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In this study, harvesters, sensors and data acquisition cards were designed and tested to obtain
data from transmission lines. In this context; numerical analyses of harvesters with two different
core geometries were performed with Ansys Maxwell software. Then the voltage and power
harvested by the harvesters at different line currents were measured with pre-tests in the
laboratory. Analyses’ results and pre-test’s results were examined and it was determined that the
geometric structure (double C) model suitable for use in overhead transmission lines with high
current could be used. The field test was carried out on a distribution transformer. In the field test,
the harvester mounted on the transformer supply line has charged the battery supplying the sensor
circuit with sufficient power to ensure normal operation of the system. A circuit is designed to
measure air temperature, humidity, pressure, altitude, air quality and transformer temperature and
to transmit them to the remote distance with RF transmitter. Data received on the data collection

card can be recorded at certain periods and time-based graphs of the data can be obtained by a
computer interface program. The energy of this circuit is to meet the energy harvested from the
electromagnetic field.

1. INTRODUCTION

With the advancement of semiconductor technology, a wide variety of sensors are now able to operate at
very low power levels, such as milliwatts. Thus, the sensors are widely used in home applications, smart
grid applications, monitoring of transmission-distribution lines, obtaining meteorological data and our daily
life. It is important that the energy requirements of the sensors to be used for some specific applications are
met internally or externally. For example; in order to operate the outdoor condition monitoring sensors,
systems with electrical energy battery, solar or wind energy support are tried to be provided. Recently, the
method of energy harvesting from the electromagnetic field around the line has been promising in terms of
being unaffected by adverse environmental conditions and being an uninterrupted energy source for the
sensors [1,2].

The energy demands of large consumers and power plants entering and leaving the network cause large
fluctuations in transmission lines. These fluctuations adversely affect the reliability and quality of the
transmission line. With the network of sensor nodes to be installed in transmission lines, the current loads
of transmission lines can be monitored online and measures can be taken to increase the reliability and
energy quality of the line [3]. It can measure many energy parameters consumed using an energy analyzer
[4]. Energy monitoring can be done with Arduino microcontroller and PLC [5,6]. In addition, energy
parameters can be obtained with the loT-based monitoring system [7]. In recent years, it has been possible
to meet the energy of sensor systems with low levels of energy with solar and wind modules. However, the

*Corresponding author, e-mail: m.kabakulak@harran.edu.tr


http://dergipark.gov.tr/gujs
http://orcid.org/0000-0002-0016-6735
http://orcid.org/0000-0002-1187-5633

787 Mahmut KABAKULAK, Serdal ARSLAN / GU J Sci, 34(3): 786-806(2021)

extreme sensitivity of these modules to the weather conditions, the battery life limitation, the need for
maintenance of moving parts and the short service life have also been disadvantages [8].

The energy harvesting from the electromagnetic field in the transmission lines provides energy to the
wireless power transmission systems and the monitoring equipment on the transmission masts [9,10]. This
idea has been quite remarkable. In recent years, there have been designs and applications for obtaining data
in home applications [11], charging unmanned aircraft [12], and lightning impulse measurement systems
[13], and obtaining meteorological data in earth [14].

Considering the operating frequencies of electromagnetic energy harvesters, it enters non-radiative wireless
inductive energy transfer types. The basis of inductive energy transmission, which is considered to be a
two-part transformer, is the transfer of energy using the inductive coupling between the two circuits. In
electromagnetic harvesters that generate energy through inductive energy transmission, the primary coil is
formed by the line itself and the secondary coil is formed by a core-dependent or core-independent winding.
Since very low energy can be obtained from these systems, it is called as energy harvester rather than
wireless energy transmission in the literature.

The method of energy harvesting from the electromagnetic field is based on the current transformer logic.
With this type of harvester, different data can be obtained with both the current of the line and the sensors
to be added. It is possible to obtain a higher power from the harvester by adding a resonance capacitor to a
harvester designed as a current transformer. It is known that the most important parameters in obtaining
energy by electromagnetic induction are the magnetic permeability of the core material, the size and the
number of windings. When the energy harvested by three different toroidal electromagnetic harvesters
using ferrite, nanocrystalline and iron powder as core material wrapped with different sizes and different
sipers on a conductor on which the line current is constant, 315.6 mW nanocrystalline, core powder
harvesters from 54 mW and iron powder harvesters harvested at 77 mW [2,15]. The C-core desigh made
of ferrite material provided ease of installation and harvested 105.24 mW at a line current of 65.3 A [11].
Sordiashie et al. [16], for example, introduce an AMCC-4 core harvester for use in the built environment.
Wang et al. [17] harvested about 20 W from a resonated harvester at a line current of 68 A. Liu et al. [10]
harvested 350 mW from 10 A line current which is sufficient for the operation of many sensors. White et
al. [18] harvested 1.5 W of energy from a 100 A line current. When the silicon steel, nickel and
nanocrystalline material cores were compared as the core material, the highest energy was found to be
double nanocrystalline core harvesters [19]. The cold rolled silicon steel core decreased the air gap,
increased the radial thickness, the inner radius, the core height and the yield of the harvester [9]. Core
designs in different ways affect harvesting performance. For example; it has been stated that by extending
two ends of the bow-shaped core like a bow tie, more magnetic flux can be directed from the air to the core
and thus 15 times more energy is harvested [20]. The saturation of the core limits the tension induced in
the windings. In electromagnetic harvesters, the increase of the line current to saturate the magnetic flux
density of the core reduces the energy to be obtained from the harvester and disrupts the waveform of the
induced voltage. Therefore, the saturation characteristics of the core material should be considered. The
core saturation time can be reduced by a switch to be connected in parallel to the harvester coil, if the line
current increases enough to feed the core, by shortly switching the coil ends of the switch and then opening
it again [21]. As it is known, since the magnetic flux is less directed in air-core harvesters, the harvested
power is very small and there are no saturation effects. However, it can be used in systems with very high
line current. The air-core semicircular coil design gave better results than the full-circle, square and
triangular design [12].

As a continuation of our previous studies [22-24], the design and implementation of the harvester sensor
system was carried out in this study. The motivation of this study is to manufacture a new energy harvesting
device with an original design to be used on power line. The contributions of the study can be written as
follows: (a) comparison of results between numerical analysis and experimental results, (b) getting sensor
data with high accuracy, (c) reducing production and maintenance costs, (d) ensuring operational
continuity. The study is carried out in three stages. In the first stage, two different devices are formed to
harvesting energy on the power line. In the second stage, the magnetic field harvesting devices are analyzed
by utilizing the FEM in terms of design features. In addition, iron losses and induced voltage changes were
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investigated for different core materials. The last stage of this study is to check whether the system is data
logger.

2. MATERIAL METHOD

The system, which is widely used for obtaining energy from the power line, is shown in Figure 1. This
system consists of one or more electromagnetic harvesters, a power control circuit, sensor / sensor group,
radio frequency (RF) transmitter. Electromagnetic harvester provides the electrical energy needed by the
power card (power control circuit, sensor, RF transmitter). The data received from the sensor or sensors are
transferred to the receiver circuit via the RF transmitter.

Electromagnetic Field

Power Line

I

. »
L
Elect; i 1
ectromagnetic P|‘m ef Control ST RF
Energy Harvester Circuit Transmitter

Receiver

and
Interface

Figure 1. Data acquisition system with harvester

2.1. Electromagnetic Energy Harvester

The harvester models in the literature are generally shown in Figure 2. According to its geometry and
structure, it was examined under two (2) main titles. When analyzed by geometry, it can be examined in
four (4) groups as C type, U type, toroidal and other type. C type and U type cores provide ease of
installation on the line, but their inductance is lower than toroidal. Apart from the traditional core models,
cores defined as 'Other Type' such as solenoid, bow tie [20] and helical [25] are also designed for harvester
applications. According to its structure, it can be examined in two groups such as air and ferromagnetic
materials. Here, although the line current is high in air core harvesters, the power to be obtained is very
low. For this reason, it is stated that the air core structure [12] is not suitable for harvesters. Nanocrystalline,
amorphous and ferrite cores are most preferred in harvesting applications of these materials.
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Figure 2. Structure of a simple artificial neural network
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In Figure 3 (a) and (b), drawings of core type models are given, where "H" indicates core height, "A" core
outer width, "B" window width and "D" thickness. Amorphous material harvesters were studied for the
core type geometries given in technical specifications in Table 1. Figure 3 shows the C1 and C2 models. In
C2 model, the windings are connected in series.

(b)

Figure 3. Core type models; (a) C1 core model, (b) C2 core model

For these models whose numerical analyses were made with Ansys Maxwell software, experiments were
carried out by installing the experiment set shown in Figure 4. Then, experimental data and numerical
analyses were compared.

Table 1. Technical specifications of core type geometries

Models | A B D H N Wire Calculated | Measured | Measured
(mm) | (mm) | (mm) | (mm) | (turn) | Diameter | Rdc Rdc L (H)
(mm) ()] ((0)]
C1 31 11 20 25 800 0.25 17.11 21.2 0.063
C2 31 11 20 50 1600 | 0.25 34.21 42.4 0.126
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Core losses at various frequency and induction levels are measured using various excitation waveforms.
Based on the measurements [26-27], the coefficients of the Steinmetz Equation (1) are estimated:

Py = ky(f/fo)*(B/Bo)" . 1)

Here P,,, core loss per unit weight, f,, is the fundamental frequency (1 Hz), B, is the basic flux density (1
T). Also k,,, « and 8 are Steinmetz coefficients obtained from experimental data. When the waveform is
sinusoidal, the coefficients are taken as k,, = 0.003369, a = 1.301033, § = 2.135959 [27]. The general
winding resistance calculation formula for a coil is given in Equation (2)

R=p=EN . (2)

Here p denotes the core resistance of the conductor (1.72 x 10 ~8 Qm for copper), the length of the Lg
winding, the number of windings N, and S is the cross-sectional area of the conductor. The average magnetic
flux path (L,c1) for C1 (single) model of core type cores is given in Equation (3)

Lypci =2H+ (m/2+1)(A—-B) . 3
Limcz = 2Lmc1 + 29 - (4)

Here H indicates the core height, A core outer width and B window width. Of the core types, cores given
in Equation (4), the average magnetic flux path (L,c;) for the C2 (double) model will be twice the single
model. However, attention should be paid here to the air g.

The set of experiments set up for the energy harvesting system is given in Figure 4. The materials included
in this set of experiments are listed as load group, power line, harvesting cores. In order to pass current
through the line, the load group consisting of incandescent lamps was connected in series in parallel in
different ways and the line current was created and this current was measured by measuring with a clamp
multimeter. The number of conductors in the line has been increased to increase the line current and the
magnetic field density around the line. The line conductor is wound with multiple windings using a cable
channel on a rectangular wooden floor. Cores in geometry C used for energy harvesting are placed on the
line, respectively. In this set of experiments (Figure 4), the voltages and currents harvested at different loads
from the harvesters were measured and recorded with multimeters.
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Figure 4. (a) Preliminary test kit for harvesters, (b) Electrical circuit diagram of the preliminary test kit
[22]

2.3. Numerical Analyses with Ansys Maxwell Software

It is easy to solve complex structures, especially inhomogeneous structures, by finite element method
(FEM). This method is based on the logic of finding the main solution by dividing the complex problems
into simple known infrastructures and solving each of them separately. As can be expected, more sensitive
solutions can be made by increasing the number of infrastructures. In finite element analysis, a complex
physical system is transformed and solved into a mathematical model that can be subdivided ANSYS,
NASTRAN, ABAQUS, COSMOS etc. working in this logic today. Computer aided commercial software
has become indispensable in the analysis and design of industrial applications.

In this study, ANSYS Maxwell 3D commercial software, which is the most used in the literature, has been
chosen because of its features such as having a wide drawing infrastructure for numerical analysis, transient
state, magnetostatic state, and Eddy currents. This program creates sub-regions in the structure by dividing
the structure into multiple tetrahedron pieces to determine the magnetic field in non-homogeneous
structures. It determines the area of each region with separate polynomials for each sub-region [28]. The
sub-zoning process is called meshing, the sub-zones are finite elements, and the sum of these elements is
the finite element network. The more finite elements in an analysis, the more realistic the results will be.
The software calculates the magnetic field intensity at the midpoints of all defined finite elements using
current density. In case the core material is not linear, analysis is carried out using the B-H curve with a
linear approach with the Newton-Raphson method. After the analysis is completed, error analysis is carried
out and the solvent continues to analyze continuously until the determined criteria are fulfilled by separating
the most faulty finite element repeatedly. As a result, inductance value, current density, magnetic field
intensity, magnetic flux density, losses and forces can be obtained for materials determined with this
software [28,29].

2.3.1. Transient state analysis of harvesting models

Similar to the continuous state analysis, the coordinate plane of the model to be solved is determined.
Solution method is chosen as transient. The harvested model is drawn. Line current is drawn by taking into
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account Ampere's law. In order to model the line current, the line was chosen to be much larger than the
rectangular harvester model. Because the magnetic field intensity in the edge currents of the rectangular
line model is not intended to affect the harvester model. The line current is defined in the line current
terminal as the line current values to be performed in the experiment. This definition is defined as sign I =
I,sin (wt) since the current passing through the line changes as a sinusoidal wave. Winding definitions
are defined to give the induced voltage. In addition, the analyses related to the loading of the harvester were
carried out using the external circuit model. When the line current of Model C1 and Model C2 are taken as
6.2 A for the different core materials (Table 2), the losses in the core and the induced voltage changes in
the windings are examined via Ansys Maxwell Transient 3D.

Table 2. Core loss and voltage for different core materials

Materials Core Loss Coefficient C1 core model C2 core model
(W/m?d) Core Loss | Vrms | Core Loss | Vrms
(uW) (mV) | (mW) V)
Amorphous Kh=40.43478638 0.561 116.79 | 3.87 17.50
2605SA1 Kc=0.0007908339
Ke=0.509838205741
M43  steel (nongrain | Kh=222.8 3.15 102.8 | 9.07 11.23
oriented steel) Kc=10.908
Ke=25
M5 steel (grain oriented | Kh=59.594588735 0.396 116.56 | 4.5 15.09
steel) Kc=0.2960881320
Ke=0
Somaloy (SMC) 1000 3p | Kh=555.154725889691 12.91 110.59 | 4.42 4.38

Kc=0.00161909522837124
Ke=15.7211874728827

Nanocrystalline Kh=5.03139476001441 0.21 116.79 | 0.73 17.18
Kc=
0.000430896041650968
Ke=0.285713212221422

Ferit core PC90 Cm=6.069249660 0.0459 114.75 | 0.472 11.4

X=1.31093941392
Y=2.14843567195

As a result of the analysis carried out with Ansys Maxwell, for Model C1, the effects of leakage fluxes are
neglected and the core loss is calculated by using the Steinmetz formula given in Equation (1) with the
sinusoidal wave loss coefficients. This loss was found on average 0.62 uW. Maximum core loss was found
to be 1 uW in three-dimensional analysis. With the Steinmetz formula given in Equation (1) for Model C2,
the average core loss was calculated as 8.6 mW. Maximum core losses of Model C2 performed with Ansys
Maxwell were found to be 6.3 mW in three-dimensional (3D) analysis.
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2.3.2. Steady state analysis of harvesting models

The coordinate plane of the model under consideration is determined. The solution method is chosen as
steady state (magnetostatic). The harvested model is drawn. Line current is drawn by taking into account
Ampere's law. In order to model the line current, the line is chosen to be much larger than the harvester
model in rectangular shape. Because the magnetic field intensity in the edge currents of the rectangular line
model is not intended to affect the harvester model. The line current is defined in the line current terminal
as the line current values to be performed in the experiment. Solutions were realized by meshing the kernel
of the harvester model. Flux density changes occurring in the nucleus in line currents are examined.

The line current of Model C1, whose technical features are given in Table 1, is defined as 6.2 A and static
magnetic analysis is carried out with Ansys Maxwell. In Figure 5, magnetic flux density change and flux
lines of C1 and C2 models are given as a result of analysis.
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Figure 5. (a) Model C1 (b) Model C2 magnetic flux density change and flux lines
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As can be seen in Figure 5 C1, the magnetic flux density has decreased significantly due to the high air gap.
The average magnetic flux density in 6.2 A line current is 1.2 mT. This value is very small considering the
saturation magnetic flux density of the core. In this case, it can be thought that saturation effects will not
occur in high line currents compared to other core models.

The magnetic flux completes its circuit from the inner regions of the core material and the magnetic flux
density decreases towards the outer regions of the core. In addition, the flux in the areas close to the
harvester core of the conductor carrying the line current shortly completes its circuit. Increasing the air gap
will increase reluctance in the magnetic circuit, therefore the effective magnetic flux will decrease. The
model was tightly tied with a cable tie during the experiment to reduce the air gap. As can be seen in the
C2 model in Figure 5, the flux density is concentrated in the core inner regions.

The corner points of amorphous C type cores are produced curved to reduce magnetic saturation effects.
This situation is also taken into account in the simulation model. In the simulation study, the maximum flux
density was found to be 1.01 T. When the flux lines are taken into consideration, it is seen that a small
amount of leakage fluxes are formed in the corners of the core.
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2.4. RF Transceiver, Power Control and Sensors Board

The nRF24L01 transceiver module used in the circuit uses the 2.4 GHz band. If it is used outdoors and at
low baud rate, its range can be up to 100 meters (Datasheet, nRF24L01). In the designed circuit, this
distance was increased up to 1000 meters with the module signal booster (LNA-Low Noise Amplifer). The
power consumption of this module is around 12 mA, which is lower than just one LED during transmission.
The voltage of the module is between 1.9 V and 3.6 V, but the pins tolerate 5 V voltage so we can easily
connect it to a microcontroller without using any logic level converter [30]. The prepared circuit is given
in Figure 6. The working principle of the circuit converts the harvested AC voltage to DC voltage through
DB207S bridge diode rectifier circuit. With the help of a 12 V Zener diode, the voltage is fixed to a certain
voltage. The battery charging circuit is installed with the TP4056 chip and charges the Li-Po battery with
a 1300 mAh capacity connected to the system. The charged voltage is raised with the help of the DC-DC
amplifier circuit with MT3608 chip and produces the voltage level required for the operation of the system.

Batter(w: Chargmg Amplifier Circuit Control Circuit

s .

, B’\IEZSO 3
: ¢ “l) ol !;)\) )J) '
-

MAX6675K

,.—?
) \ .,uu
®000: JeBt

Bridge Diode
Rectifier Circuit

RF Transmitter
Circuit

(@)

3

(b)

Figure 6. (a) Power control, sensors and RF transmitter circuit (b) RF receiver circuit

With the BME280 sensor shown in Figure 6(a) and given some technical features in Table 3, temperature-
humidity-pressure-altitude, transformer oil temperature with MAX6675 thermocouple and air quality data
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with MQ135 sensor are interpreted and processed by the microcontroller via RF module transmitter circuit
sent to the receiver circuit. The receiver circuit shown in Figure 6(b) interprets the data from RF and
transfers it to the serial port of the computer with the help of CH340G chip at 115200 baud rate.

Table 3. Some technical features of the sensors [29]

Supply Supply Power
Character Code Voltage Current Manufacturer
(+V) (ma) | (MW)
Humidity 0.340 1.2
Temperature 0.350 1.3
BME280 | 3.3 BOSCH
Altitude - -
Pressure 0.714 2.6
Thermocouple | MAX6675 | 3.3 0.7 35 MAXIM
Ammoniac
Smoke MQ135 5 160 800 OLIMEX
Sulphur

2.5. Sensor-Computer Interface Development

The main page of the designed user-friendly graphical interface program is shown in Figure 7. The PC
interface program prepared as GUI (Graphical User Interface) sorts the data coming from the serial port
into time and data coordinates and lists them according to time and graphically. The interface program has
COM port connection settings and registration period options on the main screen. The program allows to
save the recorded sensor data together with the time information in * .xIsx (excel) format or * .png (vector
image) format in the graphics for each sensor.

Energy Harvester Sensor Board

Settings Table Temperature Pressure Altitude Humidity Transformer  Air
Temperature Pollution

PORT options Registration Options Registration Period

coma Sa\ e to excel Second

+ Minute
Connect Save Temperature Hour
Graphic
Day

Sa\ e Pressure

Graplm:
Save Altitude
Graphic

Save Humidity
Graphic

Port Browsing
S:n e Transformer

Temp erature Graphic
Save Air Pollutain
Graphic

Figure 7. PC Interface program
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The computer interface consists of eight (8) tabs. We can summarize them briefly as follows;

e Settings: Port options, connecting to the transmitter, disconnecting and saving and exporting data
can be done from this main tab.

¢ Table: In this tab, all sensor data can be seen in the time interval set in table form according to time.

e Temperature: In this tab, the graph of the incoming temperature data can be seen in the time interval
set from the BME280 sensor. The sensor (BME280 data card can be examined in the appendix)
can measure between -40 ° C and +85 ° C.

e Pressure: In this tab, the graphic of the incoming air pressure data can be seen in the time interval
set from the BME280 sensor. The sensor (BME280 data card can be examined in the annexes) can
measure air pressure between 300 hPA and 1100 hPA.

o Altitude: In this tab, you can see the graph of altitude data coming from sea level in the time interval
set from BME280 sensor. The sensor (BME280 data card can be examined in the appendices) can
give the altitude information between 0 and 1000 m.

o Humidity: In this tab, the graph of the relative humidity data in the air coming from the BME280
sensor can be seen within the time interval set. The sensor (BME280 data card can be examined in
the appendix) can measure the relative humidity between 10% and 90%.

¢ Transformer temperature: In this tab, the graph of the temperature information received from the
Transformer oil pocket can be seen within the time interval set from the MAX6675K thermocouple
sensor. The sensor (MAX6675K data card can be examined in the appendix) can measure
temperature between 0 ° C and +700 ° C.

¢ Air pollution: In this tab, the harmful particle graphic in the air can be taken from the MQ135 air
guality measurement sensor in ppm (particule per million) within the set time period. The sensor
(MQ135 data card can be examined in the appendices) can measure the amount of NH3 (ammonia)
between 10 ppm and 300 ppm of air, Benzene between 10 ppm and 1000 ppm, and Alcohol between
10 ppm and 300 ppm.

Calibration of the measurement data taken from the computer interface program has not been done, but
during the industrial tests, the air temperature, humidity and transformer temperature measurement data at
the interface have been compared with the calibrated measuring instruments of the company. The amount
of deviation between them is given in Chapter 3.

3. THE RESEARCH FINDINGS AND DISCUSSION

3.1. Preliminary Experiment Studies

The experiments of amorphous core type models were carried out in the experiment set given in Figure 4,
where the power line was modeled. 3 A, 6.2 A and 9.2 A were passed through the line, and the harvester
load was changed between 11 Q and 330 €, and the current and voltage harvested at different line currents
and different loads were measured and recorded. The harvested power is calculated by multiplying the
harvested current and voltage. Current, voltage and power graphs that are harvested according to the load
of the data saved in the Excel file are obtained. When the line current of Model C1 is 6.2 A, the voltage
change induced during idle operation is compared with Ansys Maxwell software and experiment results in
Figure 8.
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Figure 8. 3D FEM predicted and measured voltage for Model C1

According to the application and simulation results, the waveform has the same properties as the waveform
of the line current. In the simulation study, the peak value of the induced voltage was found to be 70 mV.
In practice, the peak value of the induced voltage was measured as 80 mV. Simulation and application
results seem to be compatible with each other. In the experiments for Model C1, the graph of the change of
the harvested power (P;,) and the harvested voltage (V) according to the change of the line current (I;;,,.)
and load resistance (R,) are given in Figure 9.
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Figure 9. (a) Harvested power change graph for Model C1 b) Harvested voltage change graph for Model
C1

The maximum harvested power at 3 A line current was measured as 0.02 mW at 22 Q load resistance. The
maximum power at 6.2 A line current was measured at 33 Q load resistance as 0.07 mW. The maximum
power at a line current of 9.2 A was measured as 0.16 mW at 33 Q load resistance. As seen from the
experimental data, as the line current increases, the load resistance at which the maximum power harvested
occurs increases. However, it can be seen as an advantage in terms of being used in very high line currents
that it will not be saturated even at very high line currents. In addition, it was observed in the experiments
for Model C1 that the voltage harvested increases as the load increases in the line currents. A voltage of
0.12 V at 330 Q load was harvested at 9.2 A line current. When the line current of Model C2 is 6.2 A, the

voltage change induced in the idle state is compared with the Ansys Maxwell software and the experiment
results in Figure 10.
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Figure 10. 3D FEM predicted and measured voltage for Model C2

According to the application and simulation results, the waveform has the same properties as the waveform
of the line current. In the simulation study, the peak value of the induced voltage was found to be 16 V. In
practice, the peak value of the induced voltage was measured as 20 V. Simulation and application results
seem to be compatible with each other. In the experiments for Model C2, the graph of the change of the
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harvested power (P) and the harvested voltage (V;,) according to the change of the line current (I;;,.) and
load resistance (R,,) are given in Figure 11.
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Figure 11. (a) Harvested power change graph for Model C2 b) Harvested voltage change graph for
Model C2

According to the experimental data of Model C2, the power has increased continuously despite the increase
of the harvester load. Despite the increase in the load of the harvester in the experiment, the harvested
power has increased continuously due to the continuous increase in the harvested voltage. The highest
harvested power in all line currents was measured at 330 Q load resistance, the highest rated resistor in the
test set. It was measured as 1.12 mW in 3 A line current, 4.5 mW in 6.2 A line current, 10.31 mW in 9.2 A



800 Mahmut KABAKULAK, Serdal ARSLAN / GU J Sci, 34(3): 786-806(2021)

line current. Although the volume of model C2 increased 2 times compared to model C1, approximately
200 times more energy was harvested in the same line current than C1 model. The biggest reason for this
result comes from the decrease in the air gap in the C2 model (the considerably reduced magnetic
reluctance) and the effective magnetic flux increasingly completing its circuit over the core. The highest
harvested voltage in all line currents was measured at 330 Q load resistance, the highest rated resistance in
the test set. It was measured as 0.61 V in 3 A line current, 1.21 V in 6.2 A line current, 1.84 V in 9.2 A line
current.

3.2. Field Test Application

The 3-phase oil immersed type transformer with the brand of Meksan Transformer was used in the test
carried out in the company. The transformer was operated as in the experiment of "finding short circuit
impedance and load losses (TS EN ISO / IEC 60076-1)" to ensure proper line current. In this experiment,
the low voltage side of the transformer can be shorted to draw current up to the rated current by the high
voltage. With the technical infrastructure of the company, the rated current can be increased gradually.
Industrial test is shown in Figure 12.

PC Interface Program

® HIOKI LR&431

: {Datalogger) —

e

=

Transmitter [ 4

Harvester (Model C2) lJ_ﬁ I‘ '.‘91

Figure 12. Industrial test

Before the industrial test, the harvester was firmly attached to the ‘A’ phase of the transformer by cable tie.
For different line currents, the voltage taken from the battery charging circuit, the line current, the voltage
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harvested from the harvester, the current were measured and the power was calculated. The data obtained
are given in Table 4. Here, the no-load condition is considered as the status of the Li-Po battery removed
from the charging circuit sockets, the loaded state is considered as the operating state of the entire system,
where the Li-Po battery is connected to the sockets of the charging circuit. Since the rectifier circuit's
operating input voltage is between 20 V and 50 V, it is determined that the ideal line current for the circuit
is around 30 A.

Table 4. Industrial test data

. Line Ba“e!‘y Harvested | Harvested | Harvested

Loading Curren Charging Voltage Current Power
Status Voltage g

t(A) V) V) (mA) (mW)
No Load | 10.60 3.71 11.84 5.32 62.99
No Load | 17.30 5.07 21.84 8.24 179.96
No Load | 21.10 5.02 25.35 10.62 269.22
No Load | 25.10 5.20 27.04 12.32 333.13
No Load | 30.50 5.10 31.54 14.45 455,75
At Load | 30.50 3.66 25.32 18.89 478.29

In the industrial test setup (Figure 12), the line current passing through the bushing was adjusted to 30.5 A
and the system was operated with all its components. The harvester started to charge the battery by
harvesting 478.29 mW of power at 30.5 A line current. The system was run for more than one (1) hour in
an industrial test run. Air temperature, pressure, altitude, humidity, transformer temperature, air pollution
change data were obtained from the sensors in one-minute periods. Hioki LR8431, which the company uses
for transformer temperature measurement, has been compared with the data obtained from the designed
system (Table 5).

Table 5. Comparison of sensor data

Transformer Temperature (°C) Temperature (°C) Humidity (%)

Hioki Designed | Difference Geo Designed | Difference Geo Designed | Difference

LR8431 | Circuit % FHT 70 | Circuit % FHT 70 | Circuit %
15.50 16.25 4.84 14.30 13.86 -3.08 60.80 55.10 -9.37
15.30 16.00 4.58 14.60 14.29 -2.12 58.80 53.85 -8.42
15.10 15.75 4.30 14.80 14.63 -1.15 58.80 53.81 -8.49
15.20 15.75 3.62 14.70 14.28 -2.86 57.90 52.57 -9.21
16.40 17.00 3.66 14.80 14.63 -1.15 58.80 52.77 -10.26
16.60 17.25 3.92 14.80 14.75 -0.34 58.80 52.57 -10.60
16.80 17.50 4.17 14.80 15.17 2.50 57.10 51.32 -10.12
17.00 17.75 4.41 14.90 15.22 2.15 58.80 51.17 -12.98
17.00 17.75 441 14.90 15.17 1.81 58.70 51.07 -13.00
22.70 24.00 5.73 14.90 15.23 221 58.70 50.95 -13.20
19.20 20.25 5.47 14.80 15.26 3.11 58.40 50.72 -13.15
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It was observed that there was a maximum of 3.11% difference in air temperature measurement and 5.73%
difference in transformer temperature measurement. This difference in transformer temperature
measurement is due to the thermal double sensitivities used.

4. RESULTS

In this article, two different electromagnetic harvester structures were investigated both numerically and
experimentally. The harvester models were validated by comparing between the numerical and pre-test
results. Then in the field tests, the power card designed with the harvester placed on the transformer line
was fed. This card was taken with RF via sensor interface designed with data acquisition system.

In the preliminary experiments of energy harvesting from the electromagnetic field made with the core type
core model introduced in the literature, it was observed that it harvested less energy than the double C
model due to the single C core air gap. Despite these qualities, these disadvantages provide high flow
saturation and ease of assembly. Core type models offer a great advantage especially in terms of their use
in transmission lines with high current. Iron loss calculated using analytical equations of both C models is
very close to iron loss value calculated with Ansys Maxwell. The voltage measurement induced in the
windings of both models and the result of Ansys Maxwell are compatible with each other.

In the prototype energy harvester system, where the field was tested, energy was harvested from the
electromagnetic field. The battery is charged with this energy. Data were successfully obtained from air
temperature, air pollution and thermocouple via power control card. These data can be received and
recorded in real time on the designed interface. It has been observed that there is a maximum of 3.11% in
air temperature measurement and 5.73% in transformer temperature measurement. This difference is
expected to decrease as the sensitivity of the sensors we use increases. Considering the Performance / Cost,
it was seen that the system designed could be used to obtain data from the transmission lines. The general
advantages of the designed prototype are listed below:

« It is capable of receiving data as long as there is energy instead of sensor systems used in current power
lines and affected by adverse environmental conditions.

* Environmental data around the line where this system is used can be shared with relevant places without
interruption.

* As it is known, monitoring the temperature change is essential for the life determination of the transformer.
Transformer manufacturers can record the sensor data of the transformer during the warranty period.

« Transformer temperature rise test (IEC ISO / EN 60076-2) can be performed more cost-effectively than a
datalogger.
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APPENDIX

The power and charge circuit diagram of the designed circuit is as follows.
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The microprocessor circuit schematic of the designed circuit is as follows.
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Sensor circuits schematics of the designed circuit are as follows.
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The serial port converter circuit diagram for the designed receiver circuit is as follows.
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