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Abstract 

Leakage current in lightning arresters is an important indicator of insulation 

conditions and protection system performance in substations, so a measurement 

method capable of detecting currents in milliamperes accurately and stably is 

required. This study aims to design and test a milliamperes-scale leakage current 

sensor that can be used for lightning arrester monitoring. The developed sensor is 

based on a current transformer with an analog signal amplification and filtering 

circuit, and data acquisition using a microcontroller. Testing was carried out 

experimentally by varying the resistive load and the number of turns, then the 

measurement results were compared with an AVO meter as a reference measuring 

instrument. The test results showed that the sensor was able to measure leakage 

current with a relatively low error rate, where the lowest error occurred at a load of 

33 Ω and increased at larger loads due to a decrease in current. The relationship 

between current and load variation showed a linear characteristic with a coefficient 

of determination (R²) value close to 1. In addition, magnetic field analysis showed 

that the relative permeability value of the ferrite core was in the range of 88.4 to 98, 

which reflects the stability of the core's magnetic properties under various test 

conditions. Based on these results, the developed sensor has the potential to be used 

as part of a lightning arrester leakage current monitoring system to support the 

maintenance and reliability of the substation protection system. 
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1. Introduction 

Substations are key elements in the electric power system, regulating, 

controlling, and distributing electrical energy from the transmission network to the 

distribution network [1], [2]. The reliability of substation operations is greatly 

influenced by the protection system's ability to respond to external disturbances, one 

of which is lightning strikes [3], [4]. Lightning strikes can cause voltage spikes and 

surge currents that can potentially damage high-value electrical equipment. 

Therefore, protective devices capable of limiting and safely channeling these 

disturbances are essential [5], [6], [7]. Lightning arresters serve this purpose by 

channeling surge currents to the ground and maintaining the voltage received by 

the equipment within permissible limits [8], [9], [10], [11]. 

Under normal operating conditions, lightning arresters should be insulating 

from the system [12], [13]. However, over time and under environmental influences 

such as humidity, pollution, and material aging, the insulating characteristics of 

lightning arresters can degrade [14], [15], [16]. One early indication of this 

degradation is an increase in leakage current flowing through the lightning arrester. 

Undetected leakage current can cause power losses, local temperature increases, and 

reduced protection effectiveness, ultimately leading to equipment failure [17]. 

Therefore, monitoring leakage current is a crucial parameter in evaluating lightning 

arrester condition and can be used as a basis for implementing preventative 

maintenance strategies at substations [18], [19]. 

The main challenge in monitoring lightning arrester leakage current lies in the 

relatively small current magnitude, generally on the milliampere scale. Measuring 

currents of this small magnitude requires sensors with high sensitivity, good 

stability, and resistance to interference from the electromagnetic environment 

surrounding the power system [19]. In practice, conventional current measurement 

methods are often less than optimal for accurately detecting small changes in leakage 

current, especially when the system is operating under normal conditions without 

major disturbances. 

Various studies have developed current sensors for electrical applications, 

using both direct contact and non-contact methods. However, most of this research 

focuses on measuring relatively large currents or on applications not specifically 

intended for monitoring lightning arrester conditions [20]. Furthermore, studies 

linking the performance of milliampere-scale current sensors to the characteristics of 

the magnetic field and the magnetic properties of the sensor core, particularly in 

substation protection system applications, are still relatively limited. This situation 

highlights the need to develop current sensors that not only measure leakage current 
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accurately but also have physical characteristics that can be analyzed to ensure 

consistency and reliability. 

Current transformer-based current sensors offer a safe and suitable indirect 

measurement approach for power system applications. The operating principle of 

this sensor is based on electromagnetic induction, where the current flowing in the 

primary conductor generates a magnetic field that induces a voltage in the secondary 

winding. The magnitude of this induced voltage depends on the change in magnetic 

flux, the number of turns, and the magnetic properties of the core used. By utilizing 

this principle, milliampere-scale leakage current measurements can be performed 

without direct contact with the primary conductor, thereby increasing the safety and 

flexibility of the measurement system. 

This study presents the development and experimental validation of a current 

transformer based sensor designed to measure leakage currents in the milliampere 

range for lightning arrester monitoring in substations. Sensor performance is 

evaluated by comparing measurements with those from a standard reference 

instrument. Additionally, the effects of load variation on current, magnetic field 

distribution, and the relative permeability of the sensor core are investigated. 

Resistive loads of 22 Ω, 33 Ω, 47 Ω, and 100 Ω are selected to generate controlled 

current levels that reflect leakage currents typically observed in lightning arresters 

under normal operating conditions and during early insulation degradation. These 

variations enable assessment of the sensor’s ability to provide consistent responses 

across relevant current ranges. The primary contribution of this research is the 

development of a milliampere-scale current transformer sensor, with performance 

verified through both measurement accuracy and analysis of magnetic field 

behavior and core permeability stability. The findings are anticipated to enhance the 

reliability of lightning arrester condition monitoring and facilitate the adoption of 

condition-based maintenance strategies in substation protection systems. 

 
2. Methods 

This study uses a quantitative experimental approach. The study was 

conducted in a laboratory environment. The purpose of the study was to evaluate 

the performance of a milliampere-scale leakage current sensor in a substation 

lightning arrester application. The study was designed to assess the effect of 

variations in system parameters on sensor response in a measurable and systematic 

manner. The experimental approach was chosen so that the relationship between 

test parameters and measurement results could be analyzed quantitatively and 

reproducibly. The study variables consisted of independent, dependent, and 

controlled variables. The independent variables included the number of current 

transformer turns, namely 500. 1000. 1800. and 2000 turns, as well as resistive load 
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values of 22 Ω, 33 Ω, 47 Ω, and 100 Ω. The dependent variables included the 

measured leakage current, the induced voltage in the secondary winding, the 

magnetic field strength, and the relative permeability of the sensor core. The control 

variables included the source voltage and frequency of the AC current, the sensor 

geometry, and the type of ferrite core material used. The definition of these variables 

aimed to ensure that changes in sensor response were directly caused by variations 

in the parameters being tested. The variable scheme in this study can be seen in 

Figure 1. 

 

 
Figure 1. Research variable schematic 

 

The developed current sensor is based on a current transformer (CT), which 

operates on the principle of electromagnetic induction. Leakage current flowing in 

the primary conductor generates an alternating magnetic field that induces a voltage 

in the secondary winding. This induced voltage is then processed through an analog 

signal conditioning circuit consisting of signal amplification and filtering before 

being converted into digital data by a microcontroller. The signal conditioning 

circuit is designed to increase sensitivity to milliampere-scale currents while 

attenuating high-frequency interference originating from the power system 

environment. A microcontroller is used for data acquisition and displays leakage 

current measurement results in real time. 

Testing is conducted by flowing AC current through the primary conductor 

through the CT sensor. For each combination of the number of turns and resistive 

load value, measurements are repeated five times to obtain representative data and 

reduce the influence of measurement fluctuations. The leakage current measured by 

the sensor is compared with the results measured using an AVO meter as a reference 

measuring instrument. Variations in the number of turns are used to evaluate the 

effect of the transformation ratio on sensor sensitivity, while variations in the load 
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value are used to generate current changes in the milliampere range relevant to the 

operating conditions of the lightning arrester. The measurement data were recorded 

and averaged before further analysis was carried out. 

 

 
Figure 2. Testing scheme 

 

Sensor calibration is conducted by comparing readings from the developed 

sensor system with measurements obtained from an AVO meter, which serves as the 

reference instrument due to its stable performance and sufficient resolution for 

milliampere-scale current measurements. Prior to experimental testing, the reference 

instrument is verified to operate within its specified accuracy range through routine 

laboratory checks and zero-reading confirmation under no-load conditions. This 

process ensures consistent and reliable measurements throughout the testing period. 

The comparison facilitates determination of the primary-to-secondary current ratio 

and evaluation of measurement error. Additionally, the procedure confirms that the 

sensor response remains linear and consistent across the tested current range. 

To ensure measurement reliability, each experimental condition is repeated 

multiple times under identical setups, and the resulting values are averaged to 

reduce the influence of random fluctuations. Measurement consistency is assessed 

by analyzing the spread of repeated readings, confirming that variations remain 

within an acceptable range for laboratory-scale current measurements. This 

approach preserves repeatability and minimizes significant deviation between trials. 

Subsequent magnetic field analysis investigates the relationship between leakage 

current in the primary conductor and the magnetic field generated within the sensor 

core. The cross-sectional area of the ferrite core is calculated by assuming cylindrical 

geometry and applying the following equation: 

 

A=π.r2 

 

Next, the relative permeability of the sensor core is analyzed based on the 

relationships among current, magnetic field, and air permeability, assuming that the 

ferrite core operates in the linear magnetization region. The measurement data are 

then quantitatively evaluated by comparing the sensor readings with the reference 
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values obtained with the AVO meter. To ensure the reliability of the results, 

measurements for each operating condition are repeated several times, and the 

resulting values are averaged to reduce the influence of random measurement 

fluctuations. The variability among repeated measurements is monitored to confirm 

that deviations remain within an acceptable range for milliampere-scale 

measurements, thereby ensuring good repeatability of the measurement system. 

Measurement error is expressed as a percentage relative to the reference value. The 

relationship between current and load variation is analyzed using linear regression 

to determine the coefficient of determination (R²). The R² value indicates the linearity 

and consistency of the sensor response to variations in leakage current across the 

tested operating range. 

 
3.Results and Discussion 

Sensor calibration is performed as a first step to ensure that the measurement 

system can accurately represent the primary current through the secondary current 

signal generated by the sensor. At this stage, the current ratio (I ratio) is determined, 

which is the ratio between the primary and secondary currents in a current 

transformer-based sensor. Determining this ratio is necessary so that the sensor's 

output signal can be converted back into a primary current value that represents the 

actual condition. 

3.1 Milliampere Scale Leakage Current Sensor Calibration Results 

The current ratio values for each variation in the number of turns are shown in 

Tabel 1. The test results show that an increase in the number of turns is followed by 

an increase in the current ratio value. The sensor with 2000 turns shows the highest 

ratio, which is 97, while the sensor with 500 turns has the lowest ratio of 38. This 

difference is in line with the basic characteristics of current transformers, where the 

number of secondary turns affects the magnitude of the induced current generated 

due to the current flow on the primary side. A higher current ratio indicates that the 

secondary current generated is relatively smaller than the primary current, thus 

enabling the detection of leakage currents in the order of milliamperes with better 

resolution. Conversely, at a smaller number of turns, the secondary current becomes 

relatively larger so that the sensor's sensitivity to small currents is reduced. This 

condition explains why the sensor configuration with a larger number of turns is 

more suitable for monitoring leakage currents in lightning arresters, which under 

normal operating conditions are generally at low current levels. 

In addition to acting as a conversion factor between primary and secondary 

currents, the current ratio also relates to the safety aspects of the measurement 

system. An appropriate ratio ensures that the current entering the signal 

conditioning circuit and microcontroller remains within safe operating limits, 
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thereby avoiding the risk of circuit saturation or damage to electronic components. 

Therefore, this calibration result serves as the primary basis for subsequent testing 

stages and directly impacts the sensor's reliability in measuring milliampere-scale 

leakage current. 

 

Tabel 1. Current ratio of each load 

No Windings Current ratio 

1 2000 97 

2 1800 66 

3 1000 40 

4 500 38 

 

3.2 Performance of Microcontroller-Based Current Sensor against AVO Meter as a 

Reference Tool 

The performance of the microcontroller-based current sensor was evaluated by 

comparing the current measurement results using a current transformer sensor 

(SCT) with the readings of an AVO meter as a reference tool. Testing was carried out 

on several resistive load variations to represent current changes in the milliampere 

range. The measurement results are presented in Tabel 2, which shows the 

agreement between the current values obtained from the sensor system and the 

reference values from the AVO meter. 

 

Tabel 2. Results of Current Measurement for each Load via Microcontroller 

Load 

22 Ω 33 Ω 47 Ω 100 Ω 

SCT 

(A) 

AVO 

(A) 

SCT 

(A) 

AVO 

(A) 

SCT 

(A) 

AVO 

(A) 

SCT 

(A) 

AVO 

(A) 

1 0.47 0.472 0.35 0.348 0.26 0.259 0.135 0.135 

2 0.45 0.471 0.34 0.348 0.27 0.259 0.135 0.135 

3 0.46 0.471 0.35 0.348 0.26 0.258 0.136 0.135 

4 0.47 0.471 0.35 0.349 0.26 0.259 0.135 0.135 

5 0.47 0.470 0.35 0.348 0.26 0.259 0.135 0.135 

Average 0.464 0.471 0.348 0.348 0.262 0.259 0.1352 0.135 

Percentage 

error 
1.50% 0% 1.20% 0% 

 

Overall, test results indicate that the sensor system has a high level of accuracy, 

with a maximum error recorded of 1.5%. The difference between the sensor readings 

and the AVO meter readings across all load variations is within a relatively small 

range, indicating that the microcontroller-based data acquisition system is capable 

of consistently representing the measured current. This low error value indicates 

that the analog-to-digital signal conversion process is proceeding smoothly and does 

not cause significant distortion to the measured current. This stable measurement 
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performance is due to the role of the signal conditioning circuit integrated before the 

data acquisition stage. The output voltage from the SCT sensor is first passed 

through a low-pass filter circuit to attenuate high-frequency interference 

components potentially originating from the testing environment or internal signal 

fluctuations. This filtering contributes to producing a cleaner signal and reducing 

noise that could affect the accuracy of the microcontroller's readings. 

After the filtering process, the signal is amplified using an op-amp-based non-

inverting amplifier circuit. This amplification aims to increase the signal voltage 

amplitude to fall within the optimal operating range of the microcontroller's analog-

to-digital converter (ADC). Thus, the ADC resolution can be utilized more 

effectively, especially for small-scale current measurements, so that quantization 

errors can be minimized. The agreement of the measurement results between the 

sensor system and the AVO meter across all load variations indicates that the 

integration between the current sensor, signal conditioning circuit, and 

microcontroller has worked synergistically. These findings indicate that the 

developed system has sufficient reliability for milliampere-scale leakage current 

measurements, and has the potential to be applied as a continuous and real-time 

leakage current monitoring device on lightning arresters. 

3.3 Current Measurement Results Using Sensors with Variations in the Number 

of Turns 

Sensor with 2000 turns 

The results of current measurements using a sensor with a 2000-turn 

configuration on various resistive load variations are presented in Tabel 3. The data 

show that the current values obtained from the sensor are below the current values 

read on the AVO meter for all load variations. This difference is a normal 

characteristic of current transformer-based sensors, considering that the current 

measured on the secondary side is a small-scale representation of the primary 

current. 

 

Tabel 3. Results of current measurement for each load with 2000 windings 

Load 

22 Ω 33 Ω 47 Ω 100 Ω 

SCT 

(A) 

AVO 

(A) 

SCT 

(A) 

AVO 

(A) 

SCT 

(A) 

AVO 

(A) 

SCT 

(A) 

AVO 

(A) 

1 0.000432 0.472 0.000347 0.348 0.000229 0.259 0.000136 0.135 

2 0.000483 0.471 0.000338 0.348 0.000254 0.259 0.000161 0.135 

3 0.000466 0.471 0.000347 0.348 0.000229 0.258 0.000161 0.135 

4 0.000466 0.471 0.000338 0.349 0.000246 0.259 0.000153 0.135 

5 0.000466 0.470 0.000356 0.348 0.000254 0.259 0.000127 0.135 

Average 0.000463 0.471 0.000345 0.348 0.000242 0.259 0.000147 0.135 

Percentage 

error 
1.70% 0.86% 6.56% 8.89% 
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It can be seen that increasing the load value from 22 Ω to 100 Ω is accompanied 

by a decrease in the current flowing in the circuit. This condition is reflected both in 

the measurements using the AVO meter and in the current values calculated by the 

sensor, indicating that the sensor response consistently follows the electrical 

behavior of the system. The relative error percentage tends to increase at larger 

loads, particularly at 47 Ω and 100 Ω. This indicates that at smaller current levels, 

the sensitivity of the measurement system begins to decrease, so that deviations from 

the reference value become more significant.  

 
Figure 3. Workflow Diagram Showing Data Flow from Sensors to Microcontroller, 

Server, and Actuators 

 

The ratio between the secondary current obtained from the sensor and the 

primary current measured by the AVO meter is on the order of 10³. This ratio value 

is relatively stable across all load variations, indicating that the relationship between 

the primary and secondary currents is proportional. The stability of this ratio 

confirms that the sensor with 2000 turns operates according to the current 

transformer principle, where the secondary current is the result of a linear 

transformation of the primary current while the sensor operates in the linear 

magnetization region. The linear relationship between load and current is also 

shown in Figure 3, where the sensor and AVO meter measurements show a similar 

decreasing trend in current as the resistance value increases. The closeness of the two 

curves indicates that the sensor is able to reproduce the current change pattern well. 

The obtained linear regression equation has a coefficient of determination of R² = 

0.9961, which indicates that almost all of the variation in current data can be 

explained by changes in the load value. This high R² value indicates that the sensor 

with 2000 turns has excellent linearity and is able to provide a consistent 

measurement response over the tested current range. 

Overall, these results indicate that the 2000-turn sensor configuration provides 

a good balance between sensitivity and linearity, making it suitable for milliampere-

scale leakage current measurements. Although there is an increase in error at very 

y = -0,1097x + 0,5775

R² = 0,9961

0

0,1

0,2

0,3

0,4

0,5

22 Ω 33 Ω 47 Ω 100 Ω

2000 SCT 2000 AVO

Linear (2000 SCT) Linear (2000 AVO)
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small currents, this trend is still within acceptable limits for condition monitoring 

applications, especially in lightning arrester systems that operate at low leakage 

currents under normal conditions. 

Sensor with 1800 turns 

The results of current measurements using a sensor with a configuration of 

1800 turns on various resistive loads are shown in Tabel 4. The data shows that the 

current values obtained from the sensor are below the AVO meter measurement 

results for all test conditions. This difference is a direct consequence of the working 

principle of the current transformer, where the current induced in the secondary 

winding is the result of the transformation of the primary current on a smaller scale. 

 

Tabel 4. Results of current measurement for each load with 1800 windings 

Load 

22 Ω 33 Ω 47 Ω 100 Ω 

SCT 

(A) 

AVO 

(A) 

SCT 

(A) 

AVO 

(A) 

SCT 

(A) 

AVO 

(A) 

SCT 

(A) 

AVO 

(A) 

1 0.000452  0.472  0.000329  0.348  0.000301  0.259  0.000160  0.135 

2 0.000443  0.471  0.000329  0.348  0.000254  0.259  0.000141  0.135 

3 0.000452  0.471  0.000358  0.348  0.000254  0.258  0.000141  0.135 

4 0.000452  0.471  0.000329  0.349  0.000301  0.259  0.000160  0.135 

5 0.000443 0.470  0.000358  0.348  0.000264  0.259  0.000169 0.135 

Average 0.000448  0.471  0.000340  0.348  0.000275  0.259  0.000154  0.135 

Percentage 

error 
4.89% 2.30% 6.18% 10% 

 

Changing the load value from 22 Ω to 100 Ω causes a decrease in the current 

flowing in the circuit, both in measurements using the AVO meter and in the current 

value calculated by the sensor. This trend indicates that the sensor response follows 

the electrical behavior of the system consistently. However, the percentage of 

relative error increases with increasing load value, with the smallest error recorded 

at a load of 33 Ω and the highest error at a load of 100 Ω. This condition indicates 

that when the current is at a very low level, the contribution of interference and 

sensor sensitivity limitations becomes more dominant in the measurement results. 

The ratio between the secondary current measured by the sensor and the primary 

current read by the AVO meter is in the range of 10⁻³ for all load variations. This 

ratio is relatively stable, indicating that the relationship between the primary current 

and secondary current remains proportional. The stability of this ratio indicates that 

the sensor with 1800 turns is still operating in the linear operating region and has 

not shown any symptoms of deviation from the current transformer characteristics. 

The linear trend between load and current values is also evident in Figure 4, 

where the sensor and AVO meter measurements show a pattern of decreasing 

current as resistance increases. The closeness of the two curves indicates that the 

sensor is able to track current changes well over the test range. The obtained linear 
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regression equation has a coefficient of determination of R² = 0.9951, indicating a 

strong and consistent relationship between load and current. Overall, these results 

demonstrate that the 1800-turn sensor still has high linearity and is capable of 

reliably representing current changes. Although the error rate increases at very small 

currents, the sensor's performance in this configuration still demonstrates adequate 

characteristics for leakage current measurements, especially in the mid-range 

milliampere range. 

 

 
Figure 4. Current Measurement Results Using 1800 Turns 

 

Sensor with 1000 turns 

The results of current measurements using a sensor with a 1000-turn 

configuration on various resistive load variations are shown in Tabel 5. In general, 

the current values obtained from the sensor are below the AVO meter readings for 

all test conditions. This difference reflects the basic characteristics of current 

transformer-based sensors, where the current on the secondary side is the result of a 

transformation of the primary current on a smaller scale. 

The change in resistance value from 22 Ω to 100 Ω is followed by a decrease in 

the current flowing in the circuit. This pattern is consistent in both the AVO meter 

measurements and the sensor measurements, indicating that the sensor response 

follows the electrical behavior of the system reasonably. However, the relative error 

level shows greater variation compared to higher winding configurations. The 

highest error was recorded at 47 Ω and 100 Ω loads, while the lowest error occurred 

at 33 Ω. This indicates that at lower current conditions, measurement accuracy 

begins to be affected by the limitations of sensor sensitivity and the resolution of the 

data acquisition system. The ratio between the secondary current generated by the 

sensor and the primary current measured by the AVO meter is in the range of 10⁻³ 

for all load variations. This ratio value is relatively consistent, indicating that the 

relationship between the primary current and secondary current is still proportional. 

y = -0,1073x + 0,5705

R² = 0,9951
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The consistency of this ratio indicates that the sensor with 1000 windings still 

operates within the linear operating range, although its sensitivity is lower than that 

of sensors with a larger number of windings. 

 

Tabel 5. Results of current measurement for each load with 1000 windings  

Load 

22 Ω 33 Ω 47 Ω 100 Ω 

SCT 

(A) 

AVO 

(A) 

SCT 

(A) 

AVO 

(A) 

SCT 

(A) 

AVO 

(A) 

SCT 

(A) 

AVO 

(A) 

1 0.000525 0.472 0.000389 0.348 0.000322 0.259 0.000134 0.135 

2 0.000492 0.471 0.000355 0.348 0.000271 0.259 0.000102 0.135 

3 0.000492 0.471 0.000355 0.348 0.000271 0.258 0.000153 0.135 

4 0.000475 0.471 0.000339 0.349 0.000271 0.259 0.000134 0.135 

5 0.000475 0.470 0.000339 0.348 0.000271 0.259 0.000102 0.135 

Average 0.000492 0.471 0.000355 0.348 0.000281 0.259 0.000125 0.135 

Percentage 

error 
4.46% 2.01% 8.49% 7.41% 

 

 
Figure 5. Current Measurement Results Using 1000 Turns 

 

The relationship between load and current is also shown in Figure 5, where the 

sensor and AVO meter measurements show a downward trend in the current 

direction as the resistance value increases. Despite the difference in absolute values, 

both curves follow a similar pattern. The obtained linear regression equation has a 

coefficient of determination of R² = 0.9837, indicating that the relationship between 

resistance and current remains linear and quite robust, although the data spread is 

greater than with higher turn configurations. Overall, the 1000-turn sensor 

configuration still represents current changes linearly and consistently. However, 

the increased error rate at very small currents indicates that this configuration has 

limited sensitivity for measuring very low leakage currents. Therefore, a 1000-turn 

sensor is more suitable for use in the mid-range current range on the milliampere 

y = -0,1175x + 0,607
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scale, while measuring very small leakage currents requires a larger number of turns 

to achieve better accuracy 

Sensor with 500 turns 

The results of current measurements using a sensor with a 500-turn 

configuration on various resistive load variations are presented in Tabel 6. The data 

show that the current values obtained from the sensor are below the measurement 

results using an AVO meter for all test conditions. This difference reflects the basic 

nature of current transformers, where the secondary current is the result of a 

transformation of the primary current on a smaller scale. 

 

Tabel 6. Results of current measurement for each load with 1000 windings  

Load 

22 Ω 33 Ω 47 Ω 100 Ω 

SCT 

(A) 

AVO 

(A) 

SCT 

(A) 

AVO 

(A) 

SCT 

(A) 

AVO 

(A) 

SCT 

(A) 

AVO 

(A) 

1 0.000412 0.472 0.000299 0.348 0.000262 0.259 0.000112 0.135 

2 0.000412 0.471 0.000337 0.348 0.000262 0.259 0.000112 0.135 

3 0.000487 0.471 0.000412 0.348 0.000225 0.258 0.000225 0.135 

4 0.000524 0.471 0.000374 0.349 0.000262 0.259 0.000149 0.135 

5 0.000449 0.470 0.000337 0.348 0.000225 0.259 0.000149 0.135 

Average 0.000457 0.471 0.000352 0.348 0.000247 0.259 0.000149 0.135 

Percentage 

error 
2.97% 1.15% 4.63% 10% 

 

Increasing the resistance value from 22 Ω to 100 Ω causes a decrease in the 

current flowing in the circuit, both in the AVO meter measurement results and in 

the current value produced by the sensor. This pattern indicates that the sensor is 

still able to follow current changes according to the electrical behavior of the system. 

However, the percentage error varies with each load condition. The highest error 

was recorded at a 100 Ω load, which was 10%, while the lowest error occurred at a 

33 Ω load with a value of around 1.15%. The increase in error at large loads indicates 

that when the measured current is at a very low level, the sensor's sensitivity 

limitations with a relatively small number of turns begin to affect the accuracy of the 

measurement results. The ratio between the secondary current produced by the 

sensor and the primary current measured using the AVO meter is in the range of 

10⁻³ for all load variations. Although the number of turns is lower than other 

configurations, this ratio still shows good consistency. This indicates that the sensor 

with 500 turns still operates in a linear condition, where the relationship between the 

primary current and secondary current remains proportional. 

The linear relationship between resistance and current is also evident in Figure 

6, which shows that the sensor and AVO meter measurements follow a similar 

pattern of decreasing current as resistance increases. The closeness of the two curves 
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indicates that the sensor is capable of representing the current change trend well. 

The obtained linear regression equation has a coefficient of determination of R² = 

0.9997, indicating a strong and consistent relationship between resistance and 

current, although the absolute error rate increases at very low currents. Overall, the 

sensor configuration with 500 turns demonstrates excellent linearity, but its 

sensitivity is relatively lower than that of sensors with a larger number of turns. This 

leads to increased measurement error at very low currents. Therefore, a sensor with 

500 turns is more suitable for applications measuring relatively large currents in the 

milliampere scale, while measuring very low leakage currents requires a higher 

number of turns for optimal accuracy. 

 

 
Figure 6. Current Measurement Results Using 500 Turns 

 

3.4 Sensor Measurement Validation through Magnetic Field and Core 

Permeability Analysis 

Sensor with 2000 turns 

The results of magnetic field measurements on a sensor with a 2000-coil 

configuration for various load variations are shown in Tabel 7. The data show that 

the magnetic induction value decreases gradually as the load value increases. This 

decrease is directly related to the reduction in current flowing in the circuit, so that 

the electromagnetic energy generated by the coils also decreases. 

As the load value increases, the current flowing in the primary conductor 

becomes smaller, which results in a decrease in the magnetic flux change in the 

sensor core. This condition is reflected in the decrease in the induced voltage 

measured in the secondary winding. For example, at a 22 Ω load, a current of 

0.000463 A was recorded with an induced voltage of 0.055 V, while at a 100 Ω load 

the current decreased to 0.000147 A with an induced voltage of only 0.017 V. This 

pattern indicates that the sensor's magnetic field response is greatly influenced by 

the magnitude of the flowing current, in accordance with the principle of 

y = -0,1029x + 0,5585
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electromagnetic induction. The relative permeability values of the sensor core 

obtained ranged from 97.6 to 98 for all load variations. This narrow range of values 

indicates that the magnetic properties of the core are relatively stable and do not 

experience significant changes even though the flowing current varies. The stability 

of the μᵣ value indicates that the ferrite core still works in the linear magnetization 

region, so that the relationship between current, magnetic flux, and magnetic field is 

maintained. The relationship between the measured current, induced voltage, and 

magnetic field confirms that the sensor operates according to Faraday's Law. The 

greater the current flowing, which generally occurs with smaller loads, the greater 

the change in magnetic flux within the core, resulting in higher induced voltage and 

magnetic field. These findings indicate that the sensor configuration with 2000 

windings has good sensitivity to current changes, especially in the low current 

range. 

 

Tabel 7. Results of magnetic field measurements for each load with 2000 turns 

No. Load (Ω) 
Volt 

(V) 

Winding 

Resistance 

(Ω) 

Radius / 

r (m) 

Ampere 

(A) 

Field 

Strength 

(T) 

μr 

1. 22 0.055 118 0.0125 0.000463 0.000742 97.8 

2. 33 0.041 118 0.0125 0.000345 0.000541 98 

3. 47 0.029 118 0.0125 0.000242 0.000379 97.6 

4. 100 0.017 118 0.0125 0.000147 0.000231 97.7 

 

 
Figure 7. Magnetic Field Measurement Results Using a Gauss Meter Using 2000 

Windings 

 

The magnetic field measurement results using a Gauss meter are shown in 

Figure 7, where the measured magnetic field value outside the core is 0.16 mT or 

0.00016 T. This value is smaller than the theoretical calculation of 0.000742 T. This 

difference indicates that only about 22% of the theoretical magnetic flux is detected 

by the Gauss meter. This can be explained by the measurement characteristics of the 

Gauss meter, which only captures the magnetic field around the outer surface of the 

core, while most of the magnetic flux is concentrated and enclosed within the core's 
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magnetic paths. Therefore, the difference between the experimental measurement 

results and the theoretical calculations does not indicate a model inconsistency, but 

rather reflects the limitations of the external magnetic field measurement method. 

Overall, these results confirm that the 2000-winding sensor has stable, linear 

magnetic field characteristics that align with electromagnetic induction theory, thus 

supporting its suitability for leakage current measurement applications in lightning 

arrester systems. However, since the sensor operation relies primarily on magnetic 

flux confined within the core rather than the external leakage field measured by the 

Gauss meter, this discrepancy does not significantly influence the accuracy of 

current measurement or overall sensor performance. 

Sensor with 1800 turns 

The results of magnetic field measurements on a sensor with an 1800-turn 

configuration for various load variations are shown in Tabel 8. The data show a 

consistent trend, where increasing current flowing through the circuit is 

accompanied by increasing induced voltage and magnetic field strength generated 

by the coils. This condition reflects a direct relationship between electric current and 

magnetic flux formation in the sensor core. 

As the load value increases, the current flowing in the primary conductor 

decreases, resulting in a smaller change in magnetic flux within the core. This 

decrease is reflected in a decrease in induced voltage and magnetic field strength. 

As an illustration, at a 33 Ω load, a current of 0.000340 A was recorded with an 

induced voltage of 0.036 V, while at a 100 Ω load, the current decreased to 0.000154 

A with an induced voltage of only 0.016 V. This pattern indicates that the sensor's 

magnetic field response is sensitive to current variations, especially in the low 

current range. The relative permeability values of the sensor core ranged from 96 to 

98 for all load variations. This relatively narrow range of values indicates that the 

core's magnetic properties tend to be stable and do not experience significant 

changes even when the flowing current varies. This indicates that the ferrite core still 

operates in the linear magnetization region, thus maintaining the relationship 

between current, magnetic flux, and magnetic field. 

The measured induced voltage was below 0.05 V under all test conditions. This 

value confirms that the sensor's output signal is at a relatively low level, requiring 

amplification before further processing by the microcontroller-based data 

acquisition system. With signal amplification, small changes in leakage current can 

still be accurately detected without losing important information. The agreement 

between the measurement results and the sensor's operating principle is 

strengthened by the application of Faraday's Law, which states that the magnitude 

of the induced voltage depends on the rate of change of magnetic flux. The data in 

Table 8 shows that a smaller load produces a larger current, resulting in an increase 
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in the change in magnetic flux and the resulting induced voltage. This confirms that 

the 1800-turn sensor operates in accordance with the theory of electromagnetic 

induction. 

 

Tabel 8. Results of magnetic field measurements for each load with 1800 turns 

No. 
Load 

(Ω) 

Volt 

(V) 

Winding 

Resistance 

(Ω) 

Radius / 

r (m) 

Ampere 

(A) 

Field 

Strength 

(T) 

μr 

1. 22 Ω 0.048 106.2 0.0125 0.000448 0.000708 98 

2. 33 Ω 0.036 106.2 0.0125 0.000340 0.000531 97.7 

3. 47 Ω 0.029 106.2 0.0125 0.000275 0.000428 97.2 

4. 100 Ω 0.016 106.2 0.0125 0.000154 0.000234 96 

 

The results of magnetic field measurements using a Gauss meter are shown in 

Figure 8. The measured magnetic field value outside the core is 0.13 mT or 0.00013 

T, smaller than the theoretical value of 0.000708 T. This comparison shows that only 

about 18.4% of the magnetic flux is detected by the Gauss meter, while most of the 

flux remains focused inside the magnetic core. This difference does not indicate a 

calculation discrepancy, but rather reflects the limitations of the external magnetic 

field measurement method, because the Gauss meter only captures the field that 

leaks out of the core, while the main flux remains enclosed within the core's magnetic 

path. Overall, these results indicate that the sensor with 1800 turns has stable 

magnetic field characteristics and is responsive to current changes. The combination 

of relatively high sensitivity and stable core magnetic properties makes this 

configuration suitable for use in leakage current measurements, especially in the low 

to medium current ranges commonly found in lightning arrester applications. 

Sensor with 1000 turns 

The results of magnetic field measurements on a sensor with a 1000-turn 

configuration for various load variations are shown in Tabel 9. The data show a 

consistent trend, where a decrease in load value is followed by an increase in current 

flow and an increase in the magnetic field strength generated in the sensor core. This 

relationship reflects the basic characteristics of a solenoid, where the magnetic field 

magnitude is directly proportional to the current flowing in the coils. 

When the load is reduced, the current flowing through the circuit increases, 

resulting in a greater change in magnetic flux within the core. This directly impacts 

the increase in induced voltage and magnetic field strength. For example, at a 33 Ω 

load, a current of 0.000365 A was recorded with an induced voltage of 0.022 V, while 

at a 100 Ω load, the current decreased to 0.000125 A with a very low voltage. This 

pattern indicates that the sensor is quite responsive to current changes, despite 
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operating over a relatively low current range. The relative permeability value of the 

sensor core ranges from 93 to 98. This range indicates that the magnetic properties 

of the ferrite core remain stable despite variations in current and load. The stability 

of the μᵣ value indicates that the sensor core is still operating in the linear 

magnetization region and has not yet reached saturation. This condition is crucial 

for maintaining a linear relationship between current, magnetic flux, and the 

resulting magnetic field. 

 

 
Figure 8. Results of Magnetic Field Measurements Using a Gauss Meter Using 1800 

Turns 

 

Tabel 9. Results of magnetic field measurements for each load with 1800 turns 

No. Load (Ω) 
Volt 

(V) 

Winding 

Resistance 

(Ω) 

Radius / 

r (m) 

Ampere 

(A) 

Field 

Strength 

(T) 

μr 

1. 22 0.029 59 0.0125 0.000492 0.000769 97.6 

2. 33 0.022 59 0.0125 0.000365 0.000573 98 

3. 47 0.017 59 0.0125 0.000281 0.000441 98 

4. 100 0.000 59 0.0125 0.000125 0.000186 93 

 

The relationship between current, magnetic flux change, and induced voltage 

in a sensor with 1000 turns aligns with Faraday's Law. The greater the current 

flowing, which generally occurs at smaller loads, the greater the rate of change of 

magnetic flux in the core, so that the resulting induced voltage becomes higher. 

Thus, these measurement results confirm that the sensor works according to the 

principle of electromagnetic induction which is the basis of its design. The results of 

magnetic field measurements using a Gauss meter are shown in Figure 9, where the 

magnetic field detected outside the core is 0.17 mT or 0.00017 T. This value is smaller 

than the theoretical calculation result of 0.000769 T. This difference indicates that 

only about 22% of the theoretical magnetic flux is measured externally. This can be 

explained by the characteristics of the Gauss meter which is only able to detect 
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magnetic fields that leak out of the core, while most of the flux remains focused 

within the magnetic path of the sensor core. 

 

 
Figure 9. Results of magnetic field measurements using a gauss meter using 1000 

turns 

 

Thus, the difference between the measured results and the theoretical values 

does not indicate a model inconsistency, but rather reflects the limitations of the 

method of measuring magnetic fields directly outside the core. Overall, the sensor 

with 1000 turns shows quite stable and responsive magnetic field characteristics, 

although its sensitivity is lower than the configuration with a larger number of turns. 

This places the sensor with 1000 turns as a configuration that is still suitable for 

leakage current measurements, especially in the low to medium current range, with 

a compromise between sensitivity and stability of magnetic characteristics. 

Sensor with 500 turns 

The results of magnetic field measurements on a sensor with a 500-coil 

configuration for various load variations are shown in Tabel 10. The data show a 

consistent trend, namely that increasing load values are followed by a decrease in 

current flow and a decrease in the magnetic field strength formed in the sensor core. 

This pattern reflects a direct relationship between electric current and magnetic field 

formation in the solenoid. 

At smaller loads, the current flowing is relatively larger so that the change in 

magnetic flux in the core becomes more significant. This condition results in a higher 

induced voltage and magnetic field strength. Conversely, when the load is increased 

to 100 Ω, the current decreases significantly and has an impact on weakening the 

magnetic field formed. For example, at a 33 Ω load, a current of 0.000352 A was 

recorded with an induced voltage of 0.009 V, while at a 100 Ω load the current 

dropped to 0.000149 A with an induced voltage of only 0.004 V. This behavior 

indicates that the sensor's magnetic field response is greatly influenced by the 

magnitude of the flowing current. The relative permeability value of the sensor core 

is in the range of 88.4 to 88.7 for all load variations. This narrow range of values 

indicates that the magnetic properties of the core remain stable even though the 
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current and magnetic field generated change. Compared to sensor configurations 

with a larger number of turns, the μᵣ value in the 500-turn sensor tends to be lower. 

This indicates that the core's ability to concentrate magnetic flux decreases as the 

number of turns decreases, resulting in a relatively smaller magnetic field at the 

same current level. The relationship between current, magnetic flux, and induced 

voltage in this sensor still follows Faraday's Law. The greater the current flow, the 

smaller the load. The greater the change in magnetic flux within the core, the greater 

the resulting induced voltage. Therefore, although the sensor's sensitivity is lower 

than in configurations with a higher number of turns, the electromagnetic induction 

mechanism remains consistent. 

 

Tabel 10. Results of magnetic field measurements for each load with 1800 turns 

No. Load (Ω) 
Volt 

(V) 

Winding 

Resistance 

(Ω) 

Radius / 

r (m) 

Ampere 

(A) 

Field 

Strength 

(T) 

μr 

1. 22 0.012 26.7 0.0125 0.000457 0.000647 88.5 

2. 33 0.009 26.7 0.0125 0.000352 0.000499 88.7 

3. 47 0.006 26.7 0.0125 0.000247 0.000350 88.4 

4. 100 0.004 26.7 0.0125 0.000149 0.000212 88.6 

 

 
Figure 10. Magnetic Field Measurement Results Using a Gauss Meter Using 

500 Turns 

 

The magnetic field measurement results using a Gauss meter are Figure 10 

shows the magnetic field measurement results using a Gauss meter, with a measured 

external magnetic field of 0.12 mT or 0.00012 T. This value is smaller than the 

theoretical calculation of 0.000647 T. This comparison indicates that only 

approximately 19% of the theoretical magnetic flux is detected outside the core. This 

difference does not indicate a model inconsistency, but rather reflects the fact that 

most of the magnetic flux remains focused within the core's magnetic path, while the 

Gauss meter only captures the magnetic field leaking into the surrounding 

environment. Overall, the 500-turn sensor exhibits stable magnetic field 

characteristics but has lower sensitivity than the larger-turn configuration. This 
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limits its ability to measure very small currents, but is still adequate for applications 

involving relatively large leakage currents. Therefore, the 500-turn configuration is 

more suitable for certain measurement ranges, while very low leakage current 

measurements require a higher turn count to achieve a stronger and more accurate 

magnetic field response. 

 
4. Conclusion 

The study shows that the developed current transformer-based sensor reliably 

measures leakage current at the milliampere scale after proper calibration. Adjusting 

the number of turns is essential for accurate conversion between primary and 

secondary currents and for maintaining safe operation. Performance testing with an 

AVO meter confirmed high accuracy, with a maximum error of 1.5%. Integrating the 

sensor, signal conditioning circuit, and microcontroller produced a stable, linear 

data acquisition system that consistently tracks current changes across various loads. 

Increasing the number of turns improves sensitivity to small leakage currents, while 

fewer turns reduce sensitivity but maintain linearity. Magnetic field analysis and 

core permeability validation confirmed that the sensor operates within the linear 

magnetization region and follows electromagnetic induction principles. Overall, the 

sensor system is well-suited for monitoring leakage current in lightning arresters, 

particularly for continuous, real-time condition monitoring. The number of turns can 

be adjusted to match the required current range. However, deploying the sensor in 

substations may present challenges, including electromagnetic interference, 

environmental exposure, and maintaining long-term stability amid changing 

temperatures and humidity. Further field testing and system optimization are 

recommended to ensure reliable long-term performance. 
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