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ABSTRACT
Magnetostrictive energy harvesting has drawn attention in recent years for its high energy con
efficiency and environmental durability. Magnetostrictive harvesters are mainly composed o
magnetostrictive material, a magnetic circuit, and an electric circuit, which involves c
mechanical-electromagnetic coupled problems. Therefore, in many studies, the analysis
device was implemented by finite element method. However, numerical calculation generally r
a great deal of time and does not provide adequate physical understanding of the effect of the
parameters on the harvester characteristics.

In many previous studies, magnetostrictive harvesters have been operated under a smal
vibration imposed over a constant prestress and magnetic bias. In such operating con
linearized small-signal models can be used to derive important analytical expressions for the ha
characteristics and their dependency on the design parameters. This paper presents the lin
modeling of a magnetostrictive energy harvester using linearized constitutive equations. The
loss due to eddy currents is also considered for high-frequency application. The influence of pa
variation on the output power is investigated from the algebraically obtained output pow
the existence of an optimal value in resistance and capacitance of the electric circuit is dis
These optimal design parameters are also presented in form of an algebraic solution. The o
output power is finally proven to fit with experimental results when an appropriate permeabi
magnetostrictive constant are given.

uction
harvesting technologies have been studied as a

r supplying autonomous power for wireless sensor
] and Internet of Things applications [2] in which
eriodic battery replacement and environmental
attery disposal are of great concern. Vibration
vesting devices offer a great advantage in their
of applications compared to devices utilizing

ient energy sources. In addition, they can also
as a vibration suppression device for machine

[3, 4] thus serving as a multifunctional device.
harvesting purposes, electromagnetic induction
lectric effect are the most common methods for
kinetic energy of vibrations to electrical energy.
lectric energy harvesters have been investigated
studies due to their high energy density and
ice structure. Ottman et al. [5] presented
e piezoelectric energy harvesting device and
the output power flowing into a battery. Soltani
optimized the device as a vibration absorber.
nt amplitude of the host structure derived from
oelectric constitutive equations was minimized
-point theory [7] and Nishihara’s method [8].
] proposed a method to enhance the efficiency
lectric element based on mechanical impedance
However, the piezoelectric element is a ceramic
nd it cannot be used in applications involving
onding author
ito.mizukawa@tuni.fi (Y. Mizukawa)

large mechanical inputs or long-term usage. Ther
the instability of piezoelectric energy harvesters has
discussed [10].

Magnetostrictive energy harvesting is a novel
generation method based on magnetic induction
utilizes the Joule and Villari effects present in
magnetostrictive materials to convert between strain e
and magnetic energy. Joule effect refers to the deform
of ferromagnetic materials when subject to magnetic
and this effect is also known as magnetostriction.
the other hand, Villari effect refers to the chan
magnetic properties under applied mechanical stress
it is also known as inverse magnetostriction. Fe-Ga
(Fe 81.6%, Ga 18.4%) is one of giant magnetostr
materials, and it is renowned for its high energy conv
efficiency, low hysteresis loss and environmental dura
[11, 12]. In addition, the high tensile strength
machinability of Fe-Ga alloy facilitate mass manufac
of magnetostrictive energy harvesting devices [13].

Regarding the potential output power of magneto
tive energy harvesters, several studies have been cond
experimentally and numerically. Palumbo et al. [14] fo
on the change of magnetostrictive properties under diff
mechanical prestress and magnetic bias, and experime
investigated the effect of parameter variations. The op
operating condition and its output power were ob
from the experiments. The obtained output powe
induced voltage were interpolated by exponential fit. D
et al. [15] proposed a finite element method (
eddy current model for a magnetostrictive energy harv
0000-0002-9248-8853 (Y. Mizukawa)
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nonlinear static characteristic of the material is
. The obtained power versus frequency curves
resent the energy damping due to eddy current
med et al. [16, 17] conducted FEM analyses
etostrictive energy harvester including magnetic
c circuits based on the Helmholtz free energy
ction. The results fairly agree with experimental
the existence of the optimal design parameter
al operating condition were finally discussed
clusion. However, these kinds of numerical
s generally require a great deal of time and
nal cost, hence an alternative analytical modeling
ch the characteristics of magnetostrictive energy
can be reasonably described is also needed. In
we develop an analytical linear model for a Fe-Ga
vester based on the linearized magnetostrictive
e equations. The linearized approach is effective
echanical variations are sufficiently small [18–
harvester is assumed to be operated under a
ly low frequency force excitation compared to its
quency. The eddy current loss is also taken into
der the assumption that the magnetic flux density
with regards to the cross section of the Fe-Ga rod.
erived output power, we investigate the effects of
variation and the optimal operating condition.

signal models
titutive equations
agnetostrictive constitutive equations linearized
ignal behavior are given as follows [20]:

ΔB =
[
�T

]
ΔH + [d]∗ ΔT

ΔS = [d] ΔH +
[
sH
]
ΔT

⎫⎪⎬⎪⎭
(1)

H , S, and T are the magnetic flux density,
eld strength, mechanical strain and mechanical
ectively. The small variation of the quantities
by Δ. [

�T
] is the permeability matrix at

tress, [sH] is the elastic compliance matrix at
agnetic strength, [d]∗ is the transpose of the
ictive constant matrix [d]. In this study, we
e Fe-Ga energy harvester shown in Fig. 1. In
e consider only the longitudinal direction where
l force is applied, and thus (1) can be represented
titutive equations:
{

ΔB
ΔS

}
=
⎡⎢⎢⎣

�T d

d sH

⎤⎥⎥⎦

{
ΔH
ΔT

}
(2)

2) can be transformed by multiplying with the
onal area A and the length l of the Fe-Ga rod.
}
=
⎡
⎢⎢⎢

1
RFeGa

d

d 1

⎤⎥⎥⎥

{
ΔFFeGa
ΔfFeGa

}
(3)

Fe-Ga rod Fe-Si laminated yoke

Pickup coil

Magnetizing

Impedance

Mechanical excitation

Fig. 1. Schematic diagram of Fe-Ga energy harvester

where � and x are the magnetic flux and displace
respectively. RFeGa, kFeGa, FFeGa, and fFeGa respec
are themagnetic reluctance, spring constant, magnetom
force, and mechanical force of the Fe-Ga rod.
multiplying the inverse of the coefficient matrix fro
left, we can solve (3) with regards to FFeGa and fFeGa:

{
ΔFFeGa
ΔfFeGa

}
=
⎡⎢⎢⎣

RFeGa −�

−� kFeGa

⎤⎥⎥⎦

{
Δ�
Δx

}

where

RFeGa =
RFeGa
1 − k20

kFeGa =
kFeGa
1 − k20

� = k0
√
RFeGa kFeGa = dRFeGa kFeGa

⎫
⎪⎪⎪⎪⎬⎪⎪⎪⎪⎭

k0 =
d√
�T sH

k0 is the value known as magnetostrictive cou
coefficient. This coefficient represents the energy conv
efficiency between mechanical energy and magnetic e
and ranges from 0 to 1.
2.B Eddy current effects

In general, magnetic flux change in a condu
material induces an eddy current inside of the material
eddy current generates a magnetic field acting again
magnetic flux change and causes energy loss in the sy
The analytical modeling of this energy loss can genera
derived by solving the 1D axisymmetric magnetic diff
equation as a 0-order Bessel equation, and it is know
the solution takes a form of infinite series [22, 23]. I
section, we analytically derive the opposing magnetic
from the eddy current with the assumption that the ma
flux density is uniform with regards to cross-sectiona
of the Fe-Ga rod.

The 1D axisymmetric magnetic diffusion equation

⎣ kFeGa ⎦ the assumption of uniform magnetic flux density is given as

a et al.: Preprint submitted to Elsevier Page 2 of 8
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1
r
)
)r

(
r
)Hed(r, t)

)r

)
= �Ḃ(t) (7)

ed, t, and � are the radial coordinate, magnetic
dy current, time, and conductivity of Fe-Ga alloy,
y. Solving (7) gives the solution:

Hed(r, t) =
1
4
�r2Ḃ(t) + c1 ln r + c2 (8)

and c2 are integral constants determined by
onditions. The first boundary condition can be
rom the condition that (8) should have a finite
= 0, and the second boundary condition can be
om the condition that the Hed should be zero at
of the Fe-Ga rod. These boundary conditions

c1 = 0

c2 = −
1
4
�R2Ḃ(t)

⎫⎪⎬⎪⎭
(9)

Hed(r, t) =
1
4
�r2Ḃ(t) − 1

4
�R2Ḃ(t) (10)

the radius of the Fe-Ga rod. Here, we define the
(10) as the effective reaction field caused by the
nts:

) = 1
�R2 ∫AHed(r, t)dA =

2
R2 ∫

R

0
Hed(r, t)rdr

(11)
lifies to

ed−eff (t) = −
1
8
�R2Ḃ(t) = − 1

8�
��̇(t) (12)

m model
section, we derive the system of equations for
ostrictive energy harvester in which the equation
magnetic circuit equation, and electric circuit
re coupled. The following assumptions are
the equations: (i) inertia force of the Fe-Ga

ligible because the natural frequency of the rod
igher than the operating frequency band, (ii)
x from the magnetic circuit is negligible and (iii)
uctance of the pickup coil is small enough to be
2 shows the analytical model of the Fe-Ga
he pickup coil connected to an electric circuit
d resistor and a compensating capacitor. When
echanical force f is applied to the Fe-Ga

lectromotive force eEMF is generated in the
l since the flux linkage changes due to inverse
iction. On the other hand, the induced current
through the pickup coil causes the mechanical
n with force ΔfFeGa by magnetostriction. These
a give the equation of motion:

Fig. 2. Analytical model of Fe-Ga rod with electric circuit

Fig. 3. Dynamic magnetic circuit diagram

and electric circuit equation:

eEMF =
(
Rcoil + Rload

)
i + 1

C ∫ idt

where Rcoil and Rload respectively are the resistance
pickup coil and load resistor. C is the capacitance
compensating capacitor. By applying Faraday’s law,

eEMF = −N�̇

(14) can be represented with the number of turns of p
coilN and time-derivative of magnetic flux �̇:

N�̇ +
(
Rcoil + Rload

)
i + 1

C ∫ idt = 0

The dynamic magnetic circuit diagram shown in Fig. 3
the following magnetic circuit equation:

ΔFFeGa −Ni −Hed−eff l +
1
2
RFeSiΔ� = 0

where RFeSi is the magnetic reluctance of the
laminated yoke. By assigning (4) and (12) to (13), (16
(17), we can finally obtain the system of equations f
Fe-Ga energy harvester:

kFeGax − �� − f = 0

RFeGa� − �x −Ni +
1
8�
�l�̇ + 1

2
RFeSi� = 0

N�̇ +
(
Rcoil + Rload

)
i + 1

C ∫ idt = 0

⎫⎪⎪⎪⎬⎪⎪⎪

ΔfFeGa − f = 0 (13) ⎭

a et al.: Preprint submitted to Elsevier Page 3 of 8
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small signal symbol Δ was omitted for
e. Solving (18) gives the harmonic solutions:

x =
�x + j�x
� + j�

f

kFeGa

� =
�� + j��
� + j�

f

i =
�i

� + j�
f

⎫⎪⎪⎪⎪⎬⎪⎪⎪⎪⎭

(19)

2N2 + !2�l
(
Rcoil + Rload

)
�
C

(
RFeSi + 2RFeGa

)

�!
(
RFeSi + 2RFeGa

) (
Rcoil + Rload

)
1 !�l

!2N2 + !2�l
(
Rcoil + Rload

)
4�
C

(
RFeSi + 2RFeGa

)

4�!
(
RFeSi + 2RFeGa

) (
Rcoil + Rload

)

1
C
!�l

8�
C
dRFeGa

8�!dRFeGa
(
Rcoil + Rload

)

�!2dNRFeGa

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

(20)

nd ! respectively are the imaginary unit and
frequency, and solutions were simplified using
g the solutions in (20), x and i can respectively be
vibration suppression [24] and energy harvesting
he average output power from the load resistance
ined as follows:

Pave =
|i|2Rload

2
=

�2i Rload
2
(
�2 + �2

)f 2 (21)

eter variation effects and optimal
ing condition
section, we investigate the effects of parameter
n the average output power. The aim of this
n is to confirm the agreement of the proposed
del with the laws of physics, and to find
ons for high-efficiency magnetostrictive energy
The average output power Pave versus excitation
!∕2� curves (Fig. 4), Pave versus load resistance
es (Fig. 5), and Pave versus capacitance C

conductivity �, (b) permeability �T and (c) magnetostr
constant d.

(a) Variation of conductivity �

(b) Variation of permeability �

(c) Variation of magnetostrictive constant d
Fig. 4. Parametric study of the output power versus freq
for different conductivities, permeabilities and magnetost
constants of the Fe-Ga rod
. 6) were produced with different values of (a)
a et al.: Preprint submitted to Elsevier Page 4 of 8
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(a) Variation of conductivity �

(b) Variation of permeability �

(c) Variation of magnetostrictive constant d
metric study of the output power versus load resistance
t conductivities, permeabilities and magnetostrictive
the Fe-Ga rod

(a) Variation of conductivity �

(b) Variation of permeability �

(c) Variation of magnetostrictive constant d
Fig. 6. Parametric study of the output power versus capac
for different conductivities, permeabilities and magnetost
constants of the Fe-Ga rod
a et al.: Preprint submitted to Elsevier Page 5 of 8
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4(a), the difference between output powers with
onductivities increases as frequency increases,
onably represents the feature of the eddy current
igs. 4(b) and 4(c), it can be observed that the
rmeability or higher magnetostrictive constant
igher output power, which clearly represents
ent of the magnetostrictive coupling coefficient
by (6). It is also noteworthy that all the output
es in Fig. 4 converge to constant values regardless
d.
s. 5(a) - 5(c) and 6(a) - 6(c), it is notable
e curves have a peak value, which means
agnetostrictive energy harvester has an optimal
ance and an optimal capacitance at which the
output power can be harvested. These optimal
ameters vary when the value of conductivity or
ty changes. On the other hand, they are not
the change of the magnetostrictive constant. The
ad resistance Ropt and optimal capacitance Coptved from the following equations:
)Pave
Rload

||||Rload=Ropt
= 0,

)Pave
)C

||||C=Copt
= 0 (22)

8�!2�N2l

16�2
(
2RFeGa + RFeSi

)2 + !2�2l2
+ Rcoil

16�2
(
2RFeGa + RFeSi

)2 + !2�2l2
32�2!2N2

(
2RFeGa + RFeSi

)

⎫⎪⎪⎪⎬⎪⎪⎪⎭
(23)

om (23), we can confirm that both the optimal
tance Ropt and optimal capacitance Copt are
t of magnetostrictive constant d. By substituting
o (21), we can obtain the maximum output power:

8�2!2d2N2R2FeGaf
2

FeGa + RFeSi
)2 +!2�2l2

]
Rcoil + 8�!2�lN2

⎫⎪⎪⎬⎪⎪⎭
(24)

rison, the optimal resistance andmaximumoutput
a pure resistance circuit (C = ∞) were also
√√√√ 64�2!2N4 + 16�!2�lN2Rcoil
16�2

(
2RFeGa + RFeSi

)2 + !2�2l2
+ R2coil

(25)
16�2!2d2N2R2FeGaf

2

aRcoil + 8�!2�lN2 +
√
a
(
aR2coil + b

) (26)

Fig. 7. Reducing eddy current effect by decreasing eff
conductivity

where
a = 16�2

(
2RFeGa + RFeSi

)2 + !2�2l2

b = 16
(
4�2!2N4 + �!2�lN2Rcoil

)
⎫⎪⎬⎪⎭

Regardless of the parameters, (24) is greater than
Therefore, the optimized harvester with an RC circu
harvest more electrical power than that with a pure resis
circuit.

The eddy current effect can be reduced by decre
the effective conductivity �. The effective conduc
can be decreased by changing from a solid rod
laminated structure [25] or introducing more com
cross-sectional shapes to increase the resistance encoun
by the eddy currents [26]. Figure 7 shows the output p
increased by reducing the eddy current effect. The
difference between PRCmax and PRmax becomes larger
effective conductivity decreases. In the case of no eff
conductivity (� = 0), the optimal parameters (23) an
maximum output power (24) respectively are

Ropt = Rcoil

Copt =
2RFeGa + RFeSi

2!2N2

⎫⎪⎬⎪⎭

PRCmax =
!2d2N2R2FeGaf

2

2
(
2RFeGa + RFeSi

)2Rcoil
The optimal resistance (25) and the maximum output
(26) for the pure resistance circuit respectively are

Ropt =

√√√√ 4!2N4
(
2RFeGa + RFeSi

)2 + R2coil

PRmax =
!2d2N2R2FeGaf

2

( )2 ( √
2
)

2RFeGa + RFeSi Rcoil 1 + 1 + c

a et al.: Preprint submitted to Elsevier Page 6 of 8
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c = 2!N2
(
2RFeGa + RFeSi

)2Rcoil
(32)

iment
8(a) and 8(b) display the dimensions of the

tal Fe-Ga energy harvester. The Fe-Ga rod with
ngth of 48 mm and effective diameter of 6 mm
cted to the Fe-Si laminated yoke by two pure iron
o sets of series connected coils with 600 turns
ed to provide the magnetic bias for the Fe-Ga
ick up coil with a load resistance was wrapped
Fe-Ga rod. The device was mechanically
the fatigue-testing machine (Instron, model

nstron Corp., Norwood, MA, USA) which can
usly provide a constant mechanical bias and a
mechanical force excitation up to 7 kN rms
m frequency of 100 Hz. Table 1 shows the
of the experimental setup. The rod length

arvester was determined by the dimensions of
laminated yoke. The rod area of the harvester
d by the predetermined excitation force and the
eload which provides the maximum output power
agnetic reluctance of Fe-Si laminated yokeRFeSited from its effective length, cross-sectional area,
ability. In this study, we neglected the magnetic
of the pure iron rings.

Parameters of experimental setup
r Definition Value

Conductivity 1.18 × 106 S/m
Rod length 48 × 10−3 m
Rod area 2.83 × 10−5 m2

Reluctance of yoke 1.94 × 105 A/Wb
Number of turns 2000
Resistance of coil 32.6 Ω
Excitation force 226 N

tained output power Pave was fitted to the exper-
sults and magnetic constant d and permeability
ive the best fit with the experimental results
tigated. Figure 9 shows power versus excitation
plots and fitted curves at different excitation
. In this experiment, a load resistance of Rload =s used. The proposed linearized model with
× 10−8 m/A and � = 2.94 × 10−4 H/m gives a
ment with all 3 experimental data in the whole
domain.
10 shows power versus load resistance plots and
es at different mechanical preloads. Since the
ictive constant d and permeability � respectively
ending on the value of preload, curve fitting was
each experimental data with different mechanical
s shown in Fig. 10, both the magnetostrictive

4
8

6

(a)Fe-Ga rod

3
6

1
0

6

1617

60

(b) Yoke with Fe-Ga rod (120 × 68 × 15 mm
Fig. 8. Dimensions of experimental Fe-Ga energy harvester

Fig. 9. Experimental results at different excitation amplitu
fitted model in power versus frequency curves (d = 4.38 ×
m/A, � = 2.94 × 10−4 H/m)

Fig. 10. Experimental results (markers) at different p
and fitted models (solid lines) in power versus resistance
(!∕2� = 100 Hz)

constant d and permeability � obtained by the curve
increase as the mechanical preload increases from 70
to 90 MPa. After taking the peak value (d = 2.59 ×
m/A and � = 1.69 × 10−4 H/m) at 90 MPa, they dec
as the mechanical preload further increases from 90 M
110 MPa.
a et al.: Preprint submitted to Elsevier Page 7 of 8
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Highlights







Output power of the non-inertial harvester is independent of elastic compliance.

Optimal  parameters  for  maximum  output  are  independent  of  magnetostrictive
constant.

Optimized  RC  harvester  can  harvest  more  output  power  than  pure  resistance
harvester.


