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Estimation of the Required Modeling Depth for
the Simulation of Cable Switching in a Cable-
based Network

F. Faria da Silva, Claus L. Bak and Per B. Holst

Abstract—The simulation of an electromagnetic transient is
only as good as the model's data and the level of detail put into
the modeling.

One parameter with influence in the results is the size of the
modeling of the area around the switched-on line. If the area is
too small, the results are inaccurate. If the area is too large, the
simulation requires a long period of time and it is more likely the
existence of numerical problems.

This paper proposes a method that can be used to estimate the
depth of the modeling area using the grid layout, which can be
obtained directly from a PSS/E file, or equivalent.

The simulation of electromagnetic transients in cable based-
networks requires a larger computational effort than in an
equivalent OHL-based network. Therefore, the method is
demonstrated for the former, being the cases of OHL-based net-
works and hybrid cable-OHL networks addressed in a future
paper.

One of the main reasons behind the long simulation times of a
cable-based network is the simulation of all the cross-bonded sec-
tions. The introduced method can also be used to minimize the
modeling of the cross-bonded sections.

Index Terms—IEC standards, Power cables, Power system
modeling, Power system transients

I. INTRODUCTION

NSULATION co-ordination studies are typically done

when planning the installation of a new line. Guidelines for
these studies are given in an IEC standard [1].

However, the standard was written with the more common
Overhead-Line (OHL) based systems in mind and it does not
reflect some specifies of cable-based systems.

One aspect requiring more attention is the modeling depth,
i.e., how far from the busbar must one represent the network.
The standard recommends representing the network up to two
busbars from the operated line, which is not always sufficient

[2].
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This paper presents a method that can be used to estimate
the minimum required modeling depth for a cable-based sys-
tem. The method can also be adapted for an OHL-based sys-
tem and a hybrid OHL-cable system, as will be explained in a
future paper.

The modeling of the cable cross-bonded sections is also ad-
dressed. The method can be used to estimate the lines that
need an accurate modeling of the cross-bonded sections and
those that can have a simplified model.

The method is exemplified using a model of West Denmark
Transmission Grid and accurate system data. A possible inac-
curacy in the method is pointed-out and at the same time it is
explained how to avoid it.

II. TEST SYSTEM

The explanation of the method requires the use of a com-
plex and large network. For that effect, it is used the West
Denmark transmission network as planned for the year 2030.
The network is characterized by the use of undergrounded
HVAC cables at 150kV and OHL at 400kV [3].

The network has a total of 129 busbars, 27 OHL (400kV),
80 HVAC cables (165kV) and 36 transformers.

The cables are modeled by means of frequency-dependent
phase models [4], which is the most accurate model available
at the present for the simulation of electromagnetic transients
[5]. The accuracy of the model and the cables were assessed
by means of measurements and both are considered as valid
for electromagnetic studies [6],[7].

The proposed method is demonstrated for switch-on opera-
tions in two different lines: The NVV-BDK line, which is sur-
rounded by mix of short and long lines, and the STSV-LEM
line, which is mostly surrounded by long lines. Fig. 16 shows
the network single-line diagram.

III. PROBLEM DESCRIPTION

The modeling of the area surrounding the switched-on ca-
ble influences both the waveform and the peak voltage magni-
tude.

Fig. 1 shows the voltage in one phase during the re-
energisation of the NVV-BDK cable, for different modeling
depths. By re-energisation is understood that the circuit break-
er (CB) is forced to restrike half-cycle after the switch-off
when the voltage difference at the CB terminals is maximum
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and equal to 2 pu. For all four cases, it is used an N-1 equiva-
lent network representing the grid around the respective mod-
eled area.
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Fig. 1. Voltage transient in one of the phases after the re-strike for the differ-
ent modeling depths. 5-busbars depth: solid-line; 4-busbars depth: dashed-
line; 3-busbars depth: pointed-line; 2-busbars depth: dashed-pointed line
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The simulation objective is to estimate the maximum peak
voltage value. Therefore, it is concluded that the proper simu-
lation of the NVV-BDK line energisation/re-energisation
would required the modeling of the network up to at least four
busbars of distance, the double of the recommended in the
standard.

Other examples can be found when it is not necessary to
model more than one busbar distance of the node, as when one
short cable is surrounded by cables of the same type that are
four times longer.

IV. ESTIMATION METHOD

A. Peak time

The peak voltage associated to a cable energisation/re-
energisation is not attained at the energisation/re-energisation
instant, but some hundreds of micro-seconds later. This instant
corresponds normally to the moment in which the voltage
wave generated at the CB switch-on reaches the cable receiv-
ing end for the second time.

Fig. 2 exemplifies the wave propagation during this period.
A wave is generated at / and reaches the cable receiving end at
1. The cable is open in the receiving and the wave is reflected
back, flowing back into the cable sending end, which the
wave attains at /71. At this point part of the wave is reflected
back with opposite polarity and reaches the cable receiving
end at [V, reducing the voltage magnitude. The peak voltage
occurs at this instant.

I Net X
11 Net

i

Fig. 2. Wave propagation between the energization instant and the peak over-
voltage instant

R

Za

This instant is used as time reference for the calculation of
the required modeling depth. L.e., it is considered that the
maximum voltage instant is independent of the area around
the operated line. The cases where the overvoltage occurs later
than this instant are analyzed later in the paper.

B. Theoretical Background

Two or more waves are generated when a cable is ener-
gized/re-energized. One of the waves propagates into the op-
erated line, whereas the other wave(s) propagate into the
line(s) connected to the cable energized end. The magnitude
of each of these waves depends on the lines surge impedances
[9].

Fig. 3 shows a simple example on how the waves act during
the electromagnetic transient. The wave(s) injected into the
neighbor line(s) (solid line in /) is reflected back at the line(s)
end(s) (/) and is after refracted into the cable being energized
I-17).

In order to the reflections of the neighbor busbars reach the
receiving end of the energized cable (V) before the peak over-
voltage, the busbars have to be at a distance inferior to half of
the distance traveled by the wave between the switch-on and
the peak voltage instant. If the wave(s) reaches the cable re-
ceiving end before the expected peak instant (VI), there are
changes in both the waveform and the peak voltage.

- Cable A Cable B

o —
('\\)

- Cable A Cable B
- Cable A Cable B

Fig. 3. Reflections and refractions of the waves generated at the sw1tch-0n
instant. Solid Line: Wave propagating into the adjacent line; Dashed Line:
Wave propagating into the cable being energized

C. Grid layout

Typically, a utility has a PSS/E file, or equivalent, contain-
ing the entire grid. The information contained in those files
can be used to design a matrix where the rows and columns
represent the network busbars and the matrix's entries are the
distance between them, if directly connected.

Fig. 4 shows part of the network in the neighborhood of the
NVV busbar, whose equivalent distance matrix is shown in
Fig. 5.

In general, it is only necessary to model the elements whose
voltage level is the same of the cable being switched [1].
Thus, the matrices contain only busbars with equal nominal
voltage.

Cable A
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Fig. 4. Busbars in the neighborhood of the restriked node. Red: Distance be-
tween nodes; Blue: Distance between the nodes and the NVV node

0 44 94 0 0 0 0 0
44 0 0 52 0 1336 0 0
94 0 0 0 67 0 0 196

0 52 0 0 0 0 0 0
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0O 0 0 0 4 18 0 0
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Fig. 5. Distance matrix for Fig. 4 system

D. Wave speed

In order to estimate how far travel the waves generated at
the switch-on instant, it is necessary to know their speed in
each line of the grid. Therefore, a wave speed matrix equiva-
lent to the matrix shown in Fig. 5, but containing the speed of
the wave in the line instead of the cable length, has also to be
design.

The distance between the busbars can be obtained from the
PSS/E files, but the same cannot be done for the wave speeds,
since a PSS/E file lacks information on the lines geometry,
which would be necessary for the calculation of the wave
speed [10].

Thus, one can use wave speed values a little larger than the
typical ones, e.g. 180m/us and 280m/pus for respectively a ca-
ble coaxial mode [10] and an OHL.

Another solution would be to create an extra file containing
the precise wave speed for the different types of cables present
in the system. However, such high level of accuracy is not
necessary and typical values are normally good enough.

E. Method

The estimation of the modeling depth can be made in
Matlab as following:
1) Insert the time for the first peak and the wave speeds
2) The code reads the grid information directly from the
PSS/E files, designing two matrices equivalent to the
network

3) The first matrix contains the distance between the bus-
bars, in which the line and column identify the busbars.
The matrix is symmetrical

4) The second matrix is equivalent to the first, but the dis-
tance is substituted by the wave speed in the cable (coaxi-
al mode) or OHL

5) It is calculated the distance and the traveling time be-
tween the energized/re-energized node and all busbars up
to 8 busbars of distance. At the same time are designed all
possible paths up to 8 busbars of distance

6) Calculates which busbars are up to a distance inferior to
0.525 times the charging time of the cable being ener-
gized/re-energized. Ideally it would be 0.5, but it is given
a security margin for the case of a reflection reaching the
cable immediately after the expected peak time;

7) Indicates which busbars/lines need to be modeled, i.e., the
modeling depth.

Note that the choice of 8 busbars as upper limit is normally
more than enough for the simulation of a normal transmission
network.

‘ Read .raw file ‘

v

‘ Design distance matrix. ‘

v

‘ Design speed matrix ‘

Calculates all possible paths up
to a distance of 8 busbars

Calculates travelling times for all
the paths

Calculates for all paths the
necessary modelling deep

Calculates the required busbars
and modelling depth

Fig. 6. Estimation method flowchart

The method is applied to the test system for an energisation
of the NVV-BDK cable. According to it, the model should
have a 4-busbars modeling depth, which, was demonstrated in
Fig. 1 to be correct.

F. Minimization of the number of nodes

The estimation method provides not only the required mod-
eling depth, but also the exact busbars that have to be included
in the model. Using this information the model can be opti-
mized, and instead of having a modeling depth of 4 busbars it
can have only the necessary busbars.

According to the estimation method the simulation of the
NVV-BDK cable switch-on from the NVV side, needs 14
busbars, whereas the use of a 4-busbars modeling depth corre-
sponds to a total of 29 busbars. Thus, the optimization of the
model to only 14 busbars would represent a substantial reduc-
tion of the simulation time.

Fig. 7 compares the voltage in the cable receiving end,
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similar to Fig. 1, for a model with a 4-busbars modeling depth
(29 busbars) and another model with only the required 14
busbars. The voltage peak magnitude is the same for both
models.
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Fig. 7. Voltage transient in one of the phases after the re-strike for a 4 busbar
modeling depth (solid line) and a model containing only the required busbars
(dashed line)
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V. MODELING OF THE CROSS-BONDED SECTIONS

A. Method Explanation

For several reasons, the modeling of all cross-bonded sec-
tions of the network cables represents a substantial increase of
both the simulation total running time and the time necessary
to design the system:

- To design n minor cross-bonded sections instead of three;

- The software needs more time to complete each time step;

- The time step has to be reduced in order to accommodate
the shorter cable sections;

- Increases the probability of fitting and memory problems;

The IEC standard [1] suggests modeling all cross-bonded
sections. An accurate modeling of all cross-bonded sections is
indeed necessary for the simulation of some electromagnetic
transient phenomena [2], as the wave during a transient can be
reflected at the cross-bonded points [8].

Whereas the need of modeling all cross-bonding sections in
the line being energized is clear, the same may not be true for
the neighbor cables.

A method similar to the one proposed in section IV can be
used to determine which cross-bonding sections to include in
the simulation model. For the particular example of a restrike
in the NVV-BDK cable it would be necessary to model all the
cross-bonded sections of the system. Thus, the theory is
demonstrated using another area of the network.

The method is exemplified to a restrike in the STSV end of
the STSV-LEM cable.

The application of section IV method indicates that six bus-
bars have to be included in the model. As one of the busbar is
connected to two transformers, a seventh busbar is added, so
that the transformers are included in the model. Fig. 8 shows
the modeled single-line diagram.

LEM_1501

TS50 LEM_150
anso - 165.0 . 1650

e ”mm 223 NED232 00 Fmed
E_80710_80223_1 N\ 2267 E_thun
0.0 Buwiiche 00 __ Ewilche:
207 B St 1 3449 It

e, BUO_1 e KAE 150
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Fig. 8. Single-line diagram of the simulated system: Solid circle: Restriked
cable. Pointed circles: Cables requiring accurate modeling of the cross-bonded
sections

To estimate which cross-bonded sections need to be accu-
rately modeled, it is used the same method that was used to
calculate the modeling depth, but substituting the coaxial
mode speed by the inter-sheath mode speed, which is approx-
imately 80m/ps [10]. According to the method it is necessary
to have accurate modeling of the cross-bonded sections in on-
ly two of the cables, more precisely the two cables adjacent to
the restriked cable; the STSV-GNO and STSV-ASR lines (see
Fig. 8).

B. Example

To simplify the analysis and comparison the system is kept
as simple as possible and it is considered that all cables of the
real system have only two major cross-bonded sections.

Three different models are prepared for comparison:

- Model 1: The switched-on cable model has two cross-
bonded sections and all the remaining cables are modeled
with one major cross-bonded section;

- Model 2: Equal to Model 1, but the two cables adjacent to
the STSV node (STSV-GNO and STSV-ASR) are mod-
eled with two major cross-bonded sections, whereas the
remaining cables with one major cross-bonded section;

- Model 3: Equal to Model 2, but with two more cables
(GNO-KAE and ASR-THY) modeled with two major
cross-bonded sections;

According to the theory presented, Model 1 has an insuffi-
cient level of detail, Model 2 has the minimum level of detail
required to an accurate simulation of the maximum voltage
peak and Model 3 has an excessive level of detail.

Fig. 9 shows the voltage in the receiving end for the re-
energisation of the STSV-LEM cable using Model 1 and
Model 2. Fig. 10 shows the same results for Model 2 and
Model 3.

The results confirm the accuracy of the method. The differ-
ences between Model 1 and Model 2 are visible before the
peak, while the differences between Model 2 and Model 3 are
only visible after the peak instant.
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Fig. 9. Voltage in the cable receiving end during re-energisation. Dashed line:
Model 1; Solid line: Model 2
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Fig. 10. Voltage in the cable receiving end during re-energisation. Solid line:
Model 2; Dashed line: Model 3

VI. POSSIBLE INACCURACY

The presented method assumes that the peak voltage occurs
at a given instant that is independent of the network, which is
not always true, because of a combination of low and large
reflections coefficients in the same network, or a magnifica-
tion effect resultant from different surge impedances. Possible
examples are systems with:

- Very few lines;

- Low reflection coefficients in the joint points, meaning
that the cables are connected in series and there is almost
no load/generation in those points;

- An OHL is installed in the cable vicinity;

The last case is analyzed in a future paper. The first two are
explained below. As example it is used the system shown in
Fig. 11. The system consists in only two cables with the same
characteristics, with Cable A connected to a voltage source.

Cable A Cable B

Fig. 11. Two cables system. Cable B>Cable A

Cable B is energised and one of the waves propagates into
it, while another wave propagates into Cable A. The wave
propagated into Cable B is reflected back at the cable receiv-
ing end and it eventually reaches the cable joint point.

Normally, part of the wave would now be reflected back in-
to Cable B and the transient peak voltage would be at the
moment that the wave would again reach the cable receiving
end.

However, the cables have equal surge impedances and
nothing else is connected at the joint point. Thus, the wave
reflection in this point is almost inexistent; the small existent
reflection is due to the grounding of the screen. As a result,
the wave is almost entirely refracted into Cable A.

The wave reaches Cable A sending end, where it is reflect-
ed back and will reach Cable B receiving end. The peak volt-
age will occur at this instant, after the expected moment.

Fig. 12 shows the waveform during the transient for the
system seen in Fig. 11, where it can be seen that the peak in-
stant occurs later than expected.

2

'
Real/_,_q
15 peak in<tan \
5 peak ipstant—
\
: [
& ]
= Pladuiey
S 1
I
05 ; Expected
1 peak instant
1
I
J
09048 0f049 0105 01051 01052 01053 01054
time [s]

Fig. 12. Example of the voltage in the end of Cable B (dashed line) and the
joint point (solid line) during the energisation of Cable B

If the peak overvoltage is after the expected instant it be-
comes necessary to estimate again the modelling depth for the
new peak voltage instant. However, sometimes these over-
voltages after the expected instant may not be real, but a result
of simplifications in the model.

Fig. 13 shows a network reduction. To maintain the sim-
plicity, the network is reduced from one busbar depth to one
cable.

The Eq. B represents the lower/higher voltage levels con-
nected to the node. The Eq. 4 represents the entire equivalent
network seen from the sending end of Cable A.

The Egq. C is the parallel of Eq. B, with the series of Eq. 4
with Cable A. Thus, the impedance of Eq. C is always lower
than the impedance of Eq. 4.

The smaller the equivalent impedance, the larger is the
wave reflection. Thus, a model with fewer nodes will have a
larger reflection coefficient in the boundary nodes. In addi-
tion, the more complex the model the later is the reflection in
a boundary node and the more damped is the wave before the
reflection reaches the receiving end of the cable being ener-
gised/re-energised.

Thus, it is possible that the late overvoltage seen in the sim-
plest model will not be seen in a more complex model. Fig. 14
shows an example of such case.

It is important to notice that in principle, if one does not see
an overvoltage after the expected point in the model calculated
according to the method previously explained, it should also
not be present in a more complex model, i.e., with more bus-
bars, as the reflections coefficients are smaller. Thus, the ex-
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plained method provides accurate results as one can detect the
cases where the overvoltage is after the expected instant.

There may be however some special configurations, more
precisely areas with many short cables that may lead to a volt-
age build up, where the previous explanation may not be ap-
plied. Yet, such configurations should be unusual in a trans-
mission network.

’ Cable A ‘ Cable B

|
o ST

Fig. 13. Possible network reduction, where Eg. C is equal to the parallel of
Egq. B with the series of Cable A and Eq. A
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Fig. 14. Voltage in the cable receiving end during the de-energisation. Dashed
line: Simple model; Solid line: Complex model

VII. METHOD OPTIMIZATION

The inaccuracy explained in the previous section is a result
of the reflections in the outmost nodes of the model. One can
solve this problem by a combination of FD-models and
lumped-parameters models. The addition of the lumped-
parameter models increases both the system complexity and
simulation running time, but much less than if FD-models
were used all over. For a comparison of times consult [7].

A. Final Estimation Method

Like before, the cables adjacent to the energised/re-
energised cable are modelled with maximum detail, i.e. FD-
models and all the cross-bonded minor section modeled with
the exact lengths, as the distance increases the cables are still
modelled by means of FD-models, but with only one equiva-
lent major cross-bonded section or ideal cross-bonding. Ac-
cording to the method previous explained, the model would
now be complete.

To avoid the high reflections that could lead to inaccurate
results after the expected peak and possible mislead the engi-
neer doing the simulation, it is added a third level where the
cables/lines are modelled by means of lumped-parameters

models. This third level increases the simulation running time,
but considerably less than if FD-models were used, and have a
small influence in the total running time. Finally, an equiva-
lent network is used to represent the remaining network.

Fig. 15 shows a diagram with the three levels, where the
lines represent cables.

Pi-models

Fig. 15. Diagram of the final estimation method with the three levels of detail

B. Depth of the lumped-parameters modelling

One possible way would be to use a semi trial and error
method. The simulation is run a first time with only the re-
quired busbars, and it is verified if the peak overvoltage is af-
ter the expected instant. If it is, it is added another level to
model, but using lumped-parameters to model the lines. And
the process is repeated.

A more efficient approach, would be to model from the be-
ginning an extra level by means of lumped-parameters. This
approach increases the trust of the user in the results at the ex-
penses of only a small increase of the simulation running time.
The process explained in the previous paragraph is then done.

If one wants to be completely safe, it can be modelled the
remaining network by means of lumped parameters, but this
high level of detail is normally unnecessary.

VIII. CONCLUSION

The method proposed on this paper can be used to estimate
the minimum modeling required when simulating a switching
transient in a cable-based network.

The method indicates which cables need to be included in
the simulation model and which cables require an accurate
modeling of the correspondent cross-bonded sections. For the
application of the method it is necessary to know the grid lay-
out and the time that goes between the CB switch-on and the
cable maximum peak, which can be obtained by simulating
the switch-on of the cable connected to an ideal voltage
source.

A possible inaccuracy of the method, more likely to occur
in a simple network, was also analyzed and proved not to be
an issue as one can easily detect it. In these situations one
should re-estimate the model depth using the obtained maxi-
mum as reference time. However, the use of the three-level
approach strongly reduces the possibility of having this situa-
tion. Moreover, the phenomenon is associated to simple sys-
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tems and in these cases one models the entire network for the
sake of simplicity and accuracy.

The final proposed method divides the simulation model in-
to three levels. A first level where full modeling detail is ap-
plied, i.e., FD-models are used and all cross-bonded sections
are included into the model. A second level where FD-models
are still used, but the cross-bonded sections modeling is sim-
plified. A third level, where lumped-parameters models are
used, which reduce the likelihood of erroneous high overvolt-
age at the expenses of a relatively small increase of the com-
putational effort.
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Fig. 16. West Denmark Transmission Network. Note: Due to differences be-
tween the English and Danish names of some cities, the STSV-LEM link is
named STS-LKR in the map
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