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Abstract—A series resonance between the leakage transformer
inductance and HV cable capacitance can be excited by a voltage
disturbance at the EHV side of the transformer. In this paper, the
series resonance phenomenon is initially studied using lumped
parameters to analytically obtain the resonance frequencies and
estimate how each parameter affects the first series resonance
as well as the harmonic content of the cable energization. For
the load impedance two different configurations, consuming the
same active and reactive power, are tested: parallel RL load
and series RL load. It is concluded that the type of load model
greatly affects the harmonic impedance of the system leading
to different resonance behavior. The effect of the secondary
circuit consisting of the transformer, the HV cable and the load
is also investigated and is shown that it significantly affects the
frequency of the harmonic content produced during EHV cable
energization. In addition, the accuracy of the analytical formulas
is assessed by modeling the basic circuit in PSCAD/EMTDC
using the frequency-dependent phase model for cable and OHL
modeling.
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I. INTRODUCTION

N recent years there is an increase in the use of Extra High
Voltage (EHV) underground cables (UGCs) in transmission
networks. Although this development is quite encouraging
from a societal perspective, new challenges may arise from
a technical perspective. More specifically, the electrical char-
acteristics of cables differ significantly from overhead lines
(OHLs) mainly due to the higher capacitance which can shift
the harmonic impedance of the network to lower frequencies
and lead to temporary overvoltages (TOV) due to resonance
[1]. In this paper the series resonance involving leakage trans-
former inductance and HV cable capacitance is investigated.
A series resonance study was performed also in [2] with the
difference that the high-Frequency interaction was of interest
where the voltage ratio between the two transformer windings
is significantly increased for frequencies above 100 kHz. The
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emphasis of this paper is the low-frequency series resonance.
In a transmission network the leakage inductance of a trans-
former can create a series resonant circuit with the capacitance
of a cable. When excited by a voltage disturbance of its natural
frequency, it will draw a significant amount of current creating
an overvoltage at the secondary side of the transformer [3]-
[5]. A voltage disturbance can arise when energizing an
EHV power cable and due to the high cable capacitance the
harmonic content of the energization can shift to very low
frequencies, causing a TOV due to the low damping at such
frequencies. The most important parameters that need to be

Fig. 1. Series resonance configuration.

determined for such kind of studies are the natural frequency
of the secondary circuit consisting of transformer, HV cable
and load as well as the frequency of the voltage harmonic
components during the energization of the EHV cable.

The natural frequency of the secondary circuit can be
determined using frequency scans or even by using simple
analytical expressions. However, the frequency of the volt-
age harmonic components during EHV cable energization is
much more difficult to be found without using time domain
simulations since there are many parameters that affect its
value. In [6]-[8] the authors derive theoretical formulas and
calculation methods for the frequency component contained in
the energization overvoltage of both cable and OHL responses.
In those cases the effect of the source impedance and possible
load connected at the receiving end of the EHV UGC/OHL
were taken into account, however the effect of the secondary
circuit comprising the transformer and HV cable was not
considered.

II. DERIVATION OF ANALYTICAL EXPRESSIONS

In order to estimate how each parameter affects the first
series resonance as well as the harmonic content of the cable



energization the simplified network of Fig. 1 is used where
for the OHL and cables the single Pi model is utilized, the
transformer is modeled only by its leakage inductance and the
load comprises of an RL circuit. In order to derive simple
analytical expressions the mutual coupling between phases is
not taken into account and each component is expressed using
the ABCD matrix formalism. The configuration of Fig. 1 can
be represented as shown in Fig. 2 (see Appendix A).
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Fig. 2. ABCD matrix connection.

The harmonic content of the energization at the EHV side,
i.e. 400 kV, is given by:
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while in the HV side, i.e. 150 kV:
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The resulting expressions of equations (1) and (2) are complex
functions and in order to find the dominant frequencies of
energization their absolute values are used and the frequencies
of the local maxima are calculated.

In order to calculate the harmonic impedance at EHV side
the source is short-circuited (E=0) and a current source (/) is
assumed to be connected at the point of interest. From nodal
equation at this point the impedance is found as:
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The expressions of the ABCD parameters 7, 8 and 9 can be
found in Appendix A.
A. Effect of load model

If there is no load connected to the HV cable then the natural
frequency is given as:
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where L, is the leakage inductance of the transformer and
C150 is the capacitance of the HV cable. In order to introduce
damping and make the series resonance study more realistic
a load is connected at the receiving end of the HV cable and
in this case the natural frequencies are given by the roots of
equation:
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This equation will result in two positive frequencies, and the
higher one is the series resonant frequency. The values of
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Fig. 3. Series resonant circuit with (a) parallel load model and (b) series load
model.
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po, p2 and py depend on the type of load model used.
For parallel load model (Fig. 3a) the expression becomes:

pa = Cis0LiLi,0q Rl o0
p2 = 2C150 Lt Livad Rioaq + C150 Livaq Rivad — Lt Licad
Po = (Lt + Lload)RlQoad

For the series load (Fig. 3b) the expression becomes:

Pa = C’1250L1‘/Ll20ad
p2 = _01250LtR120ad +2C150Lt Lioad + 0150Ll20ad
Po = _0150Rl20ad + Lt + Lload

The resistance and reactance of these two load models are
calculated as in [9] depending on the demand of active
and reactive power. However, the resonant behavior between
them presents major differences even for the same active
and reactive power demand. For a base loading condition
of 100 MW + j50 MVAr and the same transformer leakage
inductance the harmonic impedance comparison of only the
secondary circuit is depicted in Fig 4a. The network parameter
values can be found in Appendix B. For the parallel load case
the series resonance is more damped, since the magnitude of
the impedance at the resonance frequency is much larger than
in the series load case. In Fig. 4b the harmonic impedance
comparison of the complete circuit of Fig. 1, measured at
the EHV side for the two load models is illustrated where
the damping is much higher in the parallel load case and the
series resonance cannot be identified as in the series load case
(zoomed-in part). Moreover, there is an obvious difference in
the amplification ratio between EHV and HV (see Fig. 4c)
whereas for the parallel load case even at the series resonance
frequency almost no amplification is present.

Thus, one must be cautious for the choice of load model
when conducting a series resonance study. From the analysis
it can be observed that the parallel load model provides
excessive damping and it is almost impossible to identify series
resonance cases even in a simple network. Thus for the rest
of the sensitivity analysis the series load model will be used.

B. Effect of 150 kV cable length

For conducting a series resonance study the steps that need
to be followed are described in [3] and [5] where by using
time domain simulations the dominant harmonic components
contained in the EHV cable energization are found as well
as the voltage amplification ratio from EHV to HV. Next, to
have a series resonance the natural frequency of the secondary
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Fig. 4. Comparison of (a) the harmonic impedance of the series resonant
circuit, (b) the harmonic impedance of the full circuit and (c) the amplification
ratio between EHV and HV for two load model types.
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circuit is adjusted (by changing the HV cable capacitance) in
order to match the harmonic component of the energization.
Then time domain simulations are again conducted to asses the
severity of the resonance overvoltage. However, by using this
method it is not taken into account that by changing the HV
cable capacitance the harmonic content of the energization is
also changing. To show this effect, using (1) and (2) the length
of the HV cable is increased from 5 km to 50 km with a step
of 1 km while the rest of the network parameters are constant.
The base case of the network parameters can be found in
Appendix B.

It can be seen from Fig. 5a that when the length of the
150 kV cable is 5 km the dominant energization frequency
is 330 Hz while the series resonance frequency is 866 Hz
(the second energization frequency is almost the same as the
series resonance but the amplitude is very low). If the method
described above is followed then the length of the 150 kV
cable is adjusted in order for the series resonance frequency
to become 330 Hz and that is succeeded for 32 km of cable.
However, for 32 km of 150 kV cable the dominant energization
frequencies are changed to 278 Hz and 394 Hz. As can be

seen in Fig. 5b the amplification ratio at these frequencies is
much lower than the actual series resonance frequency. The
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Fig. 5. (a) Energization frequencies and series resonance as function of

150 kV cable length, where the continious lines are obtained from the
theoretical expressions while the dashed lines from PSCAD simulations
and (b) amplification ratio for 32 km cable legth and 0.217 H transformer
inductance.

frequencies obtained from the theoretical expressions are also
compared with the ones calculated by time domain simula-
tions where both cables and OHL were modeled using the
Frequency-Dependent Phase model including cross-bondings
for the 400 kV cable. Minor deviations are observed between
the two, verifying the validity of the approximate expressions.

From the above analysis it can be concluded that the length
of the 150 kV cable affect both the frequency of the series
resonance and the harmonic content of the energization mak-
ing it more complex to intentionally assess a series resonance
case.

III. PARAMETRIC ANALYSIS

Even though the theoretical expressions provide a quick
way to estimate the frequencies of the energization harmonic
content as well as the amplification ratio between HV and
EHYV busbars it is not clear how these values are translated in
time domain and more specifically the maximum resonance
overvoltage. In order to identify how each network parameter
affect the maximum overvoltage a parametric analysis is
conducted using the PSCAD/EMTDC software.

In Fig. 6 the variation of the maximum overvoltage at
the 150 kV side is depicted for four different transformer
inductances and three 400 kV cable lengths. The length of
the 150 kV cable is increased from 5 km to 80 km with
a step of 1 km, which means that in total 912 simulation
cases were run. Usually, such extensive parametric analysis is
very difficult to be conducted in EMTP type software but in



this case the new automation feature of interfacing PSCAD
with Python 3.5 was used and the change of the multiple
parameters were realised using nested loops and no manual
change was required. It can be seen from Fig. 6 that for low
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Fig. 6. Maximum overvoltage variation at the 150 kV side for four dirrerent
transformer inductances as function of the length of the 150 kV cable for (a)

28 km of 400 kV cable (b) 56 km of 400 kV cable and (c) 84 km of 400 kV
cable.

transformer inductance no clear resonance peak for a certain
range of 150 kV cable length is present. Moreover, for all four
transformer inductance cases, as the length of the 400 kV cable
increases, the maximum resonant overvoltage decreases and its
width increases. Furthermore, while in Fig. 6a the increase of
transformer inductance causes an increase in the maximum
overvoltage for larger 400 kV cable lengths the last increase
of the inductance value causes a decrease in the maximum
overvoltage (see Fig. 6b and Fig. 6¢).

The time domain waveforms of the voltages observed at
the 150 kV busbar for the lowest and highest transformer
inductances of Fig. 6a are shown in Fig. 7. It is clear that as the
transformer inductance increases (and consequently the length

of the 150 kV cable that gives rise to a resonance decreases)
more severe series resonance is caused.
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Fig. 7. Voltage waveforms at the 150 kV side for 28 km of 400 kV cable
and for transformer inductance (a) 0.217 H (b) 0.868 H.
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This can be attributed to the fact that when the transformer
inductance is higher, smaller HV cable length is needed to
achieve the series resonance and the energization dominant
frequencies are closer to the series resonance frequency. An
example is illustrated in Fig. 8 for a transformer inductance
of 0.868 H. For 11 km of HV cable (the length where the
maximum overvoltage occur according to Fig. 6a) the domi-
nant energization frequencies at 304 Hz and 359 Hz are much
closer to the series resonance frequency of 331 Hz compared
to those shown in Fig. 5. Moreover, the amplification ratio
for 11 km HV cable (see Fig. 8b) at these two frequencies is
much higher than the one in Fig. 5b. However, the increase
in the transformer inductance results in a decrease of the
amplification ratio peak at the resonant frequency. Thus there
is a trade-off when increasing the transformer inductance
between the closer the dominant frequencies get to the series
resonance frequency and the decrease in the amplification ratio
at the series resonance frequency.

IV. STUDY ON DUTCH 380 KV GRID

The Dutch TSO, TenneT, has integrated a 10.8 km ca-
ble connection between two substations (Wateringen and
Bleiswijk) in a mixed OHL-UGC double circuit connection
[10]. For this series resonance study one of the possible
worst case scenarios is examined, where one EHV circuit is
energized (from Bleiswijk side) while the other circuit is out
of service. Further, only one of the three transformers at this
substation is in service and only one of the two 150 kV cables
(of 17 km) is in operation. For this study the whole Dutch
380 kV network has been modeled and the type of modeling of
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Fig. 8. (a) Energization frequencies and series resonance as function of

150 kV cable length and (b) amplification ratio for 11 km cable legth for
0.868 H transformer inductance.

each component can be found in [5], [10]-[15]. The simulation
model was validated through dedicated transient measurements
upon cable energization, the results of which will be presented
in a follow-up paper.

A. Results

First the harmonic impedance of the series resonant circuit
(transformer-cable-load) was calculated using frequency scan
and the series resonance frequency was found to be 468 Hz.
Connecting the secondary circuit the energization case is run
and as can be seen in Fig. 9 there is a clear amplification of
the energization harmonic content from EHV to HV at 410 Hz
and 500 Hz since the dominant frequencies are relatively close
to the series resonance. From the time domain waveforms of
Fig. 10 it is observed that the maximum overvoltage of 1.4 pu
at 400 kV becomes 1.8 pu at 150 kV, but it is still much
lower that the switching impulse withstand voltage and since
the oscillations are quickly damped the severity of the series
resonance at this point under the specific conditions is low.

Moreover, the case of a larger 150 kV cable (22 km) was
examined in order for the series resonance to match the 410 Hz
of the dominant energization frequency. Also in this case
no severe series resonance was observed and the maximum
overvoltage at 150 kV was even lower (1.7 pu). This can
be attributed to the fact that the leakage inductance of the
transmission transformer is low and the case of Fig. 5a is
observed where the energization frequencies shift significantly
with the increase of the 150 kV cable length.

V. CONCLUSIONS

This paper investigates the phenomenon of series reso-
nance between the transmission transformer inductance and

Fig. 9. FFT transform on (a) 400 kV and (b) 150 kV voltage waveform upon
energization
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Fig. 10. Voltage waveforms at (a) 400 kV and (b) 150 kV side of the
transformer upon energization.
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HV cable capacitance due to EHV cable energization. First
approximate expressions using lumped parameter models for
the network components were developed in order to quickly
asses the harmonic impedance of the network and the dom-
inant energization frequencies. Their resulting frequencies
were compared with the ones calculated from time domain
simulations and the deviation was small verifying that they
can be an accurate enough quick way to asses the energization
dominant frequencies.

An addition to previous series resonance studies is related
to the investigation of the effect of the load and 150 kV
cable length on the series resonance damping and frequencies.
It can be concluded that the load model (series or parallel)
has a dominant effect on the resonance damping whereas
the variation in 150 kV cable length shifts the harmonic
frequencies of energization.

Another contribution of this study, resulted from the para-
metric analysis, is that the transformer inductance has a major
effect on the severity of the series resonance where for very
low transformer inductances there is practically no dominant



resonance overvoltage.

From the Dutch grid case study it can be concluded that
under the specific conditions no severe series resonance case is
caused by EHV cable energization, even when the 150 kV ca-
ble is adjusted to match the dominant energization frequency.
This can be mainly attributed to the low leakage inductance
of the transformer.

APPENDIX A

The external network and transformer were modeled as a
single inductance so:
BL4 _ 1 SLgyt
DLJ - [0 1 ©

{A1,4
Cha
For the OHL the pi model was used thus the three matrices
have the form:
Ay By| | 14+2Y VA 7
Cy Dy |24+2ZY)Y 142ZY

where Z =1-(R+sL),Y =1- s% and [ is the length of the
line.

The same holds for both cable connections only in this case
shunt reactors are connected at the sending and receiving end
of the cable in order to achieve 100% compensation.
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C35 Dsps Sic 1 ®
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2+2Y)Y 1+2Y| |- 1
where L. = WEC computed at the nominal frequency.

The load was also modeled as a series impedance where the
output voltage is zero (grounded):

As Bg| (1 Z
AR ®
where for the series load model Z = R; + sL; while for

the parallel load Z = éffﬁl-

Moreover the following ABCD matrices are defined:
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APPENDIX B

The UGC electrical characteristics are the typical values for
XLPE type cables with conductor cross-section of 2500 mm?
for the EHV and 1600 mm? for the HV. The transformer leak-
age inductance is a typical value for transmission transformers
used in the Netherlands. For the loading condition a relatively
low load of 100 MW + 50 MVAr was chosen and the resistance
and inductance value are calculated for the series connected
load.

TABLE I

NETWORK PARAMETERS FOR BASE CASE SCENARIO

R L C

External grid - 0.02 H -
OHL 0.0126 Q/km | 0.7585 mH/km | 0.0152 pF/km
400 kV Cable | 0.0695 Q/km | 0.2883 mH/km | 0.2147 uF/km

Transformer - 0.217 H -
150 kV Cable | 0.1112 €2/km | 0.3790 mH/km | 0.2423 uF/km

Load 180 Q2 0.2865 H -
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