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This paper presents nonlinear energy sink with giant magnetostrictive-piezoelectric material for energy harvesting of the whole-
spacecraft vibration reduction system. The whole-spacecraft vibration attenuation system can effectively reduce vibration and
achieve self-tuning enhanced energy harvesting range. The open-circuit voltage generated at low frequency is affected by the
magnetic field force, alternating magnetic field and relative displacement. In order to acquire a steady periodic solution of the
energy harvesting system, a combination of the harmonic balance method and pseudo arc length continuation technique is used.
The numerical outcomes are consistent with the analytical outcomes in a certain range, which also proves the accuracy and
reliability of the results. The amplitude and voltage of the energy harvesting system are analyzed by parameters such as cubic
stiffness, viscous damping, and external excitation acceleration. In addition, this paper provides a new idea for broadband energy
harvesting.
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1 Introduction

During the launch phase of a spacecraft, the spacecraft is
subject to a variety of complex dynamic environmental
loads. In order to reduce the environmental loads on the
spacecraft launch, reduce the quality control cost of space-
craft and their equipment, and improve the reliability of
spacecraft launch, vibration reduction and energy harvesting
are of great significance to the whole spacecraft system.

As one of the green and renewable energy sources in the
environment, vibration energy harvesting has received wide
attention owing to its potential application prospects. Many
types of energy convert to other forms of energy into electric
energy, including thermomagnetoelectric [1], electromag-
netic [2], piezoelectric electromagnetic [3]. There are other
types of energy harvesting system [4-6].
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Most previous studies have focused on linear vibration
energy scavenging. Gatti et al. [7] considered linear energy
harvesting attached a single-degree-of-freedom oscillator.
Their results showed that maximum energy could be ac-
quired near 17 Hz. Zhao et al. [8] made a series of optimi-
zation measures for linear energy harvesting systems and
improved their performance. Chtiba et al. [9] investigated the
integration of piezoelectric devices and linear structures and
converted mechanical energy into electrical energy. Their
work demonstrated that the vibration energy of the structure
was limited to the vibration absorber and was acquired as
electrical energy. The main drawback of linear energy
scavenging was that the external excitation frequency was
near to the resonance frequency, the maximum value of
voltage and power could be generated.

Many researchers have applied nonlinear to energy har-
vesting system to realize broadband energy scavenging. The
voltage and working frequency width of vibration energy
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harvesting were improved through nonlinear vibration.
Many advanced results have been shown. Qiu et al. [10]
revealed that giant magnetoelectric hybrid vibration energy
harvesting can effectively output the voltage and adjust the
resonance frequency to realize broadband energy harvesting.
Chu et al. [11] investigated giant magnetoelectric materials
square-framed with four piezoelectric layers. Their work
showed that this structure had multiple magnetoelectric re-
sonant peaks and a broadband response in the range of
43-74 Hz. Li et al. [12] showed the broad bandhigh-sensi-
tivity magnetostrictive/piezoelectric  (PZT)/magnetoelec-
tricive approach. It turns out that the broad range of resonant
frequencies raised the control voltage region, and broadband
energy harvesting was achieved.

Patil et al. [13] designed a broadband laminate structure
with giant magnetoelectric materials and realized peaks of
multiple resonance. The results demonstrated that aniso-
tropic piezoelectric materials had a great influence on the
response of resonant giant magnetostrictive materials with
broadband. The shape and size of the giant magnetostrictive
material had an influence on the resonance frequency [14].
Tao et al. [15] and Hu et al. [16] developed a 2DOF e-VEH
MEMS device. This provided a new direction for the reali-
zation of MEMS broadband energy harvesting.

Magnetoelectric laminates which are a composite material
composed of giant magnetostrictive-piezoelectric (GMMPZT)
layers played a key role in broadband energy harvesting. The
magnetostrictive layer and the piezoelectric layer had dif-
ferent layup directions along the thickness direction. Dong et
al. [17] established a GMMPZT energy harvester, and the
GMMPZT was transversely poled/magnetized (T-T mode).
Magnetoelectric laminates were made of other models that
were longitudinally magnetized, longitudinally poled (L-L
mode) and transversely magnetized/longitudinally polarized
(T-L mode) [18,19]. The magnetoelectric laminate’s coeffi-
cient of the voltage in T-T mode was relatively lower than
that of the T-L or L-L mode. The common characteristic is
that the output energy is not high. In order to increase the
output voltage of magnetoelectric laminates, an L-T model
was established. The L-T model presented a higher
output voltage and a more efficient harvesting of energy
[20-23].

For the existing work, it is limited to energy harvesting of
the single-degree-of-freedom with NES and the giant mag-
netostrictive material [24,25]. To test the broadband char-
acteristics of nonlinear energy sink (NES), the whole-
spacecraft needs to be equivalent to a two-degree-of-freedom
model [26]. So it is necessary to vibration isolation and vi-
bration reduction of the whole-spacecraft model. A nonlinear
energy sink is a nonlinear vibration absorber with pure
nonlinear stiffness [27], which has the advantage of wide
frequency vibration absorption. In the NES system, a certain
amount of energy is irreversibly transferred from an energy
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source to a receptor by means of targeted energy transfer.
Integration of the targeted energy transfer and energy har-
vesting were explored to effectively acquire energy and
isolate vibration. Ahmadabadi and Khadem [28] developed a
beam structure comprising an NES and piezoelectric ele-
ments, and optimized the structural parameters. The NES
and the giant magnetostrictive material were first associated,
and the vibration energy was converted into magnetic energy
and electrical energy. However, only the energy harvesting at
the natural frequency is realized [24,25]. Li et al. [29] dis-
cussed the vibration attenuation and energy harvesting of an
NES-piezoelectric system. Their work showed the possibi-
lity of vibration attenuation and vibration energy scavenging
via integrating the NES and piezoelectric devices. Kremer
and Liu [30,31] proved the performance of an energy har-
vesting system with an NES through numerical and experi-
mental results. Their results realized vibration suppression
and energy harvesting in broadband mode. Remick et al. [32]
presented experimental and numerical studies of an electro-
mechanical energy harvester with an NES. It turned out that
reinforced vibration energy harvesting was acquired under
an impulsive load. Xu et al. [33] proposed a hybrid energy
harvesting system, which provided a new way for energy
harvesting.

To analyze and predict the steady-state periodic solution of
the system, the approximate analysis method needs to be
used. At present, the analysis means mainly focus on the
complexification-averaging method [25]. It is well-known
that the method of harmonic balance has clear physical
meaning. The present work will explore the application of
the method of harmonic balance. However, the complicated
nonlinear algebraic equations resulted from the harmonic
balance analysis are hard to solve. The pseudo arc-length
continuation is a powerful technique to overcome the diffi-
culty. Zang et al. [34,35] introduced a combination of pseudo
arc-length continuation and harmonic balance to analyze the
dynamic characteristics of a single-degree-of-freedom
(1DOF) system with an NES. Ding et al. [36,37] debated the
steady-state response of a viscoelastic beam via the harmonic
balance method with the pseudo arc-length continuation
technique, and their results provided a promising direction
for the vibration isolation of elastic systems.

This paper is based on the two-degree-of-freedom (2DOF)
equivalent structure of the whole spacecraft structure.
Compared with the 1DOF system, the 2DOF achieves
broadband energy harvesting.

The other parts are arranged as follows. A dynamic ana-
lysis of the energy scavenging system is conducted in Sec-
tion 2. The amplitude-frequency response curves with or
without GMMPZT are compared and the open-circuit vol-
tage at low frequency is analyzed in Section 3. The combi-
nation of the pseudo arc-length continuation and harmonic
balance is introduced, and the effects of different parameters
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on the amplitude-frequency response and open-circuit vol-
tage are discussed in Section 4. The conclusion of this paper
is presented in Section 5.

2 Dynamic analysis of energy harvesting system

The whole-spacecraft system is simplified to two sub-
structures. One substructure is a spacecraft structure system,
the other is a vibration isolator system. The 2DOF equivalent
system of the whole-spacecraft structure with GMMPZT is
showed in Figure 1(a). The whole-spacecraft system with the
cubic stiffness is a nonlinear system. The L-T mode lami-
nates of the structure are shown in Figure 1(b). The PZT
layer is placed in the middle of two Terfenol-D layers. The
thicknesses of the magnetostrictive and piezoelectric layers
are t,, and ¢,. The magnetostrictive layers are magnetized in
the length direction, and the piezoelectric layer is polarized
in the lateral direction.
The energy harvesting system equation is

m i, e (X, —xy) Th(x, —x,) tmi, =0,
Mm%, +¢y(X, = X)) T e X, +es(X, —X3)
Fhe(oey —xp) T hopx, +ks(x, —x3)3 +E,tmy, =0,

(D
m 3+ o3(8y =y Fhs(xs —x,)° = F +msk, =0,

where m,, m, and m; indicate the mass of the primary system,
subsystem, and NES, respectively. ¢;, ¢, and c¢; represent the
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Figure 1 (Color online) 2DOF equivalent system of (a) vibration energy
harvesting and (b) magnetoelectric laminates.
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viscous damping. k;, and k, represent the linear stiffness and
ks 1s the cubic stiffness. F, represents the nonlinear magnetic
force. x, represents the excitation acceleration.

X, = (2;[ sin(a),
Xy, = 2%005(271/7), )
i, = —AsinQ2nft).

Firstly, the displacement magnetic force curve is obtained
through numerical calculation, and then the expression of the
magnetic force F,, is obtained through curve fitting F,,. F,,
can be expressed by using a polynomial function [19]:

5
F= ) ajx,—x3)". 3)
Jj=0
The displacement-magnetic induction intensity curve is
obtained by a numerical method, and then the expression of
magnetic induction intensity B is obtained by fitting the
curve [19].

3 ,
B= Zabj(Xz —x3), 4)
=

where b;=0.1959 T, »,=37.63 T/m, b,=—495.4 T/m” and bs=
~1.0151x10° T/m’. B(?) is comprised of the static and alter-
nating magnetic sections. The static magnetic section
provides a bias magnetic field for the laminate composite,
and the alternating magnetic section generates the output
voltage.

B(t) = B{(1) + B, (1), &)

where B, represents the static, and B, represents alternating
magnetic sections, respectively. The open-circuit voltage
V(%) can be showed:

Vo) = S50, (©)

where oy is the magnetoelectric coefficient. The theoretical
magnetoelectric voltage coefficient is revised by the adjust-
ment factors 4, u,. ay is expressed as follows:

_ n(l=n)tds3nds
v 633[”(1 —k321)s1]”f+(1 —n)s3 ’

)

where 5 = 2;“‘ and 7, =2¢+ [ and t,, are the thicknesses
C

of the piezoelectric and magnetostrictive layers, respec-
tively; ¢, is the total thickness of the laminate; s3F§ and ds;3
are the longitudinal piezomagnetic elastic compliance and
the piezomagnetic constant, respectively; and s}, d31 > €335

ks, are the piezoelectric elastic compliance, piezoelectric
coefficient, permittivity tensor, and piezoelectric electro-
mechanical coupling coefficient, respectively.
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3 Comparative analysis and open-circuit vol-
tage of 2DOF equivalent system of the whole-
spacecraft structure

The NES with GMMPZT has an impact on vibration re-
duction in the whole-spacecraft structure from Figure 2. We
found the following problems from Figures 2 and 3: (1)
There is no peak at the low frequency of the amplitude-
frequency response curve, but there is a peak at the low
frequency of the voltage picture. (2) The amplitude-fre-
quency response picture and the open-circuit voltage picture
are normal near the natural frequency of 20 Hz. (3) The
second-order natural frequency around 90 Hz is almost
erased, but the voltage picture has a small peak near 90 Hz.
In the amplitude-frequency response picture. This suggests
that the energy is transferred to the nonlinear energy sink and
the realization of broadband energy scavenging.

The system parameter are m;=60 kg, m,=12kg, k=
1.8677x10° N/m®,  k,=2.1346x10° N/m, ¢,=600 N s/m,
=20 Ns/m, m=7 kg, ¢;=600 N s/m, k=7x10"N/m’
[24, 25].

The open-circuit voltage is showed in Figure 3. In order to
figure out the open-circuit voltage at low frequency, the
magnetic field force, alternating magnetic field, and relative
displacements of m, and m; are compared at 1, 15 and 20 Hz.
The results of Figures 4-6 present the same trend in the open-
circuit voltage picture: 20 Hz>1 Hz>15 Hz. From the above
results, the nonlinear energy sink with GMMPZT realize the
integration of vibration control and energy harvesting. The
magnetic field causes the relative displacement vibration
amplitude of m, and m; to be larger at low frequency, and the
corresponding voltage is larger. However, the amplitude-
frequency response curve is not changed at low frequency,
indicating that the energy is a targeted transfer from the main
structure to the NES. Floating range of magnetic force in
Figure 4. The alternating magnetic field range in Figure 5.
The relative displacement picture of m, and m; in Figure 6:

0.010
I Without NES-GMMPZT
0.008 E ——— With NES-GMMPZT
: 8.0x108 ——————————————
__ 0.006 : |
£ 6.0%105 e
>&‘ I
0.004 4.0x10°
0.002} 20-10%5 85 0 95 100
0.000 ! .
0 20 40 60 80 100 120

Frequency (Hz)

Figure 2 Comparison of displacement in energy harvesting system with
and without NES-GMMPZT.
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Figure 4 Floating range of magnetic force (a) and enlargements (b):
20 Hz>1 Hz>15 Hz.
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4 Energy harvesting analysis of the whole-
spacecraft structure by analytical technique

The dynamic responses of the main system equation need to
be solved by using many low-harmonic terms. In order to
study the convergence of simple harmonic polynomials, the
solution of the differential equation is set to the third har-
monic solution. Because the whole-spacecraft structure is
nonlinear cubic, the approximate solution of the response
only includes odd harmonic terms. In order for the numerical
results to converge more quickly, the solution of the ordinary
differential equation is chosen as the three cubic harmonic
solutions. Preserving the third harmonic term is accurate
enough based on refs. [32-34] as follows:

x,(t) = a,cos(wt) + b, sin(wt) + a;,cos(3wt)
+b sin(3wt),

X,(t) = a,cos(wt) + b sin(wt) + a,cos(3wt)
+b5,8in(3wt),

x5(t) = a;scos(wt) + byssin(wt) + a ;cos(3wt)
+b y;sin(3wt),

®)

where a; and b; are constant terms of the corresponding
harmonic polynomial. The harmonic polynomials eq. (8) is
brought into eq. (1). The coefficients of cos(iwt) and sin(iwf)
(=1, 3) of the resulting equations are zero and are presented
as eq. (8). The nonlinear algebraic equations need to be
solved by using the pseudo arc-length continuation, but
Newton iterative method cannot effectively pass the inflec-
tion point of amplitude-frequency response. Therefore, the
whole amplitude response frequency band can be obtained
by pseudo arc-length continuation technique. The pseudo
arc-length continuation technique is introduced in order to
acquire the harmonic coefficients in the harmonic solution of
eq. (8). The pseudo arc-length continuation technique is used
to solve eq. (8) according to the Newton iteration method.
The coefficient of eq. (8) is too much and omitted. The
pseudo arc-length continuation technique has a distinct ad-
vantage in solving multivalued issues because its iteration is
directional. The amplitude expression of the primary system
is showed:

2

\/a11+b11+a31+b31,

2
A=Ja12+b12+a32+b32, ©

_ 2 2 2 2
34 = \/a13+b13+a33+b33.

A comparison is made of the numerical and analytical
results to verify the correctness of the results. Figure 7 shows
a comparison of the numerical outcome of the fourth-order
Runge-Kutta algorithm and the analytical outcomes of the
harmonic balance technique. The numerical outcomes are
consistent with the analytical outcomes in a certain range in
Figure 7. Under any circumstances, Figure 7 indicates that
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Figure 7 (Color online) Comparison of numerical and analytical solu-
tions under different acceleration excitation conditions.

both the approximate analytical outcome and the numerical
outcome are correct and reliable.

4.1 Parameter analysis

The analysis of the parameters has a great effect on the dy-
namic behavior and energy harvesting. The change of para-
meter in the energy harvesting system is discussed as
follows.

Figure 8 reveals the variation of the amplitude-frequency
response picture in the different stiffness conditions. It can be
seen from Figure 8 that the amplitude decreases with the
nonlinear stiffness increasing. There is a negative correlation
between the nonlinear stiffness and the amplitude. When the
frequency is close to 90 Hz, the stiffness has little effect.

The change of voltage with the stiffness varying is shown
in Figure 9. The nonlinear stiffness has little effect on the
value of the voltage, but the nonlinear stiffness plays a key
role in energy transfer.

The amplitude frequency response curves under different
damping conditions are shown in Figure 10. With the in-
crease of damping, the amplitude gradually decreases. The
results indicate that the increase of damping always has a
positive correlation.

Figure 11 indicates that the open-circuit voltage varies as
the damping increases. As the damping increases, the voltage
decreases. This is the opposite of the amplitude-frequency
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0.006 5506
0.005}F g 0.005
X
000ak 0.004
. 0003 - = >
1S
< 0.003 | Frequency (Hz)
>
0.002} — KemSa0TNim®
— — k=Tx10° Nim?
e oL 1 "R & W— k;=9%10° N/m?3
0.000 ' . ' :
0 20 40 60 80 100 120
Frequency (Hz)
0.00002
(b)
— k=5%10° N/m®
— —  Kk;=7x10° N/m?®
--------- K;=9%10° N/m?
£ 0.00001}
<
0.00000 : v L ! '
8 86 8 90 92 94 96

Frequency (Hz)

Figure 8 (Color online) Amplitude-frequency response curves (a) and the
enlargement (b) as the cubic stiffness changes.
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Figure 9 (Color online) Open-circuit voltage curves as cubic stiffness
changes and enlargement.

response. It is shown that more energy is transferred to the
energy harvesting system as the damping decreases. These
results are exactly opposite to those near 20 Hz at high fre-
quency.

Figure 12 shows the amplitude-frequency response as the
mass changes. As the mass increases, the amplitude de-
creases and presents a negative correlation. The change of
mass at high frequency has no effect on the amplitude.

Figure 13 shows that the open-circuit voltage changes with
mass increasing. With the mass decreasing, the open-circuit
voltage gradually increases. Meanwhile, Figure 13 shows
that the mass can reduce the resonance peak of the open-
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circuit voltage. The mass has little impact on the open-circuit
voltage at high frequency.

Figure 14 displays amplitude-frequency response change
under different acceleration conditions. Figure 14 shows that
the amplitude increases with excitation acceleration in-
creasing.

Figure 15 shows the change of the open-circuit voltage
with different acceleration changing. The open-circuit vol-
tage augments with the raise of the excitation acceleration.
The excitation acceleration has a great influence on the open-
circuit voltage.

It can be seen from the result of parameter analysis. The
displacement change at high frequency is very small, the
mass and stiffness have little influence on the high frequency,
but it is very important to the energy transfer of the system
[23]. The change of damping plays an important role in
distributing and regulating the displacement and voltage.

Amplitude-frequency response curve keeps straight with-
out skewness because the nonlinearity is not very strong and
such performance has been previously reported [27,38].

5 Conclusions
In this work, the integration of nonlinear energy sink and

giant magnetostrictive-piezoelectric material is proposed for
energy harvesting and vibration reduction of the whole-
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Figure 14 (Color online) Amplitude-frequency response curves of (a)
and enlargements (b) as acceleration changes.
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Figure 15 (Color online) Open-circuit voltage curves of (a) and en-
largements (b) when acceleration changes.

spacecraft vibration reduction system. The magnetic field
force, alternating magnetic field, and relative displacement
impact the open-circuit voltage. A combination of the har-
monic balance method and pseudo arc-length continuation
technique is introduced to acquire the stable periodic solu-
tion of the system. Different parameters have an effect on the
voltage and amplitude of the energy harvesting system. The
following conclusions can be drawn.

(1) The 2DOF equivalent system of the whole-spacecraft
structure realizes broadband energy harvesting and achieves
self-tuning enhanced energy harvesting range.

(2) The bias magnetic field of the giant magnetostrictive
material has a great impact on the material. The higher
voltage at low frequency is a result of the higher alternating
magnetic field at this frequency.

(3) The harmonic balance and pseudo arc-length con-
tinuation techniques are first applied to a magnetoelec-
tromechanical coupling system. There is a consistent trend
between the numerical solutions and analytical solutions in a
certain range.
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