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Abstract 
As a result of the adoption of new photovoltaic technology, electronic transformers have great 

advantages compared with traditional electromagnetic type, such as anti-saturated, high linearity, compact 
and lightweight etc. The working principle of sensing head of electronic current/voltage transformers is 
introduced in the paper. The causes of phase error in electronic transformer are analyzed. And a set of 
phase compensation methods based on the signal transfer principle of electronic transformer is presented. 
The phase-difference caused by Rogowski coil and time-delay in signal transferring from high voltage side 
to merging unit are analyzed, and the higher sampling rate and the method of linear interpolation is used to 
solve the problem. In the simulation test the phase error compensation effect is very good, and the 
simulation result shows that the integrated error after compensation is able to meet the requirements of the 
measurement and protection, and demonstrates the validity of the method. 
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1. Introduction 

With the continuous development of the intelligence of high-voltage equipment, the 
boundaries between the primary and secondary equipment will be gradually blurred. The 
traditional primary equipments are becoming smart devices through installation and integration 
of intelligent components [1] [2]. At the same time, with the development of the power system, 
power generation and transmission capacity is increasing continuously, the power grid voltage 
is raised, many new and more stringent requirements for current and voltage transformers are 
put forward [3]. Because of the insulation problems, inherent magnetic saturation phenomenon, 
the secondary-side open high voltage danger, the traditional electromagnetic power transformer 
has become increasingly unsuited to this development. So various new type transformers based 
on different measurement principle emerged. According to the International Electrotechnical 
Commission (IEC) standard, the new transformer is collectively referred to as electronic 
transformers. 

Electronic type voltage/current transformers, due to its miniaturization and high 
measuring precision, are regarded as the key components of intelligent equipments and caused 
extensive attention. Based on photovoltaic technology, electronic transformer has anti-
saturation and high linearity, compared with traditional transformer. It also has wide frequency 
response and doesn’t matter of the second open/short circuit. Its small size and light weight, 
especially in the ultra-high and UHV field, promotes its development [4-8]. Electronic 
transformers effectively improve the correct action rate of the protection from the basic data 
collection. Therefore, the electronic transformer has caused a wide range of research in the 
application of smart equipment and digital substation [9] [10]. 

Compared to the traditional electromagnetic transformers, the sensing mechanism and 
signal transmission for electronic transformer are both different. And the second outputs of 
electronic transformers are digital signals [11] [12]. For these reasons, the causes of error 
between the electronic transformer output signal and the true original signal and correction 
method are not the same with electromagnetic transformer. Errors can be divided into two 
aspects of the phase and amplitude. The magnitude error within effective frequency band will be 
taken into account in the design of filters and the parameters determining process of the ratio 
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in linearity and anti-saturation and the hysteresis problem is also avoided. Therefore, there is 
good steady-state performance and transient response for the current sensor. Capacitance 
partial voltage method，  which is used to measure voltage, is characterized by simple insulation 
structure, small size and fast transient response. 

 
3.1 Principle Analysis of Rogowski Coil 

The Rogowski coil is made of non-magnetic material as skeleton to constitute a hollow 
coil without magnetic saturation and hysteresis phenomenon. These features of Rogowski coil 
sensor determined its good linearity and transient characteristics. The equivalent circuit diagram 
of Rogowski coil is as shown in Figure 2. The conductor is through the Rogowski coil, and the 
current inducted in the second side is flowing through line, load, etc. which forms a closed loop. 
 

 

Figure 2. Equivalent Circuit of Rogowski coil 
 
 

In the above diagram, pi  is the primary current,  te  is the Rogowski coil output 

voltage, fL  is the leakage inductance of secondary winding, wL  is the line inductance, tR  is 

the total resistance of the secondary winding and line, aR  is the corrected resistance, cC  is the 

equivalent capacitance of cable, SU  is the voltage required correction for output, bR  is the load 

resistance, P1 and P2 are the first terminals, S1 and S2 are the secondary terminals. 
Under normal operating conditions, the output voltage of Rogowski coil is: 
 

   
0

pi t
e t N A

t



   


   (1) 

where: vacuum permeability 
7

0 4 10
Vs

Am
        

, N  is the turns density (turns/ m), A  is the 

single turn area (m2). 

The phase shift and phase error between primary current pi  and the measured voltage 

output SU  are respectively as formula (2) and formula (3). 
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2 2

2 2

( ) ( )

( ) ( )

t a

t a b

R R L

R R R L






 


  
   (3) 

 
From the above-mentioned work process analysis and formulas, it is shown that due to 

the parameters error of coil itself, the induced electromotive force output for the sampled voltage 
will have a phase error. The error lead to phase difference between the coil output voltage and 
the current difference and it is no longer strictly differential relationship, and it affects the 
linearity of the coil. Thus the Rogowski coil itself introduces a certain difference. 

The work environment for transformer is generally very complex, and Rogowski coil is 
easy to be affected by induced voltage caused by external magnetic field. Meanwhile 
temperature changes will make the skeleton and the winding thermal expansion and contraction 
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voltage of each phase will be sent out through fiber after temperature, amplitude compensation 
by acquisition unit. From the acquisition unit, the data information is processed in digital type. 
The total delay of data caused in entire conversion process include filtering delay, A/D 
conversion time, CPU processing time and data transfer time. The output signal of Rogowski 
coil and capacitive divider is needed to be restored by an integral loop. In theory, it is best to 
fully restore the output data to the original signal that is before differential process, so that the 
error will be zero, but actually it is difficult to achieve [22]. There is an acceptable error tolerance 
of resistors, capacitors and other electronic components, and temperature changes will also 
affect the parameter values of the electronic components. Therefore, the parameters changes 
are needed to be considered in the phase compensation method. 

 
 

5. Phase Correction Based on High Sampling Rate and Linear Interpolation 
The electronic circuitry of acquisition unit for electronic transformer work in a complex 

electromagnetic environment, and its maintenance is difficult. So the electronic circuit should 
have high reliability modular, and its standardized board should be easy maintenance and 
replacement. In order to make the acquisition unit simple, reliable and modular, a high sampling 
rate and linear interpolation method is adopted for different sensor heads and the acquisition 
circuit to solve the problem of phase delay. 

As shown in Figure 5, a channel signal sample sequence is selected as reference, the 
time difference of the other sampling sequences is △ △t ( t<TS). 

 

 
Figure 5. Sampled Digital Signal Sequence Transmitted in Optical Fibers 

 
 

1 0( ) sin( ( ) )i t w t t        (5) 
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0

( ) sin( ) (sin( ( ) )

sin( )) /
S

S

i t wt w t T

wt t T

 


    
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   (6) 

 

where 1i  is the actual value corresponding to reference sampling sequence signals, 2i  is the 

calculated value after interpolation. The discretization formula (5) and (6) can be written as: 
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  
 
 

 
  
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where T1 is the fundamental cycle, TS is the sampling interval, TC is the clock cycle used by 
crystal for receiver (combined unit), that is, interpolation of the smallest division, k is the 
harmonic frequency, n is the sample point sequence, m is the interpolation points, and 
m= T/TC. DFT transform of the above signals: 
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1

0 0
0

( , , ) ( , , , ) exp( 2( 1) / )
N
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

      (9) 

 

Fourier coefficients a and b, respectively: 
 

0 0

0 0

( , , ) 2 ( ( 1), , ) /

( , , ) 2 ( ( 1), , ) /

a k m real I k m N

b k m imag I k m N

 
 

 
  

                                                               (10)  

 

The amplitude and phase are as follows: 
 

2 2
0 0 0( , , ) ( , , ) ( , , )I k m a k m b k m                                                                      (11) 

1
0 0 0( , , ) tan ( ( , , ) / ( , , ))k m a k m b k m                                                                     (12) 

The errors of sampled values, amplitude and phase brought by the interpolation 
algorithm are as follows: 

 

2 0

1 0 1 0

( )% 100 (( ( , , , )

( , , , )) / ( , , , ))

i k MAX i k n m

i k n m i k n m


 

  


                                                                    (13) 

2 0( )% 100 ( ( , , ) 1)I k MAX I k m                                                                            (14) 

2 0 1 0( ) (( ( , , ) ( , , ))k MAX k m k m                                                                       (15) 

According to the communication speed of 2.5Mbps defined by IEC60044-8, if 10Bytes 
information containing 3-way alternating signals coupled with synchronous head and the CRC 
check information are sent, and the minimum idle between two frame is 35Bits, the maximum 

sampling rate can be obtained as follows: 32.5 10 / (8 10 35) 23.8kHz     

 
 

6. Simulation Analysis 
The above data are put into the equation (13), (14), (15), and then the errors after the 

compensation are calculated as shown in Table 1. 
 

Table 1. Error Analysis of Simulation Results 
Harmonic 
frequency 

Phase error after 
compensation 

(degree) 

Amplitude error after 
compensation（ ％）  

0.1-class phase error 
defined by 

IEC（ degree）  

0.1-class amplitude 
error defined by 

IEC（ ％）  
1 0.000004 0.004 - - 

2 0.00003 0.008 1 1 

3 0.0001 0.03 1 1 

4 0.003 0.05 1 1 

5 0.005 0.08 2 2 

6 0.008 0.12 2 2 

7 0.012 0.16 4 4 

8 0.02 0.2 4 4 

9 0.03 0.25 4 4 

10 0.04 0.31 8 8 

11 0.05 0.38 8 8 

12 0.07 0.45 8 8 

13 0.08 0.53 8 8 
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The sampling rate is selected as 20 kHz. If the crystal oscillator frequency of the 
receiver (MU) is 20 kHz, then 

0

50 1/ 20 400

0,1,2,...,999 0,1,2,...,399 0 ~ 2
S CT us T us N

m n  
  

  
 

 
It can be seen from Table 1, based on high sampling rate and interpolation algorithm, 

the phase error after compensation is very little, far less than the error allowed of 0.1 accuracy 
class specified in IEC60044-7 and IEC60044-8. Therefore, the integrated error after 
compensation through high sampling rate and interpolation algorithm is able to meet the 
requirements of the measurement and protection. 

 
 

7. Conclusion 
The phase error of electronic voltage/current transformer and its correction method is 

researched in the paper. The working principle of the electronic transformers is described, and 
the causes of the phase error are analyzed. Based on high sampling rate and linear 
interpolation a phase compensation method is proposed in order to solve the phase delay 
caused by different sensing heads and acquisition circuit. Then according to the standards 
developed by IEC the phase compensation algorithm simulation is carried out. And the phase 
error after compensation are obtained and analyzed. The simulation results show that the 
proposed phase compensation method has an excellent stability and the results fully meet the 
0.1 accuracy requirements specified in IEC60044-7 and IEC60044-8. So the phase 
compensation method has a high practical value for electronic transformers. 
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