric
material the original shape of antenna reflector has been obtained at 200 V. Although
there is a significant increase in voltage, lead-free piezoelectric patches can be used in
order to overcome the harmful effects of lead-based piezoelectric patches. Therefore, in
the case where use of lead-free material is of prime importance KNLNTS-based piezo-
electric material can be used instead of PZT.

Figure 9. Finite element model with quarter part of paraboloidal antenna reflector showing
locations of piezoelectric patches for thermal shape control.
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3.6. Voltage and patch location optimisation

In this section, to regain the original shape of distorted paraboloid antenna under thermal
load, optimised locations and lengths of patches along with optimised voltage for each
patch are obtained. Discrete piezoelectric patches that cover full element have been
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Figure 11. Shape control of antenna reflector achieved by applying 100 V to different piezoelectric
materials.
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Figure 12. Shape control of antenna reflector obtained by applying 100 V to PZT patches and
200 V to KNLNTS patches.
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considered for this purpose. Figure 14(a) shows the quarter part of the paraboloidal
antenna with original as well as distorted shape due to thermal loading. For this case, a
stochastic optimisation method such as GA is more useful for the optimisation when
compared to gradient-based technique. The reason being that the gradient-based
techniques begin their search for solution in the neighbourhood and if there are more
than one local minimum or maximum, then it may not find the correct global optimum.
This problem does not arise with GA as it uses function values instead of function
derivatives and searches for optimal values almost randomly in a broad search space.
GA starts with initial population of random numbers based on individual variables. It
uses the fitness value for each random number of the chosen population using the
objective function which is to be optimised. Then, processes such as reproduction,
crossover and mutation are used to obtain new population. This process of generation of
new population continues until maximum number of generations is reached or optimal
values have reached their tolerances. The flow chart of optimisation procedure using GA
is shown in Figure 13.

The shape of antenna reflector is principally outlined by the shape of its mid-plane.
Thus, after meshing it is defined by the displacement of the nodes on the mid-plane.
Also, the induced deflection due to the piezoelectric actuators is dependent on
geometry, material properties of actuator, the applied voltage, the length and number of
piezoelectric actuators. Therefore, an error between achieved shape and desired shape is

Figure 13. The flow chart of optimization procedure using GA.
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considered as the objective function for the optimisation problem and can be defined as
the sum of the squares of the deviation in desired displacement and achieved
displacement at all the nodes.

error ¼
Xnnode
i¼1

udi � uið Þ2 þ vdi � við Þ2 þ wdi � wið Þ2
� 	

where nnode = number of nodes
udi , vdi , wdi = Desired deflection at node i
ui, vi, wi = Achieved deflection at node i
For the optimal shape control of antenna reflector, it is desired to minimise the error

by finding the set of optimal parameters. In order to obtain this, there will be a lower
and upper bound constraint on these parameters which are to be optimised. Therefore,
putting together these constraints the optimisation problem can be defined as:

min; error
subjected to
cmin 6 c 6 cmax

where cmin and cmaxare the minimum (lower bound) and maximum (upper bound) con-
straints applied on various parameters such as patch location and size, and voltage.

The parameters used for optimisation are location and size of actuators and the volt-
age applied to actuators. The locations of piezoelectric patches are constrained to lie
between 1 and total number of elements. The lengths of patches are constrained to lie
between 1 and maximum number of elements in meridional direction whereas the width
of patches is kept fixed to one element only. The voltages are constrained to be in the
range of 0–300 V. A total of six patches have been used in this case. Different values
of mutation and crossover probabilities were tried in GA and finally a mutation proba-
bility of .02 and crossover probability of .80 were selected for the population size of
200. Optimum voltage and patch locations are shown in Table 2, which are graphically
shown in Figure 14(b). Figure 15(a) shows the deflection along AOC with respect to
the original shape. The original un-deformed shape is kept as datum and thus it appears
as a straight line of zero deformation in Figure 15(a). The curve with the dashed lines
represents the deflections along edge AOC after the thermal loading. The dotted curve
overlapping the original shape straight line represents the final deflections along edge
AOC after the optimised control voltage is applied to the thermally distorted shape. It
is clear from Figure 15(a) that the optimisation has enabled nearly 100% regain of the
original shape.

Active shape control of antenna reflector is further studied for other piezoelectric
material KNLNTS which is lead-free. Optimum voltage and patch locations when

Table 2. Optimised voltage applied to individual patch (for PZT).

Patch No. Patch locations Voltage (V)

1 35 36 37 38 39 40 48.84930
2 103 104 105 106 63.50481
3 58 32.12093
4 1 2 3 4 5 1.00043
5 68 1.00000
6 135 136 137 138 98.84162
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KNLNTS is used are shown in Table 3. Figure 15(b) shows the deflection along AOC
with respect to the original shape. The dotted curve overlapping the original shape
straight line represents the final deflections along edge AOC after the optimised control
voltage is applied to the thermally distorted shape. Thus, Figure 15(b) shows that
nearly 100% regain of the original shape can be achieved using KNLNTS as well when
proper optimisation for the locations and sizes of the actuators and the voltage applied

Figure 14. (a) Deformed (dark) and un-deformed (light) shape of quarter part of antenna
reflector under thermal loading. (b) PZT piezoelectric patches at optimum locations on the quarter
part of antenna reflector.
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Figure 15. (a) Shape control achieved by applying optimised voltage to (a) PZT patches at
optimised locations (b) Lead free KNLNTS patches at optimised locations.
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to the actuators is done. Although a significant increase in the voltages applied is
observed (Tables 2 and 3) when KNLNTS actuator patches are used instead of PZT
actuator patches yet in order to overcome the harmful effects of lead-based piezoelectric
patches KNLNTS can successfully be used as a lead-free material for the active shape
control.

4. Conclusions

Piezo-thermo-elastic laminated shell has been modelled and analysed using finite ele-
ment method. Beam shaping and beam steering phenomena of antenna reflector as well
as shape control of antenna reflector have been demonstrated. Performance of lead-free
piezoelectric materials KNLNTS and BNK-LBT has been compared with the perfor-
mance of lead-based PZT for beam shaping, beam steering and shape control of
antenna reflector. It is observed that best performance is achieved by using PZT when
compared with other two materials. However, if it is required to use lead-free materials
then KNLNTS can be used as an alternative. Further optimisation has been done for
sizes and locations of piezoelectric patches and the voltage applied. It has been demon-
strated that optimised sizes and locations of piezoelectric patches along with optimised
voltage applied can efficiently cancel off the thermal distortion of antenna reflector.
Efficient shape control has been demonstrated using lead-free piezoelectric material
KNLNTS though voltage applied is higher for this when compared to PZT.
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