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

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

1. Introduction Nishihara’s method [8]. Yamada [9] proposed a method to enhance the

efficiency of a piezoelectric element based on mechanical impedance
Energy harvesting technologies have been studied as a solution for
supplying autonomous power for wireless sensor networks [1] and
Internet of Things applications [2] in which costs of periodic battery
replacement and environmental issues by battery disposal are of great
concern. Vibration energy harvesting devices offer a great advantage
in their wide range of applications compared to devices utilizing other
ambient energy sources. In addition, they can also be attached as a vi-
bration suppression device for machine structures [3,4] thus serving as
a multifunctional device. For energy harvesting purposes, electromag-
netic induction and piezoelectric effect are the most common methods
for converting kinetic energy of vibrations to electrical energy.
Piezoelectric energy harvesters have been investigated in various

matching. However, the piezoelectric element is a ceramic material
and it cannot be used in applications involving large mechanical inputs
or long-term usage. Therefore, the instability of piezoelectric energy
harvesters has been discussed [10].

Magnetostrictive energy harvesting is a novel power generation
method based on magnetic induction which utilizes the Joule and
Villari effects present in giant magnetostrictive materials to convert
between strain energy and magnetic energy. Joule effect refers to the
deformation of ferromagnetic materials when subject to magnetic fields
and this effect is also known as magnetostriction. On the other hand,

studies due to their high energy density and simple device structure.
Ottman et al. [5] presented an adaptive piezoelectric energy harvesting
device and maximized the output power flowing into a battery. Soltani
et al. [6] optimized the device as a vibration absorber. The resonant
amplitude of the host structure derived from linear piezoelectric con-
stitutive equations was minimized using fixed-point theory [7] and
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Villari effect refers to the change of magnetic properties under applied
mechanical stress, and it is also known as inverse magnetostriction.
Fe-Ga alloy (Fe 81.6%, Ga 18.4%) is one of giant magnetostrictive ma-
terials, and it is renowned for its high energy conversion efficiency, low
hysteresis loss and environmental durability [11,12]. In addition, the
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high tensile strength and machinability of Fe-Ga alloy facilitate mass
manufacturing of magnetostrictive energy harvesting devices [13].

Regarding the potential output power of magnetostrictive energy
harvesters, several studies have been conducted experimentally and
numerically. Palumbo et al. [14] focused on the change of magne-
tostrictive properties under different mechanical prestress and magnetic
bias, and experimentally investigated the effect of parameter variations.
The optimal operating condition and its output power were obtained
from the experiments. The obtained output power and induced voltage
were interpolated by exponential fit. Davino et al. [15] proposed a
finite element method (FEM) eddy current model for a magnetostric-
tive energy harvester, where the nonlinear static characteristic of the
material is considered. The obtained power versus frequency curves
clearly represent the energy damping due to eddy current effect. Ahmed
etal. [16,17] conducted FEM analyses of a magnetostrictive energy har-
vester including magnetic and electric circuits based on the Helmholtz
free energy density function. The results fairly agree with experimental
data, and the existence of the optimal design parameter and optimal
operating condition were finally discussed in the conclusion. How-
ever, these kinds of numerical calculations generally require a great
deal of time and computational cost, hence an alternative analytical
modeling tool in which the characteristics of magnetostrictive energy
harvesters can be reasonably described is also needed. In this paper,
we develop an analytical linear model for a Fe-Ga energy harvester
based on the linearized magnetostrictive constitutive equations. The
linearized approach is effective when the mechanical variations are suf-
ficiently small [18-21]. The harvester is assumed to be operated under
a considerably low frequency force excitation compared to its natural
frequency. The eddy current loss is also taken into account under the
assumption that the magnetic flux density is uniform with regards to
the cross section of the Fe-Ga rod. From the derived output power, we
investigate the effects of parameter variation and the optimal operating
condition.

2. Small signal models
2.1. Constitutive equations

The magnetostrictive constitutive equations linearized for small-
signal behavior are given as follows [20]:

AB = [u"] AH + [d]* AT
@
AS = [d] AH + [s"] AT

where B, H, S, and T are the magnetic flux density, magnetic field
strength, mechanical strain and mechanical stress, respectively. The
small variation of the quantities is denoted by 4. [yT] is the perme-
ability matrix at constant stress, [s"] is the elastic compliance matrix
at constant magnetic strength, [d]* is the transpose of the magne-
tostrictive constant matrix [d]. In this study, we analyze the Fe-Ga
energy harvester shown in Fig. 1. In this case, we consider only the
longitudinal direction where mechanical force is applied, and thus (1)
can be represented as 1D constitutive equations:

_de

AB AH
= 2

Equation (2) can be transformed by multiplying with the cross-sectional
area A and the length / of the Fe-Ga rod.

!

A¢ — RFeGa d AFFeGa (3)
Ax d 1 A fFeGa

kFeGa

where ¢ and x are the magnetic flux and displacement, respectively.
RreGas kreGas FreGar aNd frega Tespectively are the magnetic reluctance,
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Fig. 1. Schematic diagram of Fe-Ga energy harvester.

spring constant, magnetomotive force, and mechanical force of the Fe-
Ga rod. By multiplying the inverse of the coefficient matrix from the
left, we can solve (3) with regards to Fr.g, and fr.g,:

R -0
{ AFFeGa } _ FeGa { A¢ } (4)
A } A
f FeGa ) kFeGa X
where
Rreq
RFcGa = ﬁ
0
kFeGa
kFeGa = ( (5)
1-k2
0
60 = ko\/ RreGa KreGa = d RreGa KreGa
d
k() = (6)
UTsH

ky is the value known as magnetostrictive coupling coefficient. This
coefficient represents the energy conversion efficiency between me-
chanical energy and magnetic energy, and ranges from O to 1.

2.2. Eddy current effects

In general, magnetic flux change in a conducting material induces
an eddy current inside of the material. This eddy current generates
a magnetic field acting against the magnetic flux change and causes
energy loss in the system. The analytical modeling of this energy loss
can generally be derived by solving the 1D axisymmetric magnetic
diffusion equation as a 0-order Bessel equation, and it is known that
the solution takes a form of infinite series [22,23]. In this section, we
analytically derive the opposing magnetic field from the eddy current
with the assumption that the magnetic flux density is uniform with
regards to cross-sectional area of the Fe-Ga rod.

The 1D axisymmetric magnetic diffusion equation with the assump-
tion of uniform magnetic flux density is given as follows:

10 <r 0H 4(r,1)

ror or > =oB® (@]

where r, H 4, t, and o are the radial coordinate, magnetic field by eddy
current, time, and conductivity of Fe-Ga alloy, respectively. Solving (7)
gives the solution:

Hy(r,t) = ‘l‘arz B(t)+ciInr+c, 8)

where ¢, and ¢, are integral constants determined by boundary condi-
tions. The first boundary condition can be obtained from the condition
that (8) should have a finite value at r = 0, and the second boundary
condition can be obtained from the condition that the H.4 should be
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Fig. 2. Analytical model of Fe-Ga rod with electric circuit.

o

RFcSi

Fig. 3. Dynamic magnetic circuit diagram.

zero at the surface of the Fe-Ga rod. These boundary conditions give

=0
L ©
¢ = —ZaRzB(t)
H(r,1) = %UrzB(t) - %URZB(t) (10)

where R is the radius of the Fe-Ga rod. Here, we define the average of
(10) as the effective reaction field caused by the eddy currents:

1 2[R
Hegett (0= — /A Heg(r,0dA = =5 /0 Hey(r, 0yrdr 1n
which simplifies to

1 . 1 .
Heg_epr () = —gaRzBm =5 000 12)
2.3. System model

In this section, we derive the system of equations for the magne-
tostrictive energy harvester in which the equation of motion, magnetic
circuit equation, and electric circuit equation are coupled. The follow-
ing assumptions are applied to the equations: (i) inertia force of the
Fe-Ga rod is negligible because the natural frequency of the rod is much
higher than the operating frequency band, (ii) leakage flux from the
magnetic circuit is negligible and (iii) leakage inductance of the pickup
coil is small enough to be neglected.

Fig. 2 shows the analytical model of the Fe-Ga rod with the pickup
coil connected to an electric circuit with a load resistor and a com-
pensating capacitor. When dynamic mechanical force f is applied
to the Fe-Ga rod, an electromotive force epyr is generated in the
pickup coil since the flux linkage changes due to inverse magnetostric-
tion. On the other hand, the induced current i flowing through the
pickup coil causes the mechanical deformation with force 4fg., by
magnetostriction. These phenomena give the equation of motion:

Affega—f =0 13)

and electric circuit equation:

| .
epmr = (Reoit + Rigaa) i + Il / idt 14)

Journal of Magnetism and Magnetic Materials 547 (2022) 168819

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

epmr = —N¢ 15)
(14) can be represented with the number of turns of pickup coil N and
time-derivative of magnetic flux ¢:

N+ (Regiy + Riga) i + é / idt=0 16)

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

. 1
AFgegy — Ni— Heg_egel + ERFeSiAqb =0 a7)

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

kFeGax_0¢_f =0

S R I |
RFCGa¢_6x_Nl+ EG!(ﬁ"r ERFeSid):O (18)

N+ (Reojy + Rigua) i + é/idt =0

where the small signal symbol 4 was omitted for convenience. Solving
(18) gives the harmonic solutions:

_atib f
a+jﬂ kFeGa

_%tibs s 19)
a+jp
o

e

a =870* N? + 0?01 (Reyit + Rioaq)

4
- Eﬂ (RFeSi + 2RF€Ga)

p == 470 (Rpesi + 2Rreca) (Rooit + Rioad)

- lam'l
C

a, =8710° N? + 0’61 (Reoji + Rigaa)
4 o
= 2 (Reesi + 2R 20)
3
py =—4rw (RFeSi + 2RFeGa) (Rcoil + Rlﬂad)

- lwc;l

T
oy =— EdRFeGa

By = —87@wd Riegy (Rooit + Rioad)

®; = —87@?d N Ry,

where j and o respectively are the imaginary unit and excitation fre-
quency, and solutions were simplified using (5). Among the solutions in
(20), x and i can respectively be utilized for vibration suppression [24]
and energy harvesting purposes. The average output power from the
load resistance can be obtained as follows:

a,'z Rload

= 2 21
2(a2+ﬂ2)f @1n

12
_ li]” Rigaq
ave — 2
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3. Parameter variation effects and optimal operating condition

In this section, we investigate the effects of parameter changes
on the average output power. The aim of this investigation is to
confirm the agreement of the proposed linear model with the laws of
physics, and to find the conditions for high-efficiency magnetostrictive
energy harvester. The average output power P, versus excitation
frequency w/2x curves (Fig. 4), P, versus load resistance R, ,q curves
(Fig. 5), and P,,, versus capacitance C curves (Fig. 6) were produced
with different values of (a) conductivity o, (b) permeability x and (c)
magnetostrictive constant d.

In Fig. 4(a), the difference between output powers with different
conductivities increases as frequency increases, which reasonably rep-
resents the feature of the eddy current loss. In Figs. 4(b) and 4(c), it can
be observed that the smaller permeability or higher magnetostrictive
constant leads to higher output power, which clearly represents the
increment of the magnetostrictive coupling coefficient expressed by (6).
It is also noteworthy that all the output power curves in Fig. 4 converge
to constant values regardless of o, ; and d.

In Figs. 5(a)-5(c) and 6(a)-6(c), it is notable that all the curves
have a peak value, which means that the magnetostrictive energy
harvester has an optimal load resistance and an optimal capacitance
at which the maximum output power can be harvested. These optimal
design parameters vary when the value of conductivity or permeability
changes. On the other hand, they are not affected by the change of the
magnetostrictive constant. The optimal load resistance R, and optimal
capacitance C,, can be derived from the following equations:

JP, JdP,

Tave =0, Zae =0 (22)
OR10ad | Rypgg=Rops 9C le=Cpy
Ry = 8zw?o NI . + Ry,
1672 (2Rpegy + Rpesi)” + w?0212
(23)
1672 (2Rpogy + Rresi)” + 0?0212
opt =

327202 N2 (2Rgg, + Reesi)

As seen from (23), we can confirm that both the optimal load resistance
R, and optimal capacitance C,, are independent of magnetostrictive
constant d. By substituting the (23) into (21), we can obtain the
maximum output power:

P RCmax =

2.2 32 N2 R2 2
872w’ d* N* Ry ., [ 24)

[167:2 (2Rpega + RFeSi)2 +w26212] R il + 8nw?cIN?

For comparison, the optimal resistance and maximum output power for
a pure resistance circuit (C = o) were also calculated:

641w* N* + 1670*6IN?R

coil 2

= + R~ . (25)

opt coil

1672 (2Rpegy + Rpesi)” + 02022

1672w?d*N2R% _ f2
PRmax = FeGe (26)
aRy +87?6IN? + y/a (aR2, +b)
where

a =167 (2Rp.q, + RFeSi)2 +w?c21?
@7)
b=16 (47r2aJ2N4 + zrwzalNchoﬂ)

Regardless of the parameters, (24) is greater than (26). Therefore, the
optimized harvester with an RC circuit can harvest more electrical
power than that with a pure resistance circuit.

The eddy current effect can be reduced by decreasing the effective
conductivity . The effective conductivity can be decreased by changing
from a solid rod to a laminated structure [25] or introducing more
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Fig. 4. Parametric study of the output power versus frequency for different
conductivities, permeabilities and magnetostrictive constants of the Fe-Ga rod.

complex cross-sectional shapes to increase the resistance encountered
by the eddy currents [26]. Fig. 7 shows the output powers increased by
reducing the eddy current effect. The power difference between Preax
and Ppg,,.x becomes larger as the effective conductivity decreases. In the

case of no effective conductivity (¢ = 0), the optimal parameters (23)
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Fig. 5. Parametric study of the output power versus load resistance for different
conductivities, permeabilities and magnetostrictive constants of the Fe-Ga rod.

and the maximum output power (24) respectively are

Ropt = Rcoil
(28)
c = 2RpeGa + Reesi
ot ™ 202 N2

212 A2 p2 2

w d“N-R: . f

Premax = Feta 2 (29)
2 (2Rpeca + Rresi)” R

coil

Journal of Magnetism and Magnetic Materials 547 (2022) 168819

104 T T T
pu=3.0x 107" [H/m]
d=3.0x10"% [m/A]
1=5.0x10"% [m]
A=1.0x10"* [m?

| Rpesi = 2.0 x 10° [A/Wb] i
N = 1000
Rigaa = 100 [)
Ren =30 [
w/2m =100 [Hz]
f =200 [N]

10°

——0=0[S/m]
— =10x100]]
=2.0 x 10°
=3.0 x 10°
=4.0 x 10°
=5.0 x 10°

1072

1077 10°® 107° 1074 1073
C [F]

(a) Variation of conductivity ¢

3 T
107 50 % 10 [m/A]

o =2.0x10° [S/m]

| 1=5.0x10"2[m]

A=1.0x10"* [m?

Rrpesi = 2.0 x 10° [A/Wb]
/ = 1000

102

-

107 F Ry =100 [0
Regn =30 ()
w/2m = 100 [Hz]
107 £ r =200 [N]

Pyye [mW]

107t

— i =10x 107 [H/m)]
0 x 107" 1
=3.0x10"*
— =40x107*
— =50x10"
— =6.0x10""

1077 10°® 107 1074 1073
C [F]

1072

1073

(b) Variation of permeability u

104 T T T

p=23.0x10"* [H/m|

d=3.0%10" [m/A]

1=5.0x1072 [m]

A=1.0x10"* [m?

102 | Rpesi = 2.0 x 107 [A/Wh] .
N = 1000
Rigaa = 100 (]
Reon = 30 [Q]
w/2m = 100 [Hz]

L £=200[N]

©

10

Pae [mW]

——d=10x10"°[m/A]
— =20x10"% E
=3.0x10"%
— =40x10°
— =50x10"%
— =60x10"*

1072

10-4 L L I
1077 107° 10°° 107 1073
C [F]

(c) Variation of magnetostrictive constant d

Fig. 6. Parametric study of the output power versus capacitance for different
conductivities, permeabilities and magnetostrictive constants of the Fe-Ga rod.

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

402 N*

————— + R
(2RpeGa + Rresi)

coil

R (30)

opt =

2 12 N2 R2 2
®?d®’N?R%: . f
P, Rmax = [eGa (3 1)

(2RFeGa + RFeSi)2 Rcoil (1 +V 1+ 52)
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Table 1
Parameters of experimental setup.
Parameter Definition Value
- Conductivity 1.18 x 10° S/m
! Rod length 48x 1073 m
A Rod area 2.83x 107 m?
Rpes; Reluctance of yoke 1.94x 10° A/Wb
N Number of turns 2000
R Resistance of coil 32,6 Q
f Excitation force 226 N
where
20N?
c= (32)

2
(2Rpega + Rresi) ™ Reoi

4. Experiment

Figs. 8(a) and 8(b) display the dimensions of the experimental Fe-

Ga energy harvester. The Fe-Ga rod with effective length of 48 mm and
effective diameter of 6 mm was connected to the Fe-Si laminated yoke
by two pure iron rings. Two sets of series connected coils with 600
turns were utilized to provide the magnetic bias for the Fe-Ga rod. The
pick up coil with a load resistance was wrapped around the Fe-Ga rod.
The device was mechanically excited by the fatigue-testing machine
(Instron, model E10000, Instron Corp., Norwood, MA, USA) which can
simultaneously provide a constant mechanical bias and a sinusoidal
mechanical force excitation up to 7 kN rms at maximum frequency
of 100 Hz. Table 1 shows the parameters of the experimental setup.
The rod length / of the harvester was determined by the dimensions
of the Fe-Si laminated yoke. The rod area of the harvester was defined
by the predetermined excitation force and the required preload which
provides the maximum output power [14]. The magnetic reluctance
of Fe-Si laminated yoke Rg.g; was calculated from its effective length,
cross-sectional area, and permeability. In this study, we neglected the
magnetic reluctance of the pure iron rings.
The obtained output power P,, was fitted to the experimental
results and magnetic constant d and permeability y which give the
best fit with the experimental results were investigated. Fig. 9 shows
power versus excitation frequency plots and fitted curves at different
excitation amplitudes. In this experiment, a load resistance of R, 4 =
160 2 was used. The proposed linearized model with d = 4.38 x 1078
m/A and y = 2.94 x 10~* H/m gives a good agreement with all 3
experimental data in the whole frequency domain.

Fig. 10 shows power versus load resistance plots and fitted curves
at different mechanical preloads. Since the magnetostrictive constant
d and permeability u respectively change depending on the value of
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Fig. 8. Dimensions of experimental Fe-Ga energy harvester.
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Fig. 9. Experimental results at different excitation amplitude and fitted model in power
versus frequency curves (d = 4.38 x 107® m/A, u =2.94 x 10~* H/m).
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Fig. 10. Experimental results (markers) at different preload and fitted models (solid
lines) in power versus resistance curves (w/2z = 100 Hz).

preload, curve fitting was applied to each experimental data with differ-
ent mechanical preload. As shown in Fig. 10, both the magnetostrictive
constant d and permeability x obtained by the curve fitting increase as
the mechanical preload increases from 70 MPa to 90 MPa. After taking
the peak value (d = 2.59 x 10°® m/A and u = 1.69 x 10~* H/m) at 90
MPa, they decrease as the mechanical preload further increases from
90 MPa to 110 MPa.

5. Conclusion

This paper presented a linearized small-signal modeling tool of
the magnetostrictive energy harvester which can reasonably represent
the characteristics of the magnetostrictive energy harvester, and the
following characteristics were obtained:
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1. The output power of the proposed model is independent of the
elastic compliance of the magnetostrictive material.

2. The magnetostrictive energy harvester has an optimal load re-
sistance and capacitance which are independent of the magne-
tostrictive constant.

3. The optimized harvester with an RC circuit can harvest more
output power than that with a pure resistance circuit.

While the proposed model shows a good agreement with experimen-
tal data, it requires to precisely estimate the value of magnetostrictive
constant and permeability. In principle, these properties can be ob-
tained from measured S — H and B — H curves, respectively, but their
values are sensitive to the mechanical and magnetic biases present
in the harvester. In particular, the latter may be difficult to estimate
analytically due to measurements errors, unknown material properties
and manufacturing tolerances. Therefore, the precise measurement and
uncertainty analysis must be studied in the future.
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