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Abstract 
 
Piezoelectric materials are widely used as smart structures in cubic reconnaissance satellites because of their sensing, actuating, and 

energy-harvesting abilities. In this study, an analytical model is developed in specific mechanical thermal shocking conditions. A special 
circuit and apparatus is designed for experimentation on the basis of the inverse piezoelectric effect. An equivalent circuit method is used 
to establish the relationship between the resistance and peak-to-peak voltage of lead zirconate titanate used as smart materials for cubic 
reconnaissance satellites. Various frequencies and resistance were applied in different mechanical thermal shocking conditions. Moreover, 
numerical simulations are conducted in various mechanical loading conditions to determine the accumulative effect. The model provides 
a novel mechanism to characterize the smart structures in cubic reconnaissance satellites. A rise in temperature increases peak-to-peak 
voltage; a rise in frequency decreases peak-to-peak voltage; and intensified resistance decreases peak-to-peak voltage. Based on experi-
mentation and simulation, the optimum resistance is predicted for the various frequencies and temperatures. The various conditions may 
correspond to the different applications of smart structures for cubic reconnaissance satellites. The analytical calculations are in good 
agreement with experimental and numerical calculations.  
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1. Introduction 

Satellites have been used in many military applications, in-
cluding infrared sensors to track missile launches, electronic 
sensors to listen to classified conversations, and optical and 
other sensors to aid in military surveillance. Reconnaissance 
satellites have also been proven beneficial to civilians, such as 
with the use of commercially available satellite photographs 
with surface features and structures (e.g., fire-sensing photo-
graphs of remote forested areas). The future of the aerospace 
industry depends on the development of smart structures (i.e., 
piezoelectric materials) [1, 32]. Since the last few decades, the 
importance of smart structures (i.e., from nanostructures to 
megastructures) is undeniable. However, to optimize megas-
tructures as microstructures, energy as an external voltage 
source is needed to sense and actuate a device. To overcome 
this problem, smart structures (e.g., piezoelectric materials) 
have been considered because of their self-actuation properties, 
although their structural dimensions and weight should be 
optimized for cubic satellites. The future of the aerospace 

industry highly depends on the application of these smart 
structures. On the one hand, smart structures can be directly 
used as a power source to recharge batteries and provide en-
ergy to wireless sensors in satellites; on the other hand, they 
can be easily molded to any shape [2-4]. Very large space 
structures are difficult to control because of damping issues, 
but these problems can be resolved using smart structures [5]. 
However, a fundamental problem in designing satellites is the 
effect of resistance and frequency caused by a robust satellite 
structure [6]. Accordingly, reconnaissance satellite structures 
can adapt to space environments by utilizing smart materials 
to dampen the vibrations of active tuned mass dampers [7]. 
Piezoelectric sensors can also be used as pneumatic controls 
for different actuators, which in turn can be further utilized in 
various applications [8]. Furthermore, mechanical thermal 
shocking conditions are important for space structure stability 
and workability; accordingly, the Moiré method was proposed 
because 90 % of the reduction was observed in theodolites [9]. 
Weight reduction is also important to ensure the robustness 
and optimization of satellite designs [10]. However, depolari-
zation is complicated at high thermal shocking temperatures 
near the Curie temperature; at this point modal analysis at 
various frequency levels can be used to obtain the most opti-
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mized vibration and resistance [11]. An analytical solution for 
piezoelectric bimorph energy harvesters is presented to ob-
serve the range of satellite tuning for various frequency appli-
cations and resistances, and ultimately, to achieve a hybrid 
structure [12]. Subsequently, the electrical and mechanical 
properties of piezoelectric materials are predicted in different 
thermal conditions to obtain the optimized results for satellites 
with smart structures [13]. Energy is wasted when satellites 
vibrate; however, this energy can be utilized in a relatively 
good way using piezoelectric patches. Experimental results 
have verified the importance of piezoelectric patches for the 
structural stability of satellites [14]. A piezoelectric voltage 
equation is also developed based on the structure combination 
theory in which voltage is dependent on frequency [15]. A 
modal analysis has exhibited how piezoelectric plates can 
behave differently from piezoelectric beams, in which the 
results have been predicted by a numerical solution using the 
Hamilton-Jacobi equation [16, 28-31]. Overall, reconnais-
sance satellites are widely used for both military and civilian 
applications because of their spatial resolution, longevity, and 
surveillance abilities [17, 18]. 

In previous studies, a cubist satellite with 15 mm relative 
displacement showed no change in behavior when its struc-
tural change was aimed toward optimization [19, 20]. In other 
works, the response of peak-to-peak voltage in various ther-
mal shocking conditions differed from shocking at constant 
temperature because of degradation [21, 22]. Moreover, dy-
namic loadings in various frequency and resistance conditions 
behaved differently for degraded piezoelectric materials, as 
opposed to static loading in dynamic conditions [23-26]. 

In this study, a translation model for a cubic reconnaissance 
satellite with smart structures is developed to predict the re-
sponse of piezoelectric materials toward thermal shocking in 
various frequency and resistance conditions. The formulated 
analytical model is verified by experimentation and simulation. 
The ultimate goal of this study is to use piezoelectric materials 
(i.e., smart structure) for the construction of a cubic reconnais-
sance satellite with a wireless sensor network, as well as for 
the structural health monitoring of its micro-electro mechani-
cal system. 

 
2. Analytical modeling of reconnaissance satellites 

Ten piezoelectric patches are mounted on the external sur-
face of the reconnaissance satellites, with two patches specifi-
cally placed on one side (Fig. 1(a)). To simplify the analytical 
model, only one piezoelectric patch is analyzed because the 
total effect of all patches is the accumulative effect of a single 
patch (Fig. 1(b)). 

The structure comprises a base and a heat filament element 
for the thermal shocking of the piezoelectric material; both 
materials are rigid. The mass is connected to a base via a mass 
spring damper system, while the piezoelectric material is 
placed between copper electrodes (i.e., cathode and anode), 
which in turn are connected to the mass and the base. In this 

closed-loop system, the transfer function is stabilized by plac-
ing all poles in the left part of the root locus. The behavior of 
the satellite system is represented as a block diagram, as 
shown in Fig. 2. 

In Eq. (1), M is the rigid mass of the base connected to os-
cillating mass m via damper c and spring k. The piezoelectric 
patch is placed between two electrodes with resistance R. The 
displacement of the oscillating mass is denoted as u (t), dis-
placement of base excitation as y (t), and voltage generated by 
the piezoelectric patch as v (t). The electromechanical coeffi-
cient is represented by q , while the capacitance of the piezo-
electric patch is represented by Cp. Moreover, Qm is the me-
chanical quality factor of the piezoelectric material, which is 
dependent on operating temperature. According to Newton’s 
second law of motion,  

 
( ) ( ) ( ) ( ) ( ) ( )2 2

2 2m

d u t du t d y t
M c ku t v t Q t M

dt dt dt
q+ + - + = - , 

  (1) 

 
(a) 

 

 
(b) 

 
Fig. 1. (a) Overall structure of reconnaissance satellite; (b) analytical 
model for single translational piezoelectric patch. 
 

 
Fig. 2. Closed-loop control system of satellite. 
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Resistance, capacitance, and electromechanical coefficients 

are computed using Eq. (4), where C, L, W and T represent 
mechanical damping, length, width, and thickness of the pie-
zoelectric patch, respectively.  
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After obtaining the Laplace and conversion of Eqs. (2) and 

(3) from the time domain to the frequency domain, the simpli-
fied equation of the resonance frequency is obtained for volt-
age generation with base excitation 
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3. Experimentation 

To validate the analytical model, an experimentation was 
performed for the specifically designed test rig. A rectangular 
patch of lead zirconate titanate (PZT-5A4E) was selected be-

cause of its excellent dielectric, ferroelectric, and piezoelectric 
properties. The dimensions and properties of the piezoelectric 
material are described in Tables 1 and 2, respectively.  

The experiment was designed in such a way that the load 
cell was mounted on the base composite structure, which was 
used to construct the satellite and to subsequently calculate the 
force or load on the piezoelectric patch. The piezoelectric 
patches were placed between the copper electrodes sur-
rounded by a mica sheet to provide thermal and electrical 
insulation. Temperatures at any given instance or spot were 
analyzed by a thermal shocking heat filament and a laser tem-
perature gun. To electrically shock the piezoelectric material 
at various frequencies and resistances, a function generator 
and a decade box were utilized. For the mechanical loading, a 
DC motor with a screw mechanism was used to control the 
amount of force acting on the structure. To analyze the overall 
result, a digital oscilloscope was utilized with a data acquisi-
tion system. The results of the experimentation validated the 
results of the analytical model. The experimental setup is 
shown in Fig. 3 and the circuit diagram is shown in Fig. 4. 

A mechanical stimulus was applied alternately to the PZT 
[21, 27]. The circuit was designed to shift the applied stress 
via a DC motor with a specified RPM setting and shaft ge-
ometry (Fig. 5). Twenty-three sets of experimentation were 
performed for each dataset. After each experimentation, the 
PZT-5A4E patches were “wasted” to achieve the effect of 
polarization. A total of 1472 patch experimentations were 

Table 1. Description of specimen (PZT-5A4E, single-layer patch). 
 

Dimension (cm) 
Composition 

Length Width Thickness 

Lead zirconate 
titanate 1.2 0.6 0.3 

 
Table 2. Parent specimen properties. 
 
Sr. No. Description Notation Value Units 

Piezoelectric properties 

1 Relative dielectric 
constant @1 KHz KT

3 1,800  

2 Piezoelectric strain 
coefficient 

d33 

d31 
374 ×10-12 

-171 × 10-12 Meters/volt 

3 Piezoelectric voltage 
coefficient 

g33 

g31 
24 x 10-3 

-11.6 × 10-3 
Volt meters/ 

Newton 

4 Coupling coefficient K33 

k31 
0.72 
0.32  

5 Polarization field Ep 2 × 106 Volts/meter 

6 Initial depolarization 
field Ec 5 × 105 Volts/meter 

Mechanical properties 

7 Density ρ 7800 Kg/meter3 

8 Elastic modules YE
3 

YE
1 

5.2 × 1010 

6.6 × 1010 
Newton/ 
meter2 

Thermal properties 

9 Thermal expansion 
coefficient  ~ 4 × 10-6 Meters/ 

meter °C 

10 Curie temperature  350 °C 

 
 

 
 
Fig. 3. Experimental setup. 

 

 
Fig. 4. Circuit diagram of experimental setup. 
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performed in variable mechanical-electrical shocking and 
thermal conditions.  

 
4. Simulation 

The analytical and experimental results validated the nu-
merical simulation method. Simulation was conducted in 
ABAQUSTM by considering a finite element 3D brick model 
of PZT-5A4E; its dimensions are listed in Table 1. The mate-
rial properties required for simulation are given in Tables 2 
and 3. 

In ABAQUS, the Newton integration technique was used 
for the simulation. Eight hexahedral C3D8E nodal first-
coupled field elements were also developed. The final meshed 
model of the PZT-5A4E contained 8000 hexahedral elements 
and 9741 nodes. Simulations were conducted according to the 
conditions generated during experimentation and dynamic 
analysis. The core material of the beam was modeled with 
C3D20 elements, while all piezoelectric strips were modeled 
using C3D20E elements. A perfect bond between the core and 
piezoelectric materials was defined with a surface-based tie 
constraint in which the piezoelectric surfaces were retained as 

master surfaces. Based on linear constraint equations, the elec-
trical potentials of the top and the bottom surfaces of each 
piezoelectric strip were coupled to the electrical potentials of 
the master nodes, which were assigned to each surface. More-
over, the electrical potentials and reaction charges were moni-
tored at the master nodes. The piezoelectric surfaces that 
bonded with the core material were assigned a zero electrical 
potential in the analysis. The nodal simulation of PZT-5A4E 
is shown in Fig. 6. 

 
5. Results and discussion 

During experimentation, a rise in temperature resulted in an 
increase in peak-to-peak voltage. By contrast, an increase in 
frequency resulted in a decrease in output peak-to-peak volt-
age. For maximum results, optimization was conducted by 
increasing temperature, decreasing resistance, and decreasing 
frequency. Subsequent experimentations were performed at 
the 20-180 °C temperature range, 0-90 Ohm resistance range, 
and 50-250 Hz frequency range. The results are shown in Figs. 
7-11. The maximum error for the analytical model, numerical 
model, and experimental data was about 9.8 %. 

At about 40 Ohm resistance (Fig. 11), the Pk-Pk voltage  

Table 3. Material properties for simulation. 
 

Mechanical properties PZT-5A4E 

Elastic coefficient (GPa) 
C11 
C12 
C13 
C33 
C44 

 
121 

75.40 
75.20 
111 
21.1 

Piezoelectric coupling matrix  
(10^-12 m/v) 

d15 
d31 
d33 

 
 

584 
-171 
374 

Piezoelectric coefficient (C/m2) 
e31 
e33 
e15 

 
-5.4 
15.8 
12.3 

Dielectric constant (10-9 F/m) 
Î 11 
Î 33 

 
8.107 
7.346 

 

 
 
Fig. 5. Experimental setup of alternate mechanical stress application. 

 

 
 
Fig. 6. Nodal simulation of PZT-5A4E in ABAQUS. 

 

 
 
Fig. 7. Analytical data of electrical resistance shocking versus Pk-Pk 
voltage in various frequency shocking conditions at room temperature. 
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dropped abruptly; at this point, the effect of polarization de-
creased, thereby resulting in the reduced doping of ions. 

 
6. Conclusions 

In this study, an analytical model with a single degree of 
freedom was developed and then verified by numerical and 
experimental results. The following conclusions are presented 
based on the analytical, experimental, and numerical solu-
tions: 

(1) By increasing the temperature to Curie temperature, the 
peak-to-peak voltage of the PZT-5A4E increased as a linear 
function. By contrast, increasing the frequency linearly de-
creased the peak-to-peak voltage. 

(2) A negative linear behavior was observed between fre-
quency and peak-to-peak voltage, as well as for resistance and 
peak-to-peak voltage. 

(3) Resistance was an important factor for the piezoelectric 
materials, specifically when solving for resonant and anti-
resonant frequencies. 

(4) At high resistance and frequency, the motion of ions was 
restricted. Subsequently, the rate of polarization decreased, 
which resulted in a low peak-to-peak voltage. Therefore, PZT-
5A4E is highly applicable in high-temperature, low-resistance, 
and low-frequency conditions. 

(5) A sudden drop in Pk-Pk voltage was observed at ap-
proximately 40 Ohm resistance; thus, using PZT in this condi-
tion should be avoided.  

(6) For best performance and maximum Pk-Pk voltage, 
PZT can be used at 180 °C (temperature), 20 Ohm (resistance), 
and 0 Hz (frequency). In this specific condition, ionic dipolar 
motion is at its maximum, thereby preventing resonating fre-
quencies. 

 
Nomenclature------------------------------------------------------------------------ 

t  : Time 
v(t)  : Voltage 

 
 
Fig. 11. Experimental data of electrical resistance shocking versus Pk-
Pk voltage in various frequency shocking conditions at 180 °C thermal 
shocking. 

 

 
 
Fig. 8. Experimental data of electrical resistance shocking versus Pk-
Pk voltage in various frequency shocking conditions at room tempera-
ture. 

 

 
 
Fig. 9. Experimental data of electrical resistance shocking versus Pk-
Pk voltage in various frequency shocking conditions at 100 °C thermal 
shocking. 

 

 
 
Fig. 10. Numerical simulation of electrical resistance shocking versus 
Pk-Pk voltage in various frequency shocking conditions at 100 °C 
thermal shocking. 
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u(t)  : Displacement of mass 
y(t)  : Displacement due to base excitation 
u(jw)  : Displacement in frequency domain 
y(jw)  : Displacement due to base excitation in frequency 

domain 
w  : Angular frequency of harvester 
θ  : Electromechanical coupling coefficient 
K  : Mechanical stiffness of material 
R : Resistance 
C  : Mechanical damping 
Cp : Capacitance of piezoelectric material 
Qm : Mechanical quality factor 
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