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ABSTRACT Recently, maintenance applications around power lines have been actively studied. These
applications usually supply power through magnetic energy harvesting(MEH) to devices around the power
line. A major challenge for practical MEH is to overcome magnetic saturation, which can cause degradation
of power density under a wide current range in the power line. In this paper, we propose a design methodology
to harvest maximized output power by considering the saturation effect. To consider magnetic saturation,
the output power model and the saturable magnetizing inductance model based on magnetizing current
were comprehensively analyzed. Additionally, the critical point of saturation for the maximum harvested
power was analyzed by considering different primary side current conditions. With the proposed design
methodology, the accuracy and efficiency of the output model were verified with experimental results
compared to the conventional model. To consider the real environment, a 150 kW class of AC resistor load
bank was implemented to control the primary current from 0 to 100 A with power frequency of 60 Hz.
Experimental results show that the proposed method can harvest an average power of 14.32 W on 70 A
power line, which is an increase of 39.8 % compared with the conventional design method.

INDEX TERMS Energy harvesting, magnetic material, magnetic saturation, smart sensor, power supply,
power line, smart grid.

I. INTRODUCTION

Power systems are one of the greatest engineering achieve-
ments and the largest industrial assets in human history.
Worldwide, power systems are experiencing a period of
sustained growth to meet growing energy consumption.
Especially, the expansion of the electric vehicle market and
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the economic expansion of countries have led to an increase in
the demand for electrical energy. The increasing demand for
electric power requires larger and more complex power sys-
tems. As power systems becomes larger and more complex,
the importance of inspection and maintenance to improve the
reliability of power systems is rapidly increasing [1].
Generally, power lines span millions of kilometers in
length and cross vast expanses of natural environments.
Utility assets may incur damage from natural hazards such
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as fallen trees, wildfire, and so on. To maintain reliability
and high efficiency of a wide range of utility assets, con-
stant inspection and preventive maintenance are required near
power lines. However, most inspection and maintenance work
is still done manually. Since power lines are often mounted
in hostile environments, the work is extremely dangerous
and insecure for the technical personnel. Moreover, another
big concern is that almost 45%-65% of senior utility engi-
neers are at or close to retirement, and there will soon be a
manpower shortage due to a lack of young talent entering
the field [2]. Therefore, transmission system operators are
motivated to implement monitoring and maintenance systems
that reduce human interference [2], [3]. To overcome these
problems, there are various types of devices around power
lines such as smart sensors [4]-[6], climbing robots [7]-[9],
visual cameras [10], [11] and wireless charging stations for
drone [12], [13], as shown in Fig. 1. These devices enable
engineers to maintain high reliability and to oversee a wide
range of power grids through maintenance applications. They
can also reduce maintenance costs and eliminate human expo-
sure to dangerous environments. However, although these
devices can improve work efficiency, they require an indepen-
dent power source to ensure continuous operation. Most of
them rely heavily on battery power, which has a finite capac-
ity and high cost and suffers the inconvenience of chang-
ing the battery periodically which, in the process, increases
maintenance cost. To solve these limitations, energy harvest-
ing technology is an alternative solution to make systems
self-sustainable [14], [15].
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FIGURE 1. Various type of devices applied to power lines for constant
inspection and preventive maintenance tasks.

Wireless sensing

There are various energy source candidates for use in
devices near power lines, such as solar, wind, electromagnetic
fields, and so on. Photovoltaic devices are easily installed
and have high power density during direct sunlight. However,
these devices are strongly affected by weather conditions.
Moreover, they require periodic maintenance, such as to
eliminate dust and dirt on the solar panels. Wind energy
harvesting systems using small wind turbines can convert
kinetic energy into electric energy. However, similar to
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photo-voltaic devices, output performance is affected by
weather conditions. Vibration generation devices using the
piezoelectric effect are not affected by weather condition,
but have extremely low power density, as well as durability
problems [16]. In recent years, magnetic energy harvest-
ing(MEH) using electromagnetic induction has been actively
researched [17]-[23]. This system produces electric energy
through the alternating magnetic field around the power line.
Compared to other energy harvesting methods, the output
power is independent of weather conditions and easy to install
without any maintenance; it also has a relatively high power
density. Taken together, it is concluded that magnetic energy
harvesters are the most suitable method for stable power
supply near power lines.

However, from a practical point of view, MEH has a
problem with magnetic saturation, which is related to power
density. The main feature of MEH is that the current flow-in
in the power line fluctuates over a wide range of tens to thou-
sands of amperes. It is challenging to harvest power over a
wide current range with high power density and stable output
because the magnetic core can become saturated. When the
magnetic core is saturated, magnetic flux does not change,
and harvesting power drops to zero. To prevent saturation
over a wide range, a large air gap is used, but this causes the
power density to decrease.

At the same time, the output of equipment to aid main-
tenance near the power lines is also increasing. Especially,
industrial robots and drone charging stations [24] require
large output, beyond a few milliwatts. Even though magnetic
field energy harvesting has better power density than other
methods, it still has low power density. In the case of a
climbing robot with a 40 W power rating, a harvester of 40 kg
or more is required [25]. However, the size and weight of
the online device are strictly regulated by utility safety stan-
dards [26] because their weight can cause mechanical effects
such as additional un-desired sag, and so on. Therefore, the
only way to solve the above problems is to improve the power
density of MEH under a wide current range.

These challenges have not yet been addressed. Indeed, the
majority of existing work has focused on maximizing the har-
vested power for fixed current conditions and narrow current
range. In [27], the researchers concluded that induced voltage
is the most important factor in design because DC power at
the output is dependent on this voltage. To obtain maximized
induced voltage, mu-metal, of which the permeability is over
200,000, was used. However, mu-metal is too expensive to
commercialize and is not suitable for clamp structures due
to its brittle characteristics. Moreover, it is not practical for
MEH be-cause the primary current condition is fixed and sat-
uration is not considered. In [28], to avoid saturation effects
under a wide current range, large air gap and dissipative
resistor are employed. This method prevents saturation and
enables harvesting in a wide current range. However, it has
low power density at average current because the air gap
is determined based on the maximum primary current. It is
difficult to apply when the difference between the maximum
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and average current is large. Additionally, the output model
assumes a no-load condition, and so it is not accurate if the
load condition changes. In [23], a novel method to improve
power density is proposed using an artificial magnetic field
produced by an additional power management circuit. This
system generates a counter magnetic field to prevent satura-
tion; the magnetic core is not driven into the saturation region,
and more energy can be harvested. However, the implemen-
tation of the additional circuit will make the system bulky and
complex. Moreover, the main limitation of this work is that it
is assumed that primary current and magnetizing inductance
are fixed.

In this paper, we propose a practical design methodology
for MEH with improved power density by considering load
conditions in a wide current range. For the first time, we con-
trol the load voltage to maximize the power harvested from
the power lines by considering the saturation effect. To con-
sider the saturation effect in the output model, the effect
of magnetizing inductance variation was analyzed through a
saturable inductance model based on the B-H curve.

Consequently, our research differs from and extends con-
ventional works in many respects:

1. Improved power density over a wide range of power line
currents

2. Accurate output model through saturable magnetizing
inductance model

The paper is organized as follows: Details on the output
power model obtained by considering magnetic saturation
are given in Section II. In Section III, the experiment and
results of the proposed design are presented. In Section IV,
the discussion is presented. Finally, the conclusion is given
in Section V.

Il. ANALYSIS OF LOAD VOLTAGE TO MAXIMIZE OUTPUT
POWER IN MEH

The fundamental concept of MEH is illustrated in Fig. 2.
According to Faraday’s law, a time-variant current is capable
of generating an alternating magnetic field. Then, the gener-
ated magnetic field induces AC voltage at the coil terminals.

1. AC current flowing
in power line

-

2. Time-variant magnetic
field near power line

-

3. Induced voltage
in coil terminal

7

-

2. Magnetic field
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FIGURE 2. Fundamental concept and structure of MEH installed on power
line.
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FIGURE 3. Magnetic energy harvester structure and dimensions of
magnetic core.

In this process, the output voltage is converted to DC voltage
through the rectifier and DC/DC converter. Finally, the con-
verted DC voltage is supplied to applications. Fig. 3 shows
the structure and dimensions of the magnetic core. A soft
magnetic material is used for the core material, such as ferrite,
electrical steel, or an amorphous material.

This section is organized as follows. In Section A, the out-
put model of the MEH under unsaturated condition is ana-
lyzed using a constant magnetizing inductance. In Section B,
to consider the saturated condition, a model of saturable mag-
netizing inductance is proposed based on the real model of the
B-H curve. Finally, in Section C, the output model obtained
by considering the saturated condition is analyzed using the
proposed model of saturable magnetizing inductance.

A. OUTPUT MODEL WITH CONSTANT MAGNETIZING
INDUCTANCE

The circuit model of the MEH was developed using the
practical transformer model [29] shown in Fig. 4(a). For
simplicity of circuit analysis, a magnetizing inductance L,, is
used instead of mutual inductance. The parasitic components
such as leakage inductance and core loss component can
be negligible if the permeability of the magnetic material is
extremely large [17].

In this case, the ripple is ignored and the primary side
voltage V), is determined as secondary side voltage Ve
divided by secondary turns N;. All circuit components are
reflected on the primary side and then analyzed as shown
in Fig. 4(b).

The average harvested output power P, can be determined
as follows:

P, =

L (5405T0  (ip(t) = ig,, (1)
Vieemrr————dt
0.5T, J;, Ns
=057, J, N

ey

where T), is the period of the primary side and # is the start
time of the harvesting current. V.. is the rectifier voltage
across the DC/DC converter.

The waveforms of i,,,; and iz, represent the primary current
and magnetizing current, respectively, as shown in Fig. 5(a).
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FIGURE 4. Simplified equivalent circuit of MEH. (a) Equivalent circuit of

proposed MEH. (b) Approximated equivalent circuit reflected to primary
side.
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FIGURE 5. Time-domain waveform relationship between primary side
current, magnetizing current, and primary voltage. (a) Waveforms of /;,,
and Ip,;. (b) Nearly constant primary voltage during half cycle.

The harvested power current ip,, is the difference between
ipri and i ,,. Fig. 5(b) shows the waveform of V),,; considering
active components using circuit simulation(PSIM).
First, to ensure volt-second balance for the inductor, the
ripple of iz, can be derived as follows:
/'tS+0.5Tp
12

s

Vpridt ~ Vpri - 0.5T,
L, N L,

Aip, =

(@)
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Assuming that the load is connecting the super-capacitor
C; through a rectifier and DC/DC converter, the load voltage
Vivad can be considered as a constant DC voltage.

To determine f#;,, we can use the relationship between
ipri and ip,,. Since iy, is equal to if, at ty, the peak value
of the magnetizing current z’Z]:n can be expressed as follows:

ipri(ts) = iLm(ts) (3)
. . pk
Ipri sin(wyty) = lL,,,(tS) = _llzm @
where w, is the primary side angular frequency and I,,,; is the
peak value of the primary side current.
Since the offset of iy, is zero, the magnetic energy stored

in the magnetic core over 0.57, is zero. So, ilz can be
established as half of the ripple of if,,:

m

P =05.Aip, =
L Ly AL,

&)

(4) can be rewritten by substituting (5) for ’[Z]:n as follows:
Vori - T,
_pn b (6)
4L,
In summary, the start point of harvesting time #; can be
found as follows:

pk .
i, = Ly sin(wets) = —

Viri - T,
ty = ——sin "1 (-22 -2
(O 4Lm1pri
The start time of harvesting depends on not only the mag-
netizing inductance L,, and the primary side current ,;, but
also on the primary side voltage V.
The output power of the load is calculated by substitut-
ing (7) for #;. (1) can be rewritten as follows:
o2V I [isT05Tp
p, = 2Vrechni / Sin(wt)dr
TpNS ts
4\/§ Vrec ipri ,rms
= —————— cos(woly)
TpN;sw,

22V il
- Mcos(wats) (8)
T

) (N

where iyi, s 18 the root-mean-square(rms) value of the pri-
mary side current. The secondary side voltage V., is equal to
the rectified voltage V.. in conduction mode.

In conventional work, L, has been assumed to be
extremely large and the arcsine term for #; converges to zero.
For this reason, high permeability materials were inevitably
used to increase power density of the MEH.

Thus, (8) can be expressed as follows:

24/2

- Vpriipri,rms (9)

Making an assumption that magnetic core parameters and
primary current are fixed in the unsaturated region, P, is
determined by V.

The maximum P, can be found at Vj,; mqx by taking the
derivative of (8) with respect to V).

8P0 0=V, _ 4Lmipri,rms
P) Vpri pri,max Tp

Vpri,max

P, =

(10)
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where V)i juqy is the primary voltage at which maximum P,
can be harvested.

Thus, the maximum harvested output P, ,,,4x can be rewrit-
ten as follows:

Po,max = %izri,rms (11)

According to (11), the maximum harvested power
increases with primary side current and magnetizing
inductance.

However, magnetic saturation should be considered
according to the primary side current. When the magnetic
core is operated in saturated condition, magnetizing induc-
tance changes dramatically. Equations (8)-(11) do not take
into account the saturated condition, so they are only valid in
the linear condition. Therefore, V),;; must be operated under
saturation voltage. The saturation voltage V,, can be derived
as follows:

Vsar = 4Aeﬁ"Bmafop (12)

where By, is the saturation flux density and A.y is the
cross-sectional area of the magnetic core. The detailed deriva-
tion of the equation is provided in Appendix A.

Moreover, using the relationship between (10) and (12), the
saturation boundary condition for i,,; is calculated as follows:

Bmaxleﬁ‘
HottrNp

where 1, is the permeability of free-space and w, is the rela-
tive permeability of the magnetic core; B,y 1s the maximum
magnetic flux density, which depends on the characteristics
of the core material. The length of the magnetic field path
and the number of primary winding turns are defined as lof,
and N, respectively.

13)

Lsat,pri =

L,, is not changed L,, is changed
——— Polpimar224) | according to ¥, ! according to ¥,
— Pl at 264) |
— 3L |
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FIGURE 6. Harvested power P, response with primary voltage V,,;, based
by Equations (8) to (11). As the primary side current increases,
the primary voltage that generates the P, increases.

Consequently, when iy, s is smaller than isar pri, Vpri,max
can be derived from Equation (10). Fig. 6 provides an
example with different primary side current conditions
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and iy pri = 26.5 A. For each primary current magnitude,
under condition of unsaturated operation and constant L,
there exists only one optimal load voltage. In case of 22 A,
optimal load voltage for the maximum harvested power is
226 W at0.16 V.

As the primary side current increases, the point of max-
imum harvested power approaches the saturation point.
This means that V). changes according to the pri-
mary side current. However, when i, yms exceeds i pri,
Equations (8)-(11) are not valid due to the changes of magne-
tizing inductance values in the saturation region. In this case,
Vsar 1s the operating voltage needed to generate maximum
harvested output. Compared with that of the conventional
method, the power density is improved by 12.5%. The output
model of the MEH is summarized in TABLE 1.

TABLE 1. Output model according to primary side current.

Case Output model

Iprisrms < Lsatpri ))

(8) @ Vsai

ipri, rms > isai,pri

B. MODELING OF SATURABLE MAGNETIZING

INDUCTANCE BY CONSIDERING MAGNETIC SATURATION

AND LOAD CONDITION

In the linear operation region of the B-H curve, L,, can be

expressed as follows:

_ HottrAe
legr

If the relative permeability has a constant value, L, is
determined only using the magnetic core dimensions and
number of coil windings according to (14).

When the primary side current is sufficient to saturate the
magnetic core, the relative permeability of the magnetic core
no longer has a constant value. The magnetic core is operated
in the saturation region, where, because there are no changes
in magnetic flux, the relative permeability decreases sharply
and converges to a low value. In other words, a magnetizing
inductance model that can consider changes in relative per-
meability according to primary side current is required. So,
(8) to (11) are valid only when the magnetic core operates in
a linear region of the B-H curve.

Through the B-H curve shown in Fig. 7(a), which expresses
the characteristics of the magnetic properties, the magne-
tizing inductance can be represented as a function of the
current in fixed conditions. Since the magnetic flux density
B is proportional to the flux linkage A, and the magnetic
field intensity H is proportional to the magnetizing current,
the B-H curve can represent the relationship between flux
linkage A and magnetizing current ir, instead, as shown
in Fig. 7(b). The inductance is defined as the ratio of the flux
linked with the coil to the current flowing through it. In the
A — iy, curve, the gradient is the magnetizing inductance

Ly N; (14)
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according to the magnetizing current. As a result, the A — Iy,
curve can be substituted for the L,, — i, curve, as shown
in Fig. 7(c).

Under saturated operation, the value of magnetizing induc-
tance is governed by not only the structural characteristics of
the magnetic core but also the magnetizing current in satu-
rated operation. Chung et al. proposed a general inductance
model in [30] that provides a mathematical expression to
include the saturation phenomenon. This model is based on
the piecewise B-H curve, which is divided into saturation and
linear regions. In this case, the relative permeability remains
constant until B, is reached, as shown in Fig. 8(a).

However, it is not practical to define saturation at the point
where B,y 1s reached. In the practical magnetic material, the
magnetic saturation has already started at the knee-point of
the B-H curve, as shown in Fig. 8(b). The knee-point magnetic
flux density Bjyee is not the same as By,,,. Especially, in the
section between the magnetic flux density at the entrance
of the knee point and the maximum magnetic flux density,
the changes in permeability according to magnetizing cur-
rent cannot be accurately considered. Moreover, according
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to [17], maximum output power can be harvested when the
core is in the vicinity of the saturation point, the so-called
’Soft Saturation Region(SSR)’. If the model in [30] is used,
it is not possible to accurately track the point at which
maximum harvested power is generated. If the SSR is not
accurately predicted, the MEH is operated beyond the SSR,
resulting in a dramatically reduced power density. Therefore,
it is necessary to accurately model the magnetizing induc-
tance as a function of the magnetizing current iz, based on
the measured results of the B-H curve.

The conventional model [30] of saturable inductance based
on the piecewise linear model of the B-H curve can be
expressed as:

2L 1 1.
m (Sin—l(s_'”) 4

Ipri Ipri

Lm, sat(con) =

Lsar
1— (=) (15)
Iprz

The detailed derivation of the equation is provided in
Appendix B. However, although this model can simply rep-
resent the saturation effect under no-load conditions, it can-
not accurately consider changes in magnetizing current iz,
according to load conditions. Therefore, the saturable induc-
tance should be modeled by considering the changes of mag-
netizing inductance according to iz, and V.

The proposed model of saturable magnetizing inductance
Ly sar» based on measurement results, can be expressed as:

2L isar(Vpri
Lm’m[ _ ij (sinfl( sat ( .pn,knee)

)

le

+ isat(vpri,knee) isat(vpri,knee)

1—( 2 (16)

i, U,
With the inductor’s saturation current isa(Vpriknee)
expressed as,

Vpri ,knee

T a7
ZLm (Vpri, knee)

lsat,Lm =

where Vi knee 1s the primary voltage at the knee point.
isat(Vpriknee) 1S the saturation magnetizing current when
Vpri,knee 1 applied to Ly,. Zp,, is the impedance of L, which
depends on V),; according to the primary side current. 2L,, /7
is used to normalize the function to the constant L,, when the
magnetic core is in the working linear region.

As shown in Fig. 9, the point V)i gnee 18 defined as the
Vpri at which a 10% increase in applied voltage increases
irm by 50% based on IEC 61869-2(Instrument transformer-
part2) [34]. When the applied voltage condition is Vi nee >
Vpris Lin,sar has constant value Ly,. Other than that, Ly, 54 is
governed by the ratio of s (Vi knee) 10 iLm. Ly sar sharply
decreases when V),; exceeds Vi knee. Isar and Vi knee are
determined based on measurements involving an open-circuit
test using a power meter. The change in the magnetizing
inductance value, which depends on V),;, can be estimated
by Equations (16)-(17). It is noteworthy that i;,, increases
considerably even for small increments in applied voltage
across the magnetizing inductance. Therefore, for maximum
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FIGURE 9. Magnetizing current i, response with primary voltage V,,;.
Knee point voltage of MEH is expressed by referring to IEC 61869-2.

As primary voltage increases, when knee point voltage is exceeded,
magnetizing current increases rapidly.

harvested power, V),; should be selected by considering the
effect on magnetic saturation.

C. OUTPUT MODEL WITH SATURABLE MAGNETIZING
INDUCTANCE
To consider the saturation region, the output model can be
rewritten by substituting saturable magnetizing inductance
Ly, sar for constant magnetizing inductance L,,. Therefore, (7)
can be rewritten by substituting (16) for L,,, as follows:
1 Viori T,
tef = —— sin~ ' (—L L (18)
Wo 4Lm,sat1pri
To consider the saturated condition, the effective harvested
power P, .7 can be rewritten by substituting (18) for (7),
as follows:
cos(wolef) (19)

o.eff =

2\/§Vpriipri,rms
T

For a given I, the parameter P, is also dependent on
the values L, 5o and t. The numerical calculation of the
response of P, to V),,; was compared with those of the conven-
tional model [28], [29] and of measurements. Fig. 10 provides
an example at ipy; s = 55 A, Ny = 60, isar pri = 26.5 A,
isar.tm = 0.353 A, and power frequency = 60 Hz, respec-
tively. The core parameters are as follows: Outer radius of
core = 36.5 mm, Inner radius of core = 23.5 mm, height of
core = 45 mm.

In this case, since iy ms is larger than isay pri, Vprimax
cannot be derived from Equation (10). In the conventional
method, the maximum harvested power can be obtained at
Vsat» as mentioned above in Section II. Both models have a
similar tendency in that the harvested power is proportional to
Vpri until the magnetic core is saturated. However, in the pro-
posed method based on the saturable magnetizing inductance
model, the output can be predicted beyond the saturation
region.

VOLUME 9, 2021

15 . .
Prop. based on eq (18)

11.7W

— — — Conv. based on eq (8)

O Prop. Max P, point

W]

10 | O Conv. Max P, point

The conventional model(=dotted line)
is valided until ¥,

Saturation

Linear .
region

region

Harvested power P, [

Saturation voltage ¥,

(4] \ L L

0 0.05 0.1 0.15 0.2 0.25 0.3
Primary voltage V,; [V]

FIGURE 10. Harvested power P, response with primary voltage V,,;
based on Equation (19). Conventional model based on constant
magnetizing inductance has a maximum harvested power point at Vg4, .
In proposed model, maximum harvested power is generated in saturation
region.
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FIGURE 11. Maximum harvested power Po max response with primary
side current /,,;. In proposed model, as primary current increases,
difference in harvested power increases compared with conventional
method [27]-[29].

As aresult, the maximum harvested power can be obtained
at the SSR. The maximum harvested power is 11.7 W at
0.267 V, which is an improvement of 28.5 % compared with
the conventional method. More importantly, as V),,; increases
over the SSR, the harvested power decreases because the
reactive power increases. Therefore, in consideration of the
magnetic saturation, it is necessary to design the MEH based
on the magnetizing current and load voltage.

Moreover, the maximum harvested power of the MEH
is analyzed according to different primary currents.
Fig. 11 shows the relation between maximum harvested
power shown in Fig. 10 and primary current. As the primary
current increases, the difference in harvested power between
the proposed method and the conventional method increases.
For example, when the primary current is 70 A, the difference
in harvested power is 3.9 W. This means that the power
density improves by 33 % compared with the conventional
method.
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By using the proposed model, no large air gap or additional
windings are required to prevent magnetic core saturation.
In addition, the proposed method can reduce the volume of
the magnetic core. This makes it possible to improve the
power density more simply than with the conventional model.
The output model of the MEH considering the magnetic
saturation is summarized in TABLE 2.

TABLE 2. Output model considering magnetic saturation.

Case Output model
Conventional model (8) @ Viat
Proposed model (19)

Ill. EXPERIMENTAL VERIFICATION AND RESULTS

To verify the proposed design methodology, an experimental
platform was built as shown in Fig. 12. In this process,
it was important to emulate a controllable source of the
magnetic field. The experimental platform is built by consid-
ering the EPRI (Electric Power Research Institute) technical
report [33] and related paper [20].

Magnetic Energy Harvester

AC Resistor
Load Bank
(380V 150kW)

Distribution
Board
Panel

(22.9kV-380V)

L,; (AC current)

AC resistor load bank

Distribution board

Magnetic energy harvester(MEH)

FIGURE 12. Experimental platform for controllable source of magnetic
field. This was based on an EPRI technical report, which is related to test
bed development for power harvesting.

To emulate a real environment, a 380V 3-phase distribution
panel was directly connected to the AC resistor load bank.
The 150 kW level of the AC resistor load bank makes it
possible to control the primary current from O to 100 A
with power frequency of 60 Hz. The primary side current
is sourced through a short-circuit conductor loop external
to the unit and is controlled by a personal computer. It was
supplied through a single wire to consider the window space
in the MEH. This method is more practical than those in
conventional research [19], [27], which used a source with
ampere-turns and a lot of windings. The Cold-rolled electrical
steel was used as the core material and u, and B, were
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TABLE 3. Dimensional parameters of magnetic core.

Symbol Parameter Value
R, Outer radius 36.5 mm
R; Inner radius 23.5 mm
h Height 45 mm
Roia Middle radius 30 mm
Aefy Cross-sectional area of core 540 mm?
Ley Magnetic flux path length 185 mm
N Secondary winding 60
Magnetizing inductance 291 uH ~ 33.3 uH
(Primary) ' ’
Ly,
Magnetizing inductance 105 mH ~ 120 mH
(Secondary)
f Power frequency 60 Hz
L Relative permeability (Linear) 8,355
Biax Maximum magnetic flux density 15T

estimated from the measured B-H curve. The dimensional
parameters of the magnetic core are listed in TABLE 3.

A. EXPERIMENTAL RESULTS FOR MAXIMUM HARVESTED
POWER IN UNSATURATED CONDITION
The prototype was implemented to verify that the proposed
method achieved maximum harvested power in unsaturated
condition. The measurement setup is as shown in Fig. 13. The
magnetic core is clamped to the power line. As explained in
the previous section, to emulate a power line environment,
the current of the power line is sourced through the distribu-
tion panel and the AC resistor load bank. The secondary coil
is connected to the full-bridge rectifier, which converts AC
voltage into DC voltage. The capacitor is placed parallel to the
electronic load to smooth the load voltage. To control the load
voltage, electronic load(KIKUSUI PLZ1004W) was used.
To confirm the waveform, an oscilloscope (Keysight
MSO-X 4154A) was used to conduct the output measurement
test. Fig. 14 shows the experimentally measured P, and the
calculated P, at the adjusted V,,; when primary current is
22 A. In unsaturated condition, it is obvious that the cal-
culated harvested power and experimental results have the
same tendency. This means that the load voltage of the MEH
for maximum harvested power can be accurately predicted
according to the theoretical analysis presented in Section II.
In the conventional design method [30], the output power
is 1.9 W in the vicinity of the saturation voltage. By applying
the proposed design method, output of 2.18 W, which is an
increase of 14.7 % of the output power is achieved. We also
confirmed that V}; max occurs before the saturation voltage
Via:. From this comparison, the proposed design method can
be seen to have an advantage of improved power density
without using any additional core material.
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FIGURE 13. Measurement setup of variation of harvested power P,
according to primary side current and primary voltage.
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FIGURE 14. Numerical calculations and measurement results of harvested
power P, according to primary voltage Vj,; in unsaturated conditions.

B. MODEL OF SATURABLE MAGNETIZING INDUCTANCE
BY CONSIDEING SATURATION CONDITION
To verify the proposed model for saturable magnetizing
inductance, described in Section II, an experiment was
conducted. The saturation condition in the magnetizing
inductance model is considered according to increasing mag-
netizing current. To determine the knee point of the B-H
curve, the open-circuit test is carried out by connecting
coil terminals of the MEH to the AC supply through an
auto transformer (HANIL HT-3000) and power analyzer
(YOKOGAWA WT1800). The knee point voltage can be
measured through the measurement setup shown in Fig. 15.

The auto transformer is used to vary the voltage applied to
the MEH at the power frequency. Since magnetic saturation
will result in a dramatic decrease of L,,, the knee point of the
saturation voltage can be estimated by measuring the changes
of impedance of L,, and ij,. To confirm the knee point of the
saturation, the applied voltage V,, from the auto transformer
was increased from 15 V to 20 V in the experiment.

The values of L,, were measured and compared with
those in the proposed saturable inductance model, as shown
in Fig. 16. Values were nearly constant until the magnetic core
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AC
Voltage
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Magnetic
energy
harvester

Power analyzer
(Power meter)

Autotransformer
(Variable transformer)

d &Y |

HANIL HT-3000

YOKOGAWA WT1800
(@) (b)

FIGURE 15. Measurement setups to extract Norton circuit parameter

(magnetizing inductance). (a) diagram of open-circuit test,
(b) measurement setup.
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Prop. (Cal)
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Effective magnetizing inductance L, ;,, [mH]

60 Saturation
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40
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o volage Vi
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FIGURE 16. Measurement results of saturable magnetizing inductance
Lp, sqt according to applied voltage Vgpp.

became saturated. The value of L, dramatically decreased
when the applied voltage exceeded a certain point. As men-
tioned above, the knee point of the voltage is the point at
which a 10 % increase in applied voltage increases ir, by
46.7 %. The knee point voltage in our design is found to
be 15.2 V according to the power meter results shown in
Fig. 17. Comparison with the measurement results was also
conducted. In the proposed model, the saturable magnetizing
inductance dramatically dropped near the knee point. The
reason is that the proposed model reflects the knee point of
the B-H curve near the saturation point. As a result, the pro-
posed model is coincided more with the measured results in
saturated conditions.

C. EXPERIMENTAL RESULTS FOR MAXIMUM HARVESTED
POWER IN SATURATED CONDITION OVER WIDE PRIMARY
CURRENT RANGE

The output model applying the proposed saturable magne-
tizing inductance model was verified through measurement.
Fig. 18 shows the experimentally measured value of P, and
the numerically calculated P, at adjusted V),;. In linear oper-
ation, P, is proportional to V,,;. The measured results and the
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FIGURE 17. Accurate measurement results using power meter.
(a) igm = 0.3513 A, where Vgpp = 15.2 V; (b) iy, = 0.515 A, where
Vapp = 16.7 V.
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FIGURE 18. Numerical calculations and measurement results of
harvested power P, according to primary voltage Vy,,; by considering
saturated conditions.

numerical calculation matched well. The point of maximum
harvested power is generated in the vicinity of the saturation
point.

When the load voltage exceeds a critical saturation voltage,
P, dramatically decreases. The reason is that the value of L,
is reduced and, then, reactive power increases. The maximum
harvested power has a value of 10.6 W at 55 A in the conven-
tional design method. Compared with [29], we can achieve a
value of 8.7 W near the saturation point, an increase of 21.7%,
by applying the proposed design method. Moreover, the pro-
posed model is found to agree better with the measurement
results in saturated regions than does the previous model.

The output power of the proposed design methodol-
ogy is analyzed according to different primary current.
Fig. 19 shows the maximum harvested power according to the
primary current. When the primary current is relatively low,
the proposed design method shows a slightly higher harvested
power than does the conventional model.

However, as the primary current range widens, the dif-
ference between the two design methodologies increases.
Compared with [28], we can achieve a value of 14.32 W on
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FIGURE 19. Maximum harvested power P, according to primary side
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FIGURE 20. Measurement result of the open-circuit test for parameter
estimation of eddy current loss.

70 A, which is an increase of 39.8%, by applying the proposed
design method. From this comparison, it can be seen that the
proposed design method has an advantage of reducing core
material.

IV. DISCUSSION

For simplicity of analysis, an effect of core loss for MEH can
be ignored [17]. However, eddy current loss should be con-
sidered for accurate analysis of output model in conductive
material [35].

Assuming that the core loss is equal to eddy current
loss Peqay, the effect of Peggy on the magnetic core can be
expressed with a resistance R.qqy in parallel with the L,
as shown in Fig. 20. To estimate circuit parameter, Reqqy
is determined based on measurements by open-circuit test
using a power meter. In our circuit analysis, the R,qgy is
250 ohm. Fig. 21(a) illustrates an example with ipy; yms =
55 A, N = 60, and Vg, = 9 V respectively. In normal
conditions, Pegqy of 0.26 W, which is 4% of output power
is generated. As shown in Fig. 21(b), we also confirmed
that P.yqy is increased according to Vi, and the ratio of Pegqy
is increased.

VOLUME 9, 2021



B. Park et al.: Magnetic Energy Harvester With Improved Power Density Using Saturable Magnetizing Inductance Model

IEEE Access

*V,. is fixed at 17V.
(Saturated condition)

*V g s fixed at 9V.

(Normal condition)
O28W o Puy=026W 876W o Puy=0I5W

[ 6.02 W = 8.01W
S e M
g &
& £
5 =]
& &)

Without With Without With

eddy current loss eddy current loss eddy current loss  eddy current loss
consideration consideration consideration consideration
(a) (b

FIGURE 21. Circuit simulation results of including the eddy loss effect.
(a) Normal condition(@Vsec = 9V). (b) Saturated condition(@Vsec = 7V).

For further research, the effect of loss including coreloss
and copper loss will be examined for accurate analysis and
design.

V. CONCLUSION

In this paper, a practical design method of an MEH with
improved power density was proposed for maintenance appli-
cations near power lines. The proposed method is different
from the conventional design based on current transformer,
which is focused on measurement in that it operates in the
saturation condition. The main idea is to use the saturable
magnetizing inductance model to determine the load voltage
necessary to harvest maximum output. The design methodol-
ogy for determining the load voltage has been explained by
considering the nonlinear characteristic of the magnetic mate-
rial. To consider the magnetizing current dependent induc-
tance characteristics, the saturable magnetizing inductance
model is used based on measurement data. This model is
useful because it gives a guideline for the operation voltage
range for maximum harvested power. To verify the proposed
saturable magnetizing inductance model, experimental eval-
uation was conducted. To emulate a real power line, current
source controlled through a 150 kW class AC resistor load
bank is used. Based on the calculated and measured results,
compared to conventional design methodology, the proposed
design methodology was able to harvest 14.32 W on a 70 Ay
power line, which is an increase of 39.8 % compared with the
conventional design method. In addition, the proposed design
methodology can improve the power density and accurately
estimate output power according to load voltage in saturated
condition.

APPENDIX A
From Faraday’s induction law, the induced voltage in the coil
terminals can be determined as follows:

V=-N o (20)
where N is coil winding turns and the ¢ is magnetic flux
through a single loop.

When the magnetic core does not saturate until a maximum
linear point, equation (20) can be derived through integrating
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on both sides over half-period.

T

2
/ Vsardt = 2Bmaerﬁ‘N 21
0

where T is primary side period and B, is the satura-
tion flux density. V, is saturation voltage and Ay is the
cross-sectional area of the magnetic core.

According to [17], the coefficient ““2” before B, . on the
left side comes from the phenomenon that the magnetic core
goes from one end of the B-H curve(—B,4;) to the other end
of the B-H curve(+By,qy) in a half period, which results in a
total change of 2By,

The V4 can be expressed as follows:

T
Vsar - E = ZBmaquﬁ'N (22)
Vsar = 4Bmaquﬁ'Nf (23)

In this paper, all circuit components are reflected on the
primary side(N = I) and then analyzed.
As a results, equation (23) can be rewritten as follows:

Vsar = 4Bmaerfff (24)
APPENDIX B

The input current of sine-wave form can be determined as
follows:

i(1) = A - sin(wot) 25)

where A is amplitude of input current.

L, O<wt<pB
¢() = { Lisar, B<wt<m—p (26)
L1, T—-B<wt<m
B = sin" ! (isar/A) (27)

where B is angular part, in which the magnetizing inductance
maintains a linear value.

As mentioned Section II, the flux linkage verse the current
curve can be substituted for the L,, — i, curve according to
the definition of inductance.

Assuming the filtering hypothesis [30], the fundamental
component must be considered, which can be described by

A(t) =~ Li(t) = aj cos(wt) + by cos(wt) = M sin(wt + 0)
(28)

where,
M(A, ©) = /d® + b? and 6(A, ) = tan™" (%) (29)

To determine the coefficients of the fundamental frequency
of Fourier series for the equation (28), the following equation
can be described as follows:

foﬂ LA sin(wt) cos(wt)d wt

2

a = — ~|—fg_’3 Linisa: cos(wt)dwt (30)
+ [ g LmA sin(wt) cos(or)dwt
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from which a; = 0,

J? LA sin(or) sin(ondot

2
bi==|+J; P Lisa sin(wt)dot 31

+ [T g LA sin(wt) sin(wt)dwt

Form equation (30) and (31), the saturable magnetizing
inductance L, s,; of equation (16) can be obtained. A more
detailed description is described in [30].
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