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Abstract
Introduction. As the need for energy increases, energy harvesting methods have also 
been intensively researched. Energy harvesting techniques which are a way of convert-
ing low amounts of energy from the environment into electrical energy can be used to 
meet the energy needs of low-power electronic devices and sensors. The increase in 
such sensors and devices with low power consumption also makes energy harvesting 
techniques more important. One of these harvesting techniques is energy harvesting 
from electromagnetic fields, which is obtained from transmission lines. 
Aim of the Article. The article is aimed at developing an effective electromagnetic energy 
harvester from energy transmission lines for unmanned aerial vehicles. 
Materials and Methods. The method of harvesting energy from transmission lines through 
magnetic field energy harvesting is reviewed. Theoretical analyses, Finite Element Analy-
ses (FEA), and experimental studies are conducted on toroidal core structures designed in 
different sizes and with different materials. 
Results. Among the selected materials and under the specified line conditions, current of 
0‒30 A and a frequency of 50 Hz, the highest power of 695.516 mW was harvested by the 
60x30x20 sized ferrite core harvester at a line current of 30 A. 
Discussion and Conclusion. Detailed experiments were conducted based on the 
60x30x20 mm ferrite core, which demonstrated the highest induced voltage. Different 
load resistances were used to find the resistance value for the highest power at each current 
value. The optimal load resistance for maximum power transmission was determined for 
each core using the curve fitting method at all current values.
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Аннотация
Введение. В связи с ростом потребности в энергии интенсивно исследуются и мето-
ды ее сбора. Одним из таких методов является сбор энергии от электромагнитных 
полей, получаемых от линий электропередач. Преобразование малых количеств 
энергии из окружающей среды в электроэнергию может использоваться для работы  
маломощных электронных устройств и датчиков. 
Цель статьи. Разработать эффективный сборщик электромагнитной энергии от ли-
ний электропередач для беспилотных летательных аппаратов.
Материалы и методы. Рассмотрен метод получения энергии от линий электропере-
дач посредством сбора энергии магнитного поля. Теоретический анализ, анализ ме-
тодом конечных элементов (FEA) и экспериментальные исследования проводились 
на тороидальных конструкциях сердечника, спроектированных в разных размерах 
и из разных материалов.
Результаты исследования. Самая высокая мощность 695,516 мВт была собрана сбор-
щиком ферритовых сердечников размером 60x30x20 при линейном токе 30 А, среди 
выбранных материалов и при заданных условиях сети: токе 0‒30 А и частоте 50 Гц.
Обсуждение и заключение. Детальные эксперименты были проведены с феррито-
вым сердечником 60х30х20 мм, который показал наибольшее напряжение. Были ис-
пользованы различные сопротивления нагрузки, чтобы найти значение сопротивле-
ния для наибольшей мощности при каждом значении тока. Оптимальное сопротив-
ление нагрузки для передачи максимальной мощности определялось для каждого 
сердечника методом подгонки кривой при всех значениях тока.

Ключевые слова: сбор энергии, тороидальный сердечник, линия передачи, метод 
конечных элементов, электромагнитные комбайны
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Introduction
An increase in industrial development, driven by technological advancements, as 

well as the rapid population growth have led to a continuous rise in energy demand. 
This escalating consumption pattern brings about various challenges on supply security 
and quality issues in energy. To ensure energy supply security, it may be necessary to 
diversify energy consumption and increase production levels. However, it is crucial 
to emphasize that the establishment of power lines alone is insufficient; continuous 
monitoring, maintenance, and repair are equally critical aspects in guaranteeing the 
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supply security. A significant number of transmission lines are situated in rural areas, 
far away from residential zones, making it essential to address certain environmental 
conditions while monitoring these lines. Factors such as snow and ice accumulation 
have the potential to affect the distance of lines from the ground and impose substantial 
loads on supporting poles. Consequently, these situations pose significant challenges 
and necessitate a meticulous attention to prevent any disruptions [1]. This underscores 
the vital importance of diligent monitoring and swift intervention to ensure the smooth 
and uninterrupted functionality of power lines.

In order to monitor the lines, various sensors and equipment are employed to track 
the parameters such as conductor temperature, inclination angle, and line deflection [2]. 
Due to the significant difficulty in accessing transmission lines, providing a continuous 
power supply for these sensors and equipment is a crucial challenge. Therefore, energy 
harvesting methods can be particularly beneficial, especially for the systems that oper-
ate with low-power levels.

Energy harvesting can be defined as the process of obtaining a small amount of 
electrical energy from various available energy sources in the environment. The energy 
harvesting process can be accomplished by utilizing diverse resources such as solar, wind, 
electric fields, and magnetic fields. In monitoring energy transmission lines, electromag-
netic energy harvesters can be employed thanks to their several advantages, including 
their ability to operate as long as there is current in the lines, simplicity of structure, 
and low maintenance costs [3]. Electromagnetic energy harvesters can possess various 
geometric shapes of cores, such as toroidal, U-shaped, or triangular. The performance 
of electromagnetic field energy harvesters is dependent on several variables, such as 
magnetic material, line current, the number of windings, and core geometry.

In this study, the design, analysis, and experiments of electromagnetic energy harvest-
ers were conducted using toroidal cores of different sizes and magnetic permeabilities for 
energy transmission lines for unmanned aerial vehicles (UAVs). The designed harvesters 
were initially analyzed using the Finite Element Method (FEM) and subsequently tested 
in an experimental setup. Within the scope of the study, the mutual and self-inductance 
values obtained from each harvester were determined theoretically and through FEM 
simulations. Additionally, the voltage induced by the harvesters was calculated theo-
retically and measured in an experimental environment. Furthermore, measurements 
were taken at different resistance values to determine the maximum power transferred 
to the load, and the highest power was calculated by curve fitting.

Literature Review 
Electromagnetic energy harvesters operate based on the fundamental principles of 

transformers, deriving energy by inducing voltage from electromagnetic fields referred 
to as a waste on energy transmission lines. There have been various studies in the lit-
erature aimed at enhancing the performance and efficiency of electromagnetic energy 
harvesters. In a study investigating the influence of core materials, electromagnetic 
energy harvesters designed using different materials such as ferrite, nanocrystalline, and 
iron powder were tested with a 5 A line current. The results revealed that the harvester 
with a nanocrystalline core exhibited the highest power density [4]. However, the data 
obtained from this single-line current study remains limited. In a similar study, various 
electromagnetic energy harvesters employing ferrite, nanocrystalline, and iron powder 
were tested, and the harvester with a ferrite core yielded the highest power at a 15 A line 
current [5]. When considering these two studies together, it can be observed that a higher 
power was obtained from the harvester with a ferrite core in one study, while the harvester 
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with a nanocrystalline core yielded the higher power in the other study. The reason is 
that although the ferrite core has lower relative permeability than the nanocrystalline 
core, it is much better than the nanocrystalline core in terms of saturation. Therefore, 
the selection of magnetic material for an energy harvester design should be based on 
specific conditions of transmission lines. In another study, the idea of short-circuiting the 
windings was proposed to prevent core saturation, and a parallel switch was added for 
this purpose. As a result, the harvested power level was increased by 27% [3]. In a dif-
ferent study testing air-core harvesters of various sizes, a power output of 6.32 mW was 
achieved at a magnetic flux density of 21.2 μT and a frequency of 60 Hz [6]. In a study 
focused on the design and testing of harvesters recommended for UAVs to be used for 
monitoring energy transmission lines, a harvester located 2 cm away from a 10 A and 
240 V line achieved an induced voltage with the amplitude of 10 V [7].

Energy harvesting is the process of collecting energy from available sources in the 
surroundings and converting them into electrical energy. It can be used as an alternative 
method to meet energy needs of low-power electronic devices and sensors. Particularly 
in recent years, with an increasing demand for energy and a growing interest in alterna-
tive energy sources, energy harvesting methods have been intensively researched. The 
energy harvesting process can be performed using various sources such as vibration, 
wind, solar, heat, magnetic field, and electric field, as shown in Figure 1. Each of these 
sources used in energy harvesting has its own advantages and disadvantages depending 
on their respective application areas [8].

ENERGY 
HARVESTING 

SYSTEM

LOAD / 
BATTERY

SOLAR

WIND

HEAT

ELECTRIC 
FIELD

VIBRATION

MAGNETIC FIELD

ELECTRICITY

F i g.  1.  Energy harvesting systems 

Energy harvesting can be achieved through solar energy, which is a renewable energy 
source. Solar energy has various advantages such as being environmentally friendly, hav-
ing minimal panel maintenance costs, and being durable [9]. However, the efficiency of 
these cells varies depending on the type of material [10]. Energy harvesting from solar 
energy can only be performed under the sunlight. Additionally, even during daytime, the 
efficiency of energy harvesters significantly decreases if the weather is cloudy.
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Another method utilized in energy harvesting is the generation of energy through heat. 
This method can be employed on any system or device that produces heat, particularly 
those utilized in industries. There has been a significant increase in the importance of 
energy harvesting through heat due to the substantial rise in temperature differentials 
observed in both natural and industrial environments. Thermoelectric generators capable 
of harvesting energy from heat are advantageous in that they do not possess any moving 
parts, thus requiring minimal maintenance and exhibiting long lifespans [11]. However, 
the efficiency of thermoelectric materials is very low and their costs are high [12].

Wind energy has become quite popular in recent years. Wind energy harvesters can be 
classified into rotating blade harvesters and wind-induced vibration harvesters. Harvest-
ing process of the rotating wind harvesters is done with rotating elements, making the 
system complex and the maintenance costs high. The wind-induced vibration harvesters, 
on the other hand, are specifically designed on a structure to allow wind to blow and 
cause mechanical vibration. The kinetic energy generated by wind is, firstly, converted 
into vibration energy. Then, the vibration energy is further converted into electrical 
energy through an electromechanical conversion mechanism [13–15]. The wind energy 
harvesters, like solar ones, depend on the weather conditions. While these harvesters are 
efficient in windy conditions, their efficiency decreases when there is no wind.

Vibration-based energy harvesters convert vibrations into electrical energy. Vibration, 
being easily found in the environment, is one of the most suitable sources for energy 
harvesting. Particularly, since solar and wind energies are dependent on the weather 
conditions, vibration energy emerges as an alternative to these sources. However, it can 
be said that continuous and regular vibrations are necessary for these harvesters to be 
efficient. There are three different conversion mechanisms, namely piezoelectric, elec-
trostatic, and electromagnetic. Among these mentioned methods, the most common and 
efficient one is the piezoelectric conversion mechanism thanks to its various advantages, 
such as its being the simplest one and having a high power density [16; 17].

The technique for electric-field energy harvesting is based on the fundamental 
principle of circular propagation of an electric field when a specific voltage is applied 
to a conductor. This emitted energy can be harvested via capacitive displacement cur-
rent flowing from the conductor to the ground. For this purpose, the current needs to be 
diverted to flow from a load [18]. The most significant advantage of harvesting energy 
from electric fields is that it does not require a current flow in the line and provides 
ease of installation. The disadvantages of these harvesters are their large size and need 
for short-circuiting in certain cases [19]. The presence of electric fields around power 
transmission lines under open-circuit conditions, their independence from line currents, 
and their relatively rich and continuous nature make electric-field energy harvesting one 
of the suitable techniques for transmission lines.

The process of energy harvesting from solar power is not suitable for monitoring 
transmission lines at night time or when there is insufficient sunlight due to the conti-
nuous requirement for solar irradiation. Similarly, energy harvesting from wind is also 
unsuitable for transmission lines. Vibration-based energy harvesting systems are not 
suitable for transmission lines, either, due to the absence of a constant and appropriate 
vibration source on the lines. Energy harvesting systems utilizing heat energy are not 
favorable for transmission lines as they necessitate a continuous and available heat source.  

Materials and Methods
Electromagnetic energy harvesters enable the extraction of energy from magnetic 

fields referred to as a waste on energy transmission lines. Electromagnetic energy har-
vesters are designed in various geometric structures, including toroidal, E-shaped, and 
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U-shaped configurations. These harvesters can be defined as transformers, where the 
transmission line acts as a primary winding and the coils on the core serve as a secon-
dary winding. By inducing voltage from the surrounding magnetic field, energy can 
be obtained from the transmission lines. Figure 2 defines an electromagnetic energy 
harvesting system with a toroidal core. Compared to other energy harvesting methods, 
electromagnetic energy harvesters possess several advantages of their being unaffected 
by adverse weather conditions, the absence of maintenance costs, and the ability to 
operate as long as there is a current flow in the transmission line.

Power Line

Magnetic Core

Windings
F i g.  2.  Toroidal core for electromagnetic energy harvester structure

Toroidal cores have dimensional variables, such as inner diameter, outer diameter, 
and height, as seen in Figure 3. These variables are of vital importance in terms of the 
energy obtained by the harvester. Indeed, the amount of harvested energy varies depend-
ing on these geometric variables.

F i g.  3.  Toroidal core parameters
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Magnetic field energy harvesters operate based on the principles of Faraday's law, 
Lenz's law, and Ampere's law. Magnetic field strength, represented as (H), is dependent 
on the applied current, and as the current value increases, the magnetic field strength also 
increases. For a toroidal core, the magnetic field strength is expressed by Equation 1.



H i
r

�
2�

.                                                       (1)

Magnetic field strength and magnetic permeability determine magnetic flux density 
in a core. As a matter of fact, the magnetic flux density is obtained by multiplying mag-
netic permeability and magnetic field strength. The magnetic permeability is the product 
of the magnetic permeability of air and the magnetic permeability of a material. The 
magnetic flux density at any radius r in the toroid core is expressed as in Equation 2.
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The total magnetic flux in the toroid core is expressed as the area integral of magnetic 
flux density and shown in Equation 3.
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The common inductance of the core is obtained by multiplying the derivative of the 
total flux with respect to the current and the number of turns, as is seen from Equation 4.
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According to Faraday's law, the voltage induced in a toroid is obtained by multiplying 
the time derivative of the magnetic flux in the core and the number of turns on the core.
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Thus, the induced voltage of the harvester can be calculated by Equation 5. The 
highest induced voltage is shown as in Equation 6.

V N if b
a h2 2

� � �� ln .                                            (6)

The number of turns in the voltage winding induced through the toroidal core depends 
on variables, such as magnetic permeability, frequency, line current, and core size. The 
induced voltage can be obtained along with a mutual inductance, as shown in Equation 7

V Mifsin wt2 2� � �� �.                                            (7)
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As clearly seen in Equation 7, the voltage induced by the harvester is directly influenced 
by the mutual inductance value. This emphasizes the significance of mutual inductance 
in determining the induced voltage. Furthermore, as previously mentioned and observed 
in Equations 5 and 6, dimensional variables of the core have a significant impact on the 
harvested energy through the induced voltage. Indeed, the induced voltage increases with 
a decrease in the inner diameter of the core and an increase in the outer diameter and height.

The analyses of designed harvesters were performed using the Finite Element Method 
(FEM). The FEM is used to solve problems by partial differential equations and involve the 
changes in a specific region. The FEM is extensively utilized in various engineering fields, 
such as electrical-electronic, mechanical, civil, and biomedical engineering to solve problems 
with the assistance of computers. With the help of FEM, the region to be solved is divided into 
a finite number of small regions called meshes. By mathematically modeling and solving the 
effects of these individual meshes, an approximate solution can be obtained. The accuracy 
of the solution increases as the number of meshes increases. This method allows for the ma-
thematical modeling and simulation of complex structures, enabling the analysis of complex 
and time-consuming problems to be solved with a high accuracy in a short time [20].

Results
Toroidal-shaped cores were designed and analyzed with different magnetic materi-

als. The dimensions of the cores were selected as mm in terms of outer diameter, inner 
diameter, and height, respectively, as 50x30x20 and 60x30x20. The magnetic materials 
used for the cores were nanocrystalline, ferrite, and silicon steel. The designed cores 
were examined in terms of mutual inductance, self-inductance, and induced voltage. 
Table 1 presents the analytically calculated inductance values. 

T a b l e  1
Common and Self Inductance of the Cores by Analytic Calculations

 Core Size Parameters (mm) 60x30x20 50x30x20

C
O

R
E

 
M

AT
E

R
IA

L Nanocrystalline L22 (mH) 34.322600 24.960000
M (mH) 0.343226 0.249600

Ferrite L22 (mH) 58.224363 42.909350
M (mH) 0.5822436 0.4290935

Silicon Steel L22 (mH) 165.0920000 121.6670000
M (mH) 1.6509200 1.2166710

Table 2 shows the inductance values obtained as a result of FEM analysis. The highest 
mutual inductance value is 1.637694 mH, and the self-inductance value is 164.4343 mH, 
achieved with the silicon steel material and a core size of 60x30x20. It can be observed 
that the analytical and FEM results are very close to each other. 

T a b l e  2
Common and Self Inductance of the Cores by FEM Analysis

Core Size Parameters (mm) 60x30x20 50x30x20

C
O

R
E

 
M

AT
E

R
IA

L Nanocrystalline L22 (mH) 34.513650 25.4815100
M (mH) 0.339824 0.2501500

Ferrite L22 (mH) 58.946370 43.442280
M (mH) 0.582920 0.429540

Silicon Steel L22 (mH) 164.434300 110.391100
M (mH) 1.637694 1.098376
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The toroidal harvesters and experimental setup used in the study can be seen in Fi-
gure 4. The number of turns in the toroid was determined based on the winding values 
in Table 4. A 0.35 mm2 copper conductor was selected as the conductor. To increase 
the line current to the desired value, a transformer with a conversion ratio of 220V:24/12V, 
50 Hz, and a 1.5 kVA was used, and a 10 Ohm, 5 A rheostat was used as a pre-resistor to 
adjust the line current precisely. A clamp ammeter was used to monitor the line current, 
and multimeters and an oscilloscope were used to measure the induced voltage and the 
current drawn by the load.

In the experiment, each core was tested within the range of 0‒30 A line current with 
a precision of 5 A, and the induced voltage values were measured. Then, based on the 
core that induced the highest voltage, power measurements were performed using this 
core for harvesting. Different resistance values were used as the load to capture the 
maximum power during these measurements.

Ferrite NanocrystallineSteel

Oscilloscope
Multimeters

Transformer

Load 
(Resistor)

Pre-Resistor

Harvester
               

Ferrite NanocrystallineSteel

Oscilloscope
Multimeters

Transformer

Load 
(Resistor)

Pre-Resistor

Harvester

F i g.  4.  Experiment setup and harvester cores

In this section, the measured induced voltage and harvested power through the 
harvesters were provided. To test the designed cores, the inductance value of each 
core was measured using an LRC meter, and the AL and inductance values were 
calculated. Based on the calculated AL values, the number of turns for the cores was 
determined. The experiments were conducted using the calculated number of turns 
as a reference. Table 3 shows the calculated AL values and the number of turns for 
the harvesters.

T a b l e  3
AL values and turns of the cores

Core Size Parameters 60x30x20 50x30x20

C
O

R
E

 
M

AT
E

R
IA

L Nanocrystalline AL 6348 23441
Turn 280 146

Ferrit AL 8364.5 6103.17
Turn 244 286

Silicon Steel AL 47091 32375
Turn 103 124

Figure 5 shows the induced voltage variations in the 50x30x20 mm core according 
to the line current. The line current was increased in steps of 5 Amperes within the range 
of 0‒30 Amperes, and based on the measurements taken, the highest induced voltage 
values were obtained by the ferrite core under each current condition.
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F i g.  5.  Induced voltages of 50x30x20 cores

Similarly, the graphs in Figure 6 show the voltage variations induced by 60x30x20 
mm cores according to the line current.

F i g.  6.  Induced voltages of 60x30x20 cores

The highest voltage in both dimensions was obtained in the ferrite cores at the de-
termined currents. In the 50x30x20 mm ferrite core, a voltage of 6.61 V was induced 
at a line current of 10 A, 9.24 V at 20 A, and 11.03 V at 30 A. In the 60x30x20 mm 
ferrite core, a voltage of 8.51 V was induced at a line current of 10 A, 11.52 V at 20 A, 
and 13.59 V at 30 A.

In this section of the study, the power values obtained by the harvester were mea-
sured. A 60x30x20 mm ferrite core was taken as the basis for power values, where the 
highest voltage was induced. The power values were determined by changing the load 
resistance and measuring the power values, and then converted into a graph using curve 
fitting method. In Figure 7, power variation graphs are observed depending on the load 
resistance for line current values of 10, 20, and 30 A.

At a line current value of 10 A, the maximum power harvested was 88.943 mW 
at a load resistance of 66.869 Ω. At 20 A, the maximum power harvested was 343.561 mW 
at a load resistance of 64.8485 W. Finally, at a line current of 30 A, the maximum power 
obtained was 695.516 mW at a load resistance of 62.828 W. 

The graph of line current, load resistance, and harvested energy for the 60x30x20 
mm ferrite core is shown in Figure 8. The graph was optimized through curve fitting 
for values with a sensitivity of 5 A within the range of 0‒30 Amperes. At a line current 
value of 10 A, the power value increased up to 88.943 mW until 66.869 W, and then 
started to decrease. When the line current was 20 A, the harvested power increased up 
to 64.8485 W, reached its maximum, and then started to decrease. The maximum power 
obtained was 695.516 mW at a line current of 30 A. At 30 A, the harvested power in-
creased up to 62.828 W and then, as seen in the graph, started to decrease.
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F i g.  7.  Harvested power of the core according to load resistance

F i g.  8.  Harvested power, line current and load resistance

Discussion and Conclusion 
In this study, the design of toroidal-shaped magnetic energy harvesters was carried 

out to harvest energy from power transmission lines. The harvesters were designed in 
two different sizes, 60x30x20 mm and 50x30x20mm, with three different materials: 
Ferrite, Nanocrystalline, and Silicon Steel. The theoretical and FEM analyses of the 
harvesters were performed with a sensitivity of 5 A within the range of 0‒30 A. These 
analyses determined the common-inductance and self-inductance values of the harvest-
ers. At the experimental stage, the AL value of each core was measured using an LCR 
meter, and the winding turns were determined based on these values. The induced volt-
ages of each core were measured using the experimental setup. Detailed experiments 
were conducted based on the 60x30x20 mm ferrite core, which exhibited the highest in-
duced voltage. Different load resistances were used to find the resistance value for the 
highest power at each current value. The optimal load resistance for maximum power 
transfer was determined for each core using the curve fitting method at all current va-
lues. According to the results of the study, among the selected materials and under the 
specified line conditions of 0‒30 A current and 50 Hz frequency, the highest power of 
695.516 mW was harvested by the 60x30x20 mm ferrite core harvester at a line current 
of 30 A. It is believed that this harvested power would be sufficient for the operation 
of various low-power sensors. Additionally, it is possible to provide energy to batteries 
using this power.
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