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Abstract. In order to improve the reliability of power supply, a large number of electronic voltage and current
transformers are used in digital substations. In this paper, the mathematical model of the electronic transformer is
analyzed firstly, and its circuit model is given. According to the difference of working characteristics between voltage
transformer and current transformer, the circuit model of voltage type electronic transformer and current type
electronic transformer is given respectively. By analyzing their broadband transmission characteristics, the accuracy

of the model is verified, and their lightning analysis models are obtained.

1 Introduction

In order to improve the reliability of power supply, a
large number of electronic transformers are used instead
of traditional transformers in the digital substation, so as
to avoid the differential saturation, ferroresonance and
other risks. At the same time, it also solves the problem
of heavy equipment, inconvenient installation and
transportation under the high voltage level.

To ensure the safe and reliable operation of the
electronic transformer, it is necessary to comprehensively
and accurately grasp the characteristics of the over
voltage surge in lightning wave shows, according to the
characteristics of lightning and risk to develop the
corresponding protective measures and strategies. Now
we focus on analyzing the lightning stroke model of
electronic voltage and current transformer and its
lightning characteristics!' ).

2 Model of electronic transformer

The mathematical model of electronic transformer is
using the network analyzer and other measuring
instruments to measure the wide band voltage
transmission characteristics of the electronic transformer
equipment, broadband current transmission
characteristics and scattering parameters, and then
convert the measured data and rational approximation,
and get their rational approximation expression. On the
basis of the expression of rational approximation, the
circuit model is established, and the broadband
transmission model of the electronic transformer device
or the T equivalent circuit model are obtained. The
method of establishing wide band model of electronic
transformer is explained here. Firstly, taking voltage
transformer as an example, it explains the method of

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution

License 4.0 (http://creativecommons.org/licenses/by/4.0/).

establishing wide band mathematical model of
transformer™*.
21 Mathematical model of electronic

transformer

The broadband transmission characteristics of the
measured electronic transformer, whether it is voltage
transformer or current transformer, can be mathematically
approximated by rational fitting method. Its typical
description form is:

v
£(s) =), — S 44 1)
n=15 — 4,

Here, the pole an and the corresponding cn residue
can be real, can also be a complex conjugate; d is a real
number, N is the total number of poles.It is assumed that
there are k pairs of conjugate complex poles and N-2k
real poles in the left half plane, and K pairs of conjugate
complex poles are:

a2[7—1 = _pnz + »jpjn
a211 = _prn + Jpz’n

Here, p,>0. Then the residue corresponding to
complex conjugate poles:

n=12-,K 2

Copr = —Cpy T 'chn n=12-,K 3
Cop = —Cpp + JC,
The other N-2k real poles are:
a <0,n=2Kk+1--,N @)
The corresponding residue:
c, <0,n=2+1--,N 5)

Thus it can be obtained:
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Using the mathematical approximation expressions,
the circuit model corresponding to fln (s), 2n (s), f3n (s)
and f4n(s) can be obtained.

From equation 8, fIn(s)can be rewritten as:

1
Jin(s) =H,y, 2
s +1,s+1 (12)
Among them:
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prn m (13)
1
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The circuit diagram corresponding to equation 12 is
shown in Figure 1.
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Figure 1. Circuit model corresponding to fln (s).

In Figure 1, the calculation of the parameters of each
component can be given by the following formula:

2pl"ﬂ X 1
Cln = Kn = ﬁ 1n = C 2
n pin 1n prn (16)
Similarly, from equation 9, f2n(s)can be rewritten as:
Y, s
Jon(8)=H,,.——
X, s +Y, s+1 (17

The circuit diagram corresponding to equation 17 is
shown in Figure 2.
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Figure 2. Circuit model corresponding to f2n (s).
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From equation 10, f3n(s) and f4n(s) can be rewritten

as:
H, A (18)

The equivalent circuit model of f3n (s) and f4n(s) is
as follows:
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Figure 3. Equivalent circuit model of f3n (s) and f4n(s).
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Figure 4. Circuit model correspondlng to f(s).

By combining the Figure 1, Figure 2 and Figure 3
according to equation 7, the equivalent circuit model
corresponding to the voltage transfer function f (s) can be
obtained as shown in Figure 4, in which all the
transformers are ideal transformers.
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2.2 Circuit model of electronic voltage and
current transformer

The instrument transformer is the key transmission
channel for transmitting lightning overvoltage along
overhead lines or primary equipment to the two
equipment. There are three main types of electronic
transformer products.

The first is an electronic current and voltage
transformer for GIS. Each phase needs to install two
transformers, which are installed on both sides of the
switch fracture. Each transformer consists of two
independent groups of sensors and their corresponding
sensing modules. Each sensor consists of a capacitive
divider, a low power iron core coil and an air core coil.

The second is an open type independent installation of
electronic current and voltage transformers, which
consists of two independent groups of sensors and their
corresponding sensing modules. Each sensor consists of a
capacitive divider, a low power iron core coil and an air
core coil.

The third is the low power transformer (LPCT). The
economy and advantage of the electronic voltage and
current transformer are proportional to the voltage level.
Because of the higher voltage level transformer, its
saturation characteristics, insulation complexity, large
volume, high cost and other shortcomings are more
obvious.Therefore, it is not necessary to popularize and
apply electronic transformers blindly in each substation
voltage level. We believe that the application of
electronic transformers is unnecessary and uneconomical
for systems below 110kV voltage, especially for 10-35kV
systems, and the use of LPCT is a realistic and

economical solution.
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Figure 5. Wide band circuit model of voltage transformer.

According to the structural characteristics of
electronic voltage and current transformer and the

mathematical model of transformer, the broadband circuit
model of electronic voltage transformer and electronic
current transformer is obtained, as shown in Figure 5 and
Figure 6.
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Figure 6. Wide band circuit model of current transformer.

3 Analysis of model characteristics

Here, we give the model of voltage transformer and
current transformer based on test results, and study their
characteristics.

3.1. Voltage transformer

The scattering parameters of a 500kV capacitor voltage
transformer are measured. The model of the voltage

transformer is TYD300/ V3 -0.005H , and the rated voltage ratio
i5 S000/</3kV/0.1/\3 kv

On the basis of the measurement of scattering
parameters, the mathematical data are approximated by
rational fitting method. The approximation result has 40
poles of the left half plane. Using the proposed modeling
method, we can obtain the wide band transmission model
of the voltage transformer.

Component parameters in the model are shown in
Table 1 and Table 2, and the constant term corresponding
to the ideal transformer for 1:d=1:5.8647 * 10-2. The
voltage transmission characteristic of the wide band
transmission model of the transformer is shown in the
virtual curve in Figure 7. As shown in Figure 7, the
measured voltage transmission characteristics are in good
agreement with the voltage transmission characteristics of
the circuit model. Figure 7 shows the voltage transfer
characteristics of the voltage transformer in the lower
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frequency range. It can be seen that when the ratio
between the voltage of the low voltage side of the
transformer and the voltage of the high voltage side is
below 20kHz, the value of the amplitude frequency
characteristic of the voltage transmission is basically kept
at 0.02, which shows that the voltage ratio of the voltage
transformer in the 20kHz is kept better. This shows that
the voltage ratio of the voltage transformer is kept better
in 20kHz. When the frequency is higher than 20kHz, the
voltage transfer characteristics of the transformer are
complex, and some resonance points appear.
Table 1. Component parameters of circuit models
corresponding to conjugate complex poles.

Pole
number

1 7.66E-02 | 2.09E-01 |-2.47E-03 | -2.61E-03

Ln(mH) Cn(“F) H In H2n

2 3.93E-02 | 1.29E-01 | 1.21E-03 | 6.69E-03
3 2.70E-01 | 1.53E-02 |-3.59E-03 | 3.07E-01
4 1.48E-02 | 1.99E-01 | 2.17E-03 | 5.81E-02
5 5.33E-03 | 2.52E-01 |-3.76E-02 | 2.87E-02
6 1.22E-03 | 2.20E-02 |-5.47E-03 | 2.17E-02
7 4.85E-04 | 4.36E-03 |-6.84E-03 | 6.88E-03
8 3.42E-04 | 3.89E-03 |-6.18E-03 | 3.37E-02
9 2.02E-03 | 4.83E-04 |-2.89E-04 | -5.63E-03
10 4.99E-04 | 1.84E-03 |-7.15E-03 | 5.54E-02

11 1.47E-03 | 4.77E-04 | 6.76E-04 | 5.49E-02

12 2.39E-04 | 2.35E-03 | 8.99E-03 | 1.24E-01

13 2.10E-03 | 2.26E-04 | 1.96E-04 | -1.42E-02

14 5.96E-04 | 6.32E-04 | 2.09E-04 | -2.60E-02

15 1.35E-04 | 2.73E-03 | 1.65E-02 | 1.81E-01

16 9.82E-02 | 3.71E-06 | 2.21E-04 | -3.59E-02

17 2.08E-03 | 1.45E-04 |-3.34E-04| 1.49E-02

18 1.05E-03 | 2.85E-04 | 8.10E-04 | 2.50E-02

19 2.21E-04 | 5.41E-04 |-2.37E-03 | 4.79E-02

Table 2. Component parameter of circuit model corresponding
to real number pole.

Pole number L3n (mH) H3n
1 2.71E+02 -6.44E-03
2 1.76E-02 4.04E-03

Figure 8 shows the voltage transfer characteristics at
high frequencies, and the measured voltage transmission
characteristics at high frequencies coincide with the
voltage transmission characteristics of the circuit model.
If we want to obtain better approximation results, we can
increase the number of poles in the data fitting, but this
will lead to the increase of the order of rational
approximation expression and the number of circuit
elements.
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Figure 7. Wide frequency voltage transmission characteristics
of voltage transformer.
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Figure 8. Voltage transmission characteristics of voltage

transformer with frequency higher than 1MHz.

3.2 Current transformer

The scattering parameters of a 500kV current transformer
are measured. The model of the current transformer is
LB1-500, and the rated current ratio is 1250A/1A.

The mathematical data are approximated by the
rational fitting method, and the fitting results of 24 poles
are obtained. Using the proposed modeling method, we
can obtain the wide band transmission model of the
current transformer. Component parameters in the model
are shown in Table 3 and Table 4, and the current ratio of
ideal transformer corresponding to F4 (s) =d is 1:d =
1:0.014069.
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Table 3. Component parameters of circuit models
corresponding to conjugate complex poles.

ml:;fer Ln(mH)| Cn(uF) | Hin H2n
1 6.38E-4 | 1.59E+4 | -3.39E-4 | -2.58E-3
2 1.14E-6 | 7.43E+1 | 9.20E-3 | -7.65E-1
3 1.58E-6 | 4.98E+1 | 1.39E-1 | -8.26E+0
4 1.80E-6 | 4.26E+1 | 1.36E-1 | 1.01E+1
5 2.05E-6 | 9.97E+0 | 8.53E-4 | -3.64E-2
6 1.45E-5 | 1.17B-1 | 5.39B-1 | 2.46E-1
7 1.20E-6 | 4.00E-1 | -1.27E-2 | -1.63E-1
8 4.09E-8 | 4.83E+0 | 1.45E-3 | -1.38E-1
9 3.43E-6 | 5.67E-2 | -3.21B-1 | -5.3E-1
10 |7.53E-8 | 2.33E+0 | 3.54E-3 | -1.94E-1
11 4.08E-9 | 3.25B+1 | -4.16E-4 | 1.65E-2

Table 4. Component parameter of circuit model corresponding
to real number pole.

Pole number L3n (mH) H3n
1 1.15E+05 -3.58E-01
2 7.92E+03 -1.44E-01

The current transmission characteristics of the circuit
model are shown in the dashed line curves of Figure 9
and Figure 10, and they are consistent with the measured
data. Figure 9 shows the current transmission
characteristics of the current transformer under low
frequency. Figure 10 shows the current transmission
characteristics of the current transformer at higher
frequency. Under the 20kHz frequency, the current
transfer characteristic of the current transformer is
relatively stable, and the current ratio is 10A/5A=2.
When the frequency is more than 20kHz, the change of
current transmission characteristics of current transformer
is large, and there is a resonance point occurred near
580kHz.
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Figur 9. Wide band current transmission characteristics of
current transformer.
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Figure 10. Current transmission characteristics of current
transformer under higher frequency.

4 Conclusion

Based on the above analysis results, it can be seen that
the electronic transformer model has good accuracy in
high frequency range, but the model is complex, and it is
not easy to use. Therefore, if we only need to consider
the transformer model suitable for analyzing the lightning
overvoltage, it is only necessary to ensure the accuracy of
the model in the IMHz band. Therefore, for the voltage
transformer mentioned above, only the first 6-order
parameters need to be considered, and the current
transformer only needs to consider the 1-order model.
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