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P
arallel to the increase in energy demand, the importance of energy transmission lines is also increasing.
In order for energy transmission to be carried out correctly, transmission lines must operate unin-
terruptedly. Therefore, it is important to inspect and monitor the lines and to intervene immediately

in case of any fault. The use of Unmanned Aerial Vehicles (UAV) for the inspection and monitoring of
these lines provides advantages in terms of both safety and cost. In the study, the design and analysis
of electromagnetic energy harvesters have been made in order to provide energy to UAVs. Firstly, the
mathematical modeling of the core has been presented. Electromagnetic energy harvesters designed based
on this model have been analyzed using the Finite Element Method (FEM). The performances of toroidal
magnetic energy harvesters have been investigated according to core size, material properties, air gap and
line current. According to the results obtained from the analyzes, the harvester with the best size/energy
density has been determined.
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1 Introduction
The importance of power transmission lines increases with the increasing energy demand nowadays. It is
important to monitor and inspect power transmission lines for energy sustainability and quality. Most power
transmission lines are located in places with difficult transportation and access. These lines are monitered
by manpower, helicopters, or airplanes. UAVs are used in these duties due to costs and harsh environmental
conditions. The most significant disadvantage of UAVs is their insufficient batteries. Therefore, when UAVs
are about to run out of charge, they can be charged by harvesting magnetic energy from an appropriate
nearby line instead of withdrawing them from their duty stations for charging or periodically changing the
battery. Thus, the UAV, which will perform the duty, can continue to work from where it is left off after
charging without leaving the duty area [1, 2].

Energy harvesting can be defined as the capture of small amounts of energy available by thermal,
mechanical, and electromagnetic methods and its conversion into electrical energy [1]. An electromagnetic
energy harvester can be likened to a transformer, with the transmission line being primary windings and
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windings on the core being secondary windings [3]. In this harvester, voltage is induced using the magnetic
field around the line, and energy is obtained from transmission lines. The method of energy harvesting
from electromagnetic fields has some advantages over other energy harvesting methods. These advantages
can be listed as not being dependent on weather conditions, not having maintenance costs, and working as
long as current flows through the transmission line [4].

In electromagnetic energy harvesters, factors such as core material, core geometry, and core saturation
are very important for the harvester’s efficiency. Numerous studies have been conducted in the literature to
optimize the harvester and overcome various problems [5, 6]. The saturation of the core material used in the
harvester significantly impacts the output power obtained. Harvesting can be done effectively when the core
is unsaturated, in other words, the core operates in the linear region. When the core is saturated, the output
power decreases excessively with the reduction in the induced voltage. A comprehensive study investigating
the effect of core geometry determined that a decrease in the magnetic flux leakage increased the output
power due to the reduced inner radius of the core, the increased core height, and the air gap being as small
as possible. Furthermore, it was revealed that windings should be optimized according to the line current
value [7]. In the study in which harvesters using ferrite cores with different relative permeabilities were
examined, the effects of 1000 and 2500 spiral windings and core material were investigated. The study
found that the harvester having a core with a high relative permeability obtained the highest energy with
the highest number of windings [8]. Therefore, it can be concluded that the obtained energy increased as
the relative permeability of the core material and the number of windings increased. Different solutions
have been proposed in the literature to prevent the core from reaching saturation in harvesters. A harvester
with dual core was designed to avoid the magnetic resistance caused by the air gap added to the core to
prevent the magnetic core’s saturation. This two-piece core designed was compared with a single-piece
core of the same size, with the same material and the same number of windings. Magnetic flux leakage
was significantly reduced in the harvester with dual core compared to the harvester with single core, and
more output power of up to 53% was achieved [9]. Another study, designed and tested an energy harvester
with a desaturation controller. In this model, a secondary winding was added in addition to windings on
the core to eliminate the saturation effect of the magnetic core, and it was attempted to eliminate the
saturation effect by running the secondary winding while the core was about to be saturated. The study,
obtained 13.8% more power than the harvester without secondary winding [10].

A magnetic energy harvester providing wireless charging for UAVs used in the monitoring and inspection
of power transmission lines was designed in this study. In the structure to be designed, the system should
be optimized in terms of size and high energy density to obtain energy from power transmission lines with
an UAV. The optimum design was achieved in the study by focusing on factors such as core material, size,
and core saturation while designing the harvester.

2 Energy Harvesting Methods

Energy harvesting is collecting of small amounts of energy available in the environment, such as solar
energy, wind energy, mechanical energy, kinetic energy, and magnetic field energy, and its use by converting
it into electrical energy. The term energy harvesting is used since the amount of energy obtained is low.
Regarding energy conversion, people have long been using the current energy harvesting technologies in the
form of windmills, watermills, geothermal and solar energy [11].

Energy harvesting techniques have become highly important due to the limited availability of conventional
power sources, increasing demands for systems such as wireless sensor networks, the increased number of in
electrical devices working with very low power with the development of technology, and their environmental
friendliness. With recent developments in wireless and micro electro-mechanical systems, energy harvesting
stands out as an important alternative to conventional batteries [11]. Conventional batteries are used as
power sources for portable electronic devices and wireless sensors with low power requirements. However,
battery life is quite short compared to the working life of devices, and batteries must be replaced or
recharged periodically, which is very costly, especially for sensors in inaccessible locations [12].
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Numerous studies have been conducted on portable devices or wireless sensor network systems harvesting
their energy independently of conventional batteries. In a study conducted to power UAVs, a mixed
energy harvester containing radio frequency and solar energy was proposed, and an output voltage of
23.2 V, sufficient to meet the battery requirement of the aerial vehicle, was obtained [13]. A study on
piezoelectric energy harvesters tested the designed harvester theoretically and experimentally. An output
voltage of 5.99 V theoretically and 3.65 V experimentally at 35 Hz was obtained. This difference between
theoretical and experimental results was originated from the fact that variables such as frequency and
material properties differed from their real values in the simulation environment [14]. In the study in which
energy was harvested from an electric field on a 765 kV high-voltage line, a Zigbee-based temperature
sensor was successfully operated with the power obtained [15]. In a comprehensive study on thermoelectric
energy harvesters, a low-power harvester was tested without any booster circuit, and a maximum power of
64.59 mW was obtained at a temperature change of 105 °C. It was indicated that the power obtained could
be increased significantly by increasing the amount of change in heat with better heat sink designs and
using booster circuits [16]. A piezoelectric energy harvester allowing electrical energy to be obtained from
low-frequency bridge vibrations was designed in another study. In the mentioned study, measurements were
taken from an overpass used in the city, and the harvester was tested by generating the vibration measured
in the laboratory environment. The test results, showed that 0.20 µW power was obtained at a frequency
of 4 Hz and an amplitude of 4 V. Irregular structural vibrations were the reason for this low power [17]. In
other words, continuous and regular vibrations are required to ensure the efficiency of this type of energy
harvesters. Obtaining electrical energy from solar and wind energy, which are among the renewable energy
sources, can be considered an energy harvesting method. However, energy harvesting from solar energy
can only be performed in daylight. Wind turbines have been developed for large-scale energy generation
with wind energy [18]. Since solar and wind energy is unavailable due to weather conditions and in some
situations, such as indoor environments, vibrational energy comes to the forefront as an alternative to
these sources. There are three conversion mechanisms, piezoelectric, electrostatic, and electromagnetic, to
convert vibrational energy into electrical energy [19].

In particular, harvesting energy from the electric field is one of the energy harvesting methods studied
to provide energy to sensors used in monitoring transmission lines. The method of harvesting energy from
the electric field is one of the most appropriate techniques for transmission lines since electric fields around
power lines are under open circuit conditions are independent of the line current and are relatively rich
and continuous. An electric field is emitted when a certain voltage is applied to a conductor. The electric
field energy harvesting technique is based on the principle of this emission. The capacitive displacement
current flowing from the conductor to the ground can harvest this emitted energy [20]. The most significant
advantages of energy harvesting from the electric field are not requiring current flow on the line and the
ease of installation. The disadvantages of these harvesters are their large size and the necessity of being
short-circuited under some conditions [21, 22]. Table 1 summarizes the comparison of energy harvesting
techniques.

3 Methodology

In this study, the method of harvesting energy from the magnetic field, one of the energy harvesting
methods, was chosen to charge UAVs. A toroidal model was preferred as the core geometry since it is easy
to install on lines and allows higher power to be obtained than other geometric shapes [30]. In the design
of electromagnetic energy harvesters, some analyses should be performed to achieve a design that meets
the desired properties by taking into account some problems, such as core saturation, core geometry, and
ease of installation. In this section, the harvester will be examined theoretically, and its analytical model
will be derived. In the structures of electromagnetic energy harvesters, there is a core consisting of soft
magnetic material and a conductor wound on the core, as seen in Figure 1. The windings on the core are
secondary windings, and the line to which the toroid will be connected is primary windings. The equivalent
circuit of these harvesters operating based on the current transformer logic is shown in simple Figure 2,
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Figure 1: Toroidal energy harvester.

and these harvesters can be considered electrical machines.

The method of harvesting energy from the magnetic field works in line with the principles of Faraday’s
and Lenz’s laws. The current flowing through a transmission line creates a magnetic field around the wire.
Sufficient power can be obtained to charge the UAV by inducing voltage from this magnetic field.
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Figure 2: Equivalent circuit of the electromagnetic energy harvester.

3.1 Numerical Model
When Ampere’s law is applied to the toroidal model, the magnetic flux density at any radius r inside the
toroid is given in Equation 1 [8]:

B̄ =
µi

2πr
(1)

where B represents the magnetic flux density, i represents the current passing through the line, µ
represents the product of the magnetic permeability (µr) of the core material and the magnetic permeability
of the air (µ0). Based on the value of magnetic flux density, the flux in the toroid (φ21), and based on it,
the common inductance of the toroid and the line (L21) and the self-inductance of the toroid (L22) can be
calculated. Through common and self-inductance, the voltage induced by the toroid (V2) and the magnetic
energy stored at the magnetic flux density in the harvester can be reached. Inductance can be expressed as
an inductor’s capacity to store energy as magnetic flux density. It can be said that there is a significant
correlation between inductance values, induced voltage, power density, and energy obtained. The magnetic
flux in the toroid;

Φ21 =

∫
~B1
~ds2 =

µi

2π
ln(b/a)h (2)

Common inductance:

L21 = L12 = M = N2
dΦ21

di
=

µ

2π
hN2 ln(b/a) (3)

Self-inductance:

L22 =
µ

2π
hN2

2 ln(b/a) (4)

and the voltage induced in the toroid according to Faraday’s law:

V2 = N2µfi(t) sin(wt) ln(b/a)h (5)

As seen from the equation, the voltage induced by a toroidal electromagnetic energy harvester is affected
by the following variables [31];

Number of windings around toroid N2,

Magnetic permeability of core µ,

Amount of the current flowing through transmission linei,

Inner and outer diameters of core a and b,
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Core height h.

The following equation expresses the magnetic energy stored at the magnetic flux density:

W =
1

2
Li2 (6)

As mentioned previously and seen in Figure 2, toroidal electromagnetic energy harvesters operate based
on a transformer logic in which the transmission line is considered the primary winding and windings on
the toroid are considered the secondary winding. In this case, the magnetic energy stored at the magnetic
flux density in the harvester can be expressed by the following relation.

W =
1

2
(L11i

2
1 + L22i

2
2 + 2Mi1i2) (7)

According to this relation, the energy obtained by the harvester is affected by the values of the current
on the line (i1), current induced in the windings (i2), common inductance (M), and self-inductance (L22).
Therefore, it can be said that inductance values are very important for the harvested energy and power
density. Thus, the common inductance and self-inductance values should be calculated to design the energy
harvester most appropriately in terms of power density and energy obtained.

4 Design and Comparative Analysis

4.1 Designed Model
The electromagnetic energy harvesters designed were analyzed by FEM. This method is intensively used in
many engineering fields such as electrical - electronic, construction, and biomedicine fields. FEM has been
put forward to solve problems whose changes over a given area can be represented by partial differential
equations. Through FEM, complex and time-consuming problems are solved with high accuracy and in a
short time [32]. Thus, there is a significant advantage in terms of time and economy. Models were analysed
using a magnetostatic and transient solution type in Ansys/Maxwell package program. Figure 3 displays
the mesh model of the toroid core with a size of 30x10x10 mm. This core model, used 184309 tetrahedral
mesh structures.

Figure 3: Mesh structure of the core.

Toroidal cores were determined as the core geometry for analysis. These cores were analyzed separately
with different magnetic materials and in different sizes. Since soft magnetic materials form the harvester’s
magnetic circuit, these materials are expected to have high relative permeability, high saturation, and low
core loss. Mu Metal, Steel 1010, and M19 were used as core materials in the study. Figure 4 shows the
B-H curves of these materials.
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Figure 4: BH curves of the materials used.

Due to the weight problem, which can be considered the biggest disadvantage of UAVs, harvesters are
limited size and weight during the design. Therefore, it is necessary to provide the most optimum design
regarding harvester weight and performance. The sizes of the cores used for toroidal models in the study
were chosen as 25x10x10, 25x10x20, 25x15x10, 25x15x20, 30x10x10, 30x10x20, 30x15x10, and 30x15x20,
respectively. The variables represent the outer diameter (mm), the inner diameter (mm), and the height
(mm) of the toroid, respectively.

4.2 FEM Analysis
In the analyses, the common inductance (M) and self-inductance (L22) values of the harvesters were
first calculated. While inductance values are important for the voltage induced by the harvester, with
an increase in the inductance value, the voltage induced by the harvester and the power density in the
harvester increase to the same extent. In this respect, there is a significant correlation between power
density and inductance. Moreover, the power density in the harvester and the energy obtained depend on
inductance values, as seen in Equation 7. However, the weight of the harvester limits the designs. A larger
core provides higher inductance and power density, resulting in a heavier core. Therefore, it is necessary to
compromise one of the weight or inductance values during design. According to Equations 3 and 4, the
common inductance and self-inductance values depend on the core’s height, inner and outer diameters,
the number of windings, and the material’s relative permeability. According to the results of the analyses
conducted with cores of different sizes, the harvester with the highest inductance values was the harvester
with a 30x10x20 mm sized M19 core with a small inner diameter, large outer diameter, and large height,
as seen in Table 2. Therefore, this is the most appropriate model in terms of induced voltage and, thus,
harvested energy. No air gap was used during these analyses, and the current value was determined as
constant 60 A.

As can be calculated from Equation 3, the outer diameter/inner diameter ratio affects the mutual
inductance and self-inductance. A high ratio causes high inductances. Among the toroids with the same
inner diameter, material, and height from Table 2, the inductance of the larger outer diameter is also
higher.
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In the continuation of the study, the effect of the current value on the harvester’s performance was
examined. The current values were analyzed by increasing 5 A at each step, in the range of 0-100 A. It
was tried to reveal the effect of the current on harvesters by calculating magnetic flux density values at
each current value. These analyses were based on the core design of a 30x10x20 mm size with the highest
inductance value among the designs.

M19 was the material that reached the highest magnetic flux density value at the current values applied
in the analyses. M19 also performed quite well in reaching saturation. As seen from the BH curves in
Figure 4, Mu metal, with the highest relative permeability among the materials, started to reach saturation
rapidly when the line current was just 10 A. When the flux density is examined by considering Equation
1, it is seen that mu metal with high magnetic relative permeability provides high flux density at low
current compared to other materials. Although Mu metal yields quite good results at low current values,
its use is limited due to saturation problems as the current value increases. Steel 1010 did not approach
the saturation region at the applied current values, but it did not provide as good results as M19 at the
magnetic flux density value. According to the analysis, the magnetic material that yielded the best results
at low current values was Mu metal. In this study, M19 was the material that provided the best results for
magnetic flux density at the applied current values, and steel 1010 came to the forefront at high current
values. According to the analyses carried out by increasing the line current, as the amount of current
increased, the magnetic flux density also increased in line with expectations, as seen in the graphs in Figure
5. However, the increase in magnetic flux density decreased, although the current increased after a certain
point, and the core reached saturation. Hence, adding an air gap is one of the most common solutions for
the core to operate in the linear region at high current values.

Figure 5: Flux density with respect to excitation current.

4.3 Air-gap Effect

In this section, analyses were performed to see how the air gap affected the harvester performance and
saturation problem. The air gaps added to the cores were tested in the range of 0-2 mm by increasing
them by 0.1 mm at each step. These analyses were also based on the design of 30x10x20 mm in size.

According to the analysis conducted by increasing the air gap in the core in 0.1 mm steps, as the air
gap increased, the magnetic flux density decreased due to the increase in reluctance and took a constant
value close to zero after a certain point, as seen in the graph in Figure 6. Therefore, attention should be
paid to ensuring that the air gap should not be more than necessary to prevent core saturation. Figure 7
demonstrates magnetic flux density distributions of the cores with no air gap and an air gap of 0.1 mm at
a 60 A. In this part, the effect of both material and air gap on the flux density distribution is obtained by
magnetostatic analysis. In order to create an air gap in the toroid core, the core was designed in two parts
and an air gap of 0.1 mm was created between the parts according to the first model.

While the mu metal core was at saturation point in case of no air gap, it operated in the linear region
when the air gap was added. Likewise, in case of no air gap, the M19 core operated close to this region,
although it was not in the saturation region. However, it operated in the linear region with an air gap.
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Figure 6: Graphs of change in the air gap and magnetic flux density.

Figure 7: Magnetic flux density distributions in the cores with and without air gap.
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Although the steel 1010 core had no air gap at this current value, adding an air gap did not make any
sense since it was operating in the linear region.

5 Conclusions

In this study, magnetic energy harvesters providing wireless charging for UAVs used to monitor and inspect
power transmission lines were designed. The harvesters were analyzed with M19, Mu metal, and steel 101
materials at different currents and air gaps. The design with the highest inductance values among the
designs was the harvester with a 30x10x20 mm core having a self-inductance of 2158.9 mH and a common
inductance of 4.2891 mH. According to the analysis carried out by increasing the line current in the range
of 0 – 100 A with 5 A steps, the highest magnetic flux density value was obtained with the M19 core.
The Mu metal core reached saturation rapidly, and the steel 1010 core lagged behind the M19 core in the
magnetic flux density value, although it did not reach saturation. According to above-mentioned results,
while Mu metal was the material that yielded the best results at current values less than 10 A, the steel
1010 core was the core that provided the best results at high current values. M19 had the best results in
the 0 – 100 A current range.

According to the analyses conducted with air gaps, the magnetic flux densities of the cores decreased
with the increase in the reluctance of the magnetic circuit as the air gap increased, and it approached 0 for
each material when the air gap was above 0.1 mm. Mu metal, which reached saturation rapidly, and M19,
which approached the saturation region, started to operate in the linear region when an 0.1 mm air gap
was added. According to the results from the overall study, the harvester which had the highest magnetic
flux density and inductance values and therefore could reach the highest voltage, power, and energy density
values was the 30x10x20 harvester with a core of M19 material without adding an air gap. With the
results from the analyses performed by FEM, the performance of toroidal magnetic energy harvesters was
investigated according to size, material properties, air gap, and line current variables, and it was attempted
to reveal the harvester with the best size/energy density.
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numerical model and conclusion have been prepared by Selcuk Sakar and Adem Dalcalı.

Copyright ©2022 by the authors. This is an open access article distributed under the Creative Com-
mons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.

References
[1] Júnior, T., Rodriguez, Y., Melo, E., Santos, M., and Souza, C. (2013). Energy Harvesting Based on

Magnetic Dispersion for Three-Phase Power System. Energy and Power Engineering, 5 (3B), 20-23. DOI:
10.4236/epe.2013.53B005.
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