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ABSTRACT Power transmission lines are equipped with various electronic devices, including power line
inspection robots, safety sensors, and monitoring systems. However, providing power to devices installed
on these lines often requires extensive construction and poses many challenges. Therefore, to solve such
problems, active research is being conducted on Magnetic Energy Harvesters (MEHs) that harness the
magnetic field generated by the current in the power lines to harvest electricity. A crucial design objective of
the MEH is to maximize harvested power even if the saturated region is partially included, unlike a current
transformer (CT), which must maintain an unsaturated state throughout the operating region. In this paper,
design considerations of an MEH are discussed in comparison to the CT. Specifically, this paper formulates
the relationship of the airgap between core cutting surfaces, the timing of power harvesting, and the amount
of harvested power. It was observed that the MEH core should be designed to have a B-H curve close to the
step function by minimizing the airgap and selecting magnetic material with high saturation magnetic flux
density to achieve high harvesting power. An optimal MEH model for harvesting the maximum power for
each given input current condition is presented. Furthermore, experiments were conducted to verify that 28W
of power was harvested under the input current condition of 150 Arms.

INDEX TERMS Energy harvesting, magnetic material, magnetic saturation, magnetic core.

I. INTRODUCTION
Electric energy is supplied through power lines which span
millions of kilometers in length and are exposed to the
external environment. These power lines can be damaged
by natural hazards such as lightning, wildfires, and fallen
trees. To ensure the reliable operation of electrical power
systems, constant monitoring and preventive maintenance
work are necessary. Recently, as depicted in Fig. 1, the
environment surrounding power lines has been monitored
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using numerous sensors, cameras, and drones, as in [1],
[2], and [3]. In addition, various robots are being employed
to repair malfunctions. This approach has the potential to
reduce maintenance costs and minimize human exposure
to hazardous environments. However, many devices in the
industry depend on battery power, which has a limited
capacity. This reliance on batteries leads to inconveniences
such as periodic battery replacements and high maintenance
costs. To address these limitations, energy harvesting (EH)
technologies by solar, wind, and magnetic fields, have
emerged as an appealing solution to enable self-sustainability
in systems, eliminating the need for battery power.
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FIGURE 1. Various equipment for transmission line maintenance:
(a) Transmission Line Inspection Robot by SHENHAO [1], (b) Transmission
Line Conductor Monitor by LINDSEY [2], and (c) Overhead Line Sensor by
InHand [3]. These devices all require tens of W, or in some cases, even
hundreds of W of power. Fundamentally, these devices are powered by
batteries, but if they receive power from the power lines through an MEH
system, they can be used semi-permanently without needing to replace
the batteries.

Energy harvesting is crucial for developing more sus-
tainable, efficient, and innovative energy solutions, which
are integral to addressing both present and future energy
challenges. Accordingly, research on energy harvesting is
being conducted on various topics, such as various sources
and various operation methods, as in [4], [5], [6], and [7].
Among the various energy harvesting technologies, mag-

netic energy harvesters (MEHs) utilize the principle of
electromagnetic induction to convert magnetic field energy
into usable electrical energy. MEHs typically consist of a
coil wound around a magnetic core. When exposed to a
varyingmagnetic field by an alternating current, the magnetic
flux through the coil changes, inducing an electromotive
force and generating electrical power. MEH systems are
able to harvest power with high reliability and high power
density in comparison with other energy harvesting sources,
as explained in [8], [9], [10], [11], and [12].

The principle of harvesting power through anMEH system
is briefly illustrated in Fig. 2(a). Voltage is induced in the
core by a magnetic field generated by an alternating current,
causing the current to flow, similar to the principle of a
wireless power transfer system, as shown in [13] and [14].
This power is then charged to the battery through a rectifier
and DC-DC converter. This principle is nearly identical to a
current transformer (CT) used to measure current in power
lines, and the external appearance is also very similar to that
shown in Fig. 2(b) and (c). A CT also uses a core to measure
the voltage across a shunt resistor connected to the secondary
side and calculates the current on the primary side. CTs are
widely used inmany applications and have been the subject of
extensive research. Accordingly, many research institutions
and companies are designing MEH cores based on the design
principles of CT cores.

When designing a CT, the most important thing is to design
the core so as not to saturate under the current condition in
which the CT operates. When the core is saturated, voltage
is not induced on the secondary side because the magnetic
field does not change with time and has a constant magnitude.
Therefore, the current on the primary side cannot bemeasured
on the CT side, and power cannot be harvested in the MEH.
Studies [15], [16], [17] suggest that it is important to design
the core so that the B-H curve, which expresses the saturation

FIGURE 2. Comparison of MEH and CT. (a) Schematics of the MEH and the
CT installed on a power line. (b) Magnetic energy harvester by Ferraris
Power, Inc. (c) Current transformer by ABB. The appearance and operating
principles of MEH and CT are very similar. However, while accuracy is the
most critical factor for CTs, the amount of power harvested is the key
factor for MEHs. Therefore, these two devices should be designed with
different design considerations in mind.

characteristics of the magnetic material, is in the linear region
in the operating current range. Previous studies have designed
the core to have a linear region in a wide current range by
adding an airgap to the core before analyzing the amount
of power that can be harvested. These studies introduce an
intuitive and simple CT-based design.

However, since an MEH and CT have different purposes,
the design method should also differ to obtain the optimal
target value for each. The purpose of a CT is to accurately
measure the primary side current value; therefore, it must
not be saturated in all sections to have high measurement
reliability. By adding an airgap to themagnetic core, the linear
range of the B-H curve can be expanded, and the saturation
current range is increased, as explained in [18] and [19].
Piotr Dworakowski stated that adding an airgap between the
cores is designed to have a relatively large size to reduce the
slope of the B-H curve and minimize the effect of magnetic
saturation on magnetizing inductance in [19]. Particularly,
it conducted an analysis of the nonlinear relationship between
the number and length of airgaps and effective perme-
ability in three-phase transformers with a multiple airgap
structure.

However, the primary purpose of an MEH is to charge
the device’s battery. It is better to harvest higher power for
the same current even if the saturation region is included.
To achieve that, instead of reducing the slope of the B-H
curve, it is necessary to have as steep a slope as possible
to induce a large voltage on the secondary side through a
significant change in magnetic flux density under the same
operating conditions. Moon suggested that the core should
be designed to include a saturation region to maximize
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harvesting power in [20]. The harvesting power according
to the saturation environment of the core was analyzed
mathematically in [20]. Furthermore, in [10], Liu analyzed
an MEH system in the saturation region according to the
input current condition and proposed a model that could
accurately calculate harvesting power by calculating the
phase difference by magnetizing inductance.

The harvesting time (tharvest ) for power generation in the
saturation region is not constant and is calculated based on
a complex relationship with the design variables of the core
and circuit parameters. Additionally, to harvest a significant
amount of power, a large magnetic flux density is required
relative to the same current conditions, which also varies
depending on the design variables of the core. However,
previous papers have not analyzed the relationship between
the effective B-H curve variation due to design variables of
the core, such as the airgap and secondary turns and the
maximum magnetic flux density and harvesting time under
operating current conditions. The maximum magnetic flux
density and harvesting time have a trade-off relationship, and
their optimal points vary depending on the surrounding circuit
configuration, operating current conditions, and core design
methods.

Moreover, not only sensors requiring mW-level low power,
but also cameras, robots, and other devices requiring several
W or tens of W of power are being installed on power
lines. To provide sufficient power to such equipment, at least
several W of power must be harvested. However, existing
research has only been able to harvest mW-level power using
an MEH, and [21] reported a maximum power harvest of
14.3W under 70 Arms conditions. As the power consumption
of devices increases, the current flowing through power lines
is also increasing, along with the required power for devices
installed on power lines. Consequently, finding new methods
to harvest more power at the same current condition is crucial,
as well as designing anMEH system that can operate at higher
current conditions.

Therefore, this paper proposes an optimal MEH system
design method according to the input current condition.
First, the differences between CT design and MEH design
according to each purpose were analyzed to determine how
they should be designed differently. Next, the characteristics
of the B-H curve suitable for the MEH core were analyzed,
and a core design parameter selection method is presented.
In particular, the relationship between the harvesting time
due to core saturation and the airgap between the core
cut surfaces, which was not considered in previous papers,
is formally proposed. Through this, the effect of the airgap
of the core on the harvested power can be mathematically
derived. Based on the mathematical analysis, many variables
were varied and simulated to present an optimal core design
according to the input current condition, which was verified
through experiments. To validate our proposed design,
we conducted experiments using the proposed core design
and successfully harvested 28Wof power under the condition
of 150 Arms.

FIGURE 3. MEH and CT’s B-H curves for optimal performance. For MEH,
a large slope and high saturation flux density are necessary to harvest
significant power, while for CT, a BH curve with a low slope allows a
wider operating range, thereby increasing measurement accuracy.

This paper is organized as follows. Section II discusses the
basic operating principle of an MEH and how it differs from
a CT. In Section III, changes in the effective characteristics
of the core are confirmed based on changes in various design
parameters, and a design method to extract maximum power
is analyzed in a given situation. In Section IV, various
cores are analyzed through the finite element method (FEM)
and circuit simulation, and a model capable of harvesting
maximum power under given input current conditions is
derived. Section V describes the process and results of
the experiments to verify the proposed core designs, and
Section VI concludes the paper.

II. COMPARISON OF CURRENT TRANSFORMER AND
MAGNETIC ENERGY HARVESTER
Before discussing the optimal MEH design, we must first
understand the differences between CTs and MEHs as well
as the reasons why designing an MEH core based on the
core design consideration of a CT is not recommended. The
CT and MEH, which are installed where alternating current
flows, such as transmission lines, have similar operating
principles and core shapes.

However, the two devices have different objective func-
tions; therefore, they should be designed by different
procedures. First, since the purpose of a CT is to measure
the current of the power line accurately, it must have high
reliability in all areas. Thus, the core should not be saturated
within the operating current range of the CT, and the B-H
curve of the core should have awide linear region, as shown in
Fig. 3. Additionally, it should allow continuous current flow
on the secondary side.

Conversely, as the MEH is a kind of power supply, its
purpose is to harvest as much power as possible, necessitating
a different design. If the core reaches the saturated region,
it cannot harvest power. However, using a core with a small
slope B-H curve like the CT core, indicated with a red
line in Fig. 3, would result in a very low magnitude of
harvested power because it would have a very low magnetic
flux density under the operating current condition. Even if
saturation occurs within a certain range, using a core with a
steep B-H curve, shown as the blue line in Fig. 3, allows for
discontinuous but higher average power harvesting.
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FIGURE 4. Equivalent circuit of CT for measuring primary side current.
A resistance, Rshunt , is connected for the purpose of converting current to
voltage, and the power transmitted to the load is very small.

If only a very high magnetic flux density is desired,
the harvesting time (tharvest ) would be too short to harvest
sufficient power. Conversely, if tharvest is set to be long,
the magnetic flux density decreases, resulting in a smaller
magnitude of harvested power. In this paper, we analyze the
relationship between tharvest and magnetic flux density from
the perspective of core design. We then propose a design
that can harvest the maximum power under given operating
conditions.

A. DESIGN CONSIDERATION FOR THE CT
Before developing the optimal MEH design, it is important to
discuss the perspective from which the existing core for a CT
is designed. Although a CT andMEH have different objective
functions, the design variables and their impact on the system
are similar. Accordingly, it is necessary to understand the CT
design to proceed with the optimal MEH design.

The CT model and equivalent circuit model can be
expressed simply, as shown in green in Fig. 2(a) and Fig. 4.
A current on the secondary side (io_CT ) is generated by a
current on the primary side (ip) by Faraday’s law. The value
of the current on the primary side is calculated by measuring
the voltage applied to the installed shunt resistor (Rshunt ),
as follows:

io_CT =
ip
N2

, ip =
N2

Rshunt
vo_CT (1)

Equation (1) is derived for operating environments where
the core is not saturated. Under heavy-load conditions
where the core can become saturated, distortions can occur
in the voltage waveform, leading to phase differences
between voltage and current, as in [22], [23], and [24].

1) AIRGAP
When the core reaches saturation, no voltage is induced in the
secondary, and the primary current cannot be calculated.

For this reason, in the case of CT, the core should
be designed not to be saturated in the operating current
range, as shown by the red line in Fig. 3. The B-H curve
can be deformed by adding an airgap between the core,
as shown in Fig. 5(a). When an airgap is added between
the cores, the effective magnetic permeability of the cores
changes, as described in [22]. Even if the airgap changes,
the magnitude of Bsat does not change, but the magnitude
of the magnetic field H reaching Bsat increases. Therefore,
the slope of the B-H curve can be adjusted by changing the

FIGURE 5. B-H curve characteristics according to core design. (a) B-H
curve according to airgap. (b) B-H curve according to magnetic material.
The slope of the B-H curve and the magnitude of the maximum magnetic
flux density are very important in the design of the MEH system, as they
affect the saturation of the core, the resulting secondary side voltage and
current, and the output power.

FIGURE 6. Waveforms of secondary voltage and current (a) when using a
core for CT (b) when using a core for MEH. The secondary side voltage
and current induced by a CT flow continuously across all sections
because the core does not saturate. However, their magnitude is very
small. In contrast, the secondary side voltage and current generated by a
MEH are discontinuous due to the core’s saturation in specific sections,
but they have the advantage of being larger in magnitude.

airgap, and the CT core can be designed so that it does not
become saturated within the entire operating current range.

2) SECONDARY TURNS (N2) AND SHUNT RESISTANCE
The number of turns of the CT core is generally determined
according to a specification of the CT. The primary-side
current: secondary-side current ratio is set to 100:5, 200:5,
or 60:1, and the number of turns is set to 20, 40, or
60 according to (1).

The shunt resistance for measuring the secondary side
voltage is set for the proper sensitivity setting. The
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sensitivity (Sp), which is an important CT specification, refers
to its ability to accurately measure and transform the current
flowing through a conductor to a lower, measurable level
which is calculated as,

Sp =
vo_CT
ip

=
RShunt
N2

(2)

The lower the sensitivity, the more accurately the current can
be measured. However, a CT that is too sensitive may be
more prone to saturation and other errors. It is important to
choose a CT with the appropriate sensitivity for the specific
application.

3) MAGNETIC MATERIAL
The linear range of the core can also be determined by the
selection of magnetic material. Silicon steel, amorphous, and
ferrite are commonly used materials for core production,
and the B-H curve for each is shown in Fig. 5(b). Silicon
steel has a saturation magnetic flux density much higher than
amorphous or ferrite, but it becomes saturated much faster.
Conversely, ferrite has a low saturation magnetic flux density,
but has a wide linear range compared to other materials. In the
case of CT, since linearity is more important than increasing
the induced voltage, a material that can not be saturated in
the entire region should be selected in consideration of the
characteristics of each material and the linear range.

In summary, the key consideration when designing a CT
core is to achieve linearity across all areas, ensuring that the
core does not saturate. This design objective aims to enable
accurate current measurement by extending the B-H curve
and facilitating continuous current flow through the CT over
a wide range, as depicted in Fig. 6(a). As seen in Fig. 6(a),
the magnitudes of voltage and current are very small but
continuous. Therefore, the power by CT in this case can be
calculated very simply as,

pout =

∫ T

t0+T
v(t) · i(t) (3)

B. DESIGN CONSIDERATION FOR THE MEH
CTs must accurately measure continuous current, while
MEHs aim to deliver maximum power to the connected load.
To achieve high power delivery, it is necessary to have a
highmagnetic flux density under the same current conditions,
as shown by the blue line in Fig. 3, and a longer time for power
harvesting. In other words, the system should operate within
a wide range of currents without saturation, as described
in [25]. However, the magnetic flux density and the range of
saturating current have an inverse relationship. It is essential
to appropriately analyze their relationship and design the
system with an optimal structure that allows for maximum
power harvesting in the given environment.

In Figs. 6(a) and (b), the waveforms of secondary voltage
and current are shown when utilizing a core with a gentle
B-H curve slope (red line) and a steep B-H curve slope (blue
line) of Fig. 3, respectively. Looking at Fig. 6(a), although

the voltage and current are continuous, the magnitude of
the induced voltage and current is very small, resulting in
minimal harvested power (0.316W). Conversely, in Fig. 6(b),
due to the saturation of the core, voltage and current are
induced only in certain regions, but their magnitudes are
significantly larger, resulting in a much higher average
harvested power of 21.43 W.

The characteristics of this B-H curve can be created
depending on how the design parameters of the core are
set. Fig. 5 shows the changes in the characteristics of the
B-H curve as a result of varying the core’s material and
the air gap between cores. Therefore, the amount of power
harvested can vary depending on how these design parameters
are implemented.

In this paper, to maximize power harvesting, the rela-
tionship between magnetic flux density and the time during
which power is harvested is analyzed to find the optimum
point. The design variables of the core, such as the airgap,
secondary turns, equivalent load impedance, and magnetic
material, identified through the aforementioned analysis, are
adjusted to implement this optimum point and design the
system accordingly.

III. DESIGN OF MAGNETIC ENERGY HARVESTING
SYSTEM
The harvesting power in the MEH system greatly varies
depending on how the core is designed. The MEH core
can be designed as shown in Fig. 7. The harvested power
depends on the saturation state of the core and the harvesting
time(th), as well as the voltage and current induced in the
secondary side. In particular, th is determined by various
design variables. This paper aims to calculate th, as indicated
by the blue dotted line in Fig.7, using a mathematical
approach and to analyze the trade-off relationship between
th and flux density to propose a core design that can harvest
maximum power. Especially, while previous studies simply
designed the airgap between cores to prevent saturation over
the entire operating range, this study suggests a method
for selecting an airgap that allows for maximum power
harvesting, even if saturation occurs in certain ranges.

To derive the relationship, the harvested power equation
when using theMEH core is first obtained, and the harvesting
time and harvested power according to each parameter
change are analyzed.

A. HARVESTING TIME AND POWER BY THE MEH
Figure 8 shows a simplified equivalent circuit of the MEH
system. RL_eq represents the processing of the rectifier and
dc-dc converter as an equivalent model. First, the secondary
current (is(t)) flowing through the core by the primary current
(ip(t)) is calculated as follows [20]:

is (t) =
ip (t)
N2

− im (t) =
Ip sin(ωt)

N2
− im(t) (4)

Because the magnetizing inductor Lm ideally only repeats
energy storage and release, the average current flowing
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FIGURE 7. MEH core design flowchart. In this paper, the influence of
various core design parameters on harvesting time is analyzed, and a
method to derive the output power based on these parameters is
proposed as indicated by the blue dotted line.

FIGURE 8. Equivalent circuit of the MEH system including the converter
and rectifier. Unlike CTs, at the back of the core in MEH systems, there is a
circuit for power conversion and a load demanding several to tens of
watts connected.

through this inductor (im(t)) becomes zero. Therefore, the
average value of the secondary current is calcualted as,

is,avg =
2
T

∫ t0+th

t0

(
Ip sin(ωt)

N2
− im(t)

)
dt

=
2
T

∫ t0+th

t0

Ip sin(ωt)
N2

dt

=
2Ip
πN2

sin
(

ωt0 +
ωth
2

)
sin
(

ωth
2

)
(5)

. Here, power can be harvested only during the interval from
t0 to (t0 + th), due to the saturation of the core, as shown in
Fig. 6(b). The integration interval is set accordingly.

The induced voltage on the secondary side is generated by
the magnetic flux linkage and can be calculated as follows.∫ t0+th

t0
vs(t)dt = 2BsatAcN2 (6)

Alternatively, the voltage on the secondary side vs(t) can be
expressed, as shown in Fig. 8.

vs(t) = is(t)
(
Rw + RL,eq

)
(7)

By utilizing (4), (6), and (7), the harvesting interval th can
be derived using the following:∫ t0+th

t0
is(t)dt =

∫ t0+th

t0

Ip sin(ωt)
N2

dt =
2BsatAcN2

Rw + RL,eq

=
2Ip
ωN2

(
sin(ωt0 +

ωth
2

) sin(
ωth
2

)
)

(8)

Taking t0 as the reference point 0, the th can be solved as
follows.

th =
2
ω
sin−1

(
N2

√
AcBsatω

Ip
(
Rw + RL,eq

)) (9)

The averaged power harvested (Po,avg) in Fig. 8 is
calculated as, [10], [20] with (5), (6), and (8).

Po = vs,avg · is,avg

= vs,avg

(
2
T

∫ tsat

t0

Ip sin (ωt)
N

dt
)

=
2Ip
π

RL (BsatAc)
RL + Rw

cos (ωt0) − cos (ωt0 + ωtsat)
tsat

(10)

When we substitute (9) into (10), we can calculate the
harvested power, including the saturation region.

The harvested power through (9) and (10) is influenced
by various factors such as the primary current, the number
of turns in the core, the equivalent load resistance, the
core structure and the maximum magnetic flux density. This
relationship is highly complex, and it requires an optimal
design process tailored to the characteristics of the power line
where the core is installed.

The number of turns required to achieve maximum power
harvesting varies depending on the current magnitude in
the power line, and correspondingly, an optimal load value
exists, which can be observed in Fig. 9. Figure 9 presents
the results obtained through the FEM and circuit simulations.
Figures 9(a) and (b) illustrate the optimal load resistance with
respect to the primary input current and the number of turns
and the optimal number of turns with respect to the primary
input current and load resistance, respectively. The optimal
equivalent load resistance RL,eq can be adjusted through the
duty control of the DC-DC converter, as shown in [26], [27],
and [28].

The harvested power, which varies due to various param-
eters, has been confirmed by (9) and (10); however, these
studies do not consider the airgap of the core. This has not
been shown in other MEH-related papers.

Changes in the airgap of the core result in the modification
of the effective permeability and cause variations in the slope
of the B-H curve, as depicted in Fig. 5(a). Note that the
maximum magnetic flux density (Bsat ) remains unchanged.
As a result, variations in the airgap affect the time during
which power is harvested and also influence the harvested
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FIGURE 9. Harvesting power according to (a) equivalent load impedance
and (b) the number of the secondary turns. Due to the complex
relationships between design variables, the optimal core design varies
depending on the input current conditions and the size of the equivalent
load resistance. It is essential to understand these relationships to design
a core capable of harvesting maximum power.

power. Consequently, (9) and (10) should be derived again
by incorporating the airgap parameter to accurately account
for its impact.

B. HARVESTING TIME ACCORDING TO AIRGAP OF MEH
CORE
The MEH core is mostly made in a cutting-core design
and produced in a clip form for easy installation on power
lines, as shown in Fig. 10(a). As a result, an airgap occurs
between the cut surfaces of the core which consequently
affects the characteristics of the B-H curve of the core,
as shown in Fig. 10(b). Even with changes in the airgap,
the maximum magnetic flux density remains the same.
However, the magnetic field intensity required to reach the
maximum value differs, affecting the amount of harvested
power. Nevertheless, (9) and (10) do not consider the effect
that changes in the airgap have on the amount of harvested
power.

To improve the equation for harvested power and har-
vesting time, we first analyze the relationship between the
magnetic field intensity and the secondary current with
respect to the air gap through waveform analysis. The black,
blue, and red lines in Fig. 10 represent cases where the airgap
between the cores is 0.3, 0.1, and 0mm, respectively. When
the air gap is 0.3mm, the magnitude of B(t) with respect to
the input current ip(t) does not exceed Bsat (saturation level).
As a result, the secondary current is(t) appears continuously.
However, for the blue and red graphs, as the airgap decreases,
the slope of the B-H curve increases, as shown in Fig. 10(b).
For the same input current, a smaller airgap leads to a faster

FIGURE 10. Core characteristics change according to the airgap.
(a) Schematic of MEH core model, (b) slope change of the B-H curve
according to the airgap, and (c) magnetic flux density, primary current,
and secondary current according to the airgap. The slope of the B-H curve
changes depending on the airgap, which in turn affects the harvesting
time and the maximum value of the secondary-side current.

approach to Bsat , resulting in a larger saturation region.
Consequently, we can observe that as the airgap decreases,
the harvesting time gradually decreases from T/2 to th1 and
th2 at the secondary current waveform.
To formulate the harvested power and harvesting time

based on the airgap, first, we calculate the effective perme-
ability of the core corresponding to the air gap as follows [29]:

N21Is =
1B

µ0µeff
le =

1B
µ0µr

lc +
1B
µ0

lg (11)

µeff =
µr

lc
lc+lg

+
lg

lc+lg
µr

≈
µr

1 +
lg
lc
µr

(
lc ≫ lg

)
, (12)

where µr , lg, and lc represent the permeability of the
core, airgap length, and effective magnetic core length,
respectively.

When incorporating µe to linearize the B-H curve,
it becomes as shown in Fig. 10(b). The slope of each B-H
curve is represented by µ0µeff , and as lg (airgap length)
increases, the slope decreases. When lg is 0, the slope
becomes µ0µr , which is the largest slope possible.

To interpret the harvesting time th with consideration
of µeff , we can apply Faraday’s law and Ampere’s cir-
cuital law again, leading to the following expansions of
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equations (6), (7), and (8):∫ t0+th

t0

Ip sin (ωt)
N2

dt =
N2 (8 (t0 + th) − 8 (t0))

Rw + RL,eq

=
N2Ip (sin (ωt0 + ωth) − sin (ωt0))(
π(dout+din)−lg

µ0µeff Ac
−

lg
µ0Ac

) (
Rw + RL,eq

)
(13)

. If we take t0 as the reference point and solve the integration,
the harvesting time th is derived as follows:

th,prop =
2
ω
cos−1

[
2
(
Rw + RL,eq

)
ωN2

2

×

(
π (rout + rin) − lg

µ0µeff Ac
−

lg
µ0Ac

)]
, (14)

where µeff is calculated by substituting (12). Furthermore,
the harvested power can be calculated using th,prop instead of
th in (10). Here, the maximum value of th,prop is a half cycle.

The proposed (14) differs from the conventional (9) in that
it not only accounts for the load resistance and the number
of turns but also the size of the core and the airgap between
the split cores. Therefore, it enables the calculation of power
considering core saturation due to the airgap, allowing for an
optimal design.

To validate the proposed equation, simulations were per-
formed using ANSYS MAXWELL and MATLAB Simscape
to observe the secondary current and the harvested power
with varying airgap sizes, as shown in Fig. 11.

Firstly, when the airgap is 0.3 mm, the core does not reach
saturation, and the secondary current exhibits a continuous
waveform. In this case, the harvesting time (th) is T/2
(8.3 msec). Although power can be harvested at all intervals,
the harvested power is minimal since the magnetic flux
density cannot be significant for the given primary current.
Secondly, with an airgap of 0.1 mm, the core reaches
saturation, resulting in a discontinuous waveform for the
secondary current. In this case, th is 5.9 milliseconds. Despite
the discontinuous waveform, a higher magnetic flux density
is achieved compared to the 0.3mm airgap, leading to a
higher average power harvested. Lastly, with no airgap,
the core saturates even faster, resulting in the shortest th
of 4.5 milliseconds. In this case, the fastest change in
magnetic flux density for the given primary current induces
a significant voltage in the secondary, leading to the highest
average power harvested.

IV. OPTIMAL DESIGN OF THE MEH FOR MAXIMUM
POWER
The power harvested using an MEH varies significantly
depending on the core design parameters, such as the air gap
between the cross-sectional area of the core, the secondary
turns of the core, and the equivalent resistance, as shown
in (14) and (10). Additionally, the harvested power also
varies based on the current level of the power line where
the core is installed, and optimal core designs exist for each

FIGURE 11. Harvesting power change when saturation period is adjusted
through airgap control under the same conditions: (a) Airgap = 0.3 mm,
(b) Airgap = 0.1 mm, and (c) Airgap = 0 mm. (d) Harvesting time according
to airgap. (e) Output power according to airgap. When the airgap is
smaller, the amount of power harvested increases, but there is a trade-off
relationship as the maximum voltage and current significantly increase.

current level, as shown in Fig. 9 and Fig. 11. In this section,
we propose optimized MEH models depending on the
primary current level using the equations for harvested power
based on the proposed harvesting time that varies depending
on the airgap, along with FEM and circuit simulation results.

In most power conversion systems, the efficiency of
power transfer is the most important factor, and many
studies strive to improve system efficiency. However, the
MEH system discussed in this paper harvests power using
the magnetic field generated by power lines carrying very
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FIGURE 12. Simulation procedure for optimal core design for the input
current. To examine the harvested power according to various design
parameter changes, simulations were conducted using ANSYS’s MAXWELL
software.

high power, making it impossible to calculate the power
transfer efficiency as the primary side energy cannot be
quantified. Instead, the most crucial factor in MEH systems
is the magnitude of the harvested power. Some studies focus
on reducing volume and mass while harvesting the same
power, focusing on power density [W/cm3] or specific power
[W/kg], which is the power harvested per unit volume or
mass, respectively. However, this paper fixed the size of the
core, which significantly affects the system’s volume and
weight, and set the design variables as the number of turns,
air gap, and equivalent resistance. The objective function was
designed to maximize the output power according to the input
current.

The design parameters include the airgap between the
cross-sectional area of the core, the number of secondary
turns, and the equivalent load resistance, as shown in
Table 1. We performed optimization of the design by varying
the input current from 50 Arms to 150 Arms in steps
of 25 Arms.

The simulation process is illustrated in Fig. 12, and the
variable conditions used in the simulation are listed in Table 1.
For the FEM and circuit simulation, ANSYS’s MAXWELL
andMATLAB’s Simscape were used, respectively. A simula-
tion analysis was conducted for a total of 1080 core models.
The corresponding results are summarized in Fig. 13. The
harvested power according to an equivalent load resistance,
to secondary side turns, and to the airgap is displayed
as (a)-(e), (f)-(j), and (k)-(o), respectively.

As analyzed through the aforementioned mathematical
equations, the load resistance and secondary side turns do
not exhibit a simple linear relationship with the harvested
power. Regarding secondary side turns, although not strictly
linear, it is observed that higher power can be harvested with
more turns. However, the magnitude of the power saturates
at certain turn counts. As the number of turns in the core

TABLE 1. Design parameters for the simulation.

TABLE 2. Optimal MEH models according to input current conditions.

increases, factors such as weight, cost, and winding loss
also increase, necessitating the selection of an optimal turn
count to harvest the desired power. Regarding the airgap, the
simulation results indicate that the maximum power can be
harvested when the airgap is zero in all scenarios.

In designing the MEH system, it is crucial to first examine
the environment in which the core will be installed along
the power lines. Next, by simulating and determining the
required turn count, the core can be designed. In this process,
the airgap that can occur on the cross-sectional plane of the
core is designed to be as close to zero as possible. Finally,
by adjusting the converter duty cycles and other factors in
the power circuit, the equivalent load resistance is matched
to attain the maximum harvested power. Figure 14 shows the
maximum power available to harvest for each input current
through this process.

V. EXPERIMENTAL VERIFICATION
A. EXPERIMENT PROCESS AND RESULTS
For experimental verification of the proposed MEH core
design, an MEH system was implemented, as shown in
Fig. 15. The core was made of a cutting core for easy
installation on the power line. When the core is cut, an airgap
is inevitably created, and the performance is lower than
that of the ring core. However, Ferraris Power, Inc. has the
technology to minimize the loss during core cutting, and they
can make the airgap nearly zero, i.e., almost identical to the
ring core. Experiments were conducted based on Ferraris
Power, Inc.’s ‘Tolenoid C model’.

As shown in Table 3, the experiment was divided into two
types according to the input current conditions. First, when
the input current is 50 A, the harvesting power was confirmed
according to the change in the equivalent load impedance.
At this time, the number of turns of the core and the airgap
were fixed at 60 turns and 0 mm, respectively.

The experimental results are shown in Fig. 16 with
an input current of 50 Arms and Fig. 17 with an input
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FIGURE 13. Simulation results for each input current. (a)-(e) Relationship between equivalent load resistance and harvested power.
(f)-(j) Relationship between secondary turns and harvested power. (k)-(o) Relationship between the airgap and harvested power. Simulations
were carried out for a total of 1080 core designs, and through these results, the design parameters that can harvest the maximum power for each
input current were determined. The determined design parameters are summarized in TABLE 2.

FIGURE 14. Maximum power by the MEH at a given input current level.

TABLE 3. Experiment setup.

current of 150 Arms. The waveform was measured using
an oscilloscope from Keysight. The yellow and blue colors
represent the secondary side voltage and current of the core,
respectively, while the green and purple colors show the
values of the rectified voltage and current. In the bottom right
corner, the output power measured using an electronic load
has been added.

As a result of the experiment, as shown in Fig. 14 and
Table 2, it was confirmed that the highest power was obtained
with 8.4 W when the equivalent load impedance was 85 �.
When the load was set to 85 �, the harvesting time was

FIGURE 15. Experiment setup for the MEH system using Ferraris Power,
Inc.’s ‘Tolenoid C’ model. The core material is silicon steel, manufactured
using a rolling method. The case was designed to minimize the air gap
between the cutting core. The air gap variation experiment was conducted
by adjusting the gap using Kapton tape attached between the core.

shorter compared to other load conditions, but it was able to
harvest a large amount of power due to the large secondary
side current.

Second, when the input current is 150 A, the harvesting
power was confirmed according to the addition of the
airgap between the cores, and the experimental results are
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FIGURE 16. Experimental results when the input current is 50 Arms
(Exp. 1) (a) RL,eq = 59.9 ohm (b) (Proposed) RL,eq = 84.7 ohm
(c) RL,eq = 109.9 ohm (d) Output power with load change.

shown in Fig. 17. At this time, the number of core turns
and equivalent load resistance were fixed at 80 turns and
10 �, respectively. The resulting waveforms are shown in
Figs. 17(a), (b), and (c), and the results are summarized in
(d). When the airgap is set to 0.1mm, as shown in Fig. 17(b)
and (c), the power can be harvested from all areas without

FIGURE 17. Experimental results when the input current is 150 Arms
(Exp. 2) (a) (Proposed) NO airgap (b) Airgap = 0.05 mm (c) Airgap =

0.10 mm (d) Output power with airgap change.

saturation in the operating area. However, since the rate of
change of the magnetic field compared to the same change
of current is reduced, a large current can not be induced
on the secondary side. However, when the airgap is set to
0 mm, as shown in Fig. 17(a), the core is saturated in a
specific section; therefore, power can be harvested only in
a narrow area, but the magnetic field change rate increases,
so a large current is induced in the secondary side and
higher power can be harvested. As a result of the experiment,
as shown in Fig. 14 and Table 2, it was confirmed that
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FIGURE 18. Airgaps that can occur during the core manufacturing
process. (a) Simulation model. (b) Real model. The air gap (g1) between
the cut cores is important, but minimizing the air gap (g2) that can occur
during the rolling process of the core is also crucial for achieving better
performance.

TABLE 4. Optimal MEH models according to input current conditions.

the highest power of 28.6 W was obtained when the airgap
was 0 mm.

B. CORE MANUFACTURING METHOD FOR HIGH POWER
HARVESTING CHARACTERISTICS
To achieve the desired power characteristics, precise core
manufacturing is essential. Typically, cores are made by
winding steel sheets in rolled form. Once wound to the
desired size, the core is cut and separated into a sectional
form, as shown in Fig. 18, for easy installation on power
lines. Within this manufacturing process, there are two types
of airgaps that can occur, represented as g1 and g2 in
Fig. 18(a).

Firstly, g1 refers to the cutting loss that can occur
during the process of cutting the core. Minimizing this
loss is crucial when designing the core. There are several
methods for cutting cores, including cutting with a saw,
wire, or diamond, or using high water pressure. Detailed
methods for minimizing cutting losses are described in [25].
Secondly, the gap indicated as g2 in Fig. 18(a) represents the
gap between thin steel sheets that can occur when they are
wound into multiple turns. Although this gap is very small,
it significantly influences the power characteristics of the
core. As a consequence, to minimize this gap, we applied
a technique involving heat treatment and impregnation of
the rolled magnetic alloy during the core manufacturing
process. A core obtained through this manufacturing process
is illustrated in Fig. 18(b), where g1 and g2 have been
minimized to maximize the power characteristics. Detailed
information on such manufacturing techniques is explicitly
described in [25] and [30].

VI. CONCLUSION AND DISCUSSION
As a power supply,MEHs should be designed from a different
perspective than CTs used for accurate current measurement.
In this paper, the performance indicators of an MEH and
CTwere mathematically analyzed, and design considerations
were discussed in comparisonwith a CT. In the case of CT, the
core is designed not to saturate in all areas, so the voltage and
current have a continuous sine wave form. However, in the
case of MEH, since the core should be designed to maximize
the power delivered to the secondary side, the core is saturated
in a certain period and the voltage and power induced to the
secondary side have nonlinear characteristics. Among several
core design variables, the change in characteristics of the core
according to the airgap between the cut surfaces of the core
was analyzed in this paper, and the relationship between the
airgap and energy harvesting time was proposed to have a
B-H curve close to the step function for maximum harvesting
power. In addition, by analyzing the harvesting power for
various design variables of the MEH as well as the airgap,
a design parameter set under a given input current condition
was presented. Through experiments, we verified that the
proposed MEH could harvest 28 W of power under 150 A.

In this study, we successfully harvested tens of watts of
power using a single MEH core. In the future, we plan to
conduct research on methods and system optimization for
harvesting more power using multiple cores. Additionally,
we plan to verify the stability of the MEH system through
an analysis of the impact on power lines when multiple cores
are installed.
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