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Calculation of Lightning and Switching Overvoltages
Transferred through Power Transformer

Bruno Jurisi¢, Tomislav Zupan, Mario Juri¢, Bozidar Filipovi¢-Gr¢i¢, Katarina Musulin

Abstract — During their lifespan all primary HV equipment in-
stalled in the power system is subjected to transients. Therefore, it is
necessary to adequately dimension and protect the equipment. Howe-
ver, in the networks with high share of renewables, power electronics,
cables or near gas insulated substation (GIS), the failure can occur
even though good practices of insulation coordination are fulfilled.

In this paper, a high-frequency power transformer model is pre-
sented. Such model is based on measurements of admittance ma-
trix and is adequate for simulation of fast front transients in EMTP
like software. Additionally, simulations of transferred lightning and
switching overvoltages are given for the observed power transformer
unit.

Keywords — fast front transients, power transformer, EMTP, me-
asurement, admittance matrix

I. INTRODUCTION

switching and lightning overvoltages. Overvoltages that are

experienced by the transformer and other HV equipment inside
substation can be estimated and calculated using advanced simu-
lations in software tools for calculating transient phenomena, for
example ElectroMagnetic Transients Program (EMTP) [1]. Such
simulations imply the use of advanced high-frequency transformer
models and frequency-dependent models of other HV equipment
in the substation.

In everyday operation, power transformers are exposed to

Advanced transformer models are necessary to simulate fast
and very fast overvoltages in the power system [2], [3]. Due to
the significant share of high frequencies in such overvoltages, re-
sonant phenomena may occur within the windings of the power
transformer, which can endanger its dielectric insultation. For this
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reason, on-line monitoring systems for measurement of overvolta-
ges can be installed and usually they are connected over measuring
tap of transformer bushing [4], [5]. The electromagnetic behaviour
of the transformer at its terminals is a function of these resonant
phenomena. Consequently, traditional transformer models, made
primarily for the nominal operating frequency (50 Hz or 60 Hz),
are not accurate enough to simulate such transient phenomena [6].

According to CIGRE research [7], the majority of power tran-
sformer failures have an unknown cause. Therefore, it is necessary
to pay particular attention when protecting such an object, because
standard transformer tests do not cover all phenomena and condi-
tions in which the transformer can be found in the network. Parti-
cularly noteworthy are resonant overvoltages, where transformer
protection with surge arresters is not effective. Examples of faults,
caused by the interaction of the transformer and electric power
network, are given in the CIGRE brochure [§].

In this paper, a high-frequency power transformer model is
presented. The second chapter describes a method for measuring
the frequency-dependent admittance matrix of the transformer.
The third chapter explains the transformer model developed in the
software tool for the calculation of transient phenomena. Verifica-
tion of the model using the measurement results in the time domain
is described in the fourth chapter. Examples for the calculations of
possible transient phenomena due to lightning strikes or switching
operations are given for the considered power transformer in the
fifth chapter. Conclusions are given in the chapter six.

II. METHOD FOR MEASURING THE FREQUENCY-DEPENDENT
ADMITTANCE MATRIX OF THE TRANSFORMER BY
MEASURING THE VOLTAGE RATIOS

Below is a procedure for measuring the admittance matrix
using the capabilities of the Vector Network Analyzer (VNA) de-
vice to measure the ratio of input and output voltage. Such a device
corresponds to the Sweep Frequency Response Analysis (SFRA)
device, which is a part of the standard measurement equipment in
every high-voltage laboratory. This kind of measurement can also
be carried out in the field, in the transformer substation.

The procedure for measuring the transformer admittance ma-
trix with the VNA device is based on the following expressions

(9] -[11]:

Vou
Hvaltage(s) = #(S‘)) (h
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where:

H_ e is ratio of measured input voltage ¥, and output voltage V', .

The circuit for measuring the admittance matrix differs for di-
agonal and off-diagonal coefficients of the matrix. Two measure-
ment circuits are shown in the figures below considering a 300
MVA YNa0d5 autotransformer as a test object, which has 10 or 11
terminals, depending on whether the tertiary winding is short- or
open-circuited.

Connection box

SFRA/VNA
o =4

Fig. 1: Circuit for measuring off-diagonal coefficients of the admittance
matrix.

Connection box

SFRA/VNA ’—‘
= -

L+ R

Fig. 2: Circuit for measuring diagonal coefficients of the admittance
matrix.

Figures 1 and 2 show the equivalent scheme of the measuring
equipment, which consists of three terminals: source, reference ter-
minal and response measurement terminal. Each of the terminals is
terminated with an impedance of 50 €, so that there are no reflec-
tions between the connected measuring cables (coaxial cable with
a characteristic impedance of 50 Q) and measuring device. The
measuring device is set to measure the voltage ratio between the
response measuring terminal and the reference terminal.

In all measurements it is necessary to maintain the grounding
of the transformer tank.

Since the measurements are made in a high-voltage labora-
tory, the connection box is used only for grounding the coaxial
cable shield. In the field, the connection box is used for easier han-
dling and reconnection during measurement. Due to the limited
possibilities and the unavailability of the bushing top, such a box
drastically reduces the duration of the measurement. Such a box
is not required for measurements in the laboratory, which reduces
the number of cables used and thus increases the accuracy of the
measurement.

In the figures above, the coaxial cables are marked in green
while their electromagnetic shields are marked in orange. Copper
strips used for the connection to the transformer cover are shown in

red. The connection between the measuring device and the connec-
tion box is made using short coaxial cables, while the connection
between the connection box and the top of the transformer bushing
is made using 18 meter long coaxial cables, which are part of the
standard SFRA equipment.

Figure 1 shows the measurement of the admittance matrix ele-
ment Y, (between the terminals 1U-1V). All transformer terminals
not involved in the measurement are short-circuited and grounded.
In this way, from the expression for the admittance matrix (2) the
following expression is obtained:

A3)
V; 1
Yi(s) = _Vj_ESS; : (Yu'(s) + E)

When measuring off-diagonal coefficients of the admittance ma-
trix, all electromagnetic shields of the coaxial cables are short-
circuited and grounded using wide copper strips at one end and a
grounded aluminium connection box at the other end.

It is evident from expression (3) that each off-diagonal coef-
ficient depends on the corresponding diagonal coefficient of the
admittance matrix. In order to obtain admittance by measuring the
voltage ratios, it is necessary to use the internal resistance of the
response measurement terminal as a shunt resistor to measure the
current. In this case, the diagonal coefficient of the admittance ma-
trix can be calculated as:

YH(S) - ( li(s) — Vnut(s) (4)

V() =V, () R (Vi) = V,,())

From figure 2 it can be seen that the measurement circuit is
grounded before the measuring device so the current that closes
through the transformer tank towards the measuring device con-
tributes to the voltage drop on the internal resistance of the response
measurement terminal. By doing this, all the sheaths of the coaxial
cables must be short-circuited and left at the floating potential, so
that the voltage drop across the internal resistance of the response
measurement terminal is not equal to 0 V.

III. TRANSFORMER MODEL IN EMTP

The transformer model was created in the software for calcu-
lation of transients EMTP, using the semi definite programming
(SDP) method for rational approximation, i.e. mathematical des-
cription of the model [12]. The frequency-dependent admittance
matrix is described by rational functions with 60 poles. To exclude
the noise from the measurements, an average filter (with a factor of
5) was used. Models have 10 terminals (1U, 1V, 1W, 2U, 2V, 2W,
2N, 3U, 3V, 3W). The results of the success of the mathematical
model using rational functions are presented in the figures below.
The deviation shown in the figures has been calculated as the am-
plitude difference between the measurement and the mathematical
description of each coefficient.

The cumulative relative error of the mathematical description
calculated using expression (5) is about 5%, which is consistent
with the literature [12].

N |YiOFR)-YijrieFi)|”
Eﬁlzﬁilzki{ﬂ% )

N2%Nj, !
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where:
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N =number of transformer terminals,

J, = frequency at which admittance matrix elements where
measured,

N, =number of frequency points,

Yij = measured transformer admittance matrix coefficient,

Y.= mathematical description of transformer admittance matrix
coefficient.

iy

Admittance [S]

Phase []

Frequency [Hz]

(b)

Fig. 3. Results of the rational approximation of the admittance matrix
measured at nominal tap position (measured curves are marked in blue,
the mathematical model in red, and the difference in green).
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Fig. 4. Measurement results of transmitted
overvoltages for configuration 1, at nominal tap
position

IV. VEriricaTioN oF THE 300 MVA TRANSFORMER MODEL

This chapter presents a comparison of the results obtained
by calculation of transients in the time domain and the results of
the measured transferred overvoltages. The calculations are per-
formed using EMTP, while the measurements are performed in the
HV laboratory to minimize the influence of the environment and
grounding as much as possible.

The measurements performed in this paper and are shown in the
table 1. Standard (1.2/50 ps) lightning impulse (LI) is applied at ter-
minal 1U in configuration 1, and at terminal 1V in configuration 2.

Transferred lightning overvoltage measurements are carried
out for different combinations of R, L and C elements connected
to the primary/secondary of the transformer, in order to verify the
transformer models in the time domain and their behaviour when
we consider a certain capacitance, inductance and resistance con-
nected to the primary/secondary of the transformer, or when it is
left open circuit (worst case for transferred overvoltages).

TaBLE 1.

MEASUREMENT CONFIGURATION FOR TRANSFERRED OVERVOLTAGES

Config-

uration U [1V |[1W |N 20 |2V |2w |3U |3V |3w
iso- |iso- |iso- |iso- [iso- |iso-

1 U IR R | grounded lated | lated |lated |lated |lated | lated

2 R [L |R |grounded R R R C C C

During the measurement, the voltages at all terminals of the
transformer are observed. In table 1, R presents the characteristic
impedance of the overhead transmission line (400 Q), while C in-
dicates the capacitance of the power cable (C = 0.47 uF).

The figures below provide comparisons of the transformer
model response and the measurement results.

The model was also verified at the nominal frequency of 50
Hz. The voltage waveforms as well as the voltage phasor display
of the model are shown in the figure below.
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Fig. 5. Measurement results of transmitted
overvoltages for configuration 2, nominal tap position
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Fig. 6. Response model at 50 Hz, for nominal tap position

Values are additionally compared in table 2.
TasLE IL

COMPARISON OF NOMINAL AND CALCULATED VOLTAGES AT 50 Hz FOR
NOMINAL TAP POSITION.

Winding Phase Nominal [kV] Model [kV] Rel. error [%)
Primary a 220 220.0 -
b 220 220.0 -
c 220 220.0 -
Secondary a 115 1116 297
b 115 111.6 2.96
c 115 111.9 273
Tertiary a 30 31.76 5.87
b 30 31.70 5.68
c 30 27.56 8.14

Increased relative error at tertiary side is caused by relatively
low signal-to-noise ratio. Additionally, tertiary winding is delta
connected and performing frequency response measurements
is relatively demanding in the considered case. Even though the
developed model is intended for high frequencies, relatively good
results are also obtained for the operating frequency of 50 Hz.

V. SIMULATIONS OF TRANSFERRED LIGHTNING AND
SwiTcHING OVERVOLTAGES

Lightning overvoltages are calculated in the case of a lightning
strike at 400 kV transmission line in the vicinity of an air-insulated
substation where a 400/110/30 kV, 300 MVA, power transformer
is installed. Detailed high-frequency models of transformer sub-
station and connected transmission lines are developed in EMTP.
Equivalent scheme of air-insulated substation considering reduced
topology for calculations of transferred lightning overvoltages

\ Surge arrester

400 kv
NETWORK
Overhad EQUIVALENT

TR, YNa0d5
400/110/30 kv
300 MVA

Surge arrester  Surge arrester

Surge arrester

U=96 kV U=330 kv U=336 kV

with indicated positions of surge arresters is shown in Fig. 7.

Fig. 7. Equivalent scheme of air-insulated substation considering reduced

topology for calculations of transferred lightning overvoltages with
indicated positions of surge arresters.

Calculations are made with previously described high-frequ-
ency model of power transformer, which is created based on the
frequency-dependent admittance matrix measurements. Tran-
sferred overvoltages are calculated at secondary and tertiary side
of power transformer. An analysis of the effectiveness of the
overvoltage protection is carried out and the resonant overvoltage
phenomena are checked. Overvoltage calculation is based on the
following conservative assumptions, according to which calcula-
ted values of lightning overvoltages should be higher than the ones
that may occur in the reality:

*  Substation operates with reduced topology — there are only
one 400 kV transmission line bay and one transformer bay
in operation. In this reduced topology, the overvoltage wave
propagates directly towards the transformer, while in full
topology it is distributed to the neighbouring 400 kV bays.
Therefore, it is expected that with all the lines connected, the
overvoltage amplitudes in the transformer bay will be lower.

*  Anextremely rare case of a 250 kA lightning strike at the sec-
ond tower of the 400 kV transmission line from the entrance
to the transformer substation is assumed, with tower ground-
ing resistance of 10 Q. In the second case, a direct 40 kA strike
to the phase conductor is simulated. This “critical” current is
obtained from electro-geometric model of the overhead line,
and it represents the highest amplitude of the lighting strike
that can hit the phase conductor directly. Lightning strikes
with higher currents cannot directly hit the phase conductors
due to the protection provided by the shield wires.

*  Atthe moment of lightning strike, a state of increased operat-
ing voltage (420 kV) is assumed, which increases the prob-
ability of a backflashover occurrence.

e Atthe moment of lightning strike to 400 kV transmission line,
110 kV and 30 kV sides of power transformer are unloaded
(open circuit breaker from 110 kV and 30 kV side). In this
case, overvoltages that are transmitted to the secondary and
tertiary transformer windings, and they are reflected on open
contacts of circuit breaker. Reflected overvoltages travel back
towards the transformer, so increased values of overvoltage
can be expected in this case. The primary, secondary and ter-
tiary sides of the transformer are protected by surge arresters
(rated voltage of the surge arresters: U=330 kV, U=96 kV,
U=38kV).

A lightning strike causes a flashover in phase C, making it the
phase in which the highest overvoltage is reached at the 400 kV
transformer winding. Surge arresters in the 400 kV transformer bay
limit the overvoltage to 836.6 kV. The calculated overvoltage wa-
veforms are shown in figures 8-12. Figure 14 shows the measure-
ment results of the magnitude and phase angle of admittance for 30
kV winding (phase B-C) as a function of frequency. The resonant
frequencies of the 30 kV windings can be observed (approxima-
tely at the frequency of 52 kHz and 1,6 MHz) which differ from
the dominant frequencies of the overvoltage oscillations (6.8 kHz),
therefore it can be concluded that there is no risk of resonant over-
voltages in 30 kV transformer windings (Fig. 13).
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Fig. 9. Flashover in phase C across the insulator string on tower struck by
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Fig. 13. Frequency spectrum of lightning overvoltage (phase B-C).

An overview of the calculation results is shown in the follow-
ing table.
TasLE III.

OVERVIEW OF THE CALCULATION RESULTS OF LIGHTNING OVERVOLTAGES

Lightning strike | Lightning strike
to the top of the to the phase
o~ tower conductor
=
= Lightning current amplitude 250 kA 40 kA
Overvoltages at the 400 kV side of the
transformer 836.6 kV 838.2kV
Transferred overvoltages on the 110 kV side of
. . ‘ . the transformer 178.7kV 154.12 kV
-400
0 40 80 120 160 200 Overvoltages on the open contact of the 110 kV circuit breaker 196.9 KV
tus) 191.6 kv :
Fig. 10. Overvoltages on the 400 kV side of the transformer (U, _ =836.6 Transferred phase overvoitages on the 30 KV 4817 KV 3215 KV
kV). . side of the transformer
Transferred line overvoltages on the 30 kV side
—mA@un == mE@vn = mE@vn of the transformer 913KV 483k
Current through surge arresters in 400 kV
overhead line bay 327 kA 138 kA
Surge arrester energy in 400 kV overhead 18.62kJ 945k
line bay ’ '
Current through surge arresters in a 400 kV
transformer bay 5.05kA 6.06 kA
Surge arrester energy in 400 kV transformer 69.9kJ 6.6kl
bay ' ’
Surge arrester energy in 110 kV transformer 965 087 kJ
bay ’ '

20 H : : : : : :
0 50 100 150 200 250 300 350 400

t (us)

Fig. 11. Transferred overvoltages on the 110 kV side of transformer
(U, =178.7kV).

Lightning overvoltage amplitudes for all elements of substa-
tion are within the permitted limits and they do not exceed the stan-
dard rated lightning impulse (1,2/50 ps) withstand voltages 1425
kV, 550 kV and 170 kV, which correspond to highest voltage for
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Fig. 14. Measurement results of a) amplitude and b) phase of the admittance of 30 kV winding (phase B-C).

equipment 400 kV 110 kV and 30 kV, respectively. Analysis of the
frequency spectrum of the overvoltage and the frequency response
of the transformer windings show that in the analysed cases there is
no possibility of resonant overvoltages in the transformer winding.
The energy stress of the surge arresters is within permitted limits. It
is recommended to select the characteristics of the surge arresters
in the line bay (U=336 kV) so that they correspond to the charac-
teristics of the arresters in the transformer bay (U=330 kV). This
would ensure better protection of equipment against overvoltages
(mainly in the line bay) and the total energy stress would be dis-
tributed more evenly between surge arresters in the line bay and
the transformer bay.

Transient phenomena during the switching of the vacuum cir-
cuit breakers in a 30 kV substation are analysed. Substation is con-
nected on one side to a 400/110/30 kV power transformer via a 40
m long 30 kV cable and on the other side with a 200 m long 30
kV cable to a neighbouring 30 kV substation. In the neighbouring
substation, there is a 30/0,4 kV distribution transformer with rated
power of 1250 kVA. A detailed model of the 30 kV vacuum circuit
breaker is developed in the EMTP for calculation of transient phe-
nomena. Equivalent scheme of substation considering switching of
vacuum circuit breaker in 30 kV network with indicated positions
of surge arresters is shown in Fig. 15.

TR, Dyn5
Vacuum circuit 30 kV cable 30 kV cable 30/0.4 kv
breaker 200 m 1.25 MVA

metallic enclosed air-
insulated buses

*— l:l 3 ‘ L |
I Surge arrester
U,=38 kV

‘ 10 m
1

35.2m
110 kv TR, YNa0d5 | Surge arrester 400 kV
NETWORK 400/110/30 kv U,=38 kV NETWORK
EQUIVALENT 300 MVA Overhad EQUIVALENT
CT VT CT VT line

—X—C é % '
Surge arrester
U,=96 kV

P

Surge arrester
U,=330 kv

Oéjﬁ:l—

Surge arrester
U=336 kV

Fig. 15. Equivalent scheme of substation considering switching of vacuum circuit breaker in 30 kV network with indicated positions of surge

arresters.

The model enables the simulation of restrikes that occur during
the switching off a vacuum circuit breaker. Surge arresters (U=38
kV) are installed on the 30 kV side of the 400/110/30 kV power

transformer and at the entrance of the cable to the 30 kV substation,
where vacuum circuit breakers and other equipment are located.
Two cases are analysed:
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e Case A): switching off 200 m long cable to the neighbouring
30 kV substation and an additional 10 m cable to 30/0,4 kV

distribution transformer that is loaded with the nominal load.

e Case B): energization of the 200 m cable to the neighbouring

Figures 16-21 show the waveforms of the calculated overvol-
tages for case A. From the results it can be concluded that there
is no risk of resonant overvoltages on the tertiary winding of the
transformer due to the switching of vacuum circuit breaker.

TABLE V.
OVERVIEW OF THE CALCULATION RESULTS — SWITCHING ON THE VACUUM
CIRCUIT BREAKER (CASE B)
Switching overvoltages at the begin- Frequency analysis of
Inl:ns]h I(i:tﬂg:gts ning and at the end ofa200 mlong | overvoltage on the trans-
P 30 kV cable former tertiary winding
HF spectrum of overvolt-
| =581.4A Beginning: U ,=28.2KV, U .=28.7 | age: dominant frequencies
mod kv, U =25.5kV; 784 kHz, 513 kHz and
hog=8463A | End:U  =46.8KV, U _,=51.5kY, | 1.145MHz; LF overvolt-
[ c=982.9A U, =46.3KV age spectrum: dominant
frequency 6 kHz

30 kV substation.
TaBLE IV.
OVERVIEW OF THE CALCULATION RESULTS — SWITCHING OFF THE VACUUM
CIRCUIT BREAKER (CASE A)
Overvoltages at the end Transient recovery | Frequency analysis
Chopping of 2200 m long 30 kV voltage on the of overvoltage on
current cable and at the distribution |  vacuum circuit the transformer
transformer breaker tertiary winding
HF spectrum of
_ overvoltage: domi-
isa | U771 85 KV =5064 | U= 03K |t requency 566
kvVU  =88.75KV UmM:SO-38 KV kHz; LF overvoltage
maxC spectrum: dominant
frequency 6.2 kHz
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Fig. 16. Transient recovery voltage on the vacuum circuit
breaker.
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Fig. 20. Line overvoltages on the HV side of the distribution
transformer.
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Fig. 21. Detailed view of the restrike on the circuit breaker
terminals at the initial moment of the transient recovery voltage
in phase A.
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Fig. 23. Switching overvoltages at the beginning and at the end of 30 kV cable
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Figures 22-27 show the waveforms of the calculated overvol-
tages and inrush currents for case B. From the results it can be con-
cluded that there is no risk of resonant overvoltages on the tertiary
winding of the transformer due to the switching of vacuum circuit
breaker.

V1. CoNCLUSION

During operation, power transformers are subjected to over-
voltages that can cause failures. Therefore, it is necessary to check
the amplitudes and the waveforms of overvoltages that can appe-
ar on the transformer terminals. For the analysis of fast transient
phenomena, detailed models of transformers and other substation
equipment (instrument transformers, surge arresters, circuit brea-
kers etc.) are necessary.

The paper describes a high-frequency model of 400/110/30
kV power transformer with a rated power of 300 MVA, based on
admittance matrix measurements. The model is verified using me-
asurement results in the time domain. A detailed substation model
is developed and an analysis of a lightning strike to a 400 kV tran-
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Fig. 27. LF overvoltage spectrum from Fig. 24: dominant frequency 6 kHz
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smission line is considered near an air-insulated substation where
the observed transformer is located. The transferred lightning over-
voltages between the transformer primary and secondary, as well
as on the tertiary winding are calculated. The paper presents an
analysis of the effectiveness of overvoltage protection using surge
arresters and a verification of resonant overvoltages on transformer
windings. The lightning overvoltage amplitudes on all elements of
the substation are within allowed limits. The overvoltage frequency
spectrum and transformer winding frequency response show that
no possibility of resonant overvoltages in the transformer windings
exists in the analysed cases. Energy stress on the surge arresters
is within allowed limits. Analysed transients include switching of
a vacuum circuit breaker in a 30 kV substation connected on one
side with a 400/110/30 kV power transformer via a 40 m long ca-
ble, and on the other with a neighbouring 30 kV substation via a
200 m long cable. From the results presented, it can be concluded
that there is no risk of resonant overvoltages occurring on the ter-
tiary winding of the transformer during the switching of a vacuum
circuit breaker.

The transformer model described in this paper is suitable
for the precise calculation of overvoltages in the grid and for the
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analysis of transferred overvoltages. This can be of particular inte-
rest in the case of a transformer which has a large transformation
ratio, such as larger transformers in power plants, if it needs to be
determined whether the low voltage side, on which e.g. a generator
can be connected, should also be protected with surge arresters.
Measurements of the frequency-dependent matrix of the power
transformer, from which the model is constructed, can be made
relatively quickly in the factory during the production of the tran-
sformer or in the field (existing transformers that are in operation).
In the case of field measurements, it is necessary to disconnect the
transformer from the network. Through detailed simulations and
modelling of all other components in the transformer station, it is
possible to check the magnitude of the overvoltage, the effective-
ness of the overvoltage protection (surge arresters) and the possi-
bility of resonance occurring at different switching and operating
conditions in the network. In this way, the occurrence of faults can
be prevented, and the model enables accurate analysis of vario-
us operating events (e.g. post-mortem fault analysis, simulation
of critical switching manipulations in the network, calculation of
overvoltages and comparison with overvoltages recorded during
operation, calculation of lightning overvoltages based on data from
the lightning detection system, etc.). Simulation model presented
in this paper could be used to check the potential for resonant over-
voltages in the substation design stage, to check if a transformer
may enter in resonance with the surrounding network (depending
on different influential parameters such as cable length, transfor-
mer characteristics, etc.). In this way, appropriate measures could
be implemented to avoid failures of HV equipment (for example
improvement of transformer design, installation of RC snubbers,
avoiding some “critical” switching operations leading to resonan-
ce, etc.).
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