DE GRUYTER

Energy Harvesting and Systems 2024; 11(1): 20220085 a

Research Article

Aekanuwat Srilaket, Pakpoom Hoyingchareon, Anuwat Prasertsit and Kanadit Chetpattananondh*

An electric-field high energy harvester from
medium or high voltage power line with parallel

line

https://doi.org/10.1515/ehs-2022-0085
Received July 28, 2022; accepted May 14, 2023;
published online June 5, 2023

Abstract: In order to effectively monitor transmission lines
and transmission towers, a number of different types of
sensors are needed. A lot of times, these sensors along with
the transmission lines and transmission towers are in
inaccessible or hard-to-access areas and replacing their
batteries is difficult. Yet they need consistent power supply.
By harvesting energy directly from these medium and high
voltage power lines, these devices can become self-sustaining
while the overall system is more friendly to the environ-
ment. This paper presents a novel approach to high energy
harvesting based on capacitive coupling between the power
line and the harvesting line. This technique has several
advantages, namely high output voltage, easy adjustment of
coupling coefficient, and low cost. The validation and im-
plantation of this harvesting system are proposed with the
support of experimental results. This energy-harvesting
ability of W and maA levels is achieved for the power line
monitoring devices, with higher power output depending on
the length and the size of the harvesting line.

Keywords: capacitive coupling; electric field; energy har-
vesting; online monitoring.

1 Introduction

Power transmission is the bulk transfer of electrical energy
from a substation to distant areas. It is a critical part of the
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power grid. Security and reliability of the power trans-
mission have significant effects on the stability of the whole
grid. They are even more critical in remote, harsh, inacces-
sible, and hazardous areas. High voltage transmission lines,
especially for a long distance, often need to cross mountains.
The whole line may go through all types of terrains, which
brings extra difficulties for the line management. Moreover,
in recent years, severe weather events have become more
frequent. They have caused collapses of power towers and
broken power lines. Therefore, power transmission lines
need to be monitored and maintained closely to ensure safe
and reliable operation, especially in unmanned areas. The
Provincial Electricity Authority (PEA) of Thailand has
959,553 km of 12-and 22-kV transmission lines along with
39,501 km of 69-and 115-kV distribution lines (Preeprem
2021). Therefore, the power line and power tower moni-
toring is of great interest and significance for the PEA.

The monitoring of line temperature, line sag, icing,
wind, vibration, corrosion in steel core, broken strand,
corona, audible noise and human intrusion, have been
deployed for the safety and maintenance purposes (Bogue
2013; Khawaja, Huang, and Khan 2017; Sanda et al. 2018).
Currently, the energy sources of these monitoring devices on
the towers are mostly batteries. However, the limited life of
the batteries is infeasible in applications where thousands of
such sensors are deployed over a vast area. Disposing the
batteries is also both costly and extremely detrimental to the
environment. In order to cope with all these problems,
numerous studies have been focused on batteryless systems.
Energy harvesting technology is a self-sustaining, attractive,
and green alternative for collecting energy from the envi-
ronment. Furthermore, recent energy harvesters have
become more efficient, reliable, and sufficiently robust. They
thus can offer an answer to some of the aforementioned
problems both in terms of cost and environment impacts.

This work intends provide to a new energy harvesting
method from the electric field in medium- or high-voltage
(MV/HV) transmission lines using parallel lines. The har-
vesting line is a leftover conductor from the PEA of Thailand.
Depending on the length and size of the conductor, the
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obtainable energy level is considerably high at W level. The
organization of this paper is as follows: Section II com-
mences the related work in energy harvesting from power
lines. Section III addresses the concept of this proposed
energy harvesting system. Section IV is devoted to the vali-
dation of this proposed method with experimental results,
followed by the performance analysis and a detailed dis-
cussion of this proposal. Section V discloses the possible
implementation that can be powered by the proposed
energy harvester. Finally, this paper is concluded.

2 Related works

The most common energy harvesting sources are natural
energy (solar, wind, ocean, etc.) as well as mechanical en-
ergy. Solar cells (Ahmad et al. 2021; Fadhlullah and Ismail
2015; Mekikis et al. 2018; Singh, Kuchroo, and Bhatia 2016)
can replenish power in storage devices with high power
densities. However, due to contamination, length of days,
weather, and many other environmental conditions, they
are unreliable and not durable enough to survive in a power
line environment. A backup energy storage device such as a
capacitor or a rechargeable battery is needed to power up
the sensors at night. Wind energy (Li et al. 2022; Nurmanova
et al. 2018; Pan et al. 2019; Wen et al. 2021; Zhao and Yang
2017) also provides a high power density in good weather
conditions. Nevertheless, its maintenance cost is very high
and its harvesting power is unstable. Other types of energy
sources include thermoelectricity and electromagnetic (EM)
energy.

Thermal energy harvesters are based on the Seebeck
effect, where an electric potential difference is formed
between the hot and cold junctions. In (Chen et al. 2016;
Kadechkar et al. 2018; Liao et al. 2020; Liu et al. 2015; Santos
et al. 2016), the authors have implemented a commercial
thermoelectric module to supply wireless sensors. This
thermal energy harvester provides various voltages and
powers under different conditions. Thermoelectric har-
vesting devices are designed for specific environments, with
a focus on high energy density. This thermoelectric gener-
ation is, however, not suitable for harvesting energy in a
scenario where there is a wide temperature swing between
the power line and ambient environment. In addition, in
thermoelectric generation, it is difficult to achieve a power
level of about 10 mW. This is because the kinetic energy
depends on ambient conditions. As a result, thermoelec-
tricity cannot deliver stable power to the monitoring sensors
for the transmission line monitoring in the environments
on which this work focuses.
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EM energy harvesting, on the other hand, is stable and
sustainable over a long period of time. Particularly, the EM
energy harvesting from MV/HV power transmission or dis-
tribution lines appears most promising. So far, magnetic
field energy harvesting (MFEH) has been more popular than
electric field harvesting for power-line monitoring devices.
It can be done by the induction coupling in a nearby coil.

Most of magnetic energy harvesters are based on a
current transformer (CT). Wu, Wen, and Li (2013) proposed a
power supply that collects energy from the magnetic field
induced by wire-carrying currents using a coil-based mag-
netic energy harvester. This proposed harvester can provide
a maximum power of 63.72 mW at a line current of 10 A. Liu
et al. (2016) presented a magnetic energy harvester-based CT
with a power density of 0.7 mW/g at 10 A, which is more than
twice as efficient as traditional ones. Zhuang et al. (2020)
improved a method of energy harvesting from ac power
lines under magnetic saturation conditions with a high-
permeability core. The proposed energy harvester can
scavenge an average power of 283 mW on a 10 A rms power
line, which is an increase of 45 % compared with the device
without the control coil. Wang et al. (2019) designed a real-
time wireless power supply system overhead on a high-
voltage power line. An iron core with a C-type structure was
developed to harvest energy from an HV power line via
magnetic induction. The output voltage from the harvesters
is transmitted to the load by using a wireless power transfer.
The experimental results verified that the harvesting power
also depends on load, core cross-sectional area, and exciting
current angle. When a magnetic core or current transformer
is clamped onto ac power lines, the flux density in the core is
proportional to the magnetic field strength around the
power line. The limitation of the MFEH using a current
transformer is that a core clamped around the power line or
distribution line is necessary. The direct contact with
medium or high voltage increases concerns about the insu-
lation requirements and safety. The “free standing” mag-
netic field energy harvesters provide greater flexibility
compared to the current transformer-based ones. They do
not enclose the current-carrying power lines, which is why
they are more flexible. They can be placed near any high-
voltage power line or transformer with a varying magnetic
field around them.

Thanks to these advantages and its flexibility, Roscoe
and Judd (2013) developed a free-stand magnetic energy
harvester which gathers 300 yW for a flux density of 18 uT.
This amount of harvested energy is sufficient to supply a
temperature sensor. In (Yuan et al. 2015), a new bow-tie coil
to scavenge the magnetic field energy under overhead po-
wer lines is proposed to produce a much higher power
density (1.86 uW/cm®). The coil-based harvester developed
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by White et al. (2018) is a credit-card-sized rectangular coil
with typically 1250 turns of insulated copper wire wound on
a polymeric form. The harvesting power of approximately
1.5 W can be achieved when the harvester is placed near a
power line with a current of 100 A. The amount of energy
harvested in free-standing harvesting is relatively less than
that in clamped harvesting due to an increase in the distance
between the magnetic coils. High harvesting power density
depends on the demagnetization of the core. Thus, its cost is
very high.

To address these problems, the electric field harvesting
energy systems (Moghe et al. 2015; Rodriguez et al. 2014; Zeng
et al. 2021; Zhao et al. 2013; Zhao, Dai, and Li 2015) have been
investigated with a focus on obtaining the power for the
MV/HV terminals (such as power lines, transmission lines,
and bus bars) in power systems that do not carry currents
but also maintain a high potential at the same time. An MV
prototype equipped with a voltage sensor based on a two-
plate topology was proposed by Moghe et al. (2015). Their
experimental results showed that at a bus voltage of 35 kV
and a continuous power of 17mW could be harvested. A
multilayer cylindrical tubular pick-up mechanism with
improved safety and embedded insulators has been studied
by Rodriguez et al. (2014). When using a power line insulator
for EFEH, their simulation results indicated the ability to
obtain over 100 mW from a 12.7KkV power line. In Zangl,
Bretterklieber, and Brasseur (2009), initially developed the
idea of the electric field energy harvester for power line
monitoring. The construction was created in the form of an
EFEH cylinder. From a medium-voltage power line, this
technique extracted 100-150 mW. The electromagnetic and
electric fields on power transmission lines with 230 kV and
higher were researched by Bunnoon, Thongyoo, and
Wanden (2020). The magnetic field energy harvesting de-
vice employed a high-voltage cable in transmitting elec-
trical energy, which emit electric charges, inducing voltage
and conducting current in the copper coil. In Kang et al.
(2017) with collected electric field energy, supplied a com-
mercial Zighee-based sensor node, operating autonomously
under real three-phase 765 kV power lines. It was shown that
the sensor’s operation time was in the range of a few tens of
seconds and was almost inversely related to the square of the
conductor tube’s height (1.5-4 m), with the sensor node
dissipating an average of 0.13 mW at that height.

In this paper, a low-cost electric field harvester based on
capacitive coupling due to a medium-voltage 67kV bus bar
paralleled with a harvesting conductor is introduced. It will
explore a new approach that couples the energy harvesting
system to the power line, avoiding a direct contact. This har-
vesting technique is more suitable for a large-scale deploy-
ment for the Smart Grid. Practical implementation will prove
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that this energy harvester provides enough power at the W
level to supply many monitoring sensors on the transmission
line and is easy to install on the power line tower.

3 Electric field energy harvesting

The general theoretical principles of electric field energy
harvesting are based on the electric field of any energized
conductor at some voltage level radiated to the conductive
electrode in relation to the potential distribution. The field
induced electric charges are transferred by the displacement
current. Any conductor excited at some voltage level
distributed on a closed surface results in a radial E-Field. For
AC lines, the rate of change of the electric field produces a
displacement current, which can be explained with Max-
well’s following equation:

ab

li= | Das=e] T

i ds (0))

N

where D is the electric flux density (units of C/m? and is
equal to E, the electric field intensity, ¢ is the permittivity,
and S is the same open surface associated with close path in
Ampere’s Law. An apposed conductor serves as the displace-
ment current drains the electric charges and charges the
stored capacitor. This displacement current can be used to
charge the capacitor that is placed near the power line. The
electric-field energy harvesting method is based on con-
ducting displacement current through capacitive coupling
between conductive materials and power lines. The energy
accumulated in this capacitor can be stated as

E= %Cs V2 2)

where C; is the stored capacitance and V is the accumulated
voltage. As this energy is collected by inducing the free
charge-induced E-field, this harvesting model operates as a
generic current source to provide energy to the attached
monitoring devices.

This proposed electric field energy harvester is shown in
Figure 1. The harvester, made from an aluminum conductor,
was placed in parallel between the medium voltage trans-
mission line, or bus bar, and the ground. The conductor was
surrounded by an electric field induced by the transmission
line. When the inductive electric charges collect on the surface
of the harvester due to an electrostatic induction effect, there
is electric field energy stored in the form of a coupling
capacitor C,;, between the power line and the conductor. To
harvest the electric field energy, a two-winding energy-har-
vesting transformer (EHT) is also necessary. The primary
winding of the EHT is connected between the energy-
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Figure 1: This proposed electric field energy harvester.

harvesting conductor and the ground, while the secondary
winding of the EHT is connected to the resistive load. The
transformer is then deployed in order to the requirements of
voltage and power of the load, using impedance conversion
characteristics.

This proposed harvester in Figure 1 can be modeled with
the equivalent circuit as shown in Figure 2. The high voltage
source Vi in Figure 1 or Vg, in Figure 2 and transmission
line capacitive coupling to ground (Cy,) are provided on the
left side of the schematic, while the harvesting capacitor to
ground (Cp,) and the load resistance R;, are put on the right
side. Both sides are connected by the harvesting capacitor,
which causes the capacitive coupling between the power line
and the harvesting line. This mutual capacitance Cg, is
related to distance between the power line and the har-
vesting line and their sizes.

The capacitor C,, represents the primary capacitive
coupling between the power line and the harvesting line
carrying a medium voltage AC signal. C,, serves as the
driving source for an alternating electric field on the surface
of harvesting line and can be stated as.

m-e-l

D
ln<m>

Where [ is the length of the harvester, and D is the distance

Cab = 3
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Figure 2: Equivalent circuit of this proposed harvester without load.

DE GRUYTER

between the power line with a radius of r, and the harvester
with a radius of r, Here, the permittivity e is 8.85 x 102 F/m.
The parasitic capacitor, Cyz, between the harvester line and
ground with height h can be calculated by

_2m-e-l

Chg = —F—~
o)

The voltage V,, induced in the harvester line due to a
voltage V,¢ being applied to the power line Vj,e can be
founded by.

@)

Cab 1% (5)

Vyg= -2
8 Cab + Cbg @

The induced current caused by electric-field induction is
possibly supplied to the load because it is not resisted by the
effective resistance of the load. This scenario can be
explained by the circuit diagram shown in Figure 3 when the
coupling capacitor between the power line and the har-
vesting line is very small compared with the load. Thus, the
current flowing through the load for this scenario is.

Vg

2
@)+ (,)

The value of Cg is calculated in tens of picofarads.
Therefore, this equation is valid for typical values of load (k
Q). Cap, , and V,,, depend on the system, if it is assumed that
these system values (Cqp, w, and Vg,) are not varied. This
electric filed energy harvesting system basically acts like a
current source within the bounds of the above assumptions.

I = :jwcabvag (6)

4 The validation of this concept at
medium voltage

To validate the idea of an electric field energy harvester
using a parallel line, the experimental is set up as shown in
Figure 4. The harvesting line with a 1.28-cm radius is placed
under the medium voltage bus bar with a 1.28-cm radius and

A Cab B
o) e
R | | e
AVARR '::%::: iy
ag "y P C C RL
- i ag bg

..............

Figure 3: The equivalent circuit connected to load.
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a 5-m length at a distance of 1m for safety clearance. The
harvesting line gets charged by the displacement current.
The induced voltage with no load on the harvesting line is
measured with a 5-kV source voltage on the bus bar. The
measured induced voltage on the harvesting line of 1m in
length is compared with the calculated induced voltage as
shown in Figure 5. The calculated value is greater than the
measured value due to transformer characteristic parame-
ters and coil saturation in higher voltages.

Finite-element analysis (COMSOL) is used to compute an
accurate electric field from a power line with 66.40 kV at 3m
above the ground. Figure 6 illustrated the comparison of the
results of the measured and calculated electric field distri-
butions from the power line at the red dot which is poten-
tially located at 4.2-m horizontal axis and 1-m vertical axis.
As shown in Figure 6, the value measured with the electric
field meter is 1811 V/m, while the simulated value at the red
dot is 2157 V/m. The electric field becomes stronger inside of
the power line, whereas an entirely weaker electric field, the
so-called coupling electric field, is distributed everywhere
outside of the power line. The result shows that the simu-
lated electric field is slightly larger than the measured one,
probably due to a different environment and the slight dif-
ference in the properties of the conductor’s materials.

12

—&— Measured value ~ —@— Calculated value

=
o

=]

Induced volatged (kV)

0

0.00 10.00 20.00 30.00 40.00 50.00 60.00 70.00 80.00

Power line volatge (kV)

Figure 5: The comparison result between the measured induced voltage
on the harvesting line and the calculated one.
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Figure 4: The actual experimental setup to
validate the idea of this proposed harvester.

When the load level is varied, the induced voltage on the
harvesting line is measured for every increment of 5kV in
the power line voltage. The results of the measured induced
voltage with load variation are shown in Figure 7. Due to the
loading effect, the induced voltage on load increases with
more load resistance.

When the current of the harvesting line is measured
with the load variation, the result is shown in Figure 8. The
result shows that the energy harvester with an electric field
was obtained from the constant current source with
unchanged system parameters (Cqp @, and V).

The harvested power with load variation can also be
shown in Figure 9. It is observed that the harvested power
greatly increases with an increase in power line voltage, as it
follows a squared relationship. Similarly, the harvested
power on the load varies with the changed load values.
Moreover, with a further increase in power line voltage
level, the harvested power increases.

As the harvesting line is placed parallel to the power line,
its size should be as large as possible. To validate these, the
complementary experiments are set up to vary the sizes of the
harvesting line and the distance between the power line and the
harvesting line. The result of the induced current on the har-
vesting line of different sizes and at the distances of 1m, 1.25m,
and 1.5 m from the power line, is shown in Figure 10. Similarly,
the harvesting power due to different sizes of harvesting lines
and various distances from the power line is given in Figure 11.

Let Z; be the equivalent load impedance on the primary
side of the voltage transformer with the turn ratio of N = 143
and itis connected to the harvesting line, the induced voltage
can be given by

7 CayoVig
1+ (Cap + Cog 2,

V= ™

If R; is the load resistance, the gathered power from the
harvesting line can be calculated as

WP

P
0 Z]:

®)
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Figure 6: The simulation of the electric field
distribution from power line 66.4 kV compared
with the measured value.

Figure 7: The induced voltage on the harvesting
line with load variation and asset power line
voltage.

Figure 8: The current on the harvesting line with
load variation.
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5 Implementation of this proposed
energy harvesting system

In order to demonstrate the practical effectiveness of this
electric field harvesting system using parallel lines, we set
up a power supply circuit using this proposed system for an
LED compact lamp at a transmission tower as shown in
Figure 13. The power line voltage was set at 67 kV compared
to the ground. The harvesting line, with a length of 20 m,
was installed in parallel with the power line at a distance of
1.2m, in accordance with the Occupational Safety and
Health Administration (OSHA) and Electrical Safety Code. A
voltage transformer (VT) formed the primary side of the
harvesting line and the ground, while the AC/DC converter
connected to the 5W LED compact lamp formed the sec-
ondary side. The specification of the voltage transformer
used here was 33 kV/230V, 1000 VA (Figure 13).

Since the actual area for the implemented system is
limited, the harvesting line was laid in a U shape, as shown in
Figure 14. The single and dual harvesting lines were verified to
improve the harvesting performance. It can be realized that
the bundle configuration does not affect the energy harvesting.

During the verified experiment, the power line voltage
was varied from 5 to 67kV. The harvesting power of the
single harvesting line for 500 Q and 1kQ load resistance is
shown in Figure 15(a). Similarly, one of the dual harvesting
lines is shown in Figure 15(b). It can be seen that the power
line voltage at approximately 70 kV, nearly 5 W of power for
a single line was derived. In comparison, the harvesting
power for dual lines was 5.81 W for 500 Q load resistance and
6.88 w for 1kQ load resistance. Due to the limited space we
had for the harvesting line arrangement, increasing the
number of harvesting lines in our work does not affect the
amount of obtainable power.

—a >  Power Line
I3 Cap
Q 0 Harvesting Line
Vi VY L
z e
-1 L
. ) H ¢
o * 4’& §

LED compact lamp
Trans former

Figure 13: The implementation of this proposed energy harvesting
system.
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b) Side view

Figure 14: The actual test setup for the implementation.

From the experimental result in Figure 15, for a power
line voltage of nearly 70 kV, the effective harvesting power
is sufficient to drive the 5W LED compact lamp. The
demonstration of this proposed harvesting proto-
type supplying the 5W LED compact lamp is realized in
Figure 16. Here, the harvesting voltage to supply the LED
lamp is 11.78 V and the induced current is 274.4 mA. It
is observed that the 5W LED compact lamp is very
bright and it still has the capability to provide the
remaining power to drive the red LED in the AC/DC con-
verter circuit.
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Figure 15: The harvesting power of the harvesting line for 500 Q, 1kQ load resistance, (a) single harvesting line, (b) dual harvesting line.
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Table 1: Estimation of commercial processor peak power.

Device Peak power estimation (mW)
MSP430F2274 9.504
FM32TG840F32 14.4
ATMega128RFA1 66.96
JN5148-001 127.08
MC1322x 79.2

In monitoring a transmission line or a power line,
various sensor nodes working together wirelessly as a
network are needed. In such sensor nodes, an electronic
embedded system is one of its important components.
Typically, the electronics inside an embedded electronic
system consume a lot of energy. The estimation of com-
merecial processor energy consumption is shown in Table 1.

From Table 1, we can see that the processors in the
sensor node mostly require power in the range of ten to a
hundred mW. This energy requirement is well within the
capability of our proposed energy harvesting system. Thus,
our proposed energy harvester is more than adequate in
supplying any sensor node used in these transmission line or
power line monitoring purposes.

6 Conclusions

This paper presents a novel battery-free electric field energy
harvesting from the power line. The energy is harvested
from the medium or high voltage alternating electric field
which provides a displacement current flowing through the

DE GRUYTER

Figure 16: Shows the result of this proposed
energy harvester for 5W LED compact lamp
driving capability.

harvesting line. This can work as a constant current source
to supply the load. The harvesting power is proportional to
the displacement current and the induced voltage between
the power line and the harvesting line. The results from the
validation of this proposed energy harvester shows that,
depending on the length and size of the harvesting line, the
highest obtainable power is at the watt level. The practical
implementation was demonstrated to prove the perfor-
mance of this proposed energy harvester. The AC induced
voltage of this harvester is converted to a DC voltage with the
rectifier and is successfully driving the DC load. Experi-
mental results indicate a continuous power of approxi-
mately 5-6 W at 70 kV bus voltage. This power is enough to
drive the 5 W LED compact lamp attached to an MV/HV asset.
This proposed energy harvesting system is also simple to
install on the transmission line, making it more widely
applicable and easier and safer to deploy. A typical energy-
harvesting ability of W and mA level was achieved. This is
adequate for typical monitoring devices, with the potential
of achieving even higher power output depending on the
length and size of the harvesting line, and the distance
between the power line and the harvesting line. The pro-
posed system can consistently supply energy to monitoring
sensors of a transmission line, hence eliminating the need of
frequent battery replacements. In the future, the influence
of voltage transformer parameters should also be investi-
gated, along with a variety of weather conditions, such as
humidity in the rainy season which may cause corona and
partial discharge, and subsequently damage the monitoring
devices. However, a follow-on power electronic converter is
necessary to experimentally achieve these circumstances.
The optimum circuit design for this conversion technique
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under the operating restrictions outlined in this paper will
be the subject of future research.
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