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ABSTRACT Magnetic field energy harvesters (MFEHSs) from current-carrying structures/conductors are
usually modelled as decoupled electromagnetic and electrical systems. The current-carrying structures may
affect the performance of MFEH through the generation of the eddy current and the alteration of the magnetic
reluctance. Moreover, the load circuit affects the current generated in the coil and therefore the flux density
and eddy current generated. The effects of the current-carrying structure and the load circuit cannot be fully
described by the decoupled models. This work develops a finite element model (FEM) that fully couples the
electromagnetic and electrical systems by simulating both the magnetic field and eddy current distribution
of an MFEH connected to an electrical circuit. The FEM first simulates the coil inductance and resistance of
a magnetic field energy harvester (MFEH) placed close to a current-carrying structure exemplified by a rail
track. The FEM then simulates the outputs of the MFEH connected to an electrical circuit consisting of a
compensating capacitor and optimal load resistor determined by the first step. An MFEH was fabricated and
tested under a section of current-carrying rail track. Both experiment and simulation show an increase of both
coil resistance and inductance when the MFEH is placed close to the rail track. The good agreement between
experimental and simulation results validates that the FEM can predict the full-matrix performances of the
MFEH, including the coil parameters, power output and magnetic flux density under the influence of the
current-carrying structure and the load circuit. Simulation results reveal that in addition to the permeability
of the magnetic core, the electrical conductivity and magnetic permeability of the current-carrying structure
considerably affect the performance of the MFEH, which cannot be predicted by decoupled models.

INDEX TERMS Magnetic field energy harvesting, finite element model, eddy current loss, rail track energy
harvesting.

I. INTRODUCTION

Condition monitoring of critical assets (e.g. overhead power
lines and railway) is crucial to enhance the management
and maintenance for increased capacity and efficiency. This
usually involves a great number of sensors distributed in
a large geographic area to monitor and report the status
of the assets [1]. Conventional wired sensors require high
installation and cabling cost, making them uneconomical for
large geographic area deployment. As a result, wireless sen-
sors and sensor networks have attracted significant research
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interests and have been playing an increasingly important
role in condition monitoring [2]. Traditionally, wireless sen-
sors are powered by batteries, which have a limited energy
capacity and lifetime. Once depleted, these batteries need
replacement or recharging. The replacement or recharging
of batteries can be difficult when the wireless sensors are in
great number and/or distributed in a large geographic area.
An alternative power source to batteries is energy harvesting
(EH), which converts ambient energy to useful electricity to
supply wireless sensors [3].

Various location-dependent energy sources are available
for energy harvesting, such as solar [4], wind [5], vibra-
tion [6], [7] and thermal [8]. Each has its own merits and
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limitation and has attracted significant research efforts in
the past two decades [9]. For assets carrying a high current,
a reliable energy source is magnetic fields. Examples of
such assets include power transmission lines [10], rail track
carrying traction returning current [11] and certain structural
beams in aircraft [12]. The magnetic field energy can be
scavenged by a piezoelectric cantilever with a tip mass made
of permanent magnets [13] or by a magnetoelectric com-
posite through magneto-mechano-electric mechanism [14].
The former method uses the magnetic field to induce elastic
strains in the piezoelectric materials through the motion of the
permanent magnet, whereas the later through magnetostric-
tive materials. While these methods convert magnetic field
energy indirectly to electricity, a direct and more common
method would be the use of magnetic field energy harvesters
(MFEHs) based on Faraday’s law.

Generally, there are two types of MFEHs: cable-clamped
and free-standing [15]. Cable-mounted EHs are wrapped
around the magnetic field source—the current conduc-
tor [16], [17]. The most common design is a toroid coil with
a magnetic core. Maharjan et al. [18] used a toroid coil to
scavenge electricity from indoor power lines with a current
of 65.3 A, which produced 105.24 mW. White et al. [19]
developed a rectangular coil with flux guides wrapping
around a 100 Arms power line, producing average power
of 1.5 W. Because the magnetic circuit of cable-mounted EHs
is closed and fully encloses the current conductor, they have
little demagnetization effect and therefore a high effective
permeability. Besides, the magnetic field can be confined
within the closed magnetic circuit, leading to little leakage
inductance and losses [20]. As a result, cable-mounted EHs
can produce high power outputs. However, enclosing the
current conductor limits the size and weight of the EH as
the EH increases the transmission line sag [21]. Moreover,
its application is limited to power transmission lines. When
the current conductor is a structural element, e.g. rail track,
instead of a cable, enclosing the conductor is not permitted.

Unlike cable-mounted EHs, free-standing EHs have an
open magnetic circuit and does not enclose the current con-
ductor. As such, they have greater flexibility and can be
applied to broader scenarios. Roscoe and Judd [15] devel-
oped a 0.5 m long solenoid with a diameter of 5 cm to
collect the magnetic field energy in a substation, which gen-
erated 0.3 mW (0.82 uW/cm3) with an external flux density
of 18 uT. Because the magnetic core of free-standing EHs
is open, it has a relatively low effective permeability due
to the demagnetization effect [21], leading to relatively low
power output. To increase the power output, flux concen-
trators have been designed as the magnetic core to improve
the effective permeability [22], [23]. Yuan et al. developed
a bow-tie core [21] and a helical core [24] made of MnZn
ferrite. When placed in a magnetic field with a flux density
of 7 uTrms, the bow-tie EH produced 1.86 uW/cm3, which
was 2.5 times greater than a conventional solenoid. A higher
power density of 2.1 uW/cm® was achieved by the helical
core. While all these magnetic EHs concerned magnetic fields
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generated by power lines, Wright et al. [12] developed an EH
with a funnel-like core to generate electricity from an H-shape
current-carrying structural rail used in aircraft. The EH was
not tested around the H-shape structure but cables carrying
20 A current. A power output ~1 mW was produced when
the frequency of the current was 800 Hz.

For the MFEHs mentioned above, finite element and/or
analytical models have been used to guide the design. The
majority of the models [12], [15], [21], [22], [24] simplified
the MFEH as two decoupled systems: one is electromagnetic,
which models the conversion of the primary magnetic field
generated by the current conductor to an electromotive force
(EMF); the other is electrical, which computes the current
and power generated by the EMF on an electrical load. The
only link between the two decoupled systems is the EMF.
However, in reality, the link between electromagnetic and
electrical systems can be more complicated. When the EMF
generates a current in the coil of the EH, the coil current pro-
duces a secondary magnetic field. The secondary magnetic
field is superimposed to the primary magnetic field and there-
fore affects the total flux density in the MFEH, potentially
leading to magnetic saturation [20]. A few coupled analytical
models were developed to address the magnetic saturation in
toroidal coil EHs [20], [25]. However, these models may not
fully describe the behaviours of free-standing EHs with an
open magnetic circuit. In a free-standing EH, the magnetic
field in the EH propagates to the ambient. If the EH is
placed in the proximity of the current conductor, which is
desirable because the flux density decreases with distance to
the conductor, the secondary magnetic field produces circular
eddy currents on the current conductor. The generation of the
eddy current in return affects the coil inductance and resis-
tance [26], and more importantly the power generation. More-
over, when the current conductor is ferromagnetic, it affects
the magnetic path and reluctance [27] of the MFEH placed
close and therefore the energy harvesting performance. Both
effects cannot be described by the analytical or finite element
models mentioned above.

This work, for the first time, develops an electromagnetic-
circuit-coupled finite element model for magnetic field
energy harvesting from a current-carrying structure, which
is exemplified by a rail track. The developed model fully
considers the complex coupling between electromagnetic and
electrical systems. It can predict the effects of the current-
carrying structure on the coil parameters and power out-
put. Moreover, it can directly simulate the full performance
matrix of the MFEH connected with a circuit, including the
coil parameters, power output and magnetic flux density.
Although the model is developed and validated on a solenoid
energy harvester, it can be used for the design and optimisa-
tion of any MFEHSs.

Il. THEORETICAL ANALYSIS

This study concerns energy harvesting from the magnetic
field generated by current-carrying structures. One example
of such structures is a rail track, which is usually used as
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the returning path of traction current in an electrified rail-
way [28]. When the traction current is AC, which is the case
in the UK [29], the varying magnetic field can be converted
to electricity. The simplest energy harvester perhaps is a
solenoid placed close to the rail track, as shown in Fig. 1.
When a harmonic current with a zero-peak amplitude of I
and frequency of w is running in the track, the resulted
varying magnetic field produces an EMF in the coil, which
is [21]

Voc = NwAeieBex = NwABoe (D

where N is the total number of windings in the coil; A, and 1,
are the effective cross-section area and effective relative per-
meability of the magnetic core; B,, is the external flux density
generated by the track; By = [LeBey is the flux density in the
magnetic core when the coil is open-circuited.

Current-carrying rail track

Magnetic core Coil

FIGURE 1. A schematic of solenoid energy harvester in the vicinity of a
current-carrying rail track.

I C R

FIGURE 2. An equivalent circuit model for the solenoid energy harvester.

When used for energy harvesting, the solenoid can be rep-
resented by an equivalent circuit model [21] shown in Fig. 2.
R. and L. are the resistance and inductance of the coil,
respectively. Ry is the load resistance and C is a compen-
sating capacitor used to tune out the impedance of the coil
inductance. The value of C therefore is

1
= ——. 2
L. 2
When the coil resistance is known and R;, = R, the
average power output reaches the maximum:
2 2
p— ﬁ _ (NwAeteBex) . 3)

8R. SR,

The power output is proportional to ng. Because the flux
density generated by a current conductor decreases rapidly
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with the distance away to the conductor, it is desirable to place
the solenoid close to the conductor to produce higher power.

The coil resistance and inductance cannot be accurately
determined without considering the coupling between the
electromagnetic system (represented by (2-3)). When a cur-
rent I, is generated in the coil by the EMF, the current
produces a varying magnetic field. The flux density in the
middle of the solenoid is [27]

_ MeNIc
le

where [, is the length of the coil. By is superimposed to the
primary magnetic field B, forming the total flux density B in
the solenoid. Because /.. is dependent on the load resistance,
both B and B also depends on the load resistance.

The magnetic field generated by the solenoid produces
circular eddy currents in the magnetic core if the core material
is electrically conductive, leading to an increase of coil resis-
tance. When materials with low conductivity such as MnZn
ferrite are used for the magnetic core, the eddy current loss
in the core can be ignored. However, as the magnetic path
of a solenoid is open, the magnetic field propagates to space
outside the magnetic core, producing circular eddy currents
on the surface of the current-carrying structure if the solenoid
is placed close to the structure. The energy loss leads to the
increase of the coil resistance, which can be expressed as

2P,q

Rc:Rw+Red:Rw+I_2 (5)
&

By “

where R,, is the wire resistance of the coil; Rog = 2P.q/1 c2 is
the coil resistance resulted from the eddy current; P,y is the
power dissipation of the eddy current. In a decoupled model,
the R,y is ignored and the coil resistance only considers the
wire resistance.

In addition to increasing the coil resistance, the eddy cur-
rents on the structure generate a magnetic field opposing the
one in the solenoid [26]. Moreover, the rail track is made
of ferromagnetic material. It alters the magnetic path of the
solenoid and reduces magnetic reluctance [30]. Both the eddy
current and the variation of the magnetic reluctance affects
the magnetic flux through the coil and therefore affect the
coil inductance since the coil inductance is [31]

Ny, _ H«eMONer
1. Il

where 0, is the average magnetic flux through each winding
of the coil. Furthermore, (6) further suggests that the variation
of the coil inductance means the alteration of the effective
permeability 1., which will results in the variation of the
EMF according to (1).

From the analysis above, it can be seen that the coil
inductance, resistance and open-circuit voltage are affected
by the current-carrying structure. The accurate modelling
requires the full coupling between the electromagnetic and
electrical systems. Analytical modelling of the EH in Fig. 1 is
difficult because of the complex shape of the current-carrying

L.=

(6
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structure. Therefore, this work develops an electromagnetic-
circuit-coupled finite element model to predict the perfor-
mance of the EH.

IIl. FINITE ELEMENT MODELLING METHODS

The finite element model was developed in COMSOL
Multiphysics®. The 3D geometry built for the FEM is shown
in Fig. 3. An air cylinder (diameter: 750 mm; height:500 mm)
was built to enclose the rail track and the solenoid energy
harvester. Unless specified, the geometrical parameters and
material properties used for the FEM are listed in Table 1.

Air cylinder

4y
dhn

o
S,

b

Rail tracké#

\ N

Magnetic core Coil

(®)

FIGURE 3. The meshed geometry of the finite element model (a) the full
model (b) a close-up view of the meshed solenoid energy harvester.

The magnetic core and the rail track were defined as fer-
romagnetic material. The magnetization of a ferromagnetic
material depends nonlinearly on the magnetic field strength
due to the magnetic hysteresis, leading to variable mag-
netic permeability. Including the nonlinear magnetization and
magnetic hysteresis in the FEM is challenging for frequency
domain analysis. In this study, a linear magnetization model
of the ferromagnetic material was used by defining a constant
magnetic permeability for the ferromagnetic materials. The
linear magnetization model is valid when the magnetic field
and the hysteresis loss is relative low, which is the case of this
study and has been widely used in the modelling of magnetic
field energy harvesters [12], [15], [21], [22], [24]. When the
magnetic core is saturated or the hysteresis loss is signifi-
cant, the linear magnetization model may not be valid and
the FEM may overestimate the power output considerably.
Moreover, it must be noted that the magnetic permeability of
ferromagnetic materials usually decreases as the temperature
increases. The material properties at room temperature were
used in this study. MnZn Ferrite was assumed to be the
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TABLE 1. Geometrical parameters and material properties used in the
simulation.

Symbol Description Value Unit
d Diameter of the magnetic rod 10 mm
l Length of the magnetic rod 200 mm
I Length of the coil 180 mm
N Number of coil windings 27000

dy, Diameter of coil wire 0.2 mm
d; Internal diameter of coil 10 mm
d, Outer diameter of coil 22 mm
I, Length of the rail track 500 mm
d, Distance between EH and track 20 mm
Us Relative permeability of current- 20
carrying structure
o, Electrical conductivity of the current- 3x10° S/m
carrying structure
He Relative permeability of the magnetic 2000
core
o, Electrical conductivity of the magnetic 1 S/m
core
I Current running through the structure in 100 A
Power-output Study
Ieo Current input in the coil in Coil- 0.01 A

parameter Study

material of the magnetic core, which has a very small electri-
cal conductivity and therefore hardly results in eddy current
loss in itself.

The coil was modelled as a hollow cylinder, as shown
in Fig. 3 (b), with an internal diameter of d; and an outer
diameter of d,,. The coil was defined as a circular type of coil
in COMSOL. The number of windings N, the diameter d,,
and the electrical conductivity of the coil wire were assigned.
The average perimeter of the coil windings is calculate by

Z - di + do

w . 2
This value was assigned to be the ‘length of the edges’ in the
coil model of COMSOL. The coil wire length in COMSOL is
calculated by timing ‘length of the edges’ with the number of
windings. The FEM then computes the wire resistance based
on the coil wire length, diameter and electrical conductivity.
Therefore, the accuracy of ‘length of the edges’ is very impor-
tant for the accurate simulation of coil resistance.

The FEM consists of two studies: Coil-parameter Study to
simulate the coil inductance and resistance, and Power-output
Study to simulate the power generation and total flux density.
Both studies were harmonic analysis performed at 50 Hz.
Magnetic insulation was assigned to the exterior surfaces of
the air cylinder. A boundary condition ‘Gauge Fixing for
A-Field’ was added to speed up the convergence and reduce
the computational time [32].

In the Coil-parameter Study, the structure was not ener-
gised but the coil was excited with a current /.o by setting
the ‘coil excitation’ as ‘current’. The coil current produces a
voltage V. across the coil, as shown in Fig. 4. The ratio of Vg
and /.o, which is the complex impedance of the coil, was used

)
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FIGURE 4. Boundary conditions of the coil-parameter study.

to identify the coil inductance L. and resistance R.. The entire
model was built in the ‘Magnetic and Electrical Interface’
(MEI) of COMSOL. MEI can compute the magnetic field and
eddy current distribution by applying Ampere’s Law and Cur-
rent Conservation [32]. As such, the L. and R, simulated in
this study took into account the effect of the eddy current and
the ferromagnetic rail track, whereas the traditional decou-
pled models assumed a large distance between the conductor
and the MFEH, and only considered the wire resistance for
the coil resistance [12], [15], [21], [22], [24].

In the Power-output Study, the cross-sections at both ends
of the structure were used as electrodes and a current I; was
input through the two electrodes, as shown in Fig. 5 (a).
The rail track and the MFEH were modelled in the MEL
Therefore, the coil parameters and voltage output of the
coil in this study included the effects of the eddy current
and the ferromagnetic rail track. Unlike traditional decou-
pled modelling [12], [21], [22], [24]., where the MFEH is
open-circuited and only the open-circuit voltage can be simu-
lated, the coil output in the present model was connected to an
‘Electric Circuit Interface’ (ECI), which consisted of a com-
pensating capacitor C and a load resistance Ry (Fig. 5 (b)).
The value of C was computed based on L. simulated in
Coil-parameter Study and according to (2). The value of Ry,
unless specified, was set to R, simulated in Coil-parameter
Study to obtain the maximum power output. The current I,
and magnetic field B, generated by the coil depended on the
voltage output simulated by the MEI and the circuit simulated
in the ECI. The eddy current loss generated in the MEI also
depended on By and therefore the circuit as well. In this way,
the electromagnetic and electrical (circuit) domains of the
MEFEH are coupled together.

The model can take advantage of the symmetry of the
geometries to build half of the model, leading to reduced
computation time. In this work, a full model was used
to present the current and magnetic flux distribution more
clearly.

IV. EXPERIMENTAL METHODS

To validate the FEM, a solenoid energy harvester was fabri-
cated, as shown in Fig. 6. The magnetic core is made of MnZn
Ferrite 3B1 with a diameter of 10 mm and a length of 200 mm.
MnZn Ferrite 3B1 has an initial relative permeability of 900,

46284

() (b)

FIGURE 5. Boundary conditions of the power-output study: (a) the rail
track is energized with Is; (b) the solenoid energy harvester is connected
to a circuit consisting of a compensating capacitor and a load resistor.

00 0000001000000 OO 1 i
g g gl

FIGURE 7. Experimental setup.

a saturation limit of 0.38 T and electrical conductivity of
0.2 S/m. The coil was wounded in the lab by a coil winding
machine (CNC200 A). It features ¢}0.2 mm copper wire, coil
length [, of 88.9 mm and outer diameter d,, of 18.8 mm. It has
in total 17 layers and 6086 turns of winding.

The solenoid energy harvester was placed underneath a
rail track, as shown in Fig. 7. The 50 Hz AC running in the
rail track was provided through two bolted electrodes by an
AC source (A5710-400-2V0, VX Instruments GmbH). The
current supplied by the AC source was monitored by a current
probe (Pico Technology TA167).

‘When measuring the coil resistance and inductance, the rail
track was not energised and the solenoid was connected to
a frequency response analyser (PSM 1700, Newton 4th). The
frequency response analyser energised the solenoid at 50 Hz
with a voltage of 1 V and computed the coil inductance
and resistance according to the measured voltage and cur-
rent in the coil. Before measuring the power output, multi-
layer ceramic capacitors (tolerance +20%) were connected
in series to the coil to tune out the coil inductance. The value
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of the capacitance was adjusted through a combination of
a few capacitors until the total impedance of the coil and
the capacitors, measured by the frequency response analyser
at 50 Hz, had negligible reactive part. Following that, a vari-
able load resistance was connected to the capacitor and the
coil. The rail track was then energised with the current wave-
form and amplitude monitored by the current probe. The
voltage across the load resistor was measured to calculate the
average power output.

V. RESULTS AND DISCUSSIONS

A. EXPERIMENTAL VALIDATION OF COIL-PARAMETER
STUDY

To compare the simulation results with the experiment,
the coil parameters in the FEM were selected to match the
experiment: [, = 9 mm, d, = 18.8 mm and N = 6086.
The simulated coil resistance and inductance are com-
pared with the experimental results in Table 2. d; is
the distance between the solenoid and the rail track,
as denoted in Fig. 5(a). The simulation results are in
good agreement with the experiment. d. = 00 means
the coil parameters were measured or simulated with-
out the presence of the rail track. When di = 77 mm,
the coil resistance and inductance are about the same as
d; = oo, suggesting the negligible effect of the rail track
at this distance. As the solenoid is moved closer to the
track, both coil resistance and inductance increase. When
di = 15 mm, the coil resistance is increased by 38%, com-
pared to d; = oo.

TABLE 2. Comparison of measured and simulated coil resistance and
inductance.

Coil resistance R, (©2)  Coil inductance L. (H)

d, (mm) Experiment = FEM Experiment FEM
e 155.2 153.5 393 3.93
77 155.8 157.5 3.94 3.97
43 164.2 166.8 4.01 4.08
15 214.2 218.7 4.59 4.67

The increase of the coil resistance is due to the addi-
tional energy loss resulted from the induced eddy current on
the rail track. This can be evidenced by the induced eddy
current on the rail track during the Coil-parameter Study,
as shown in Fig. 8. Although the rail track is not energised,
current density up to 2.5 x 10* A/m is observed, which is
induced by the magnetic field generated by the energised coil.
The eddy current generates a magnetic field, which opposes
the field generated by the coil current and tends to reduce the
total magnetic flux through the coil, leading to a reduced coil
inductance by (6). However, the ferromagnetic track alters
the path of the magnetic flux outside the coil and reduces the
magnetic reluctance of the MFEH, similar to the mechanism
used in variable reluctance energy harvesting [30]. This leads
to an increase of the magnetic flux through the coil and tends
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FIGURE 8. Eddy current density generated on the rail track by the
solenoid placed at d; = 15 mm when the coil is energized with

Ico = 0.01 A and the rail track is not energized: (a) perspective view
and (b) cross-section view. Unit: A/m2.

8]

(b)

FIGURE 9. Magnetic flux density when the coil is placed at d; = 15 mm
and energized with Iy = 0.01 A: (a) the rail track is not present; (b) the
rail track is present but not energized. Unit: T.

to increase the coil inductance. The increase of the magnetic
flux because of the ferromagnetic rail overshadows the reduc-
tion of the magnetic flux due to the eddy current. As a result,
the total magnetic field through the coil is increased, as shown
in Fig. 9. The average flux density in the middle of the
magnetic core is denoted as Bj for the Coil-parameter study
in this work. Bj is increased from 0.09 T to 0.107 T when
the rail track is present. Consequently, the coil inductance is
increased.

B. EXPERIMENTAL VALIDATION OF POWER-OUTPUT
STUDY

The measured open-circuit voltages are compared with sim-
ulation in Fig. 10 for d. = 15 and 77 mm. The simulated
and measured V,,. increases linearly with the current I in the
track at both positions because the flux density B, generated
by the track increases linearly with /g, which can be verified
by the simulated B, in the figure. The distribution of B,
in the magnetic core is similar to Fig. 9 (b) and therefore
is not repeatedly presented. The values of B,. were taken
as the average flux densities in the middle of the magnetic
core. The B, calculated this way was found to accurately
represent the average flux density in the coil, which can be
validated by the close agreement of V,,. simulated by the FEM
and calculated by (1). When the solenoid is placed closer to
the rail track, a higher flux density and therefore higher V.
is generated. The good agreement between simulation and
experiment suggests the accurate modelling of the current
and flux distribution in the rail track as well as the effective
permeability of the solenoid.
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FIGURE 10. Comparison of simulated and measured open-circuit voltages
and flux densities of the solenoid energy harvester when (a) d; = 15 mm
(b) d; = 77 mm.

The measured power, voltage and current outputs are com-
pared with simulation in Fig. 11 for d; = 15. In the sim-
ulation, the load resistance was kept constant at the coil
resistance. In the experiment, 10 values of Ry ranging from
50 to 1000 2 were used although only a few values of Ry
are presented for the clarity of the figures. The value of
the capacitance used in the experiment was 2.17 uF. The
impedance of the coil with the capacitor has a resistive and
reactive component of 245.6 and —4.9 €, respectively. The
increase of the resistance from 214.2 to 245.6 2 is due to the
resistive component of the capacitors.

The measured power agrees well with the simulation when
I is low. At I = 50 A, the power measured is 3.5 mW, com-
pared with 3.7 mW in the simulation, as shown in Fig. 12 (a).
As I is increased, there is a gradual increase in the discrep-
ancy between simulation and experiment. At Iy = 200 A,
the power measured is 50.5 mW, compared to 61.0 mW in
simulation, as shown in Fig. 12 (b), and the optimal load resis-
tance has increased to 400 €2. The reduction in the power out-
put and the increase in the optimal load resistance compared
with simulation are because of the nonlinear magnetization
of the core at high flux density [20], [25] and the variation in
the properties of the capacitor at high voltage [33]. The total
flux density B during energy harvesting is much higher than
the open-circuit flux density B, due to the magnetic field
generated by the current in the coil, although the distribution
is about the same as Fig. 9 (b). The average value of B in the
middle of the magnetic core presented in Fig. 10 and 11.

As the load resistance increases, the flux density in the
magnetic core decreases monotonically, as shown in Fig. 12.
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FIGURE 11. (a) The simulated and measured power outputs & the
simulated flux density; (b) the simulated and measured voltage and
current outputs when of the solenoid energy harvester placed at d; = 15
mm. The simulated flux density is taken as the average in the middle of
the magnetic core.

This means increasing the load resistance can reduce the
effects of nonlinear magnetization on L. by reducing the
total flux density. The increase in the load resistance also
reduces the voltage on the capacitor and therefore reduces
the variation in its properties including the resistance loss and
capacitance [33], leading to a better match of L. and C, which
leads to the maximum power output at a higher Ry . Moreover,
Fig. 12 shows a slight increase in Ry beyond the optimal
resistance does not reduce the power output significantly.
This partly attributes to the increase of the optimal load
resistance in the experiments.

The measured power, voltage and current outputs are com-
pared with simulation in Fig. 13 for di = 77. The load
resistance in the simulation was kept constant at 157
whereas 10 different load resistors were used in the exper-
iment, although only the power output of 4 load resistors
are presented in the figure for clarity. The compensating
capacitor used in the experiment was 2.55 uF. The impedance
of the coil with the capacitor has a resistive and reactive
component of 159.4 and —0.9 , respectively. The optimal
load resistance in the experiment was found to increase with
the current in the rail track, similar to the observations with
d; = 15 mm. When the current /; in the rail track is less
than 50 A, the measured optimal load resistance is 157 €,
which is about the same as the impedance of the coil and
the compensating capacitor. At Iy = 200 A, the measured
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FIGURE 12. Effects of the load resistance on the power output and flux
density of the solenoid energy harvester placed at d; = 15 mm for
(a) Is = 50 A and (b) Is = 200A.

optimal load resistance is increased to 300 €2, producing
24.5 mW of power compared to 27.4 mW in simulation.
The discrepancy between the measured and simulated power,
in this case, is smaller than d;i = 15 mm. This is likely
because the flux density at d; = 77 mm is lower, leading to a
reduced effect of the nonlinear magnetization and hysteresis
loss. The measured power at d; = 15 mm is about twice that
at di = 77 mm despite the increased eddy current losses.
This validates the benefits of placing the MFEH close to the
current conductor.

C. THE MATERIAL PROPERTIES OF THE
CURRENT-CARRYING STRUCTURE

Although a rail track is used in this study, the current-
carrying structure may be made of other materials. Therefore,
the effects of the structure’s material properties including
the electrical conductivity and magnetic permeability were
investigated by the developed model.

As the electrical conductivity oy of the current-carrying
structure increases, the eddy current density, simulated by
the Coil-parameter Study increases, as shown in Fig. 14(a).
As a result, the magnetic field produced by the eddy current
increases. Because the magnetic field produced by the eddy
current opposes the magnetic field produced by the coil cur-
rent, its increase leads to the reduction of the total magnetic
field B; through the coil, as shown in Fig. 14(a)). Therefore
the coil inductance is reduced, agreeing with (6). Although
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FIGURE 13. (a) The simulated and measured power outputs & the
simulated flux density; (b) the simulated and measured voltage and
current outputs when of the solenoid energy harvester placed at d; = 77
mm. The simulated flux density is taken as the average in the middle of
the magnetic core.

the eddy current increases monotonously with oy, the resulted
power loss P,q4, predicted by the FEM, first increases and then
decreases with oy, as shown in Fig. 14 (b). This is because the
power loss is not just related to the eddy current amplitude
but also depends on the resistance of the loops described
by the flow of eddy currents, which is expected to decrease
with o;. The coil resistance R, follows the same trend as P, .
This is because R.q4, the resistance due to eddy current loss,
is proportional to P4, according to (5). The values of R4
calculated by (5) is presented in Fig. 14(b). The difference
between R, and R,y is always the wire resistance R,,, which
is 0.72 k<2 for the present coil.

The effect of o; on the open-circuit voltage and power
output, simulated by the Power-output Study is shown in
Fig. 15. o, has limited impact on the open-circuit voltage
Voe because the current in the structure is kept constant.
The power output first decreases and then slightly increases
with oy, which is the result of the variation of R, with oy.

As the relative permeability p  of the structure increases,
the eddy current simulated in the Coil-parameter Study
increases, as shown in Fig. 16(a). As a result, the magnetic
field produced by the eddy current is expected to increase
with . The flux density B; through the coil, which is
weakened by the magnetic field of the eddy current, first
increases with g and then gradually flattens, suggesting
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FIGURE 15. Effects of the electrical conductivity o5 of the current-carrying
structure on the open-circuit voltage and power output when the
structure carries a current of 100 A.

that the increase of pg leads to an increase in the magnetic
field generated by the coil current. This is because the ferro-
magnetic structure alters the magnetic path outside the coil
and concentrates the magnetic field generated by the coil
current [26]. When uy < 100, the increase of the magnetic
field generated by the coil current is larger than the increase
of the opposing magnetic flux from the eddy current, leading
to the increase in Bj. As u; is increased further, the increase
of the magnetic field generated by the coil current is about
the same as the increase of the opposing magnetic field from
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coil resistance Rc, the power loss P4 resulted from eddy current and the
calculated Rgy.

the eddy current, leading to the gradual flattening of B;. This
suggests as g is large enough, the structure’s capability of
increasing the flux density diminishes. This is likely caused
by the saturation of its effective permeability, similar to the
saturation of the effective permeability of the magnetic core
that is discussed in Figure 18.

The coil inductance L. follows the trend of the flux density
B1—it increases rapidly with pug when pug< 100. As g is
increased further, its effect on L. diminishes. The power loss
due to eddy current shows a different pattern from the eddy
current density shown in Fig. 16(b), as the power loss also
depends on the resistance of the loops described by the flow
of eddy currents. The coil resistance R, follows the trend
of power loss, as expected. g has minimal effects on the
open-circuit voltage as shown in Fig. 17. This because in
the open-circuit condition, the coil current is zero and does
not generate a magnetic field interacting with the current-
carrying structure. The variation of the power output is mainly
caused by the variation of R, with ;.

D. THE PROPERTIES OF THE MAGNETIC CORE

The effects of the relative permeability of the magnetic
core were investigated with the conditions listed in Table 1.
As shown in Fig. 18, when u. increases, all the parameters
including the coil resistance, inductance, open-circuit voltage
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and power output first increase and then gradually flatten.
This trend is caused by the variation of the effective perme-
ability u, of the magnetic core. . of a rod can be expressed
as [34]
- Me
e 1.7

14+0.84(4) " (e — 1)
where d and [ are the diameter and length of the rod, respec-
tively. When d and [ are fixed, . first increases with .,

as shown in Fig. 19. As . increases further, its effect dimin-
ishes and it will finally saturate at a maximum value f,,, that

®)
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depends only on the dimensions of the rod:

1
Mem = lim po=———+ )
=00 0.84(4)"

The coil inductance L. and the open-circuit voltage V. fol-
lows the variation of 1, as they are proportional to p., accord-
ing to (6) and (1), respectively. As u, increases, the coil
produces a stronger magnetic field in the Coil-parameter
Study, which produces a higher eddy current and power loss.
As a result, the coil resistance R, is also proportional to ft.
The variation of V,. and R, leads to the variation of the
power output P against p.. The maximum power output
can be obtained when i, = 1000. Further increase in .
hardly increases the power output. Since the coil resistance
R, increases with the effective permeability, it is expected
the increase of R, will be more significant when magnetic
cores with higher effective permeability are used around large
conductors, such as the funnel core [12] and helical core [24]
reported in the literature.

VI. CONCLUSION

In this work, an electromagnetic-circuit-coupled finite
element model (FEM) of magnetic field energy har-
vesters (MFEHs) was developed, validated and applied
energy harvester design. The Coil-parameter study of the
FEM was developed in the ‘Magnetic and Electric Interface’
(MEI) of COMSOL, which is capable of computing the mag-
netic field and eddy current distribution. The simulated coil
resistance and inductance, therefore, included the effects of
the eddy current and the ferromagnetic conductor, opposed
to the traditional models which only considered the wire
resistance as the coil resistance. The Power-output study of
the FEM consisted of the current-carrying rail track and the
MFEH modelled in the MEI and an electrical circuit modelled
in the ‘Electrical Circuit Interface’. The coil output was con-
nected to the electrical circuit, in contrast to the open-circuit
coil in traditional decoupled models. The FEM could simulate
the power output and total flux density in the magnetic core
under the influence of not just the effects of the eddy current
and ferromagnetic conductor, but also the connected circuit.
The simulation results were validated by experiment with
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good agreement. Further studies were performed by using the
developed model to investigate various factors that affected
the performance of the MEH.

When the MEH is placed close to the current-carrying
structure, its coil resistance and inductance are affected by
the structure through the generation of eddy current on the
structure and the alternation in the magnetic reluctance of
the MFEH. This in return affects the power output. This
phenomenon was predicted by the simulation and validated
by experiment. The variation of the coil resistance and
inductance depends on the electrical conductivity and mag-
netic permeability of the current-carrying structure. Notably,
the power loss due to the eddy current does not increase
monotonically with the electrical conductivity of the structure
because the power loss is related to both the eddy current
amplitude and the resistance of the loops described by the
flow of eddy currents. The coil resistance and inductance
are found to increase with the effective permeability of the
magnetic core due to a higher eddy current generation on the
current-carrying structure.
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