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Abstract— Rogowski coil have attracted more attention for 
measuring steady state and high transient currents in the last 
decades. The main reasons for such attention are linearity, wide 
bandwidth, safety, lightness, and low cost of Rogowski coil. In 
this paper the performance of unshielded Rogowski coil for 
protection tasks is studied through experimental investigations. 
Also, the model of unshielded Rogowski coil is presented and its 
behavior under different conditions is discussed. Moreover, the 
effects of structural parameters of the Rogowski coil on the 
model’s behavior are presented. Finally, the output responses of 
this transducer under typical current waveforms in protection 
studies are discussed. 
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I. INTRODUCTION 
Recently Rogowski coil have attracted more attention in 

measuring steady state and high transient currents. Rogowski 
coil is a toroidal winding on a non-magnetic core that is put 
around the current carrying conductor. The main difference 
between current transformer and Rogowski coil is in their core, 
where current transformer’ core is consisted of magnetic 
materials while Rogowski coil’s core must be empty for 
magnetic materials. Absence of magnetic materials inside 
Rogowski coil’s core makes interesting characteristics that are 
discussed in this paper.  

Rogowski coil has many advantages that had made it more 
popular in measuring steady state and high transient currents 
including [1]-[2]: 1) because of having non-magnetic core, 
Rogowski coil does not become saturated, therefore it is 
capable to measure wide range of currents from some ampere 
up to some kilo ampere currents; 2) size of Rogowski coil for 
measuring current in different ranges need not to be changed 
while this change is necessary for other measuring instruments; 
3) Rogowski coil is linear, therefore it is possible to calibrate 
Rogowski coil in low currents and then use it in high currents 
with high confidence; 4) there are no direct connection 
between Rogowski coil and measured setup, therefore it is safe; 
5) Rogowski coil can have a clamp shape, which makes its use 
very easy ; 6) unlike current transformers that if their 
secondary becomes opened it is dangerous, open secondary of 
Rogowski coil is not dangerous.  

Beside plenty benefits of Rogowski coil, these sensors have 
some defects that are: 1) because of absence of magnetic 
materials in the core, its output voltage is low, therefore 
Rogowski coil has limitations in measuring low magnitude 
currents. There are no limitation for measuring high currents by 
Rogowski coil; 2) in ideal situations, current carrying 
conductor must pass from center of Rogowski coil, but 
providing such situation in reality has difficulties. In [3], [4] 
and [5] the effect of deviation of current carrying conductor 
from central position only for single frequency and in [6] this 
effect only for frequencies between 50 up to 750 Hz are 
studied; 3) in ideal situations, current carrying conductor must 
be orthogonal to the plane of Rogowski coil, but providing 
such situation in reality has difficulties, as well. In [3] and [7] 
this problem is investigated only for single frequency; 4) 
passing high currents inside Rogowski coil and variation of 
environmental temperature make Rogowski coil expanded or 
contracted. In [3] and [8] this problem is studied.      

II. STUDY OF ROGOWSKI COIL PERFORMANCE 
For evaluation of Rogowski coil’s performance, a 

Rogowski coil is constructed in our laboratory. The parameters 
of constructed Rogowski coil are presented in Table I.  

In [9] a comprehensive investigation has been done on 
Rogowski coil performance. Here, due to the lack of space, the 
major conclusions obtained are presented below: 

• Experiments have shown that off-center and non-
orthogonal positions have negligible effect on low 
frequency response of Rogowski coil. Therefore, 
Rogowski coil can be easily used for converting pure 
sinusoidal currents in protection systems in low 
frequencies.  

• Frequency responses of unshielded Rogowski coil, for 
different off-center and non-orthogonal positions, 
have shown negligible difference up to the orientation 
matching frequency (OMF), after which, the 
frequency responses starts to change with respect to 
each other (OMF is the maximum frequency up to 
which these parameters have negligible contribution 
on frequency response of Rogowski coil). 
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• OMF for unshielded Rogowski coil is a little higher 
than the model matching frequency (MMF) of 
unshielded Rogowski coil (MMF is the maximum 
frequency up to which the frequency responses of a 
model has negligible difference with the one extracted 
by experiments). 

• The error due to non-orthogonal positions is lower 
than off-center positions. 

• Low terminating impedances widens the self-
integrating region of the frequency response of 
Rogowski coil, while sensitivity is decreased.  

• High terminating impedances widens the 
differentiating region of the frequency response of 
Rogowski coil, while its sensitivity is increased. 

TABLE I 
PARAMETERS OF CONSTRUCTED ROGOWSKI COIL 

values Parameters 
6.2 cm Internal Diameter (=a) 
15.4 cm External Diameter (=b) 
3.4 cm Height (=h) 

203 Number of Turns (=N) 
2.2 Ω Internal Resistor (=R) 

0.3 mm Radius of Winding Wire (=r) 
32.61 m Length of Windings Wire (= ωl ) 

 

 
Fig. 1. Equivalent circuit of unshielded Rogowski coil. 

In Fig. 1 the equivalent circuit of unshielded Rogowski coil 
is shown, where inI  is current passing through Rogowski coil, 
M  is the mutual inductance of Rogowski coil and current 
carrying conductor, coilV  is the induced voltage inside 
Rogowski coil, R  is the self-resistance of Rogowski coil, L  is 
the self-inductance of Rogowski coil, C  is the stray 
capacitance of winding and return loop, Z  is the terminating 
impedance of Rogowski coil and outV  is the output voltage of 
Rogowski coil. The accuracy of the above model is acceptable 
up to MMF, defined by:  
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where c  is velocity of light, ωl  is the length of winding wire 
and ξ  is a constant between 0.1 and 0.5. The relations between 
electrical parameters of Rogowski coil in terms of physical 
parameters are as follows: 
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where rε  is relative permittivity of the core of Rogowski coil. 
However, the transfer function of unshielded Rogowski coil 
can be given as: 
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The behavior of unshielded Rogowski coil can be classified 
into three different regions: 

A- Differentiating region: According to (6), Rogowski coils’ 
transfer function has one zero and two poles that its zero is 
located in the origin of coordinates. Therefore, Rogowski coil 
behave as a differentiator circuit until the effect of one of its 
poles appears. The poles of the above transfer function can be 
calculated as: 
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Irrespective of 1f  and 2f  being real or complex, it is 1f  
whose contribution affects the frequency response prior to the 
other pole. Therefore, 1f  is a good index to show the boundary 
frequency of differentiating region. But, since the contribution 
of a pole on phase angle starts a decade before its contribution 
on the magnitude appears, therefore 10/1f  is more appropriate 
to be considered as the boundary frequency. In this region, the 
performance of Rogowski coil can be modeled by: 
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B- Self-integrating region: For larger frequencies, Rogowski 
coil does not act as a differentiator circuit any more. In this 
situation zero and pole eliminate the effects of each other, and 
Rogowski coil’s performance can be modeled with a constant 
gain. The lower and upper boundary of this region are 110 f  and 
MMF. The interval between 10/1f  and 110 f  is a transient 
region that the phase angle of Rogowski coil changes from 90° 
to 0°. But if 1f  and 2f  become imaginary, both of them, 
simultaneously, affect Rogowski coil performance. In this 
situation, the transfer function of Rogowski coil has a peak, 
and self-integrating region is meaningless.  

C- High frequency region: For very high frequencies, 
Rogowski coil loses its inductive characteristic and takes 
capacitive characteristic. The lower boundary of this region is 
MMF. After MMF, equivalent circuit of unshielded Rogowski 
coil presented in Fig. 1 is not valid.  

The Rogowski coils to be used in protection systems should 
be designed as such that the operating point lies in 
differentiating region. In this situation, Rogowski coil’s output 
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voltage must be compensated. For this purpose analogue 
circuits or digital techniques can be used [10]. 

III. STUDY OF PHYSICAL PARAMETERS 
In this section the effect of physical parameters on 

Rogowski coil performance is investigated by applying the 
changes through the equivalent models. Understanding the 
effects of these physical parameters on Rogowski coil’s 
performance, can give some guidance in designing the coil 
with desired performances. Hence and in sequel, the frequency 
responses of the unshielded Rogowski coils up to MMF, with 
ξ  equal to 0.5 in (1), are calculated and then illustrated, while 
the physical parameters are changed one by one. As most of 
traditional protection algorithms work on frequencies below 
than 1 kHz, in the following pictures this frequency is 
highlighted with a dashed line. Some protection algorithms, 
like those are based on transient waves, work on spectrums 
higher frequency, therefore there is a dotted line showing 100 
kHz, as well. 

A. Internal diameter(parameter a)   
In Fig. 2 and Fig. 3 the effect of coil’s internal diameter on 

unshielded Rogowski coil performance for two different 
terminating impedances are shown. As shown, increasing 
internal diameter makes frequency response moves to the right. 

  
Fig. 2. Effect of coil’s internal diameter on unshielded Rogowski coil 

performance, with Z = 100 Ω. 

 
Fig. 3. Effect of coil’s internal diameter on unshielded Rogowski coil 

performance, with Z = 22000 Ω. 

B. External diameter(parameter b)   
In Fig. 4 and Fig. 5 the effect of coil’s external diameter on 

unshielded Rogowski coil performance for two different 

terminating impedances are shown. As shown, increasing 
external diameter makes frequency response moves to the left. 

 
Fig. 4. Effect of coil’s external diameter on unshielded Rogowski coil 

performance, with Z = 100 Ω. 

 
Fig. 5. Effect of coil’s external diameter on unshielded Rogowski coil 

performance, with Z = 22000 Ω. 

C. Height of the coil (parameter h) 
In Fig. 6 and Fig. 7 the effect of coil’s height on unshielded 

Rogowski coil performance for two different terminating 
impedances are shown. As shown, increasing height makes 
frequency response moves to the left. 

D. Number of turns (parameter N)   
In Fig. 8 and Fig. 9 the effect of coil’s number of turns on 

unshielded Rogowski coil performance for two different 
terminating impedances are shown. As shown, increasing 
number of turns makes frequency response moves to the left. 

 
Fig. 6.  Effect of coil’s height on unshielded Rogowski coil performance, with 

Z = 100 Ω. 



 
Fig. 7.  Effect of coil’s height on unshielded Rogowski coil performance, with 

Z = 22000 Ω. 

 
Fig. 8.  Effect of number of turns of coil on unshielded Rogowski coil 

performance, with Z = 100 Ω. 

 
Fig. 9.  Effect of number of turns of coil on unshielded Rogowski coil 

performance, with Z = 22000 Ω. 
 

IV. TIME DOMAIN SIMULATION 
For assessment of Rogowski coil’s performance under 

special electrical phenomena in power systems which are 
important in protection studies, i.e. symmetrical fault current, 
fault current with DC decay component and inrush currents, 
Rogowski coil is modeled in ATP software. In sequel, the 
behaviors of Rogowski coil are investigated. 

A. Symmetrical fault current 
In Fig. 10 Rogowski coil’s performance against passing 

symmetrical fault current is shown. As expected from (8), 
output voltage of Rogowski coil is proportional to the 
derivative of input current. 

 
Fig. 10. Rogowski coil’s performance against symmetrical fault current 

(values are normalized).  

B. Fault current with DC decay 
In Fig. 11, Rogowski coil’s performance whenever a fault 

current with DC decay component passes is shown. Rogowski 
coil has attenuated DC decay component. In Fig. 12 and Fig. 
13, Fourier transform of the input current and the output 
voltage of Rogowski coil in this condition are shown, where 
this attenuation capability can be seen.  

 
Fig. 11. Rogowski coil’s performance against fault current with DC decay 

component (values are normalized).  

 
Fig. 12. Fourier transform of the input fault current with DC decay component. 



 
Fig. 13. Fourier transform of Rogowski coil’s output voltage against fault 

current with DC decay component. 

C. Inrush Current 
In Fig. 14, Rogowski coil’s performance whenever inrush 

current passes is shown. As shown, the output voltage of 
Rogowski coil is extremely distorted. As Rogowski coil acts as 
a differentiator circuit, lower frequencies than 50 Hz are 
attenuated more than 50 Hz component. But higher frequencies 
than 50 Hz are attenuated less than 50 Hz component. 
Therefore, although Rogowski coil can suppress DC decay 
component, whenever harmonics exist in the input current, its 
output voltage becomes extremely distorted, where a kind of 
compensator is needed to be applied. In Fig. 15 and Fig. 16 
Fourier transform of input current and output voltage of 
Rogowski coil under inrush current are shown. As shown, 
second harmonics value in input current is 42.79% of 
fundamental component, but it is amplified in output voltage of 
Rogowski coil and it is reached 85.59% of fundamental 
component.  
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Fig. 14. Rogowski coil’s performance against inrush current (values are 

normalized also the input current and the Rogowski coil’s output voltage plus 
integrator have excellent matching). 

 
Fig. 15. Fourier transform of input current against inrush current. 

 
Fig. 16. Fourier transform of Rogowski coil’s output voltage against inrush 

current. 

V. COMPENSATION OF OUTPUT VOLTAGE 
As mentioned and because of inherent characteristic of 

Rogowski coil, its output voltage is distorted or at least 
different from the input current. Therefore, it is necessary to 
compensate this output voltage in order to reconstruct the input 
current. The most popular method for compensation of output 
voltage is using analogue circuits, known as integrators, whose 
result is shown in Fig, 14, as well. Another method is digital 
techniques that can be used in numerical relays without any 
need to additional hardware [10]. 

VI. CONCLUSION 
In this paper, the following results are obtained: 

• Performance of unshielded Rogowski coil can be 
classified into three different regions including 
differentiating region, self-integrating region and 
high frequency region. 

• Unshielded Rogowski coil can be modeled only in 
differentiating and self-integrating regions.  



• The Rogowski coils to be used in protection 
systems should be designed as such that the 
operating point lies in differentiating region. 

• Rogowski coil can efficiently remove DC decay 
component of fault currents. 

• Because of inherent characteristic of Rogowski 
coil, output voltage of Rogowski coil is distorted, 
therefore it is necessary to compensate this voltage 
by analogue circuits or digital techniques.  

• The most effective physical parameter (between 
internal and external diameters, height of the coil 
and number of turns) on the frequency response of 
the coil is the number of turns of the coil. 
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