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Study of Transformer Resonant Overvoltages Caused
by Cable-Transformer High-Frequency Interaction

Bjørn Gustavsen, Senior Member, IEEE

Abstract—Power transformers can fail from dielectric stresses
caused by electromagnetic transients. In this paper, we focus on a
special phenomenon where excessive overvoltages arise due to res-
onance. This situation can take place when a transformer on the
high-voltage side is connected to a cable and the low-voltage side is
unloaded. Very high overvoltages can then result on the low-voltage
side from transient events that cause a weakly attenuated over-
voltage on the cable with a dominant frequency matching a reso-
nance peak in the transformer voltage ratio. Laboratory tests on a
11-kV/230 V distribution transformer show that a step voltage ex-
citation on a 27-m cable produces 24-p.u. overvoltage on the open
low-voltage side. The voltage waveforms are accurately reproduced
by a black-box model obtained from frequency sweep measure-
ments. Simulations show that overvoltages as high as 43 p.u. could
occur with the most unfavorable cable length. It is further shown
that the following situations can lead to high overvoltages on an un-
loaded transformer low-voltage side: 1) ground fault initiation at
the far cable end, 2) cable energization from a busbar with several
other cables connected, 3) cable energization from another cable
with the same length, and 4) capacitor bank energization at the far
cable end.

Index Terms—Cable, overvoltage, resonance, transformer.

I. INTRODUCTION

T RANSFORMERS can suffer dielectric failure due to
high-frequency network-initiated transients, such as

switching operations and fault events, as well as atmospheric
discharges. One example was reported in [1] where a generator
step-up transformer failed with bus fault as probable cause. The
increasing number of transformer dielectric failures in later
years has motivated CIGRE to initiate (2008) a new Working
Group (A2/C4.39) whose scope of work includes assessing
types of electrical transient interaction between the transformer
and network.

Many studies have analyzed the dielectric stresses that can
occur in transformer windings [2]–[8]. The calculation of these
internal overvoltages requires a detailed geometrical description
of the transformer. Since this information is normally propri-
etary to the manufacturer, these analyses are, in practice, diffi-
cult to carry out. In addition, the model’s sensitivity to geometry
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and material properties makes it hard to achieve a high level of
accuracy.

It is also useful to assess the external overvoltages on trans-
formers. The transfer of lightning overvoltages between wind-
ings has been studied in [9]–[12] and shows, by principle, that
energizing an unloaded transformer via a cable may cause ex-
cessive overvoltages on the secondary side due to a resonant
overvoltage phenomenon. For the calculation of external over-
voltages, black-box-type models [8]–[10], [13]–[17] are usually
preferred as they do not require information about the trans-
former geometry and because they are capable of reproducing
the transformer terminal behavior with a high degree of accu-
racy. These models are ideally suited for investigating how a
transformer will behave when placed in a given network since it
allows directly simulating the transient interaction between the
network and the transformer. Black-box models are usually ob-
tained from frequency sweep measurements at the transformer
terminals followed by rational function approximation. The ra-
tional fitting process is often based on some variant of the vector
fitting method [18] followed by perturbation [19] to enforce pas-
sivity. Such models can be easily interfaced with EMTP-type
simulation programs [20] via a lumped electrical network [13],
or by numerical integration of the state equations [21], [22].

The objective of this paper is to 1) show that black-box
models are capable of representing the resonant overvoltage
phenomenon with adequate accuracy and 2) identify situations
which can cause excessive (external) resonant overvoltages. The
study is based on laboratory measurements on an 11-kV/230
V distribution transformer that is connected to a (feeder) cable
on the high-voltage side. Application of a step voltage to the
cable results in a resonant overvoltage on the open low-voltage
side. This situation corresponds to ground fault initiation on
the cable. The overvoltage waveforms are compared to those
obtained via simulations using a black-box model of the trans-
former and the cable. Using the obtained transformer model,
the maximum transformer overvoltage is calculated with al-
ternative cable lengths, and with alternative loadings on the
low-voltage side. Finally, the level of resonant overvoltages is
investigated for three other important situations. Energization
is via the feeder cable from a busbar which is connected to
several other cables, energization is via the feeder cable from
another cable of equal length, and capacitor bank energization
at the far end of the feeder cable.

II. TRANSFORMER RESONANT OVERVOLTAGES

A. Resonance Overvoltage Phenomenon

References [11] and [12] describe a so-called resonant over-
voltage phenomenon that can lead to the magnification of tran-
sient voltages. The phenomenon can be understood from the cir-
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Fig. 1. Two series-connected RLC circuits.

Fig. 2. Unit step voltage excitation. Voltage at points A, B, and C in Fig. 1.
� � 1 mH, � � � �F, � � 50 mH, � � ���� �F.

cuit in Fig. 1. The circuit formed by and is excited by a
unit step voltage, giving rise to an oscillating voltage at with
frequency . A second circuit is next connected
to point , formed by and . If the second circuit (circuit
#2) has a resonance frequency , which is equal
to or almost equal to , and the surge impedance of circuit #2
is much higher than that of circuit #1, , a
resonant overvoltage phenomenon will take place. This is shown
in Fig. 2 for a unit step voltage excitation. Energy is exchanged
back and forth between the two circuits, causing the observed
beat phenomenon. The voltage peak value in circuit #2 is higher
than that of circuit #1, due to the smaller circuit values. From
the energy relation , the peak value
of the oscillating voltage component in circuit #2 is approxi-
mately , or 7.1 with the given circuit values. In Fig. 2,
the voltage is accordingly seen to vary between 6 V and 8
V as it oscillates around the applied voltage ( 1 V).

B. Resonance Between the Cable and Transformer

The voltage transfer between windings in a transformer un-
dergoes a strong variation as function of frequency as the voltage
transfer at high frequencies is not governed by ampere-winding
balance. With increasing frequency, the flux in the iron core
decreases and the voltage ratio becomes eventually defined by
stray inductances and capacitances between winding turns and
between windings. This results in resonance peaks in the voltage
transfer from the high-voltage side to the low side, often be-
coming many times higher than the voltage ratio at the operating
frequency (50 Hz/60 Hz). The impedance seen into the trans-
former terminals is usually much higher on the high-voltage side

Fig. 3. Ground fault on the transformer high-voltage side. Single-phase
drawing.

than on the low-voltage side (due to more turns), and it is par-
ticularly high in situations where the low-voltage winding is un-
loaded. Thus, high transformer external overvoltages are likely
to occur if the following conditions are met as follows.

1) A transient occurs on the high-voltage side with the low-
voltage side open or connected to a high-impedance load.

2) The transient has a dominating frequency which matches a
resonance peak in the voltage transfer from high to low.

3) The input impedance seen into the high-voltage winding
(with open low-voltage side) is sufficiently high so that the
transformer loading effect does not appreciably reduce the
voltage on the high-voltage side.

Note that these conditions resemble the resonant overvoltage
condition described in Section II-A. In the following text, we
describe four important cases that may produce high overvolt-
ages on an unloaded transformer.
Case 1) Ground fault initiation (Fig. 3). If a ground fault oc-

curs at the far end of the feeder cable which con-
nects to the high-voltage side of an unloaded trans-
former, a coaxial wave starts propagating back and
forth between the two cable ends. This results in
an oscillating voltage on the cable end. Since the
cable has a low characteristic impedance which, at
high frequencies, can be much lower than that seen
into the transformer high-voltage side, the trans-
former may lead to only a weak damping of the cable
overvoltage. If the frequency of the cable resonant
voltage coincides with a peak in the voltage transfer
from the high-voltage side to the low-voltage side,
very high overvoltages can result on the low-voltage
side. This situation is similar to Fig. 1, with circuits
#1 and #2 representing the cable and transformer, re-
spectively.

Case 2) Cable energization (Fig. 4). If the feeder cable is
switched to a busbar that is connected to several
other cables, the impedance seen into the busbar
from the feeder cable will be much lower than the
cable characteristic impedance. The busbar will
therefore appear as a low-impedance step voltage
source and an oscillating voltage may appear on the
transformer cable for a few cycles. High overvolt-
ages can occur on the transformer low-voltage side
due to resonance, similar to the ground fault case.

Case 3) Cable energization (Fig. 5). If the feeder cable is
switched to a cable of the same length as the feeder
cable, an oscillating voltage will occur on the cable
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Fig. 4. Transformer energization via cable with the busbar connected to several
cables. Three-phase drawing.

Fig. 5. Connecting two cables of equal length.

Fig. 6. The 300-kVA distribution transformer.

end with weak attenuation. Again, high overvoltages
may result on the low-voltage side due to resonance.

Case 4) Capacitor bank energization. If a capacitor bank is
switched to a busbar which is connected to the high-
voltage side of an unloaded transformer via a cable,
the voltage will initially drop to zero on the busbar
and, hence, the cable end. This may cause high over-
voltages on the transformer low-voltage side, similar
as in the ground fault case.

These four cases will be subject to analysis by numerical sim-
ulation in Sections IV, V-A, V-B, and VI, respectively.

III. MODELING FOR DUPLICATING EXPERIMENTAL RESULTS

A. Transformer Modeling

The transformer is an 11-kV/ 230-V unit with 300-kVA rated
power, connected as wye-wye with both neutrals grounded (see
Fig. 6). The wideband modeling of this transformer will be re-
ported in a different publication and we mention only the key
issues. A network analyzer (Anritsu MS4630B) is used for mea-
suring the terminal admittance matrix in the range 10 Hz–10
MHz using a measurement setup similar to the one in [15]. The
effect of the measurement cables is removed, giving a descrip-
tion with respect to the transformer’s terminals. The admittance
matrix is subjected to rational approximation by the model (1).
The model is calculated by vector fitting [18], [24], [25] using
100 pole-residue terms in the range 50 Hz–10 MHz followed

Fig. 7. Measured and fitted admittance matrix.

Fig. 8. Voltage ratio from high to low, computed from the model.

by passivity enforcement by residue perturbation [19], [26]. The
model is symmetrical, causal, and has stable poles only

(1)

The measured admittance matrix and the rational fitting result
is shown in Fig. 7. (Only a fraction of the samples is included
in the plot of the model’s response so that the negative spikes in
the measurement are not well resolved.) The labels in the plot
correspond to the matrix partitioning in (2)

(2)

From the partitioning in (2), we obtain the voltage ratio
by (3). is a 3 3 matrix which relates an applied voltage
vector on the high-voltage side to the response on the
open low-voltage side. The voltage ratio is shown in Fig. 8. It is
observed that the voltage ratio at frequencies above 100 kHz
is much higher than at 50 Hz. In principle, a 1-V stationary
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Fig. 9. Step voltage excitation.

Fig. 10. Measured and simulated responses.

excitation on terminal #1 with terminals #2 and #3 grounded
would give a voltage as high as 2 V on the low-voltage side

(3)

The time-domain counterpart of Fig. 8 can be found by ex-
citing one of the high-voltage terminals with a step voltage with
the other two terminals grounded (see Fig. 9). The resulting
voltage responses on the low-voltage side correspond to one
column of . Fig. 10 shows that the measured voltage re-
sponse at the low-voltage side has strong oscillations. In the
same plot, the simulated voltage response is shown when the ap-
plied voltage (excitation) is realized as an ideal voltage source.
The excellent agreement between measurement and simulation
verifies the accuracy of the model. We also note that the 2-MHz
component in the voltage transfer (Fig. 8) is observed in the
time-domain response (Fig. 10).

B. Cable Modeling

A 240-mm single-core 12-kV cable is to be connected to
the transformer. Normally, cables are modeled by using a fre-
quency-dependent traveling-wave model obtained from a geom-
etry description [27], [28]. Since the high-frequency properties
of the model are quite sensitive to inaccuracies in the cable ge-
ometry description, we will initially model the cable by using
a measurement-based approach. That way, it becomes easier to
focus on the accuracy of the transformer model. Later, we will
use a model obtained via geometry for application studies with
varying cable lengths.

Using frequency sweep measurements, the 2 2 admittance
matrix is obtained with respect to the two ends of a 27-m
cable section, in the range 100 kHz–50 MHz. The admittance

Fig. 11. Measured and fitted admittance matrix of the cable.

Fig. 12. Excitation of cable with the square voltage pulse with the far end
grounded by a 50-� resistor.

Fig. 13. Cable sending-end and receiving-end voltage.

matrix is obtained from the voltage ratio between the two cable
ends, when the far end is either open-circuited or terminated by
a 50- resistor. The details are shown in the Appendix. Fig. 11
shows the obtained admittance matrix and its approximation by
a rational model (1) obtained via vector fitting and passivity
enforcement by residue perturbation.

In order to verify the accuracy of the cable model in the time
domain, we apply a voltage pulse to one cable end (sending end)
and measure the response at the receiving end which is termi-
nated by a 50- resistor, see Fig. 12. The applied voltage is
taken as an ideal voltage source in a simulation of the voltage
response at the receiving end. Fig. 13 compares the measured
and simulated voltage at the receiving end, demonstrating very
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Fig. 14. System overview.

Fig. 15. Connections on the transformer.

good agreement. The oscillations occur because the cable char-
acteristic impedance does not match the 50- resistance of the
source and the load. The good agreement implies that the cable
model has the correct characteristic impedance and time delay.

IV. GROUND FAULT INITIATION ON THE FEEDER CABLE

In a laboratory experiment, we connect the cable to terminal
#3 on the high-voltage side of the transformer, see Fig. 14.
Terminals #1 and #2 are grounded through 30- resistors,
giving a loading impedance that is not much different from the
cable characteristic impedance. The transformer low-voltage
side is left open. A step voltage source with a very low internal
impedance is connected to the sending end of the cable, thereby
giving rise to a voltage oscillation on the cable. This situation
is now similar to the ground fault situation in Fig. 3 in the sense
that the transformer loading impedance is the main source of
damping of the oscillating voltage on the cable. In the actual
laboratory setup, the cable is connected by using very short
connection leads so as to minimize the effect of parasitic
inductances, see Fig. 15.

Fig. 16 shows the voltage on the cable at the sending end
(excitation) and receiving end, before the transformer is con-
nected. It is seen that the voltage oscillates with only very low
attenuation. With the measured voltage at the sending end taken
as an ideal voltage source in a simulation, the cable model is
seen to reproduce the voltage response at the receiving end quite
accurately.

Fig. 17 shows the same result as in Fig. 16, after connecting
the transformer. It is seen that the transformer causes a sig-
nificant attenuation of the remote end cable voltage ( ). The
voltage on terminals #5 and #6 on the low-voltage side ( ,

) is also shown in the plot. It is seen that the voltage on

Fig. 16. Cable overvoltage at the sending end (excitation) and receiving end
(measurement/simulation), with the disconnected transformer.

Fig. 17. Overvoltages with the connected transformer.

the low-voltage side reaches a value which is about 50% of
the excitation voltage on the cable sending end. The voltage
ratio of the transformer is 11000/230 (i.e., 48:1). This implies
that the secondary voltage reaches a value of 24 p.u. of the
normal phase-to-ground voltage. Thus, if the impinging voltage
(sending end) was equal to the normal phase-to-ground voltage
(i.e., 8.9 kV), the transient voltage on the 230-V side would
reach 4.4 kV). The same plot also shows the simulated voltage
waveforms with the cable sending end voltage taken as an ideal
voltage source. The agreement with the measured quantities is
seen to be excellent.

For comparison, the direct step voltage excitation in Fig. 10
(without cable) gave only a 12-p.u. overvoltage on the low-
voltage side. The reason for higher voltage in Fig. 17 is the res-
onance between the cable and the transformer. In this case, the
resonance leads to a doubling of the peak voltage, compared to
a direct step voltage excitation.

We now wish to analyze the overvoltage with alternative cable
lengths. To achieve this, the measurement-based cable model is
replaced by a frequency-dependent traveling-wave-type model
[28] where the electrical per-unit-length parameters ( , , )
are obtained from the geometry description in Table I by using
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TABLE I
CABLE DESCRIPTION

Fig. 18. Simulation of maximum overvoltage on the low-voltage side as a func-
tion of the cable length. The configuration in Fig. 14 shows the ideal step voltage
excitation. The overvoltage is shown in per unit of applied voltage.

the procedure in [27]. The semiconducting layers are taken into
account by replacing them with insulation while increasing the
permittivity of the entire insulation slab (between conductor and
sheath) from 2.3 to 3.0, following the procedure in [29].

Fig. 18 shows the maximum overvoltage on the low-voltage
side for alternative cable lengths when the excitation is an ideal
unit step voltage. With open low-voltage terminals, the max-
imum voltage peaks at 0.9 p.u. of the applied voltage for a 20-m
cable. This corresponds to 43 p.u. of the normal (50-Hz) voltage.
The corresponding simulation is shown in Fig. 19. It is seen that
the cable voltage quickly decays as energy is transferred from
the cable to the transformer, resulting in a strong increase of the
transformer overvoltage. The similarity with the idealized result
in Fig. 2 is striking.

Fig. 18 further shows that the overvoltage becomes strongly
reduced if the low-voltage side is connected to even a small
load. For reference, 400 approximately corresponds to the
characteristic impedance of an overhead line while 1 nF could
represent the shunt capacitance effect of a 3-m cable stub.

The cable characteristic impedance is an essential parameter
in the resonance overvoltage phenomenon. Fig. 20 shows the
maximum overvoltage as a function of cable length with the
cable characteristic impedance as the parameter. In these sim-
ulations, the cable is replaced with a lossless cable model, as-
suming a wave velocity of 177 m s. It is seen that the max-
imum voltage is reduced as the characteristic impedance in-
creases. The voltage reduction occurs because a higher charac-
teristic impedance implies less energy stored in the cable and

Fig. 19. Simulated step voltage response. 20-m cable.

Fig. 20. Maximum overvoltage as function of cable length. Lossless cable with
alternative values for characteristic impedance. Configuration in Fig. 14 with
ideal step voltage excitation.

so the voltage oscillation on the cable decays faster, thereby re-
ducing the voltage buildup on the low-voltage side.

V. TRANSFORMER ENERGIZATION VIA A FEEDER CABLE

A. Busbar Connected to Several Long Cables

As explained in Section II, high transformer overvoltages can
also result if the transformer is energized via a (feeder) cable
from a busbar that is connected to several other cables. An ex-
ample of this is shown in Fig. 21. The busbar is connected
to four cables in addition to the 20-m feeder cable. When the
circuit breaker closes with a voltage on the busbar, the
resulting voltage at the instant following breaker contact be-
comes , when assuming that all cables
have an identical characteristic impedance. In this simulation,
a frequency-dependent cable model is used, based on the data
in Table I with 0.5-m separation between the three single-core
cables.

Fig. 22 shows a time-domain simulation of this situation. It
is assumed that the phase C breaker closes 1 ms before the next
breaker, and that the voltage is maximum in phase C. The plot

Authorized licensed use limited to: Sintef. Downloaded on March 23,2010 at 09:40:35 EDT from IEEE Xplore.  Restrictions apply. 



776 IEEE TRANSACTIONS ON POWER DELIVERY, VOL. 25, NO. 2, APRIL 2010

Fig. 21. Transformer energization from the three-phase power system. Closing
first breaker pole at � � 0.

Fig. 22. Transient overvoltages.

shows that the voltage on the busbar end of the 20-m cable in-
creases abruptly from 0 to 0.8 p.u. when the breaker closes.
The associated voltage wave on the cable nearly doubles when
it meets the transformer ( ), and a high-frequency oscillation
occurs on the cable. The dominating component has frequency

where is the feeding cable (20 m) travel time. The
oscillation causes a buildup of an overvoltage on the transformer
low-voltage side that exceeds 0.4 p.u. of the busbar voltage. This
voltage corresponds to 19 p.u. of the normal (50-Hz) low-fre-
quency voltage.

B. Busbar Connected to the Cable of the Same Length as the
Feeder Cable

Even higher overvoltages may result if the transformer
feeding cable is energized from another (live) cable of equal
length [12]. One situation where this is relevant is shown in
Fig. 23, where two generator step-up transformers are fed from
the same busbar. When the circuit breaker closes, a voltage
wave starts propagating into both cables (with opposite po-
larity), and the subsequent reflections lead to an oscillating
overvoltage on the cable end. The dominating component has
frequency where is the travel time of each of the
two cables (20 m).

Fig. 24 shows a time-domain simulation for the case in Fig. 23
without T2, when the first breaker pole (phase C) closes 1 ms
before the next pole. The plot shows that the busbar voltage in-
stantly changes from 1 p.u. to 0.5 p.u. and that an oscillating
voltage results on the T1 transformer terminal ( ). As a result,

Fig. 23. Transformer energization from the three-phase power system. Closing
first breaker pole at � � 0.

Fig. 24. Transient overvoltages.

Fig. 25 Capacitor bank energization.

an overvoltage builds up on the low-voltage side of the trans-
former, giving a maximum voltage of 0.50 p.u of the busbar
voltage.

The following additional results were found.
1) If the transformer T2 is included in the simulation, the peak

voltage is reduced from 0.50 p.u. to 0.43 p.u. If, in addition,
a 30- load is placed on the T2 secondary, the peak voltage
drops to 0.41 p.u.

2) The overvoltage increases when more cables of the same
length (20 m) are connected to the busbar. One additional
cable increases the peak voltage from 0.50 p.u. to 0.66 p.u.
while two cables gives a peak value of 0.71 p.u.

VI. CAPACITOR BANK ENERGIZATION

The last example case is capacitor bank energization (see
Fig. 25). Closing the breaker causes the voltage on the busbar
to abruptly drop to zero, not much different from the ground
fault situation in Fig. 14. Fig. 26 shows the simulated overvolt-
ages when breaker pole C closes 1 ms before the next pole. It is
observed that the voltage on the busbar instantly drops to zero,
which gives rise to an oscillating voltage on the far cable end
( ). This oscillating voltage gives rise to a resonant overvoltage
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Fig. 26 Transient overvoltages.

on the transformer low-voltage side ( ), which reaches about
0.9 p.u. of the initial bus voltage. This corresponds to about 43
p.u. of the normal (50 Hz) voltage on the 230-V side.

VII. DISCUSSION

The study was performed on a distribution transformer
where the voltage transfer from the high-voltage side to the
low-voltage side is maximum at about 2 MHz. Other trans-
formers may have peaks in the voltage transfer at much lower
frequencies. As an example, Fig. 27 shows the voltage transfer
from high to low for the 410-MVA generator stepup trans-
former studied in [14]. The primary voltage is 434 kV and the
secondary is 21 kV. Clearly, the voltage ratio is particularly
high at 50 kHz (0.67) but also considerable at about 170 kHz
(0.28). Considering the voltage ratio at 50 Hz (21 kV/434
kV {0.048}), these peaks correspond to voltage ratios of
14 (at 50 kHz) and 6 (at 170 kHz). Thus, transients on the
high-voltage side with these characteristic frequencies could
lead to excessive overvoltages at the low-voltage side, provided
that the input impedance on the high-voltage side is sufficiently
high. Assuming a cable propagation velocity of 160 m/ s, these
frequencies would for the situations in Figs. 3–5 occur with
cable lengths 800 m (50 kHz) and 235 m (170 kHz).

The practical application of measurement-based black-box
transformer models will, of course, require that the transformer
be already built and available for measurements. The black-box
model approach is therefore not useful for the design of trans-
formers, rather it allows predicting how the transformer may
behave in a given electrical system. This could allow for mit-
igating actions. Install protective devices, make changes to the
network layout, or install protective devices. In addition, if a se-
ries of identical transformers is manufactured, one only needs
to do the measurement/modeling once.

VIII. CONCLUSION

This paper has studied resonant overvoltages on the
low-voltage side of a distribution transformer caused by
cable-transformer interaction on the high-voltage side. The
conclusions are based on measurements in the domains of

Fig. 27. The 410-MVA generator step-up transformer. Voltage ratio from high
(434 kV) to low (21 kV).

frequency and time, and on time-domain simulation by using a
black-box model of the transformer.

1) Transient events that cause an oscillating overvoltage on a
(feeder) cable that connects to the transformer high-voltage
side can produce very high overvoltages on the low-voltage
side. This requires that the cable characteristic impedance
be much lower than the transformer impedance seen in the
high-voltage side.

2) The highest (resonant) overvoltages occur if the domi-
nating frequency component of the cable voltage matches
one of the dominating frequency components of the voltage
transfer from the high-voltage side to the low-voltage side.
High overvoltages may also result even when a match in
frequency does not occur, provided that the impinging
transient voltage is sufficiently steep.

3) Using a black-box model of the transformer, a measure-
ment of a cable-transformer resonant overvoltage is repro-
duced with a high degree of accuracy. In practice, a suffi-
ciently accurate model of the adjacent network must also
be available.

4) Using simulations by the black-box model, three situations
are identified which may lead to excessive overvoltages on
the low-voltage side: 1) ground fault initiation on feeder
cable; 2) transformer energization via feeder cable from a
busbar that is connected to several cables; 3) transformer
energization via feeder cable from a second cable of about
the same length as that of the feeder cable; and 4) capacitor
bank energization near the end of the feeder cable.

APPENDIX

MEASUREMENT OF CABLE ADMITTANCE MATRIX

In Section III-B, a high-frequency model was created for a
27-m single-core cable based on measurements. The following
describes the adopted measurement procedure.

Using a vector network analyzer (VNA), the voltage transfer
between the two cable ends #1 and #2 is measured for two situ-
ations: with end #2 open and with end #2 shorted by a 50- re-
sistor, see Fig. 28. Legends A, R, and S refer to the VNA source
(S), reference (R), and input (A).
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Fig. 28. Transient overvoltages.

Fig. 29. Measured voltage ratios � � � �� and � � �� ��� .

A calibration response is first extracted with the two voltage
probes connected to the same point. The inverse of the obtained
ratio is then used as a multiplier (calibration) for
all measured voltage ratios.

The cable nodal admittance matrix has a structure as shown
in (4), due to symmetry with respect to the two cable ends

(4)

For the case with end #2 open, we have 0, which gives

(5)

With the resistor connected to end #2 we obtai for
the second row of (4)

(6)

Inserting (5) into (6) gives the final expression (7) for .
is finally calculated from (4). Fig. 29 shows the measured re-
sponses and

(7)
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