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High-Frequency Model of the Power Transformer
Based on Frequency-Response Measurements

Dalibor Filipovi¢-Gr¢i¢, Bozidar Filipovi¢-Gréi¢, Member, IEEE, and Ivo Uglesi¢, Senior Member, IEEE

Abstract—In this paper, a new high-frequency black-box model
of the power transformer is presented for the calculation of
transferred lightning overvoltages. The model is based on fre-
quency-response analysis measurements and the application of
four-terminal network theory. The computational verification of
the presented model was successfully performed on a white-box
transformer model in Electromagnetic Transients Program-Re-
structured Version software. The experimental verification was
carried out on 130-kVA and 36-MVA three-phase power trans-
formers. The presented calculation and measurement results
confirm the validity of the proposed model for full and chopped
lightning impulse voltages.

Index Terms—Fast Fourier transform (FFT), four-terminal
network, frequency-response measurements, high-frequency
transformer model, transfer function, transferred lightning over-
voltages.

I. INTRODUCTION

IGHTNING overvoltages propagating along transmis-

sion lines and entering substations are transferred from
the high-voltage (HV) winding of the power transformer to
the low-voltage (LV) winding and vice-versa by inductive and
capacitive coupling. The capacitive transfer depends on the
surge capacitance and increases with the rate of rise of the
applied overvoltage. The inductive transfer of the overvoltage
depends on the flow of surge current in the HV winding and it
is less sensitive to the rate of rise of the applied voltage [1].

Transferred overvoltages can endanger winding insulation or
the insulation of equipment in a substation. Transferred light-
ning overvoltages may be particularly harmful for generator
step-up transformers which have a large voltage ratio and trans-
formers with an LV tertiary winding [2]-[4].

So far, extensive research has been performed regarding
the investigation of high-frequency transients in power trans-
formers. High-frequency transformer models for the calcula-
tion of internal overvoltages that occur inside windings are

Manuscript received October 31, 2013; revised February 09, 2014; accepted
May 24,2014. Date of publication June 18, 2014; date of current version January
21, 2015. Paper no. TPWRD-01237-2013.

D. Filipovi¢-Gréié is with the KONCAR — Electrical Engineering Institute,
Zagreb 10000, Croatia (e-mail: dfilipovic@koncar-institut.hr).

B. Filipovi¢-Gréi¢ and 1. Uglesi¢ are with the University of Zagreb, Faculty of
Electrical Engineering and Computing, Zagreb 10000, Croatia (e-mail: bozidar.
filipovic-greic@fer.hr; ivo.uglesic@fer.hr).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TPWRD.2014.2327061

described in [5]-[7]. Lumped and distributed parameter trans-
former models have been used for the analysis of transferred
overvoltages [8]-[16]. It is shown that the lumped parameter
model can give adequate results for fast transients (up to 1
MHz). However, for very fast transients (above 1 MHz), a
distributed-parameter model provides better results.

In [17]-[19] it is shown that a transformer can be modeled by
considering turns as conductors of a multiconductor transmis-
sion line while lightning overvoltages transferred through distri-
bution transformers are investigated in [20]-[22]. The analysis
of transferred overvoltages can be of importance at the design
stage of winding insulation for the determination of dielectric
stresses and selection of the appropriate overvoltage protection.
Therefore, a high-frequency power transformer model for ac-
curate calculation of lightning overvoltages transferred through
the power transformer is preferred. The electromagnetic-field
approach [23], [24], based on the finite-element method (FEM),
is used to establish the elementary parameters of a lumped pa-
rameter transformer model. This approach requires construc-
tional details of the transformer and is, in general, complex and
highly case dependent. An important issue in the parameter de-
termination for high-frequency transformer models used for the
calculation of internal overvoltages is that they require very de-
tailed information of the transformer geometrical configuration
[25] which is only available to manufacturers. However, if over-
voltages generated within the windings are not required and
only external overvoltages are of interest, parameters can be ob-
tained from transformer terminal measurements.

For the calculation of external transferred overvoltages,
black-box-type models are usually suitable since they do not
require information about the transformer geometry and be-
cause they can reproduce the transformer terminal behavior.
Therefore, a transient interaction between the transformer
and the network can be analyzed. A transformer model based
on the measured admittance matrix of the transformer is de-
scribed in [26]-[29]. In this way, a general representation of
the transformer in a wide frequency range can be done by
applying vector fitting [30]. In [31], an accurate and simplified
high-frequency model of the distribution transformer under
lightning strokes is presented, which is based on experimental
frequency-response analysis (FRA) measurements.

This paper presents a new high-frequency transformer model
for the calculation of lightning overvoltages transferred through
power transformers. The main advantage of the model is its sim-
plicity and the fact that it can be derived from widely used FRA
measurements.
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Fig. 2. FRA measurement between input and output terminals.

II. HIGH-FREQUENCY TRANSFORMER MODEL

A. Model Description

In order to calculate the transferred overvoltages, the transfer
function of the four-terminal network has to be determined.
In the presented approach, the input voltage is expressed as a
sum of sine and cosine functions of varying frequency and the
frequency-dependent network transfer function is formed from
the FRA results. The transferred overvoltage is calculated as a
sum of products of input voltage and transfer function for each
frequency. FRA is widely used in the industry today, mainly
to detect winding displacements after overcurrents and inter-
turn winding faults [32]. Therefore, it is highly convenient to
apply FRA results for high-frequency modeling of power trans-
formers.

B. Determination of the Transfer Function From FRA Results

Commercially available frequency-response analyzers mea-
sure input voltage and output voltage with an output terminal
grounded through the matching resistor. The ratio of output
voltage and matching resistance gives output current, and
the ratio of input voltage and output current gives transfer
impedance. So the ransfer function cannot be determined from
a single measurement. However, it can be obtained from the
results of two independent measurements. Fig. 1 shows a part
of a transformer represented by a four-terminal network. Input
voltage Uj; is applied to the HV winding and output voltage U,
is transmitted to the LV winding.

The relationship between input and output voltage is defined
by the transference matrix A (jw) as follows:

{Ui} _ [An(jw) Au(jw)} ) |:Uo:| 1
L | | Aa(jw) Axn(jw) I, |’
When measuring the transferred overvoltages, only the mea-
suring system is connected to output terminals. This approx-
imately corresponds to the no-load condition and, therefore,
I, =~ 0. Then, from (1), the voltage transfer function (2) is cal-
culated

Uo(jw) 1

Ui(jw) — Au(iw)
H(jw) can be determined from the results of two FRA mea-
surements. In the first measurement shown in Fig. 2, frequency

H(jw) = 2
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Fig. 3. FRA measurement between output terminals while input terminals are
short-circuited.

response is measured between the input terminal “A” to which
the voltage U, of variable frequency is applied and the output
terminal “a” grounded through the matching resistor .

The output current is calculated as

. Us(jw)
1, = — ; 3
(Jw) i ©)
U; is derived from (1):

G — A (s T(jw)
i(w) = An(w)ls(jw) — Anz(jw)—p=—. (4

The ratio of output and input voltage for this case is

: U, (jw R

y(je) = Do) 5)

Ui(jw)  R-An(jw) — Aa(jw)’

Ratio H;(jw) can be measured with frequency-response an-
alyzers and the result is given in a form of magnitude A and
phase angle ©

A(dB) =201log |y (ju) ©)
O =tan ! (H;(jw)). (7
H;(jw) can be derived from (6) and (7) as
| Hy (juw)| = 10472, ®)
angle (Hy(jw)) = 0. ®

In the second measurement shown in Fig. 3, the FRA is mea-
sured between the output terminals “a-b” while the input termi-
nals are short-circuited.

Expressions for the output voltage (10) and current (11) are
derived from (1) for U; = 0

L —A12(jw) Ciw
UO(]w)_An(jw)Azz(jw)*Alz(jw)Aﬂ(jw)IZ(J ) (19)
I(jw) = A () Ii(jw).

A (jw) A (jw) — Ara(jw)As (jw)
(1)

The ratio of the output voltage and current gives the short-
circuit impedance Zscr(jw)
Unliw) _ Aus(jw)
1, (jw) Ap (jw)
Zsor(jw) is the impedance between terminals “a-b” and can
also be expressed as

Ui(jw) — Uz (jw) o, 1
UaGw) " <H2<jw> )

ZSC](jCU) = (12)

ZSC[(jw) =R-




36

100q————— " T —————— e T
} : — + base curve }
80N\~ e I Recorded waveform | ||
| ] ] ] |
A [N T P A A i
D40 ---- N - SN e (R LS i
| I I I |
. S S S | !
| ] 1 | |
| | I |
O 1 1 - . |
0 100 200 300 400 500
t(ks)

Fig. 4. Recorded lightning waveform approximated by FFT up to 90 us and
extended with the base curve to its complete attenuation.

where H,(jw) is equal to ratio Us(jw)/U; (jw) and can be de-
rived from FRA results in the same way as H; (jw) (8)-(9). Sub-
stituting A;2(jw) in (5) with (12) gives

R

H,(jw) = , - —. 14
1(jw) R A (jw) + Zseor(jw) - A1 (jw) (14
Transfer function is determined by (14)
. 1 (R+ZSC](jW))'H1(jW)

H(jw) = — = . 15

(jw) o) 7 (15)
Finally, substituting Zgcr(jw) in (15) with (13) gives

, H (jw)
H(jw) = =——. 16

C. Approximation of Input Lightning Impulse Voltage and
Calculation of Output Voltage

The input lightning impulse voltage waveform U;(t) can be
expressed as a sum of sine and cosine functions of varying fre-
quency

M

U;(t) = Z {ar cos (kfot) + by sin (kfot))

k=1

(17)

where M is the total number of harmonics considered; fy
is the fundamental frequency; and ay, by, are coefficients of
the Fourier series computed using the MATLAB built-in fast
Fourier transform (FFT) function.

The lighting impulse voltage waveform is usually recorded
up to around 100 ps and during this period, voltage does not
decay to zero value. If a waveform of such duration is expressed
by Fourier series, an error in approximation is introduced, and
the frequency of the first harmonic is relatively high. As a con-
sequence, errors are introduced in the calculation of transferred
overvoltages. Therefore, the recorded lightning impulse wave-
form is approximated by the corresponding function and ex-
tended until it decays nearly to zero value.

Lightning impulse voltage is approximated from the last
recorded point to its almost complete attenuation with the base
curve whose construction is given in [33]. Fig. 4 shows an
example of recorded waveform and its approximation. This
approach gives a very accurate approximation of input voltage
even for waveforms with strong superimposed oscillations or
chopped lightning-impulse voltages.
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Fig. 5. Autotransformer representation for the lightning impulse test.
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Fig. 6. Frequency response between terminals “A-C” and “C-D”.

After the impulse voltage U;(t) is approximated and the
transfer function H(jw) is determined, the transferred over-
voltage U,(¢) can be calculated

M
Uo(t):z | Hy| - (ag cos (kfot + O )+byg, sin (kfot + Op))

k=1
(18)
where Hj, is the amplitude and Oy, is the angle of transfer func-
tion kth harmonic.

III. COMPARISON WITH EMTP-RV WHITE-BOX MODEL

The purpose of this section is to check the proposed approach
in controlled conditions. Prior to the experiment on a real trans-
former, the calculation of the transferred overvoltage was car-
ried out on a single-phase model of a three-phase autotrans-
former 250 MVA, 400/231/22 kV. The model consists of se-
ries winding, parallel winding, regulation winding, and tertiary
winding. The parameters shown in the Appendix for a simpli-
fied Electromagnetic Transients Program-Restructured Version
(EMTP-RV) model were provided by the manufacturer. The
transferred overvoltage across the regulation winding during the
lightning impulse test is analyzed. Voltage is applied on the ter-
tiary winding while the HV and medium-voltage (MV) termi-
nals are grounded (Fig. 5).

The autotransformer is represented by a four-terminal net-
work ABCD according to the previously described procedure.
The lightning impulse voltage 1.2/50 ps, a double exponen-
tial function in EMTP-RYV, is applied between input terminals
“A-B”, and the transferred voltage is calculated at output ter-
minals “C-D”. Then, frequency response is calculated (using
the frequency scan option in EMTP-RV; fiin = fo = 1 Hz,
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Fig. 9. Test circuit for the measurement of the transferred overvoltages in case
of the Yd connection.
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Fig. 10. Test setup for the measurement of transferred overvoltages.
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fmax = 2 MHz, frequency scan step A f = 1 Hz) between ter-
minals “A-C”, voltage is applied on “A” while “C” is grounded
through the 50-(2 resistor. Afterwards, the response between ter-
minals “C-D” with “A-B” short-circuited is calculated, voltage
is applied on “C”, while “D” is grounded through the 50-£2 re-
sistor (Fig. 6).

Results of the EMTP-RV simulation and the proposed model
are given in Fig. 7 and show good agreement. EMTP simulation
results are represented by dashed curves. The lightning impulse

SFRA
measuring
cables

—_
Transformer
terminals

Sweep Frequency
Response
Analyzer (SFRA)
Doble M5200

Fig. 12. Measured magnitude between terminals “A-a”, “A-b”, and “A-c” for
the Yd connection.

Fig. 13. Measured phase angle between terminals “A-a”, “A-b”, and “A-c” for
the Yd connection.

1
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-501 L1
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Fig. 14. Measured magnitude between terminals “a-N”, “b-N”, and “c-N” for
the Yd connection.

voltage is approximated by FFT (red curve), the transfer func-
tion is calculated from the results of frequency responses, and
the transferred overvoltage (black curve) is calculated by (18).
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Fig. 17. Transferred overvoltage on terminal “a-N” when a full lightning im-
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Fig. 18. Transferred overvoltage on terminal “b-N” when a full lightning im-
pulse voltage is applied to terminal “A”.

The accuracy of the proposed model depends on Af and
upper limit f,,.x frequency. For f,.x = 2 MHz, satisfactory
approximation of lightning impulse voltage is achieved. In this
case, the calculated transferred overvoltage is very sensitive to
Af as shown in Fig. 8.

Enlargement of A f results in larger deviations from the accu-
rate result. Influence of A f is significant because the frequency
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Fig. 19. Transferred overvoltage on terminal “c-N”” when a full lightning im-
pulse voltage is applied to terminal “A”.

response between terminals “C-D” changes rapidly at a very
narrow frequency range around a resonant frequency of approx-
imately 21 kHz (Fig. 6). Nevertheless, the calculation results for
A f = 1 Hz confirm that the proposed method gives accurate re-
sults for the simple transformer model shown in Fig. 5.

IV. EXPERIMENTAL VERIFICATION—-MEASUREMENT AND
CALCULATION OF TRANSFERRED OVERVOLTAGES

The experimental verification was carried out on a
three-phase 130-kVA intermediate reconnectable power trans-
former. Measurements of FRA and transferred overvoltages
were performed for YNd1 and YNynO transformer connections.
Fig. 9 shows the test circuit arrangement for the measurement
of transferred overvoltages in the case of the Yd connection.
Full and chopped lightning impulse voltage with an amplitude
of 300 V are applied on HV terminal “A” while transferred
overvoltages are measured between the LV terminals “a”, “b”,
“c” and neutral point “N”.

A recurrent surge generator, a low-voltage single-stage
equivalent of a high-voltage impulse generator, was used as
a lightning impulse voltage generator. The impulse voltages
were recorded using a digital oscilloscope (500 MHz, 1 GSam-
ples/s) connected to a PC. Fig. 10 shows the test setup for the
measurement of transferred overvoltages.

The transformer is observed as a four-terminal network with
input terminals “A-N” and output terminals “a-N”. In order
to obtain the transfer function between “A-N” and “a-N”, two
frequency responses have to be measured. The first response
is measured between terminals “A-a” while terminal “N”
and transformer tank are grounded the same way as when
measuring transferred overvoltages. The second response is
measured between “a-N” with “A”, “N” and the transformer
tank short-circuited and grounded through a 50-2 matching
resistor.

Fig. 11 shows the test setup for the FRA measurement. FRA
measurements were performed within the frequency band 1 kHz
to 2 MHz, Af = 1 kHz, by the Doble SFRA M5200 instru-
ment. The accuracy guaranteed by the manufacturer for FRA
measurement is + 1 dB down to —80 dB. Figs. 12—15 show the
measured magnitude and phase angle of the frequency response
for the Yd connection.

Fig. 16 shows the recorded full lightning impulse waveform
applied on HV terminal “A” and its FFT approximation.
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Fig. 21. Transferred overvoltage on terminal “a-N” when chopped lightning
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Fig. 22. Transferred overvoltage on terminal “b-N” when chopped lightning
impulse voltage is applied to terminal “A”.

Although not shown in Fig. 16, FFT approximation lasts up
to 1 ms to match the FRA fundamental harmonic frequency of
1 kHz. Calculated transferred overvoltages are expressed as a
percentage of input lightning impulse voltage amplitude (100%
corresponds to an amplitude of 300 V). The comparison be-
tween measured and calculated transferred overvoltages on the
LV side (Figs. 17-19) shows good agreement. Fig. 20 shows the
recorded chopped lightning impulse waveform applied on HV
terminal “A” and its FFT approximation. Figs. 21-23 confirm
very good matching between the calculated and the measured
transferred overvoltages. The similar analysis is performed in
the case of the Yy connection. Fig. 24 shows the test circuit ar-
rangement for the measurement of transferred overvoltages.

The comparison between measured and calculated trans-
ferred overvoltages on the LV side (Figs. 25-28) shows good
agreement.

However, disagreements between measurements and calcu-
lation can be observed at lower frequencies in Figs. 19, 26, and
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Fig. 23. Transferred overvoltage on terminal “c-N” when chopped lightning
impulse voltage is applied to terminal “A”.
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Fig. 24. Test circuit for the measurement of transferred overvoltages in case of
the Yy connection.

50 T . :

Measurement

T e

--=-= Calculation

307

U

20

10

Aggﬂggg
L -4
I

0

0 10 20 30 40 50 60 70 80 90
£ (ps)

Fig. 25. Transferred overvoltage on terminal “a-n” when full lightning impulse
voltage is applied to terminal “A”.

10 I , ; ; ;
5 I S Measurement ||
--=-= Calculation
0 i e e R ]
| | | |
S -5 T R
S jof-fjL--L-- TR R
D =

\-.

R —

[l
| |
- - -T -
| |
e — - =
| |
1 1

|
= F
|

0 10 20 30 40 50 60 70 80 90
1 (ps)

Fig.26. Transferred overvoltage on terminal “b-n” when full lightning impulse
voltage is applied to terminal “A”.

27. This is probably caused by high attenuation at lower fre-
quencies (A4 less than —60 dB) as shown in Fig. 12.

Additional experimental verification was carried out on a
three-phase power transformer 96.7/10 kV, 36 MVA, YNdI1I.
Fig. 29 shows the test setup for the measurement of transferred
overvoltages.

FRA measurements were performed within the frequency
band 1 kHz to 2 MHz, Af = 1 kHz. Figs. 30 and 31 show
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Fig. 28. Transferred overvoltage on terminal “a-n” when chopped lightning
impulse voltage is applied to terminal “A”.

Fig. 29. Test setup for the measurement of transferred overvoltages.

the measured magnitude and phase angle of the frequency
response.

Both full (1.13/54 us) and chopped (7, ~ 4 us) lightning im-
pulse waveforms were applied on HV terminal “A”. The calcu-
lated transferred overvoltages on LV terminal “a” are expressed
as a percentage of input lightning impulse voltage amplitude
(100% corresponds to an amplitude of 300 V). The comparison
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Fig. 33. Transferred overvoltage on terminal “a-N” when chopped lightning
impulse voltage is applied to terminal “A”.

between measured and calculated transferred overvoltages on
the LV side (Figs. 32 and 33) shows good agreement.

The choice of frequency band parameters fi;, = 1 kHz,
fmax =2MHz, Af = 1 kHz is based on preliminary FRA mea-
surements performed within the frequency band f,,;, = 100 Hz,
fmax = 6 MHz, A f = 100 Hz. Analysis showed that approxi-
mated impulse voltages and calculated transferred overvoltages
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change negligibly if Af and fui, are increased to 1 kHz and
fmax is decreased to 2 MHz. However, a more complex FRA
response will probably require lower A f, but it is unlikely that
the upper limit frequency will increase significantly.

V. CONCLUSION

A new high-frequency black-box transformer model for
the calculation of lightning overvoltages transferred through
power transformers has been presented. The model is based
on a frequency-dependent voltage transfer function which is
determined from FRA measurements and the application of a
four-terminal network theory. The transferred overvoltage is
calculated from the voltage transfer function and FFT approxi-
mation of input lightning impulse voltage.

The computational verification of the presented model was
successfully performed on a white-box model representing a
single phase of a three-phase 250-MVA autotransformer. The
results of the presented model and EMTP-RV simulations show
good agreement. It is shown that the accuracy of the model de-
pends on the frequency scan step and upper limit frequency. The
experimental verification of the presented model was carried out
on 130-kVA and 36-MVA three-phase power transformers. The
comparison between the measured and calculated transferred
overvoltages has demonstrated that the proposed model accu-
rately reproduces the high-frequency voltage transfer between
the windings when full or chopped lightning impulse voltage is
applied. The main advantages and contributions of the presented
model are:

 transferred overvoltages can be quickly and accurately
calculated,;

* its parameters are derived from FRA measurement results
obtained with commonly used equipment;

* it is stand alone and does not require EMTP-like tools;

* it could be of interest for power utilities when calcu-
lating lightning overvoltages transferred through power
transformers and performing insulation coordination
studies, or to check the results of transferred overvoltage
measurements;

e it could be used by transformer manufacturers to ad-
vise their clients about the level of surge-transferred
overvoltages.

The presented model is assumed to be linear since its exper-
imental verification was carried out at low voltage. Further re-
search will focus on checking the model validity at HVs and
upgrading it in order to be applicable to time-domain simula-
tions.

APPENDIX

The self and mutual inductance matrix L. of a three-phase
250-MVA, 400/231/22-kV autotransformer

752.26 127.26 50.08 49.77 2.36
{127.26 752.74 50.14 49.78 2.36-|
L= 5008 50.14 1534 14.60 0.69| mH. (Al)
49.77  49.78 14.60 26.96 1.52
2.36 2.36 0.69 152 0.40

Matrix elements represent: a series winding which consists
of two windings connected in parallel (L1; and L23), regulation

winding L33, parallel winding L44, and tertiary winding Lss.
Capacitance of the regulation winding to ground: C' = 8.87 nF.
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