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Abstract

Condition monitoring sensors have the responsibility of reducing occupational failures or unscheduled shutdowns especially in power
transmission line systems. Existing sensors that are used for condition monitoring are mostly battery-dependent. Powering up these sen-
sors in difficult to access areas where high voltage transmission line usually runs is a challenge because batteries usually have a limited
life cycle. Power sources other than batteries such as harvesting from solar energy, magnetic energy, radio frequency energy either pro-
duces insufficient energy or not entirely available all the time. Electric Field Energy Harvesting (EFEH) overcomes many of these disad-
vantages and provides a quality and continuous power source to be used to power up devices especially the monitoring sensors that are
used in transmission line monitoring. This paper presents key aspects and drawbacks of six types of energy harvesting methods and a
review of existing energy harvesters. The concept of electric field and the usage of EFEH in power transmission line system are ex-
plained and a comparison between EFEH with typical energy harvesting methods is discussed. This paper finds that EFEH devices have
potential to provide sufficient energy for low powered condition monitoring sensors. Moreover, several improved EFEH approaches are

proposed, and future trends are discussed.
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1. Introduction

Currently, technologies have grown to the extent where it is un-
stoppable without any boundaries especially in wireless communi-
cations and electronics. This enormous growth has made many
revolutions on how condition monitoring sensors work. Condition
monitoring consist of either manual or automated inspection of the
condition of mechanical and electrical devices [1]. Condition
monitoring is widely used in observing health of humans, envi-
ronmental parameters and industrial parameters [2]-[5].

Sensors that are used for condition monitoring have their own
advantages where they are easy to be installed even in rural areas
along the hills and across the oceans. Condition monitoring sen-
sors have an adaptive behavior to any situation and most im-
portantly it avoids plenty of wiring and can be monitored regional-
ly [6], [7]. Unfortunately, continuously powering up these sensors
has been a major challenge where most of them are battery pow-
ered sensors. In the case of monitoring the conditions on a trans-
mission line, data is collected and stored at every 0.5 seconds to
25 seconds [8] but it can also be set to provide data in a much
larger interval depending on available data bandwidth. It is stated
in [9], a 9V battery can only be used for 200 hours as the sensors
that are used in power transmission line system such as tempera-
ture sensors, accelerometer, strain sensors, wind velocity and wind
direction sensors and humidity sensors operates in 50 to 500uW of
power with an operating voltage from 3.3V to 5V.

The major disadvantage using battery as power source is it has a
fixed and limited energy rating or in another way batteries limited

lifetime. Even if a rechargeable battery is used, it still degrades as
those batteries will have lower energy density over time and con-
tinuous overcharging can damage the battery. Moreover, for low-
cost applications the charger can cost much more than the actual
product and replacing those batteries is also another time and cost
consuming work to be done especially in bigger networks [10].
Therefore, energy harvesting solution can play an important role
to support this network.

This paper will give a review of existing energy harvesting meth-
ods that have been implemented and suggestion on choosing the
most suitable energy harvesting method to charge up condition
monitoring smart sensors used in overhead power lines. Section 2
reviews types of energy harvesting methods, how it works and
challenges faced by each method. Section 3 focuses on the Elec-
tric Field Energy Harvesting (EFEH) as an energy harvesting
method for monitoring sensors in transmission line monitoring.
The section will end by summarizing the drawbacks of existing
EFEH. Further improvisations to the EFEH are explained in Sec-
tion 4. Finally, Section 5 provides the discussions and conclusions
of the review work.

2. Energy Harvesting Methods for Condition
Monitoring Sensors and Its Challenges

It is proven that the condition monitoring sensor can easily work
in transmission grids if it is powered up from available energy
from its surrounding environment itself [11]. Figure 1 shows some
possible locations of condition monitoring sensors on the trans-
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mission line towers. There are several power sources that can be
harvested from high voltage lines which can then be used as an
alternative source of energy for the condition monitoring sensors.
A vast analysis on the concepts, application and challenges of six
main types of environmental energy harvesting is done in this
subsection and the next chapter.
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Fig. 1: Possible locations of condition monitoring sensors on a transmis-
sion tower.

2.1. Thermal Energy Harvesting

Thermal energy harvesting methods can be used on any system or
device that produces heat; such as thermal generators, transform-
ers and transmission lines. The operation of a device can cause an
increase in temperature and this temperature difference will pro-
duce or transmit a natural heat or thermal energy. Seebeck effect
found by Thomas Johann Seebeck [12], is the key reference to
design a thermal energy harvester where the theory states that
voltage can be produced when two different conductive metal
intersects at a high thermal point. The voltage produced will in-
crease with respect to the increase of temperature at that point of
time [13]. Thermal energy harvesting has been an emerging meth-
od between the years 1994 to 2008 as discussed in literature [14]-
[21]. As an example, Seiko Thermic watch was an initial applica-
tion that used thermal energy from heat that is produced by hu-
mans to run both the watch and also charge an embedded lithium-
ion battery at 22uW of power [22], [23].

Thermal energy harvesting looks capable to energize the sensors,
however the Carnot cycle limitation is a major disadvantage. The
difference in temperature must be high enough to satisfy the Car-
not efficiency [22]. A maximum of 16% efficiency is stated in
year 2009 [24] from a thermal generator with a normal resistance
of 5 to 10 ohms [25]. A review has reported that even when the
thermal generator interface circuit achieved 73% efficiency, the
scavenged power is still very low [26]. Wide environmental tem-
perature difference and the challenges on starting up the harvester
have also made thermal energy harvesting to be a less suitable
energy harvesting method [27]. From year 2013 till date, the max-
imum output power level that can be achieved through thermal
energy harvesting ranges from 1uW-100uW [27]-[34]. These
literatures using the thermal energy harvesting method show that
there is a big challenge to charge up condition monitoring sensors
especially in rural areas as a reliable and continuous heat source is
not always available. Up to the writing of this review, thermal
energy harvesting method has been not being used in transmission
line monitoring systems.

2.2. Solar Energy Harvesting

Although solar technology was started by Charles Fritts in the
1880’s [35], harvesting electricity from the Sun became more
matured in the past 20 years. Solar energy harvesting is a process
of converting sunlight into electricity using the photovoltaic (PV)

process that can then be used as a source of power. [13]. Even
though solar energy scavenging has existed for a long time, the
concept of utilizing solar power as an energy source for condition
monitoring sensors has only been widely used more recently, since
around the year 2005 [35]-[38]. One downside of harvesting ener-
gy from the sun is that it can only be done when there is daylight.
A backup energy storage such as a capacitor or a rechargeable
battery is needed to power up the sensors at night. In addition,
silicon based PV cells have a typical energy conversion efficiency
of around 20%. Studies from year 2007 up till year 2014 not only
supports that fact that it is risky to depend on solar energy harvest-
ing due to its low reliability of energy availability but also not
worth in terms of installation and maintenance costs [28], [29],
[39], [40].

Although a multisource energy harvester including solar is pro-
posed in [41], it is not cost effective. The alternate source used is
rechargeable batteries which can lower the energy density of the
harvester. Similar studies as above are done and improvised till
date in literature [42]-[44]. Although solar energy harvesting is an
environmental friendly method and a method that produce a high
output voltage up to 600mW, it is still not always available, has a
deployment constraints and not cost effective for a long term con-
dition monitoring sensor applications which is used for transmis-
sion line monitoring.

2.3. Magnetic/Electromagnetic Field Energy Harvest-
ing

Although the concept of magnetic field harvesting was discussed
and tested experimentally in 1990 [45], publications on magnetic
induction generators became more common much later starting the
year 2008. In [46], a magnetic induction generator is used as an
energy harvesting device which has a function to measure, use and
store the harvested magnetic field energy. Later in 2009, Hubert
Zangl introduced a magnetic field scavenging method where ener-
gy is captured by running a live conductor through a hollow tube
[47]. To support his findings, it has been stated in literature [48]
that magnetic field harvesting is most efficient when a ring-shaped
core is encased around a high voltage conductor. This can be
achieved by using a dissectible donut-shaped core. Even though
this energy harvesting method could produce up to 30VVA of pow-
er from a 150 Ampere live conductor [49], it not practical to
clamp the harvesting core around a conductor, as the installation
of the harvester requires a major power shut down.

It can be said that the magnetic field energy harvesting method
could be an effective technique if the clamping of toroidal core
around the conductor is possible [13]. Some example applications
of magnetic field harvesting [50], [51] are shown in Figure 2 be-
low.

Fig. 2: (a) PROTURA electromagnetic field harvester [50]; (b) Donut-
shaped electromagnetic field harvester [51].

Magnetic field energy harvesting not only has a disadvantage of
having one of the most complex design to be constructed, but it
has a low power rating and also lower energy availability when
the source of power is distanced further [28], [52]. The theory of
magnetic field strength versus the distance between the source or a
live conductor was also proven in [53]-[56], where magnetic field
will slowly reduce as the distance between the core is increased.

A design of permanent-magnet vibration-based electromagnetic
energy harvesters was used in [57] where it used the magnetic
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fields around overhead transmission lines and converted that ener-
gy into mechanical vibration via using a small permanent magnet.
The device uses an array of several small permanent magnets with
opposite polarities to capture power from low-frequency (50/60
Hz) magnetic fields. Although the arrangement of magnets in-
creases the flux gradient, the maximum measured output that they
could produce is very low which is around 166uW. It is also stated
in literature [42] that it is highly unsafe to install the magnetic
field energy harvester. Recently in [58], a novel design of magnet-
ic field energy harvester has been designed but it has still a very
low output power of 20uW.

2.4. Vibration Energy Harvesting

Vibration based energy harvesting can be designed from mainly
three types of vibration producing devices which are electrostatic,
electromagnetic and piezoelectric transducers. These transducers
could only produce an output power of 375 pW/cm?® which is con-
sidered as very limited power [23], [59]-[62]. As shown in [63],
vibration energy harvesting is equally compatible with all other
energy harvesting methods. On the other hand, an innovative ap-
proach was done in [64], [65] where vibration from the core and
windings of the transformers are extracted and converted into
energy and that energy that can be used to power up condition
monitoring sensors. In addition to this application, it is recorded in
[66] that the vibration energy harvester could produce 4.5mW of
power at 132kV.

Vibration energy harvesting has the dual functions of providing
power to sensors and at the same time monitoring the devices’
conditions. However it can be only function if there is a sufficient
amount of vibration force. From this, it can be said that vibration
energy harvesting is also source dependent, where its efficiency is
solely based on the frequency and magnitude of vibration of the
source equipment. A number of similar examples are discussed in
[671-[74].

2.5. Radio Frequency (RF)/ Electromagnetic Wave En-
ergy Harvesting

Radio frequency (RF) or electromagnetic wave harvesting can be
defined as a process that collects accumulated RF signals from tall
communication towers and converts the signals to sufficient DC
power for the monitoring sensors. The growth of this method of
energy harvesting emerged since 2005 [75]. RF energy harvesting
method has many advantages where it is convenient in any envi-
ronmental condition provided that there must be a wide range of
good communication networks [13], [76], [77].Various prototype
implementations of sensor nodes powered by RF energy are also
presented in [78]-[87]. In [88]-[90], a multi-hop RF-powered
wireless sensor network is demonstrated through experiments.
RF-powered devices also have attractive healthcare and medical
applications such as wireless body network. Benefiting from pow-
er generated by RF energy harvesting, low-power medical devices
can achieve real-time work-on-demand power and also enables a
battery-free circuit with reduced size. Additionally, RF energy
harvesting can be used to provide charging capability for a wide
variety of low-power mobile devices such as electronic watches,
hearing aids, MP3 players, wireless keyboard and mouse, as most
of them consume only microwatt to miliwatt range of power [91].
Although RF energy harvesting has many advantages, it cannot
function in areas that have no RF source such as deep in the forest
where high power transmission line typically runs. Furthermore,
RF has relatively very low power density and more importantly
RF harvesting methods are distance-dependent [42]. Nevertheless,
the usage of this energy harvesting method in [92]-[95] verified
that RF energy harvesting is a versatile method especially in urban
areas where a lot of RF technology is used.

2.6. Discussion

Although the energy harvesting methods explained in this section
has its own advantages and disadvantages, each harvesting method
plays a good role in providing energy in some specific application.
For example, thermal energy harvesting can be applied at an envi-
ronment which has constant heat supply but it is not efficient in
transmission line monitoring systems. Since this paper focuses on
methods to power condition monitoring sensors that are used in
transmission lines, the next section will discuss the suitability of
the EFEH method to scavenge energy and supply it to monitoring
sensors on transmission line systems.

3. Electric Field Energy Harvesting (EFEH)

Transmission grids and lines act as major parts of an electricity
industries as both have to provide a quality electricity supply all
the time at an optimized rate and cost. A continuous and depend-
able power supply is needed for transmission power system condi-
tion monitoring sensors such as tilt sensors, strain sensors and
temperature sensors to be active all the time. Energy harvesting
methods such as solar energy harvesting and thermal energy har-
vesting cannot provide a continuous supply to sensors networks as
there is an availability constraint with a limited source of energy.
Alternatively, scavenging energy from the ambient natural envi-
ronment may prove to be a potential power source for sensor net-
works in order to avoid the stated problems. EFEH is a promising
solution to the shortage of power supply with less limitations as
the electric field is always present around the overhead power
lines. In this study, few approaches to harvest energy from the
electric field around the conductor of high voltage transmission
lines to supply low powered monitoring sensors is investigated.
Until now, electric field harvesters are only made in a combination
of parallel plates or cylindrical capacitors with a simple rectifying
circuit [96], [97].

3.1. How EFEH Works

In this section, the importance and the suitability of using EFEH
in powering up transmission system condition monitoring devices
are explained. Sub-section 3.1.1 explains on the basic concept of
how electric field is generated. The following section explains on
the electric field condition under transmission lines. Sub-section
3.1.3 explains on both the analytical and numerical electric field
calculation. Finally, the drawbacks and restriction of the existing
EFEH is explained in section 3.2.

+ o+ + o+ o+
|

E=

t
d

il

I
v
d
|

f
v
:,

inverse first power

inverse square

distance

Fig. 4: EMFs range with reference to distance horizontally along the
ground [100].
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Fig. 5: (a) Typical electric field of various ranges of overhead transmission
line; (b) Maximum electric field of various ranges of overhead
transmission line [100].

3.1.1. Concept of Electric Field

Electric field is defined as the force in terms of electric that is
exerted on a charge [98]. Electric field can be calculated by either
dividing electric force in Newtons, F, over the charge in Cou-
lombs, g, or voltage between plates, V, over distance in metres, d,
between plates. The units for electric field can be measured in
Newton/Coulombs (N/C) and also in Volts/Meter (\VV/m). Electric
field is derivable from source potential only if the electric field is
in static mode. Those static electric fields can be captured and
harvested using a pair of parallel conductive plates of any shape
[99] as shown in Figure 3.

3.1.2. EFEH in Power Transmission System

Electric field will presumably be constantly available in the sur-
roundings of high voltage transmission line. In this section, the
variation of electric field in transmission lines with different volt-
age ratings is discussed. Electric field from any source usually
reduces as the distance from the source increases with reference to
the power law. Quite often, this can be approximated as one of
three basic types of fall-off with distance as shown in Figure 4.
The red line shows the inverse first power distance and referred
from single circuit transmission line, the blue line inverse distance
squared and referred to power line with un-transposed and trans-
posed phasing, and lastly the green line shows the inverse distance
cubed [100].

Figure 5(a) and 5(b) shows the typical and the maximum electric
field that can be found at overhead lines. Typical fields are less
than maximum fields because the current carried by a line is usu-
ally less than the theoretically calculated current. There are many
other factors that affects the electric field from the line such as
voltage level, amount of clearance, height of the first line to
ground, phasing of each line, balancing between and within the
circuit and ground resistivity [101].

3.1.3. Methods to Calculate and Measure Electric Field in
Surroundings of Power Transmission System

Electric field can be calculated using analytical and numerical
methods. There are two types of analytical methods which are
Maxwell Potential Coefficient Method [101], [102] and the exten-
sion of the Maxwell method, which is called Mark and Mengele’s

Method [103], [104]. These Maxwell equations for capacities are
used to find the electrical charge for the conductor. Using the
value of the electrical charge, electric potential and electric field
of any point with any distance from the conductor can be calcu-
lated [105], [106].

[U] = [p][a] @

where [U] is the phase potentials in matrix form, [p] is the poten-
tial coefficients in matrix form and [q] is electric charge of the
conductor. The conductor’s charge, q can be found from Eq.1,
then the potential voltage at a point P (X, Y) from the overhead
power lines can be calculated using:

R
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k

where Rpy is the distance between point P (X, Y) and conductor at
phase k, and Rpy is the distance between point P (X, Y) and the
image of conductor at phase k. The electric field strength, E, at a
point P (X, Y) is given as:

n
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It is assumed in both the analytical methods that a conductor line
is expected to be a line of uniformly distributed charges. As a
result, there are many limitations that need to be considered before
comparing and referring these methods’ results to the numerical
results and also the real results.

There are four types of numerical methods that can satisfy the
analytical methods stated which are Successive Images Method
(SIM) [107]-[109], Charge Simulation Method (CSM) [110]-
[113], Finite Element Method (FEM) and Boundary Element
Method (BEM). The level of accuracy of each methods is ana-
lysed in [114], [115], it is proved that FEM method complies the
closest with the analytical calculation of electric field in surround-
ing of transmission line. Figure 6 shows an example of FEM mod-
elling using ANSYS Maxwell Software of the electric field under
275kV lines. The environmental and other restriction is neglected.

3.1.4. Existing EFEH

EFEH is the most preferable technique to be used as power source
for condition monitoring sensors in overhead transmission line.
Table 1 shows a comparison of existing EFEH in high voltage
systems since the year 2008. The comparison has been made in
terms of some design and performance parameters such as the
value of voltage source, the methods used to verify the EFEH, the
usage of energy storage device, the harvested output voltage and
output power.



International Journal of Engineering & Technology 157
For example, in [97] and [116], the authors have designed an Table 1: Existing EFEH performance comparison
EFEH using two parallel plates with a 330nF storage capacitor Ref Volt Method  |Storage|V Out|Power Out
Wh!Ch i_s attached _under a 35kV line. A sufficient amount of power [97], [116] 35kV | Theo/Sim/Exp* | Cap* | 3-31| 17mW
which is 35mW is harvested from the harvester. In [48], [117],
10.6mJ energy is harvested without any storage capacitors from a [48][117] 10kV | Theo/Sim/Exp | No | NA | 10.6mJ
10kV source using circular parallel plates. Similar approaches ;

o ; Theo/Sim/Exp/ | St
were made in literature [13], [30], [42], [118]-[120], and a maxi- [99] 765kV e?l_es'gd s 2;?6 3-35| 0.17mW
mum of 645mW power can be harvested in [120]. [28], [96], i Super
In [28], [47], [52], [96], [99], [121]-[126] a toroidal tube made of D) [z | P08V | MisSlmEE opt &) AR
aluminium or copper is coiled around the conductor line to harvest
the electric field energy. This kind approach could scavenge up to [13] 115kV|  Theo/Sim No - 95mwW
370mW [47], [126].

_ o o [118] 6kV Exp Stgrage 273 f"treme'y
3.2. Considerations in Designing EFEH Systems i8] ap OW pOWer
This section will review the challenges and restrictions faced in [[51271]] 150kV EXp_/S'm No o $70mw
existing EFEH methods. These challenges are mainly environ- [52] 60kV Sim No - 16mw
mental conditions that might affect the Electric Field harvester and [123] 12.7kV|  Theo/Sim No - 100mwW
the harvesters’ designs in terms of harvester positioning to maxi- [120] 50kV Exp No 30 | 645mw

mize efficiency. The shape and size of harvesters may also affect
the final system output.

All the existing EFEH harvester types reviewed in this manuscript,
excluding the harvester in [99], are either attached under the line
or coiled around the cable. To install these types of harvesters
requires a major power shutdown, which is typically undesirable.
An alternative solution for this problem is to locate the harvester
at a distance away from the cable source. According to the model
in [99], it is proved that the harvester is not necessary to be at-
tached together to the high voltage transmission line. This har-
vester could produce 0.13mW even if the harvester is placed at a
safe distance from the line to the ground.

E [¥/n]

275kV power lines
1.7132E+885 l ‘
1.595QE+885 " p
1. 4847E+BAS -

1. 37B5E+BB5
1. 2563E+885
1. 1421E+885
1.8279E+B85
9. 1369E+804
7. 994BE+EEY
6. B527E+B8Y4
5. 71B5E+BEY
Y. 56B4E+BEY
3. 4263E+08Y4
2. 2842E+B8Y
1. 1421E+80Y4
0. DARAE+628

EF energy harvesting plate

| — |
0 500 1e+003 (cm)

Fig. 6: Example of FEM electric field simulation under 275kV transmis-
sion line using ANSY'S Maxwell.

*Theo- Theoretical, Sim- Simulation, Exp- Experimental, Cap- Capacitor

There is research that designed an EFEH for low voltage lines
such as in [121], provided that the harvester is in very close prox-
imity to the voltage source. This EFEH design could only produce
a very small amount of energy for the monitoring sensors. How-
ever, transmission line sensors need to be located far away from
the electric field source to avoid flashovers. At the same time the
source needs to provide sufficiently high energy for the EFEH to
function. Thus, range of voltages tested and distance to the electric
field source are main conditions that need to be considered in
designing a suitable EFEH.

Table 2: Existing EFEH designs based on harvester type and position

Ref Harvester Type Harvester Position
[97][116] 2 Parallel Plates Attached Under the Line
[48][117] 2 Circular Plates Under/near the Line

Plastic Tube Enclosed .
[99] with Aluminum Foil Sl0eE) v Lne
[28], [96], Lo
[124], Syirale [Elee- Around the Conductor
trode/Tube
[127]
[13] 2 Parallel Plates Attached Under the Line
[125] Cylindr_ical Copper Sheet A_ttached Around the
around insulated cable Line
[118] Ei(;]r;per Plate under the Near to line
[126] [47] Cylindrical Electrode Around the Line
[121] [52] Harvesting Tube Around the Line
[119] 2 Parallel Plates Near the line
[122] Cylindrical Al Foil Around the Line
[123] Cylindrical Al Electrode | Around the Line
[120] Plate Near the Line
[30] [42] Plate Attached with Light

Table 3: The Actual Measurement of Electric Field 8m under a 275kV double-circuit transmission line in Selangor Malaysia

Trial 1 2 8 4 5 6 7 8 9 10 Average (kV/m)
Day 1 5.906 5.969 5.919 5.932 5.894 5.932 5.957 5.765 5.704 5.767 5.8745
Day 2 6.159 5.995 6.336 6.324 6.096 6.210 5.734 5.716 5.691 5.805 6.0066
Day 3 5.881 5.932 5.666 5.780 5.754 5.641 5.527 5.565 5.501 5.691 5.6938

Table 2 divides several EFEH into two important parameters
which are; harvester type where it defines on how the harvesters
are designed with respect to its shape, and harvester position with
reference to distance from the power source. These designs are all
in the form of parallel plates or cylindrical tubes.

As a proof of concept to harvest energy from a high voltage
transmission line at a safe distance, electric field measurements
were made 8 meters below a 275kV transmission line in Malaysia
for 3 consecutive days. Ten measurements were taken each day at
the exact same position. Table 3 shows the results of these meas-
urements. On average the electric field detected is 5.86k\V/m. The-

se results prove that sufficient amount of electric field exists at a
safe distance away. It is expected that this can be harvested to
power up low power monitoring sensors [99].

4. Improvements to EFEH

The previous sections have presented an extensive review on en-
ergy harvesting method and specifically on applying EFEH in
powering up transmission line monitoring sensors. The EFEH
method can be improved as proposed below:
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a)
b)

©)

Non-contact energy harvesters are proposed as they are easier
to install compared to contact-based harvesters.

The shape of the harvester plate can be modified from a flat
surface to a sharper shape such as a pear shaped conducting
plate which will accumulate and capture more electric charge
compared to a normal rectangular, cylindrical or circle
shaped plate [128]. Investigation into different shapes of the
harvester plate may yield better harvesting output.

Next generation energy harvesters can be combined with a
novel rectifying circuit design to get an improved DC output,
which earlier reviews have not emphasized.

5. Conclusion

There are many challenges that need to be addressed in all the
energy harvesting methods mentioned in this paper. For example,
the harvested power from thermal, vibration and RF are not only
source-dependent but also limited to rural areas. Solar energy
harvesting can only provide supply when there is sunlight. With
that we can conclude that all thermal, vibration, RF and solar en-
ergy harvesting methods are not suitable to provide continuous
power for transmission line monitoring sensors.

Although existing electromagnetic field and electric field energy
harvesting methods look promising in terms of fitting into the high
voltage transmission line environment, it has some disadvantages

too.

Most of these types of harvesters are designed in a way that

they have to be attached to the line, which makes the installation
process difficult and time consuming. Installation and mainte-
nance costs are also high as it requires a major power shutdown
and this may interrupt power supplied to the consumers.

As a conclusion, an improved EFEH method is the most suitable
method to be used to power up transmission line monitoring sen-

sors.

For future developments, a novel non-contact based EFEH

method is expected to safely harvest energy at a distance from the
transmission line. An enhanced rectifying circuit can be developed
to get an improved dc output and higher power conversion effi-
ciency. Changing the shape of the harvesting plate is also possible
future work that can be done to provide comparative and qualita-
tive results.
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