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ABSTRACT 

This paper systematically analyzes the transfer characteristics of the Rogowski-coil Current Transformer and its effect 
on protective relaying through theoretical analysis, experiments and simulations. The frequency characteristics and 
transient characteristics of Rogowski transducer and Rogowski-coil Current Transformer are deeply analyzed based on 
the physical structure of the transformer. It is revealed that broad bandwidth of the transformer can improve the per-
formance of protective relaying, and the bandwidth is determined mainly by the parameters of the Rogowski transducer 
and signal processing circuits. It is also discovered that the measurement errors of transient current mainly depend on 
the abilities for the current transformer to reproduce an accurate replica of the decaying dc components, which is mainly 
decided by the decay time constant of the aperiodic component of transient current and the parameters of the integral 
unit. Finally, some measures are proposed for the performance improvement of Rogowski-coil Current Transformer to 
meet the requirements of protective relaying system in terms of structural design and testing standards. 
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1. Introduction 

The Rogowski-coil Current Transformer has attracted 
much attention and expectation as it can meet the re-
quirements of power system protective relaying for its 
excellent performances, including a good linearity for 
measurement, broad bandwidth, excellent dynamic re-
sponse and no magnetic saturation etc. [1, 2] 

Scholars have done a lot of research on the Rogowski- 
coil current transformer about its sensors [3-6], power 
supply [7], electronic circuit [8], integral method [9] and 
merging unit [10], which have effectively pushed for-
ward the Rogowski-coil current transformer to be practi-
cal. Reference [11] discussed the calculation method and 
measurement principle of distributed capacitance and its 
effects on dynamic characteristics of sensors in time do-
main and frequency domain. The integral time constant is 
the major factor affecting the response of transformer to 
the DC components of transient current [12]. In order to 
improve the performance of the transformers, PCB 
structure and T-integrator were adopted when measuring 
the transient current in power system in reference [13]. 
Simulation analysis and experiments on the frequency 
characteristics, steady-state performance and transient 

performance of PCB transformer have been done in ref-
erence [14]. These studies show that Rogowski-coil Cur-
rent Transformer has a good steady-state and dynamic 
performance for measurement in terms of structural de-
sign, but they do not point out its problems on transfer 
characteristics from the aspect of application.  

Rogowski-coil current transformer has a linear char-
acteristic, which means the superposition principle can 
be applied. Thus the transfer characteristic of Rogowski- 
coil current transformer can be quantitatively analyzed, 
which is quite different from the electromagnetic current 
transformers. The outputs of the electromagnetic current 
transformers have uncertainty due to its nonlinear mag-
netic characteristics. The testing and evaluation standards 
[15, 16] of electronic current transformer have failed to 
reflect the structural and transfer characteristics of Ro-
gowski-coil Current Transformer.  

So far the application of Rogowski-coil Current Trans- 
former is subjected to its stability and reliability. Besides 
this, the lack of research on transfer characteristics and 
the inadequate understanding of the existing problems, as 
well as the overgeneralizations of the relevant test stan-
dards, have seriously affected the maturity and extensive 
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application of this new equipment. The protective relay-
ing system has to adapt to the characteristics of electronic 
transformer in the practical application [17, 18] in this 
situation.  

From the perspective of protective relaying system ap-
plication, this paper deeply studies the frequency charac-
teristics and transient response of the Rogowski trans-
ducer and the Rogowski-coil current transformer, com-
bined with experimental testing and simulation results, 
analyzes the key factors affecting transfer characteristics 
of the transformer, and offers the proposals for Rogowski- 
coil Current Transformer to adapt to the needs of protec-
tive relaying. 

2. Transfer Characteristics of Rogowski 
Transducer 

The structure of Rogowski-coil Current Transformer can 
be divided into Rogowski transducer, analog signal 
processing unit, digital signal processing and transmis-
sion units, merging unit and power supply unit according 
to its function.  

The equivalent circuit [12] of the Rogowski transducer 
is shown in Figure 1 Rogowski transducer has a fairly 
small mutual inductance due to its air core. The Rogowski- 
coil Current Transformer dedicated to protective relaying 
works in the outside integral way, and the load resistance 
is very large. When the measured current has a low fre-
quency, and coil internal resistance and interturn capaci-
tance is tiny enough to be ignored, secondary side of the 
Rogowski transducer is close to be in open condition. At 
the moment, the output voltage is 

1( ) ( ) d /du t e t M i t    . 

2.1. Frequency Characteristic 

The transfer function for Rogowski transducer according 
to the equivalent circuit is 
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Figure 1. Equivalent circuit of Rogowski transducer. 
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Where characteristic roots are 2

1,2 1n ns       . 

When primary current is the rated current NI , the 
induction potential of Rogowski transducer is E   

NMI , therefore, the manufacturers determine the num-
ber of turns of coil  depending on the desired value 
of the mutual inductance 

N
M . And the coil induction is 

is 0L M N  . Then the main factors affecting the fre-
quency characteristics of Rogowski transducer are the 
internal resistance of the coil and distributed capacitance. 

The Bode diagram of the transfer function of Rogows-
ki transducer is shown in Figure 2. Phase error increases 
as the frequency increases. When the internal resistance 
and the distributed capacitance vary individually with 
other parameters remaining unchanged, the Bode dia-
grams of the Rogowski transducer are shown in Figures 
2(a) and (b), from which we can know the impacts of the 
internal resistance and distributed capacitance on the 
bandwidth of Rogowski transducer should not be ig-
nored. 
 

-100

-50

0

50

100

M
ag

ni
tu

de
 (

dB
)

10
0

10
2

10
4

10
6

-90

-45

0

45

90

P
ha

se
 (

de
g)

 

 

Frequency  (Hz)

R1=120

R2=60

R3=10

 
(a) characteristics when Internal resistance changes 
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(b) characteristics when distributed capacitance changes 

Figure 2. Bode diagram of Rogowski transducer. 
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To reduce the distributed capacitance can significantly 
increase the upper cutoff frequency. Changing the resis-
tance will change the damping ratio, so that the fre-
quency characteristics can be changed. When designing 
Rogowski transducer, select a suitable wire diameter and 
minimize the distributed capacitance under the promise 
of appropriately selecting the coil structure parameters, 
so as to improve the high-frequency characteristics of the 
Rogowski transducer. 

2.2. Transient Characteristics 

The Rogowski-coil Current Transformer has a good line-
arity for measurement, no saturation problem, so the 
transient response of Rogowski-coil Current Transformer 
can be analyzed using superposition principle, and the 
response of the transformer to each component of tran-
sient current can be studied respectively. In other words, 
the transient analysis of Rogowski-coil Current Trans-
former can focus on studying the effects of decaying 
aperiodic component on transformers based on frequency 
response analysis. 

When the primary current is the aperiodic component 
decaying with the time constants  ,   t

mi t I e  , 
The corresponding Laplace transform is 

( )
1

,mI
I s

s 



 

then the sensor output is given by 
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By inverse Laplace transform, time domain expression 
of sensor output is 

1 2 -t/

1 1 1
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( ) ( )s t s tmMI
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In the underdamping situation 1  , 1s  and 2s  are 
a pair of complex conjugate roots, and the decay rates of 
the first two items depend on the absolute values of the 
characteristic roots’ real parts , when in overdamping 
situation 1  , 1s  and 2s  are two negative real roots, 
the decay rates of the first two items depend on 

 2 1 n    . As the distributed capacitance of the 
sensor is very small, then n  is generally above , 

the first two items decay very quickly regardless of the 
damping, with negligible impact on the output voltage. 
For 1 2

510

2 ns s    , 2
1 2 ns s   , the output voltage 

corresponding to input decaying DC component is given 
by 
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0 0  and 0 0  are very small compared to , so 
the equation above is approximately 

-t/
1

1
( ) mu t MI e 


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Simulation shows that after 0.5 ms, the output of the 
equation (7) is exactly the same with that of equation (5), 
which illustrates the simple differential model, can de-
scribe the response of sensor to the decaying aperiodic 
component. The error of the Rogowski-coil Current 
Transformer when transforming the a periodic compo-
nent mainly depends on the following integral circuit 
whether can accurately restore the differential signal into 
decaying DC or not. 

3. The Transfer Characteristics of Rogows-
ki-coil Current Transformer 

The integral unit in the prototype discussed in this paper 
is implemented by analog circuit. The A/D conversion 
and the following link in the signal acquisition system of 
transformers can only change the signal form or its car-
rier, although in which the inevitable errors also exit, 
they does not change the signal transfer characteristic. So 
this paper only discusses the model and characteristic of 
Rogowski transducer and analog signal processing cir-
cuits. In order to react Frequency characteristics more 
realistically, leave out the low-pass filter in the signal 
processing circuit. 

3.1. Frequency Characteristic 

The overall transfer function of Rogowski-coil Current 
Transformer is: 

1 2 3( ) ( ) ( )( )H s H s H s H s           (8) 

1( )H s ( ), 2H s , 3 ( )H s is respectively the transfer 
function of Rogowski transducer, the integral amplifica-
tion and phase compensation part . 
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where 0.066RC  , 2 19.56K  . Based on the prototype 
parameters, the Bode diagram of the transformer as a 
whole is as showed in Figure 3 below it can be seen that 
the ratio error and phase error of the Rogowski-coil Cur-
rent Transformer is smaller between 10-200 Hz. The 
phase error is larger in high frequency range. 
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Figure 3. Bode diagram of Rogowski-coil Current Trans-
former. 

3.2. Transient Characteristics 
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As 1s  and 2s  are very large, 3K  is very small, the 
three corresponding items in expression (10) decay rap-
idly and so can be ignored. After simplification accord-
ing to the features of 1s , 2s  and 3K , the transformer 
output voltage 
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Thus it can be seen that the response of Rogowski-coil 
Current Transformer to the decaying a periodic compo-
nent is mainly associated with decay time constants and 
integral time constant. Equation (11) equals to the output 
results of the sensor using differential model with the 
integrator. 

As shown in Figure 4, the maximum instantaneous 
error increases as the decay time constant increases. Re-
main the dc decay time constant at 80ms, the relations 
between maximum instantaneous error current and inte-
gral time constant is as Figure 5 shows,  the error is 
smaller when the integral time constant is between 
0.05-0.1. It can be found that the maximum instantaneous 
error at least above 30% in all situations. The experiment 
and simulation analysis both indicate that it is difficult 
for the simple RC integrator to satisfy the requirements 
of protective relaying on transient characteristics of 
transformer, namely the maximum peak instantaneous of 
Electronic transformer for transient protection cannot 
exceed 10%. It is necessary to improve the performance 
of Rogowski-coil Current Transformer transferring ape-
riodic components by improving the structure of the in-
tegrator. 

RC
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Figure 4. Relationship between the maximum instantaneous 
error current and the DC decay time constant. 
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Figure 5. Relationship between the maximum instantaneous 
error current and the integral time constant. 
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4. Adaptability Analysis on Rogowski-coil 
Current Transformer to Protective  
Relaying 

The unsaturation characteristics of Rogowski-coil Cur-
rent Transformer have provided a solid foundation for its 
application in protective relaying system. But to replace 
electromagnetic current transformers not only requires 
the products have a very good maturity and stability, but 
also needs further improvement of Rogowski-coil Cur-
rent Transformer in its performance, standards, and ini-
tiative in adapting to the demands of protective relaying.  

1) The frequency characteristics of Rogowski-coil 
Current Transformer have a great effect on transient 
characteristics. So far the requirements of protective 
electronic current transformer on the accuracy of har-
monics still follows the conventional standards of elec-
tromagnetic current transformers, which only consider 
the transfer accuracy of the harmonic within the 5th har-
monic.  

This paper believes that the requirements of Rogowski- 
coil current transformer on harmonic accuracy should not 
be limited to the harmonic times that protection princi-
ples and algorithms apply and should analyse the har-
monic features of fault current or the magnetizing inrush 
current of transformer to determine the bandwidth of 
Rogowski-coil Current Transformer. To this end, the 
simulation for transformer no-load closing have been 
performed in RTDS, the magnetizing inrush current 
waveforms are shown in Figure 6. The harmonic analy-
sis results show that the harmonic ratio of 11th harmonic 
is up to 2.14%. It indicates that the harmonics accuracy 
of transformers should at least take harmonics higher 
than 10th harmonics into account. 

2) The lower-cut-off frequency of the band of Ro-
gowski-coil Current Transformer is mainly limited by the 
integral unit parameters, and the upper cutoff frequency 
is mainly confined to the resonant frequency of the sen-
sor, as shown in Figure 3. 

Generally the manufacturers do not measure the dis-
tributed capacitance of the Rogowski coil; it is recom-
mended that the resonance method should be used for 
measuring capacitance. And the specific bandwidth pa-
rameter of Rogowski-coil Current Transformer should be 
provided, which can provide reference for the selection 
of protective relaying applied.  
 

 

Figure 6. The excitation inrush current waveform from 
RTDS simulation. 

3) The transient characteristics of Rogowski-coil Cur-
rent Transformer can be quantitatively analyzed. If the 
frequency band is wide enough, the transient characteris-
tics can be described by the ability to transfer decaying 
aperiodic component. Thus the design of the integrator 
for the differential signal of Rogowski transducer is par-
ticularly crucial.  

This paper proposes that the existing test standards for 
Rogowski-coil Current Transformer can quantify the 
transfer characteristics of decaying a periodic component, 
and have no need to follow the transient standard for 
electromagnetic current transformer. 

It is recommended that the test of transient characteris-
tics can be performed by directly applying decaying dc. 
Considering the balance of the speed requirements of 
protective relaying and acceptable measurement errors, 
the transient errors should be limited to below a certain 
value (such as 5%）in 40ms after the failures occur. 

4 ）Redundant configuration is widely used in the 
design and application of Rogowski-coil Current Trans-
former, such as double A/D design in sampling unit, 
double configurations for transformers and merging units, 
two independent synchronization sources, two power 
standby and so on. Redundant configuration is an effec-
tive measure if the hardware or software of devices fail, 
and the technical difficulty lies in achieving a high de-
gree of coordination of double circuit.  

The switch between the external synchronization and 
the internal synchronization mode in a merging unit de-
vice has been tested, the test results are as shown in Fig-
ure 7 below. It can be found that when the synchroniza-
tion mode of merging unit switches, a part of the data of 
the earlier cycle were resent and resulted in the distortion 
of output. Thus, transformer design should ensure effec-
tive stand-by and seamless switch; otherwise it may 
cause the decline of the protection reliability. It is neces-
sary to analyze the most reasonable redundant configura-
tion in the design of protective relaying system. 

5. Conclusions 

Rogowski-coil Current Transformer has the characteris-
tics of a linear system, it will not saturate and have a 
 

 

Figure 7. Synchronous mode switch of Merging unit. 
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good linearity. Internal resistance and distributed capaci-
tance of the sensor has an impact on its high-frequency 
characteristics, the high-frequency characteristic of the 
overall transformer is greatly affected by electronic cir-
cuits, especially the phase compensation circuit, other 
than limited by the sensor.  

The errors of Rogowski-coil Current Transformer 
transferring the transient currents largely depend on 
whether the integrator can accurately restore the differ-
ential signal of the sensor or not. This research suggests 
that first-order RC integrator cannot meet the protective 
relaying requirements on transient characteristics of 
transformer. Following research on appropriate way of 
integration will be performed facing the protective re-
laying application.  

This paper put forward some proposals on structure 
design and testing standards of the Rogowski-coil Cur-
rent Transformer to improve transfer performance of 
transformers, so as to better adapt to application re-
quirements of protective relaying. 
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