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Abstract: Rogowski coils (RCs) are widely used to measure power or high fre-
quency currents based on their design. In this paper, two types of RCs that are
circular (traditional) and cylindrical shapes wound using wire covered by varnish
are constructed. This construction is carried out to be suitable for monitoring the
discharge current of the surge arrester installed in the distribution system. Con-
cerning high frequency RC modeling for both types considering transfer function
is introduced. Self-integrating for both types is attained. Therefore, the experi-
mental tests using function generator for both coils are carried out to identify
the parameters of the transfer function representing the introduced model. The
measured signals for current and induced voltages are denoised for the parameter
identification process. The denoised process is achieved using the MATLAB code
‘wdenoise’ while the parameters are estimated using the system identification
toolbox. Verification of the proposed model is achieved using experimental results
for the two coils. The sensitivity of the two coils is investigated based on the
induced output voltage. The application concerning the two coils for monitoring
the discharge current of the surge arrester is done. The results confirm the accu-
racy of the introduced RC model, as well as the performance of the cylindrical
shape, is better than the traditional one. The simulation is carried out using
MATLAB and ATPDraw programs.

Keywords: Rogowski coil; surge arrester discharge current; frequency response;
parameters dentification; denoised signal

1 Introduction

The distribution system is subjected to lightning strokes leading to catastrophic failures due to the huge
faults resulting from lightning. These lightning strokes can be direct or induced based on their location. For
the distribution system rounded by high objects, the direct stroke rarely hits it and vice versa. Many studies
are investigating the lightning-overvoltages and performance of distribution systems, the most recent studies
are declared in [1–6].

Surge arresters are commonly used to protect the distribution systems from lightning overvoltages by
discharging lightning strokes. However, they can be burned out due to excess discharge energy behind
their capabilities, especially under direct lightning strokes [7,8]. Therefore, monitoring the surge arrester
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discharge current is essential for estimating the discharge energy and protecting it from burning out. Studying
such performance needs accurate modeling for distribution systems as well as protecting devices and current
monitoring devices such as Rogowski coil. All components of the distribution system have to be modeled in
high frequency to be suitable for transient studies.

There are many published surge arrester models. Among these models, there is Pinceti et al. model
[9,10]. It is an accurate and simple model. Also, its parameters are only represented based on the
electrical data taken from the datasheet. The studies considering this model achieve a good result matched
well with the corresponding datasheet of medium voltage and low voltage surge arrester as in [7,11].

Rogowski coil has many advantages such as simplicity of construction, use, and modeling as well as the
capability for measuring currents in a very wide range of amplitudes and bandwidths. Therefore, the
Rogowski coil is widely used in many applications such as monitoring partial discharges [12–14],
transient currents [7,15–18] as well as power frequency currents [19]. For modeling Rogowski coil, there
are two main models, lumped and distributed, which are suitable for high frequency measurements [20].
There are two modes of Rogowski coil, the current mode where the induced voltage is proportional to the
current (Self-integrating Coil) and the differential mode where the induced voltage is proportional to the
derivative of the current (Differentiating Coil) [21–23]. The advantage of the self-integrating coils is that
no external circuit is needed for integration to get the required measured current. Accordingly, it is
appropriate for the applications of monitoring the arrester discharge current as considered in this study.

One of the applications of Rogowski coil is recently surge arrester discharge current monitoring as report
in [7]. However, the integration Rogowski coil is utilized for this application. Also, there was no design
introduced for this application directly. This ensures the importance of this study to continue to the
research related to the application of self-integrating Rogowski coil for monitoring the arrester discharge
current efficiently and simply.

In this paper, two types of RCs circular and cylindrical shapes are constructed. The model of each coil is
experimentally proposed as a black box represented by the transfer function for the coils to be self-integrated.
Therefore, the experimental tests are carried out using a function generator to generate square pulses for the
input current. Then, the order and parameters of the introduced transfer function for each coil are estimated
using the system identification toolbox in MATLAB software. Also, the experimental signals for current and
induced voltages are denoised using MATLAB software. The accuracy of the proposed model is
experimentally verified where the coils are simulated using TACS in ATPDraw. Finally, the proposed
model is used to monitor the discharge current of a medium voltage surge arrester in the distribution network.

The contribution of the paper can be summarized as:

1. Two configurations of the Rogowski coil, circular and cylindrical shapes are constructed.

2. Experimental work to estimate the performance of Rogowski coils (RCs) is carried out using function
generator.

3. Black box transfer function models using system identification based on the experimental
performance are proposed.

4. The proposed Rogowski coil models are experimentally validated for the two configurations using
time and frequency domains.

5. Simulation verification of the proposed model to monitor the discharge current of the surge arrester is
accomplished using time and frequency domains.

440 CSSE, 2022, vol.42, no.2



2 Self-Integrated Rogowski Coil View

The Rogowski coils can be designed for attaining different output considerations that are either
differentiating or integrating Rogowski coil [24]. The difference between them is formulated concerning
the relationship between the current flowing in the coil windings (Ic) and the magnetic flux linking the
coil windings (ϕ) due to the current threading the coil (I). For the differentiating Rogowski coils, the coil
current Ic is proportional to the flux derivative dϕ/dt. This can be achieved when the Rogowski coil time
constant L/R (where L is coil self-inductance and R is the total coil circuit resistance including the self-
resistance and terminal resistance) is very short comparing with pulse width. However, the integrating
Rogowski coil current Ic is proportional to the flux linking the coil windings ϕ. This occurs when the coil
time constant L/R is greater than the pulse width [24]. This integrating coil is called self-integrating
Rogowski coil, and it is appropriate for monitoring the high currents such as the dynamic surge arrester
discharge currents under overvoltages of the lightning strokes in the distribution networks. For this
application in the distribution networks, the physical advantages of self-integrating Rogowski coils have
been exploited comparing with the differentiation Rogowski coil. These advantages are such as
independent frequency response, less cable attenuation of the coil measured signals, etc. A further benefit
of utilizing a self-integrating Rogowski coil is that no further integrating circuit or integrating signal
processing. The response of the self-integrated coil to step input signal is analytically reported in [23,24].

3 Experimental Results and Verification

3.1 Experimental Work

Experimental configuration for measuring induced voltage due to the current carried by the conductor is
shown in Fig. 1. For achieving a self-integrated coil, the applied current has the form of square pulses
[23,24]. These pulses are generated using a function generator and the measurements are recorded using a
four-channel digital storage oscilloscope as shown in Fig. 1. Although the desired application in this
study is to monitor the high discharge currents of the surge arresters, the utilized function generator
producing low currents is utilized. Toward modeling the Rogowski coil for self-integrating applications,
the input current is experimentally implemented as a square waveform. The function generator is used to
generate square wave voltage applied on a resistor to produce square wave currents passing through two
Rogowski coils.

Two shapes of the Rogowski coil are constructed and fabricated concerning the air core point of view.
The first coil is circular and has 30 turns, 155 mm outer diameter, 131 mm inner diameter, and 0.85 mm wire
diameter as depicted in Fig. 2a. This first coil has a return passing through the center of the core to serve as a

Figure 1: Experimental setup
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return loop to reduce the external induces. This coil design becomes a flexible open-end design, ready for
fitting around a power line or the conductor carrying the arrester discharge currents. Similarly, the second
coil is designed, however with a different configuration toward attaining higher sensitivity. As depicted in
Fig. 2b, it is a cylindrical shape with a higher number of turns of 36 (18 turns forward winding and
18 turns backward winding), an inner diameter of 56 mm, and an outer diameter of 60 mm.

Fig. 3 shows the experimental measurements of tests applied to measure the input current threading the
coils and the output voltages of the two coils under study. Fig. 3a includes the input square wave current with
amplitude around ± 0.025 A and 200.76 kHz. This square waveform was selected as the change of the
applied current from negative to positive and vice versa being a high rate of change of the current and
therefore includes a wide range of frequency contents that are injected to the RC. Correspondingly,
Figs. 3b and 3c show the Rogowski coils outputs that are sinusoidal decaying and reappeared every
square wave input change repetition. Such induced voltage waveform (sinusoidal decaying) was referred
to using an analytical model and reported in [23].

Figure 2: Rogowski coils constructed under this study (a) Circular coil (RC1), (b) Cylindrical coil (RC2)

(a) (b)

(c)

Figure 3: Experimental measurements. (a) Input signal, (b) Circular Rogowski coil (RC1), (c) Cylindrical
Rogowski coil (RC2)
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The subfigures presented in Fig. 3 show the experimental measurements and their corresponding
denoising signals. The denoising process is accomplished using the MATLAB code ‘wdenoise’ that is
Wavelet signal denoising based on empirical Bayesian method with a Cauchy prior and the mother
wavelet ‘sym4’ for the time and frequency domain analyses. These denoised measurements are used for
the model parameter estimations.

3.2 Rogowski Coil Modeling

System identification toolbox in MATLAB software [25] is a powerful tool to investigate the best
mathematical model for describing the system. It depends on applying data analysis to the experimental
measurements for input-output of the system under study that is the Rogowski coil. Two Rogowski coils
are designed to be suitable for high frequencies measurements, where their mode is the current mode.

Experimental tests are carried out for both coils, circular and cylindrical with the same input current in
the form of square pulses generated using a function generator as described above and shown in Fig. 3a.
Based on the induced voltage output for each coil as shown in Figs. 3b and 3c, the transfer function is
investigated using system identification in MATLAB software for denoised measured signals. The
Rogowski coils can be modeled as a black box by using a transfer function approach relating between
output the V(s) and input I(s) of the coils. Using the system identification toolbox in MATLAB software,
the transfer function representing the coils models are identified and verified with the output induced
voltage. For circular Rogowski coil RC1, the transfer function model is:

VðsÞ ¼ 1:337e7s2 � 7:198e15sþ 6:752e20
s3 þ 9:766e7s2 þ 3:003e15sþ 2:118e23

IðsÞ (1)

For the cylindrical Rogowski coil RC2, the transfer function model is:

VðsÞ ¼ 1:084e7s2 � 1:283e16s� 1:831e21
s3 þ 1:045e8s2 þ 2:1e15sþ 1:656e23

IðsÞ (2)

Based on the above two functions, the two Rogowski coils under study are modeled under the condition
that the transfer function parameters are determined to attain the minimum error between the measured
induced voltage and the voltage based on the modeled transfer function for the same input. The
advantages of the proposed modeling for the Rogowski coils for arrester discharge current monitoring are
its simplicity and accuracy to accomplish the discharge energy of the arrester by measuring its discharge
current. Then, the action for protecting the surge arrester from burning out can be done safely.

3.3 Rogowski Coil Model Verification

For time domain and frequency response verification and evaluation, the simulated Rogowski coil
performance is obtained using ATPDraw. The input signal shown in Fig. 3a is simulated using the TACS
field in ATPDraw to apply the pulses on the modeled transfer functions of the Rogowski coils under
study. Also, the transfer functions of the two coils represented by (1) and (2) are implemented using the
TACS facilities, respectively. Then, the simulated induced voltages are obtained and compared
concerning the experimental measurements (shown in Figs. 3b and 3c).

The corresponding comparison of the induced output voltages are shown in Figs. 4 and 5 in time and
frequency domains for circular and cylindrical Rogowski coils (RC1 and RC2), respectively. From the
comparison point of view, these figures declare the experimental denoised and simulated signals for the
induced voltages of the coils. The simulated induced output voltages represent the output of the transfer
function, which is simulated in TACS, ATPDraw software. The analysis to get frequency response is
carried out using Fast Fourier Transform (FFT) in MATLAB. The frequency response for each coil
declares its high frequency performance. As shown from these figures, the induced output voltages in
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time and frequency domains for experimental and simulated results are matched well. Only, at the start
instant time of induced voltage waveform, the error reaches around 16% and 13% for circular and
cylindrical types, respectively. This is due to the sharp steepness of the applied current front time as
shown in Fig. 3a. However, an insignificant error is noticed after that time. For other waveforms of
applied currents, the front time is not sharp in the form of square wave edges and sides. Therefore, the
performance of RCs always achieves an insignificant error. This ensures the accuracy of the introduced
transfer function representing RC for both types. However, this comparison is accomplished using the
same measurements utilized for the modeling process. Accordingly, the other verification is carried out
considering a different input current that is shown in Fig. 6 with approximate amplitude 0.014 A. This
figure includes the experimental, experimental denoised, and simulated current waveforms. The
corresponding induced output voltages are shown in Figs. 7 and 8 for circular and cylindrical coils
(RC1 and RC2), respectively. The comparison between experimental signals and simulated ones for both
coils declares the accuracy of the introduced transfer function representing the coils. The frequency
response shows the high frequency performance for both coils. For the same reason mentioned above,
only, at the start instant time of induced voltage waveform, the error is recorded to be around 20% and
13% for circular and cylindrical types, respectively. However, an insignificant error is noticed after that
time. Generally, the simulated induced waveform is matched very well with the experimental results.
Therefore, from the results shown in Figs. 4, 5, 7, and 8, the RC2 is expected to have more accuracy for
monitoring the surge arrester discharge current as declared in the next section.

(a) (b)

Figure 4: Induced output voltage, circular Rogowski coil (RC1). (a) Time response, (b) Frequency response

(a) (b)

Figure 5: Induced output voltage, cylindrical Rogowski coil (RC2). (a) Time response, (b) Frequency
response
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4 Monitoring Surge Arrester Discharge Current

In this section, the proposed Rogowski coil modeling is evaluated for monitoring surge arrester
discharge currents for the electric power distribution networks. One of the motivations behind this
application is that the Rogowski coil can be easily and cheaply installed with a surge arrester in the
distribution system [7]. However, the Rogowski coil utilized in [7] was differentiating type, and an
additional digital integrating process was implemented to monitor the arrester discharge current that was
utilized to calculate the dissipating energy for controlling the triacs triggering.

Fig. 9 shows the simulated distribution network, where the simulation was done using ATPDraw. The
detailed simulation of the distribution network components, such as overhead lines, transformers, etc. is
reported in [7]. This distribution network is protected against lightning-overvoltage using a medium

Figure 6: Input currents

(a) (b)

Figure 7: Induced output voltage, circular coil. (a) Time response of induced voltage, (b) Frequency
response

(a) (b)

Figure 8: Induced output voltage, cylindrical coil. (a) Time response, (b) Frequency response
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voltage (MV) surge arrester. These surge arresters are installed in main and load busbars. The direct lightning
strokes affect the distribution network shown in Fig. 9 at busbar LHT. Due to this stroke, the MV surge
arrester protects the distribution network from overvoltages by dissipating the lightning currents. The
monitoring of this discharge current is measured using the two Rogowksi coils (circular and cylindrical,
RC1 and RC2). The lightning current waveform of time parameters 10/350 μs and amplitude 10 kA is
applied at busbar LHT. The corresponding discharge current of the surge arrester installed at load busbar
L1, phase A is shown in Fig. 10. Although the utilized Rogowski coils are intently designed for non-
integrating type, there is a difference between the coil induced voltage and the actual discharge current.
This difference is compensated using gain values 300 and 90 for circular and cylindrical Rogowski coils
(RC1 and RC2), respectively. These values are extracted only one time from the first test of the coils
within the application.

Fig. 10a shows the time-domain comparison of the arrester discharge current, the current measured using
RC 1, and current measured using RC2, while Fig. 10b shows the frequency analyses comparison. From this
figure, the estimated discharge current using the proposed model for both coils is matched well with the
reference discharge current. However, the cylindrical Rogowski coil (RC2) has a better performance than
the circular coil (RC1).

Comparing the frequency response of measurements used for modeling RCs (see Figs. 4b, 5b, 7b, and
8b) and frequency content of arrester discharge current (see Figs. 10b and 11b), there is a big difference
between these two frequencies where the waveforms for modeling the RC stage includes frequencies in
MHz while the application waveforms of surge arrester consideration include kHz. The modeling stage is
accomplished considering a wide range of frequencies including the application frequency. This is to
ensure the modeling accuracy for the application under study.

Distributed
feeders of

180 km

17 km 11 km

24 km

LHT

L1

L2 Load

Load

110/11kV

11/0.4kV

Main

Figure 9: Simulated ATPDraw circuit of the distribution network [7]

(a) (b)

Figure 10: Measured surge arrester discharge current, phase A, busbar L1 by injecting 10 kA, 10/350 μs
lightning current. (a) Time response, (b) Frequency response
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More evaluation is carried out by injecting a different impulse current waveform, 8/20 μs with amplitude
10 kA to busbar LHT. Fig. 11 shows the arrester discharge current of phase A at the load busbar L1. Once
again, this figure confirms a good accuracy of cylindrical coil compared with a circular one.

5 Conclusion

High frequency model of the Rogowski coil concerning two different shapes, circular and cylindrical,
were proposed. The proposed model was based on the transfer function approach. Therefore, experimental
tests were carried out by injecting square pulses using a function generator to identify the parameters of the
corresponding transfer function representing the proposed model for the self-integrating coil. The proposed
model for both shapes had the same order, two-zero and three-pole. The model verification was
experimentally carried out in both time and frequency domains. Due to the sharpness of the applied
current front time, the maximum errors for induced voltage at the starting time were reached to 20% and
13% for circular and cylindrical coils, respectively. Considering these errors and the value of the induced
voltage, the results showed more accuracy of the cylindrical coil compared with the circular one. These
errors were insignificant for other applied currents with less sharp front time. The proposed models were
used to measure the discharge current of the surge arrester installed in the distribution network due to
injecting 10 kA, 10/350 μs, and 8/20 μs. The measured discharge currents were analyzed in both time and
frequency domains. The results for monitoring the discharge current confirmed the accuracy of the
proposed model.
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