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Abstract

This master’s thesis investigates the feasibility of retrofilling existing L-SEP Gas Insulated Switchgear

(GIS). This is motivated by the European F-Gas regulations phasing out the usage of Sulphur Hexafluoride

((�6) due to its large Global Warming Potential (GWP). Retrofilling the L-SEP GIS with a dielectrically

weaker insulation gas is a two-pronged problem. One side is on a component level, where the physical

required alterations are investigated to obtain a new withstand voltage based upon alternative insulation

gas. The other side is a system based study, where the grid of Stedin is examined on what transient

overvoltages can occur. The latter part is the focus of this thesis and is important as some locations

might stress the L-SEP to its rated maximum withstand voltage, not allow for retrofill.

The research methodology involves devolvement and investigation of the key transient origin applicable

to the Stedin grid by usage of the ATP-EMTP software. An analysis of transient origins identified fault

clearing as the highest priority for investigation. Key components (such as cables and transformers) were

identified and represented using frequency dependent models such as the ULM and BCTRAN Grey

box model. Both of which were tuned and validated using theory, measurement data and datasheets.

A sensitivity analysis was then performed for differing fault locations and component parameters to

identify the primary drivers of the maximum transient overvoltages.

The results show that the magnitude of the overvoltages are governed by grid earthing configuration and

total shunt capacitance on the source side of the breaker. Non effectively earthed systems consistently

produce higher overvoltages due to a large pole clearing factor. Furthermore, larger parallel capacitance

reduces circuit damping which increases the contribution of the oscillatory part to the overvoltage. The

highest simulated transient overvoltage was simulated to be a phase to phase overvoltage. In the case of

a non effectively earthed systems with very low damping, where the oscillations of different phases

align in opposition.

This study concludes that the worst case transient overvoltages remain well below the L-SEPs (rated

at 72.5kV) rated lightning withstand voltage of 325kVp for (�6. This implies that the possibility of

retrofilling the GIS with weaker insulation gas (which lowers the withstand voltage) might be possible.

In order for this to be confirmed, tests must be done on the altered GIS to find the new withstand

voltage for the alternative gas. To improve the grid overvoltages remedial actions can be taken such as

improving grid earthing and strategic installation of surge arresters.

Keywords: ATP-EMTP, ATPDraw, Transient analysis, Transient overvoltage, Circuit Breakers, Power

Transformers, Power Cables, Grid Earthing/Grounding, First Pole to Clear Factor, Gas insulated

Switchgear (GIS), L-SEP GIS
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1
Introduction

The electrical powergrid is arguably one of the largest man made invention on earth. It consists
of countless nodes, branches and components, connecting millions of people across countries and
continents. As civilization advanced, its demands for electrical power did too. To facilitate this, more
generation was required, and by extension more transmission and distribution infrastructure. More
people came to rely on this safe, stable and cheap electrical power. To ensure that the power met these
criteria, electricity had to be controlled in terms of voltages or electrical �elds and currents. Voltages
are raised using transformers to increase e�ciency in transporting power. Power which then �ows to
its required location via cables or lines. However, should anything be out of the ordinary, a means of
control is needed. A pivotal component is the circuit breaker, which allows connections to be opened
up stopping current and therefore power from �owing. This is not a trivial task. Analogous to Isaac
Newton's principles of mechanical motion, a current in motion tends to stay in motion due to system
inductance. In other words, it will resist the interruption.

An electrical substation facilitates many of the requirements mentioned before. One key point is that it
should operate reliably and safely at regular power frequency (50/60Hz) and during transient events.
The insulation should be set up to avoid �ashovers and power system protection should be tuned to
break the current in case of faults. This thesis studies the transient e�ects or phenomena on substation
switchgear installed on the 50 kV Stedin powergrid.

1
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1.1. Motivation
A large share of the power demand is near or in large population centers where land is scarce. (� 6
GIS has been a pivotal tool for Transmission Service Operators (TSOs), Distribution Service Operators
(DSOs) all over the world. One of these DSOs is Stedin, which operates on the Dutch distribution grid,
as shown in Figure 1.1.

Figure 1.1: Stedin's service area for solely gas and gas and electricity combined [1]

Stedin operates in densely populated areas, servicing a large number of customers. As of 2023 [2] the
customers consist of:

ˆ 21 HV (50kV) customer connections

ˆ 6073 MV (20kV-10kV) customer connections

ˆ 2,384,599 LV customer connections

Many challenges arise with the current Dutch energy transition. In the most conservative scenario,
Stedin (for base year 2019: 119TWh) needs to facilitate delivery of 129TWh in 2025 and 170TWh in 2030.
Increased electri�cation demand strains the current infrastructure leading to congestion. This must
be resolved by upgrading or creating additional new connections while optimally utilizing existing
infrastructure. Due to physical space constraints compact GIS is preferred over AIS installations.

Before the introduction of sulfur hexa�uoride ( (� 6) Gas Insulated Switchgear (GIS) in the sixties, most
electrical installations utilized Air Insulated Switchgear (AIS)[3]. The main disadvantage was its large
physical size of the AIS to avoid �ashovers. (� 6 has superior insulation and arc quenching properties to
alternative gases [4] due to their atomic mass and electron a�nity (at equal pressure and temperature).
Additional advantages [5] are:

ˆ Low boiling point of � 64� �

ˆ Non-Toxic (except for its decomposits due to
arcing: ( 2� 10– (� 4 and �� )

ˆ Non-Flammable

ˆ Non-Corrosive (except for its decomposits:
(� 4– ��– � 2)

ˆ Good thermal conductivity compared to air
to allow for higher currents

The application of (� 6 based GIS led to smaller, more compact installations compared to AIS.
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1.1.1. The L-SEP GIS
In the past Stedin installed the L-SEP GIS in its 50kV transport grid. The Dutch manufactured L-SEP is
a metal-enclosed 3 phase, enclosed switchgear. It uses(� 6 as an insulation and switching medium and
is rated for 72.5kV. It is used in locations where physical space is limited and/or local area is polluted by
dust, humidity or salinity.

Originally designed by ELIN Holec High Voltage (now owned by Siemens Energy), the focus of the
design can be summarized in the following points L-SEP2024:

ˆ Safety

� Safety is optimized due to double gap
disconnector design

ˆ Reliability

� Minimum amount of components

ˆ Compactness

� Insulation gas is low pressure (� 6

ˆ Modularity

� Standardised busbar, circuitbreaker and

termination compartments

ˆ E.M.C. Compatibility

� Control, protection and monitoring com-
pliant to IEC694 (nowadays IEC 60694)

ˆ Flexibility

� Single or Double busbar design, connec-
tion facilities for all cable types

ˆ Minimum maintenance

� Maintenance restricted to routine checks

A schematic overview and more detailed specs given by the manufacturer can be seen in Figure 1.2

Stedin uses 61 of these 72.5 kV L-SEP GIS bays in their 50kV grid divided over 5 substations.

This GIS contains multiple compartments. A redundant busbar compartment (2), the circuit breaker
compartment (9) and the termination compartment (5) for earthing. The �nal compartment is the
circuit breaker itself, which operates in a separate enclosure on a higher pressure than the others. The
breaker operates on a pu�er design, which extinguishes the breaking arc by simultaneously pushing
gas �ow into the channel while opening the contacts. The L-SEP is rated for 72.5 kV, which means that
all withstand voltages (power frequency and transient) ful�ll the values based on IEC 62271-1, covering
the values of Stedin. However in depth transient simulations or measurements have never taken place.
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Figure 1.2: Schematic overview and relevant speci�cations of the L-SEP GIS L-SEP2024

1.1.2. European F-Gas regulations
However, in view of the climate ambitions of the European Union, the European commission is deciding
to phase out �uorinated greenhouse gases [6]. While (� 6 has desirable electrical properties, the global
warming potential of (� 6 is 23500 times that of �$ 2 [7]. The most important new regulations state the
following:

ˆ Article 13.7
From 1 January 2035, the use of(� 6 for the maintenance or servicing of electrical switchgear
equipment shall be prohibited unless it is reclaimed or recycled, except if it is proven that it is
reclaimed or recycled (� 6.

ˆ Article 13.9
The putting into operation of the following electrical switchgear using, or whose functioning
relies upon, �uorinated greenhouse gases in insulating or breaking medium shall be prohibited as
follows:

a) from 1 January 2026, medium voltage electrical switchgear for primary and secondary
distribution up to and including 24 kV;

b) from 1 January 2030, medium voltage electrical switchgear for primary and secondary
distribution from more than 24 kV up to and including 52 kV;

c) from 1 January 2028, high voltage electrical switchgear from 52 kV up to and including 145
kV and up to and including 50 kA short circuit current, with a global warming potential of 1
or more;

d) from 1 January 2032, high voltage electrical switchgear of more than 145 kV or more than 50
kA short circuit current, with a global warming potential of 1 or more.

In addition the regulation demands for measures that monitor and document leaks on all machines or
devices using �uorized gases. 1

1Given that they have a tested leakage rate > 0.1% per year and have more than 6kg of(� 6
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The Dutch Government, as an EU member state, is bound by this new European regulation, impacting
TSOs, DSOs and industry among others. All must comply to the new regulations.

The Stedin strategic asset management department is responsible for maintaining existing assets.
The focus is to be compliant to the new regulations and not use any new (� 6 GIS after 2028. New
installations shall be (� 6 free and future GIS will either use a mixture including � 4-�# or technical air
combined with vacuum circuit breakers, as these are the main alternatives now being developed by the
manufacturers. Old installations will be maintained whilst alternatives are explored. All depending on
cost, performance and risk.

1.2. Research problem
If a retro�lling would be considered, it would imply changing the insulation medium to another gas
with a lower Global Warming Potential (GWP). As the installation is rated for 72.5kV but used at 50kV, it
might be possible to change the insulation and isolation medium to pressurized clean air in the non
breaker (low pressure) compartments given some physical retro�llings. This reduces the amount of
banked (� 6 and therefore the potentially leaked (� 6. It must be emphasized that the extinguishing
medium is not altered! This is because the circuit breaker pu�er design is based on (� 6. The
compartments in question can be seen in Figure 1.2 and are numbered as 2,5 and 9. Compartment 8
shall remain unchanged due to the pu�er design being based on (� 6.

In order to assess feasibility of retro�lling, it is important to know what the real local grid conditions
are at the L-SEP locations. This gives more insight in local grid behavior and can determine where
derating the installation would be allowed. The maximum allowed transient voltages of the air �lled
L-SEP are not known yet. The manufacturer did state that the compartments could be �lled at a higher
pressure compared to the current medium. When a higher pressure alternative gas (like air, which has a
comparatively lower dielectric strength) is used, the maximum withstanding (transient) voltages will be
reduced.

Once the grid conditions are established, some locations might not allow for a retro�lling due to the
large transients occurring due to local grid topology. With this information an informed decision can be
made on whether retro�lling is possible at what location under what restrictions. In general DSOs use
equipment rated for higher voltages and power than at which the grid is operated, using standards
and safety margins. Studies in the literature are usually only done at these higher voltage levels (for
transmission) and focus on the transient recovery voltage (TRV), which is de�ned as the voltage across
the breaker. In other words, transient phenomena are mainly investigated on transmission grids instead
of distribution grids and focus on the breaker instead of the compartment insulation. Therefore, these
studies have not been attempted yet on the Stedin 50kV grid. The methods and the models can however
be applied to lower voltage levels to obtain the required information. This still brings challenges.

First it needs to be determined what bandwidth the transients operate at to ensure usage of the correct
models. For this, the origins of these transient origins must be investigated. Once these bandwidths
are determined, models should be selected to represent physical e�ects that lead to the worst case
(transient) overvoltage that take place within the relevant frequency range(s). Afterwards, necessary
parameters need to be obtained (from measurements or datasheets), approximated (whenever direct
data is unavailable), or assumed (based on literature), and veri�ed where possible. Once all models and
parameters have been implemented and veri�ed the foundation has been set and a simulation can be set
up to model the behavior of the substation in the grid.

This thesis uses the terms overvoltage and transient overvoltage. A transient overvoltage is an overvoltage
that lasts for a short instance, usually when transitioning from one steady state to another. An overvoltage
includes transient overvoltages, but also steady state overvoltages. Overvoltages are system voltages
which are larger than its nominal steady state voltage.
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This leads to the following main research question:

What is the worst case transient overvoltage, contact to enclosure or
phase-to-phase, that the GIS is exposed to at their respective locations in

the Stedin grid?

As transient overvoltages have many sources, de�ning the worst case must be done with consideration
of the chance of occurrence and impact. It is also important to consider the local grid topology; some
locations might allow for a retro�lling, while others do not.

To answer this question, the main research question is separated into multiple parts:

1. What events will cause transient overvoltages given the current Stedin grid?

2. What does the Stedin grid topology and con�guration look like?

3. What are the main contributors in terms of grid topology or con�guration to the terminal
overvoltage?

4. How can these contributors be altered to lower the maximum transient overvoltage?

1.3. Thesis Outline
Chapter 1: Introduction
The introduction describes the main motivation behind the thesis. It brie�y touches on why (� 6 is
used by stating the main advantages. Then the thesis partner Stedin is introduced. The chapter then
elaborates on how the new (tentative) European F-Gases regulation impact Stedin, after which the
research problem is formulated.

Chapter 2: Transient origins
In this chapter the �rst sub-question of the research problem is explored. The chapter addresses what
origins are of transient overvoltages, where they come from and in what manner they occur in the
Stedin grid.. The results of this will be a list on which transients will be evaluated.

Chapter 3: Component Modeling
To model the previously mentioned overvoltage origins, the grid of Stedin must be investigated �rst.
This chapter will describe the commonalities and di�erences of the substations where L-SEP GIS are
installed, relating to the second sub-question. In addition the most occurring components are denoted
of which models need to be selected. After model selection and implementation they are then validated.

Chapter 4: Simulation Setup
This chapter describes the implementation of the transient origin studies in ATPDraw. An overview is
given on how the answer sub-question 3 can be obtained by sharing a simulation plan. The practical
simulation implementation in ATPDraw is then shared.

Chapter 5: Results
This chapter shares the results gained from running the simulations from chapter 4. It selects the most
extreme/interesting cases and interprets the results. From these results the answer to sub-questions 3
and 4 can be answered.

Chapter 6: Discussion
This chapter elaborates on the �ndings in the results and what in�uences changes in con�guration
have on the overvoltages. It links the results to the real life substations and goes in depth on what the
limitations of the study are in terms of assumptions and approximations.

Chapter 7: Remedial Actions
This chapter will describe remedial actions on how to manage high overvoltages stemming from their
respective origins. This will be in line with the respective real life substations and makes clear what
Stedin needs to consider if they are to go through with the L-SEP retro�lling.
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Chapter 8: Conclusions and Recommendations
Chapter 8 summarizes the work done in this thesis. The main results and conclusions are discussed and
recommendations on further improvements are given.



2
Transient Origins

Overvoltages occur due to switching actions and power system disturbances. A transient occurs in
the time period in which a system transfers from one steady state to another. These disturbances act
like the origin of these transients. There are many origins that lead to transients in power systems.
Simulating them often requires di�erent models due to the frequency bandwidth belonging to the
respective physical phenomena. Some lead to higher overvoltages while others can not occur due to grid
topology. To estimate the maximum transient overvoltage these transient origins need to be investigated
and prioritized. Please note that the study focuses on the overvoltages from phase-to-enclosure and
phase-to-phase. The transients across switching contacts, which are usually de�ned as the Transient
Recovery Voltage [TRV], are not of interest for this study.

2.1. Transient origins
As mentioned before, transient overvoltages occur when a power system is disturbed. These disturbances
are from now on referred to as transient origins. A list of origins for transient overvoltages sorted by
frequency range[8], can be seen in Table 2.1.

Table 2.1: Transient origins and Their Frequency Ranges [8]

Transient origin Frequency Ranges Designation
Transformer energization 0.1Hz � 1kHz Low frequency transients
Load Switching 0.1Hz � 3kHz Low frequency transients
Fault clearing 50Hz � 3kHz Low frequency transients
Fault initiation 50Hz � 20kHz Slow/Fast front transients
Line/Cable energization 50Hz � 20kHz Slow/Fast front transients
Line reclosing 50Hz � 20kHz Slow/Fast front transients
Terminal short circuit fault 50Hz � 20kHz Slow/Fast front transients
TRV due to SLF 50Hz � 100kHz Fast front transients
Inductive switching with restrikes 10kHz � 3MHz Fast front transients
Capacitative switching with restrikes 10kHz � 3MHz Fast front transients
Lightning surge 10kHz � 3MHz Fast front transients
Bus charging / faults in GIS 100kHz � 50MHz Very fast front transients

However, this table only contains a generalized collection of transient origins. The network topology
can alter the transient overvoltages such that scenarios with the same transient origin have di�ering
overvoltages. For example: fault clearing can be a (bolted) fault current which is limited by a cable or
transformer. It can be a three phase fault (grounded or ungrounded) or a single phase fault, which in
turn is dependent on earthing con�guration.

8
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2.2. Scenario Selection
As there are many origins of transients it is important to assess which ones lead to the most extreme
behavior in the grid. As the research question assumes the worst case, a prioritization is required on
what transient origins will be considered.

The following terminology will be used in this thesis:

ˆ Transient Origin : This is the root cause of the disturbance and the most general term of an
occurring transient. It describes the fundamental physical events behind the transient overvoltage.
It is the broadest term to use

ˆ Scenario: A scenario is a collection of circumstances, in event and grid topology. A single transient
origin can lead to multiple scenarios that lead to overvoltages.

ˆ Case: A case is a speci�c instance within a scenario. This is the most detailed level and describes
the exact simulation.

An example can be seen here. Transient Origin: Fault current switching. Scenario: three phase fault to
earth. Case: Switching a three phase to earth fault at the L-SEP terminal of a network with �oating
earth.

As mentioned before, transient overvoltages are a combination of both system disturbance and topology.
This can lead to di�erent types of overvoltages. These di�erent con�gurations for the same transient
origin are considered to be scenarios in this thesis. Before scenarios are considered a pre-selection of
transient origins is created. this is done by a decision matrix with the following criteria:

ˆ Assumed Overvoltage Severity (AOS)

� AOS is a metric describing the expected relative severity in terms of overvoltage stemming
from the transient origin.

ˆ Origin Validity (OV)

� The origin validity is a measure on whether or not it can occur in the Stedin grid topology or
the breaking characteristics of the L-SEP.

Note, when either AOS or OV are LOW, the case is immediately not considered

2.2.1. Transformer energization
Whenever a part of the circuit is de-energized, upon energization inrush currents to the transformer will
occur, leading to overvoltages. There are two distinct cases: No load inrush current and loaded inrush
currents. Interactions with cables and transformer can however lead to resonant voltages, as the inrush
current is high and contains many harmonics. These harmonics can occur at the resonant frequencies of
the system leading to high overvoltages. The inrush currents stem from the magnetizing inductance of
the transformer and are highly dependent on the magnetic remanence of the core (i.e. the remaining
�ux from when the transformer was de-energized making the core act like a permanent magnet).

Whenever the transformer is reconnected in such that the resulting �ux from the input voltage is in
phase with the remanent �ux, the transformer enters saturation. This instance is at voltage zero of the
input sinusoidal (as the �ux is 90 degrees out of phase of the voltage)[9].

Whenever the transformer enters saturation the core material decreasing its permeability and thus
inductance. Take the following relations below [10]

E = #
3)

3C
where ) =

#8<

<¹ 8º
and <¹ 8º =

;
� ¹8º�

(2.1)

When the reluctance drops due to saturation (decreasing mu) the magnetizing current ( 8< ) needs to
increase to uphold the applied voltage E / 38<

3C. This leads to sharp nonlinear waveforms or, in other
words, odd harmonics in the primary current.

In principle, this resulting transient is in the form of a current. But due to its non 50Hz contents it can
induce overvoltages due to resonances. This is very dependent on system inductance and capacitance.
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When parallel RLC circuits are in resonance due to the harmonics, impedance increases drastically. This
in turn leads to an overvoltage. In short, the main transient stemming from transformer is in terms
of current. The overvoltage stems from harmonics meeting the resonant condition of the connected
components.

A case of a resonance condition is when a transformer on stilts (transformer with direct cable connection)
is energized. This occurs in the Stedin grid and can be seen in Figure 2.1

) 1

�01;4

+B>DA24

/ 2A>BB>E4A

Figure 2.1: Cable transformer resonance condition. Note that there is no breaker between cable and transformer. Therefore they
can not be energized separately

Initially the cable is energized by a source operating at 50Hz, and the following interaction is observed.
Whenever the transformer resonant frequencies match those of the cable a resonance occurs. This
resonance can then transfer to the secondary side via the transformer inter-winding or crossover
capacitance, leading to potentially severe overvoltages in the L-SEP compartment. Resonances like this
only occur for very speci�c cable lengths in combination with transformer inductances and capacitances
[11].

A larger problem, but outside of the scope of this thesis, is the following phenomena. Whenever this
resonance occurs a high frequency voltage is seen at the interface of the cable and primary winding of
the transformer. As this is a high frequency signal, the voltage distribution on the primary winding is
non uniform. A large part of the voltage will be across the �rst few windings which leads to breakdown.
This is a separate problem as it is not seen on the L-SEP terminals.

In the Stedin grid it is most likely that the HV-MV transformers (50-20/10 kV) are the ones that are
energized, leading to these phenomena. The worst case would be a large 150-50kV feeding transformer,
which is why it is policy for Stedin to install surge arresters at these cable transformer connections.
Every time a fault occurs in the grid there is a large chance that the transformer needs to be re-energized.
However, it should be noted that it is the resonant condition that leads to the over voltage. Therefore the
following scores are given:

AOS: High , OV: Medium .

2.2.2. Load Switching
For load switching a regular switching operation is considered where the power factor > 0.8 leading or
lagging. In other words, mainly a resistive load. As the voltage and currents are almost in phase, the
breaker interrupts at current zero, the voltage is also near zero. The transient overvoltage is in this case
largely determined by the mainly inductive feeding impedance at the source side of the breaker and the
network impedance connected to the load side of the circuit breaker. In other words, the voltage at
the terminal of the feeding side will recover to its normal level, with a relatively small oscillation. The
voltage on the side where the fault is located will decay to zero volt once disconnected. Note that a
transient overshoot will occur on this new baseline voltage.

Switching resistive loads is a relatively uncommon occurrence in the Stedin grid. Only in the case of
power quality/stability issues loads may be shed to ensure proper operation. Therefore the following
scores are given:
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AOS: Medium , OV: Medium .

2.2.3. Fault clearing
Fault clearance is a form of de-energization during the occurrence of a short circuit. It is the the
process where a circuit breaker interrupts fault currents at a natural current zero. This fault current is
determined by network topology and creates a voltage transient when the breaker interrupts the current.
The transient overvoltage is also in�uenced by the system earthing, as di�erent earthing con�gurations
can lead to higher transient voltages on the second and third poles to clear.

Usually the fault current is inductive (fed from inductive, line dominated network through one or
more transformer) and interrupted at the current zero crossing (voltage maximum). For three phase
interruptions, the current zeros in each phase are naturally displaced (e.g. by 60 degrees in a symmetrical
three phase systems) depending on earthing con�guration. Clearing faults are relatively common
occurrences for a circuit breaker and can be characterized by Figure 2.2.

+B>DA24

/ B>DA24

� B>DA24

/ !8=4

/ ;>03

� �

Figure 2.2: Fault current switching schematic

When a short circuit occurs (at point A or B) a new steady state will come from the faulted topology.
This is a higher current due to the lowered outgoing impedance. When the faulted system reaches
a new steady state, the energy stored in the magnetic and electric �elds (of system capacitances and
inductances respectively) is also stable at new levels. When a breaker interrupts a fault current at
the current zero, the voltage is at its maximum. The feeding contact is then subjected to a voltage
transient determined by the source network. This is in�uenced by the instantaneous system voltage
at the moment of current interruption. But as the system is inductive there is an additional transient

voltage component superimposed, proportional to
38
3C

�
�
�
8=0

.

The transient voltage is also dependent on location and therefore source reactance. source reactance,
or short circuit power, determines the transient overvoltage on the feeding side of the transformer.
The distance to (which is proportional to impedance) the fault location determines the voltage at the
outgoing side of the breaker. In the case of a bolted fault (also known as terminal fault) the fault is at
the terminal of the outgoing breaker and the voltage there is equal to zero.

It can also be stated that clearing fault currents is a relatively common and essential function for a circuit
breakers helping to stabilize the grid. Therefore the following scores are given:

AOS: High , OV: High .

2.2.4. Fault initiation
A fault initiation is the process of a sound system converting to a faulted state. Usually this faulted
state is a short circuit, where the new steady state is a drastically lowered voltage. Even though may be
an over/undershoot of the voltage, the steady state is signi�cantly lower than that of other transient
origins. This event occurs as often as a fault clearing occurs, giving it the same likelihood to happen.

AOS: Low , OV: High .

2.2.5. Line/Cable energization
The Stedin grid is dominated by cables. In fact, there are no L-SEP GIS directly connected to overhead
lines. Therefore only cable energization will be considered. Overvoltages stemming from cable
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energization are related to those of transformers. It is mainly due to the interactions of system
inductance and cable capacitances leading to resonance and potentially high inrush currents. This
is also referred to as inrush current. In this case the currents are dependent on cable length, where
longer cables (having higher capacitance) lead to higher inrush currents. This inrush current contains
harmonics in its charging current due to the wave like behavior of the voltage and current. For open
ended or loaded cables these waves re�ect. This can be seen in by the following relationship:

� = �
3+
3C

where � / cable length (2.2)

Whenever the cable, which is potentially �oating, is energized a sudden jump to the input voltage
is made at the instance of connection. This step contains a wide bandwidth in the spectral domain,
which in turn generates the current harmonics. In steady state these harmonics do not exist. Just like
with transformer energization, the largest overvoltages come from interaction of current harmonics
with the resonant frequency of the connected grid. The magnitude of the charging current is directly
proportional to the connected capacitance and thus cable length. However, Stedin operates in densely
populated areas. This makes �nding long cables (>10km) very uncommon. Therefore the following
scores are given:

AOS: Medium , OV: Medium

2.2.6. Line reclosing
In the case of line reclosing a circuit breaker opens and recloses multiple times to clear a disturbance.
This origin can be seen as multiple system disturbances (i.e. switching events) where a fault is switched
o� and a line is re-energized.

The Stedin grid however, employs few lines of which none are directly connected to a L-SEP switchgear.
The main reason to install an auto-reclosing scheme on the line is to take advantage of the self restoring
insulating properties of air insulated lines in case of �ashovers due to lightning. It does this with an
open close open operation (O-C-O). However, this e�ect does not occur in cables as when breakdown
occurs the insulation is damaged permanently (in the case of solid insulation). Therefore the following
scores are given:

AOS: Medium , OV: Low

2.2.7. Terminal Short Circuit
This scenario is comparable to fault clearing. The main di�erence is that this fault occurs closer to
the feeding network (i.e. close to the feeding transformer or GIS terminals). In essence this just leads
to higher fault current magnitudes and potentially higher frequency components in the resulting
overvoltage. This, because as the fault occurs closer to the source, less impedance is seen from the
breaker terminal. For example, a case of a terminal short circuit could be that the earthing switch is
unintentionally left closed or due to a �ashover on the transformer connectors. As this case is similar to
clearing other fault types, but typically with a higher fault current magnitude, it can be included in the
study of the overvoltages coming from fault clearing.

AOS: High , OV: Medium

2.2.8. TRV due to SLF
The short line fault is a traveling wave phenomenon that occurs when, at a short (few hundred meters
to several kilometers) distance from the feeding origin, a line becomes faulted [9][12]. When a line
becomes short circuited the voltage distribution drops linearly from source to short circuit. When the
breaker opens, this becomes the wavefront of a wave propagating from open circuit termination (open
breaker) to short circuit termination (bolted fault). After two lengths of propagation the resulting signal
is in the shape of a triangular wave. This wave has a very high frequency content and in context of a
TRV (di�erential voltage between breaker contacts) this leads to a very large RRRV, but with relatively
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small amplitude. This can be seen from to the relation :

3D
3C

= / 2
38
3C

where / 2 =

r
! 0

� 0 (2.3)

When the system consists of lines (where per unit length inductance ! 0 dominates over the capacitance
� 0) surge impedance / 2 leads to large changes in voltage. This can in turn lead to thermal restrikes and
failure to interrupt.

However, as earlier said, the Stedin grid is predominantly made up of cables. These cables add a lot of
capacitance to the transmission line, drastically reducing the e�ects of the SLF overvoltage. Moreover,
there are no direct connections by overhead line to L-SEP switchgears in the Stedin grid.

AOS: Low , OV: Low

2.2.9. Switching with Restrikes
In this case the switching of (small) inductive or capacitive currents can lead to restrikes[9]. When
interrupting current to a capacitive load one should keep in mind the charge on the load. This remaining
charge and its resulting voltage can be high enough that the arc can reignite in the breaking compartment.
This is especially the case at short arcing times when the contact gap distance is too small to withstand
the recovery voltage [12]. This happens due to the following mechanism:

1. The current is capacitive, it leads the voltage. The breaker aims to interrupt at current zero.

2. At current zero the voltage on the capacity (load side) is maximum: �

3. After a half period the voltage at the supply side is at its minimum, the voltage across the breaker
is now � � � � = 2�

4. If a restrike occurs, charge is transferred to the capacitive load leading to a new voltage of � 3�

5. This repeats again when the polarity changes of the supply voltage where the new voltage after
restrike and charge transfer will be 5�

This voltage escalation can lead to extremely high overvoltages across the contacts.

In the case of inductive currents, large overvoltages come from a di�ering behavior. Assume a network
consisting out of feeding inductance ! B and load inductance ! ! where ! 77 ! B with (relatively) small
capacitance� B. This implies that the current lags the voltage due to the dominant ! of the load. A
schematic can be seen in Figure 2.3

! B

� B � !

! !

Figure 2.3: Diagram describing capacitive current switching

When the current is interrupted the � ! contains charge such that the voltage is close to the supply
voltage (as the load is larger than the supply impedance). This voltage +2 can be described using the
following relation:

+2 = !
38
3C

(2.4)

This capacitor will then discharge at a frequency coming from interaction with the inductance ! at the
frequency:
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5 =
1

2�
p

! ! � !
(2.5)

This frequency is signi�cantly higher than the supply frequency and can create large
3E
3C

at the load side.

In turn, reignition of the arc in the channel could occur due to the fast RRRV. Then, the capacitance � !
is connected to the supply again, which will charge it with a current at a frequency of:

5 =
1

2�
p

! B�
given ! B 77 ! ! (2.6)

When the breaker contacts move further apart the current might again get interrupted. However, due
to this high frequency charging current the voltage on the load capacitance increases by Equation 2.4.
This is also a form of voltage escalation which could lead to severe overvoltages after a few restrikes.
Additionally the resulting large 3E

3C can then destroy capacitative grading of joints or connected
transformer windings.

In the case of switching inductive currents the restrike principle is quite similar. Take the following
equivalent circuit shown in Figure 2.4

! B

� B � ! ! !

Figure 2.4: Inductive current switching circuit

In this case ! ! 77 ! B and after breaking � ! discharges itself through ! ! with the same relation as

Equation 2.5, leading to an overvoltage on the load equal to Equation 2.4. This in turn creates high
3E
3C

at

the load side which leads to dielectric breakdown and re-ignition. Then the inductive load is connected

to the supply again, which charges the capacitance at the same frequency 5 =
1

2� ! B� !
.

In other words, a high frequency currents �ows through the arc channel. This then leads to higher load
voltages and thus voltage escalation.

The L-SEP manufacturer Siemens Energy allowed for inspection of measurement reports. For inductive
switching the reports [13] [14] showed that the breaker was restrike free for 160A & 10A inductive
currents. However, this is for the 170kV Trisep . This breaker uses the same circuit breaker pu�er
design, but at a higher pressure. This higher pressure leads to a faster quenching process and therefore
a higher 38

3C. The fact that the Trisep (with its faster quenching process due to higher pressure) did not
restrike under these test conditions implies that restrikes are also unlikely for the L-SEP (which has
lower pressure and thus a "slower" quenching process) when switching similar inductive or capacitive
currents. As for switching small capacitive currents, the reports [15][16] showed no traces of restrikes
occurring. In this case the BISEP 170kV was tested, where the same extinguishing mechanism at higher
pressure is used as the L-SEP. In view of these test reports, restrikes are presumed to be very unlikely to
occur in the L-SEP GIS. This then makes this transient origin a low priority.

AOS: High , OV: Low
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2.2.10. Lightning strikes
A lightning strike on or near a powerline can induce very fast traveling waves. These transients are very
high amplitude and have a very steep wavefront. They are determined by the length of the lightning
strike, the magnitude of its current, the pylon surge impedance and line characteristic impedance [5].

Stedin's grid is mainly cable based and no L-SEP switchgear are directly connected with lines. However,
there might be a possibility of lightning surges propagating through lines and cables to the GIS.

Imagine a high voltage transport overhead line. For simplicity the lightning strikes at the pylon or its
shield wire. The pylon is grounded, and the resulting voltage wave would propagate along the earthing
wire. However, when the voltage is high enough back �ashover might occur and an additional wave
will propagate over the phase wire. This is also the case for direct lightning impact on the overhead line.

Of all negative �rst stroke lightning strokes the median has the current corresponding to 35kA with
wavecrest of (C10•90 = 5•63� B, where t is the time between 10 and 90% of the peak value)[17] [18].
Consider Figure 2.5 The circuit can be modeled as a inductance! representing the metallic pylon, a

resistance' which is based on the earthing con�guration and line impedance / 2 =

r
! 0

� 0 which is based

on the distributed line inductance and capacitance.

Figure 2.5: Example of lightning striking earthing wire or transmission pylon

The pylon voltage at the time of impact will then be:

+? = + !? Ï + '? = !
38
3C

Ï '8 = (2.7)

Pylon inductance consists of a surge inductance based on propagation speed and a material part based
on pole length. For this example, values were taken from the lectures on lightning coordination in [5].
The characteristic impedances vary from 100-200
 for a pole of 30m, while propagation speeds are at
the speed of light E? = 2. Then solving for ! ? assuming / = 150
 gives:
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E? = 2 =

s
! ?

� ?
where / ? =

1
p

! ?� ?
(2.8)

! ? =
/ ?

E?
Ï ! ¹length) = 0•5 Ï 15 = 15•5� � (2.9)

As the wavefront has a time of 2� Band assuming the earthing resistance is ' ? = 25
 the voltage at the
top of the pole is:

+? � 0•98"+ (2.10)

This voltage could be high enough that a back�ashover could occur from earthing wire to phase wire

Consider a line with / 2 � 350
 transitions into a cable of / 201;4� 50
 ), the re�ection coe�cient at that
point would be found as follows.

� =
/ 201;4� / 2

/ 201;4Ï / 2
= � 0•78 (2.11)

The voltage at that point would be equal to:

+ = + ¹1 Ï � º = 0•22+ = 215:+ (2.12)

This disregards the fact that corona losses of the propagating voltage wave would lower the magnitude
and steepness. In fact, it assumes the joint was struck directly. It should also be noted that in the cable
more losses would lower the wave voltage even more before it arrives at GIS terminal [19]. In the case
that surge arresters are installed before the transformer or at the line cable interface the wave surge
would no longer be a problem.

The Stedin grid is mainly made up of cables and no direct line is connected to transformer or GIS
terminal. For this reason the probability is quite low for the L-SEP GIS to have to deal with lightning
surges.

AOS: High , OV: Low

2.2.11. Bus charging or GIS faults
Bus charging considers the event that, for any reason, there is a charge accumulation on the disconnector
rail. Whenever the disconnector closes there will be a very fast transient with overvoltages. However,
Siemens Energy stated that bus charging on this model does not lead to substantially high voltages to
facilitate �ashovers as it is also not occurring in higher voltage models [20].

AOS: Medium , OV: Low

2.2.12. Conclusion
To summarize the decisions made before, a decision matrix as shown in Table 2.2 was made. One can
see that the highest priority should be an investigation of transients from the origins of transformer
energization and fault clearing. NOTE: Terminal short circuit will be included in the fault clearing
study due to it being a fault with higher fault current.
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Table 2.2: Transient origins sorted by criticality (number of High values in AOS and OV).

Transient Origin AOS OV Notes
Fault Clearing High High Is very common and leads to recovery voltage
Transformer Energization High Medium Resonance transfer
Terminal Short Circuit High Medium Included in fault clearing
Lightning surges High Low No direct line impact possible
Switching of capacitive currents High Low Reignitions do not occur in testing
Switching of inductive currents High Low Reignitions do not occur in testing
Cable Energization Medium Medium Stedin only has short cables
Load Switching Medium Medium Low impact for resistive current
Bus charging or GIS faults Medium Low Reignitions do not occur in testing
Line Reclosing Medium Low Not applicable due to cable grid
Fault Initiation Low High No voltage transient
TRV due to SLF Low Low Cable connected

From the table it was decided to focus the study on investigating the transient overvoltages resulting
from fault clearing.



3
Component Modeling

This section will describe the implementation of the models used to simulate the selected scenarios
of the previous section. The modeling is done in ATP-EMTP using ATPDraw. They are implemented
based on measurement reports, company standards and literature on modeling. First the physical power
substations which contain L-SEP GIS are observed in more detail. As modeling entire substations takes
too much computational power, key characteristics of these substations are �rst identi�ed. Using these
characteristics, simulations can be set up to represent the current Stedin grid topologies in terms of the
extremes.

3.1. Modeling Considerations
There are many considerations when creating a model to calculate overvoltages. One overarching factor
would be what scenario is chosen. This scenario contains information about TRV origin but also the
network topology that facilitates it. While the origin stays constant for a certain scenario, the topology is
di�erent for every GIS location on the grid. In the end this could mean some locations have higher
worst case transient overvoltages than others and will therefore not allow for retro�lling.

When one considers the research question, de�ning the "worst case" is important. Modeling something
for the worst case can mean very detailed models are not immediately needed (e.g. skin e�ect creates a
higher resistance, lowering the peak voltage). It is preferred however to include these e�ects, as it leads
to a better representation of the worst case.

The design philosophy is two-fold. As mentioned before: The worst case should be considered. Secondly,
modeling will start simple. When necessary additional detail will be added.

3.1.1. Grid Topology
The Stedin grid contains 5 locations in which L-SEP GIS bays are in operation. As earlier stated, the
objective is to focus on the extreme overvoltage events that can occur in the substation. Preferably while
reducing simulation complexity by using more general models. One can then model key characteristics
of these substations using simpler models.

Some key di�ering factors of these substations are:

1. Low amount of connected capacitance. In other words, short and few amount of cables connected
to the busbar.

2. High amount of connected capacitance. In other words, large amount of parallel cables

3. Directly fed substation from 150-50kV YYd transformer

4. Indirectly fed via cable from other 50kV substation

5. Directly connected outgoing transformers. (transformers that have an electrically short (in terms
of wavelength corresponding to transient frequency content) cable connection to the busbar

18
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6. Grounding con�guration

These factors correspond to the Stedin substations as shown in Table 3.1

Table 3.1: Overview of bays and matches of each substation

Location # Bays Matches
GOES EVERTSENSTRAAT 9 1, 4
SGRAVENDEEL 6 1, 4
SOEST 02 14 2, 3
UTR MERWEDEKANAAL 01 REUS 21 2, 3, 4, 5
WAAIERSLUIS 11 1, 4

Common points seen in all Stedin substations are:

1. Each substation has an outgoing Yd (50-20 or 50-10kV) transformer connected via cable

2. All L-SEP, rated for 72.5kV are operated at 52kV

3. The 150 kV transformer (YYd) neutrals are not both earthed on the same substation to ensure
containment for single phase fault currents.

4. Transport cable (outside of substation) sheaths are earthed at both sides and are buried in trefoil
condition.

In addition, the most commonly occurring components that in�uence the transient overvoltages are

1. Cables

2. Transformers

3. Circuit Breakers

The Stedin grid is located in a very densely populated area. This means that there is a low availability of
building space and that the main mode of power transfer is via cables. In terms of transients, cables are
the main contributor of system capacitance. The distributed nature and length of a cable can lead to
resonances due to wave behavior, altering the transient overvoltage resulting from disturbances.

As mentioned before, each switchgear has at least one transformer connected to it. Be it the feeding
150-50-10 kV YYd or an outgoing 50-20/10 kV Yd transformer. The transformers determine the
magnitude of the fault current, relative impedances and add a large amount of inductance to the system.

The last important component is the circuit breaker. Breakers add a few things to the system. Parasitic
capacitance being one of them. This is capacitance from the breaker contacts (series) but also capacitance
from the contacts to the enclosure (shunt). However, these capacitances are small in comparison to that
of connected cables,it can therefore be omitted. In the case of a fault at the connection point of the
GIS and the cable (shorting out the cable) the capacitance of either the feeding transformer or cable is
dominant. Arc behavior should also be considered. As whenever a breaking operation is engaged an
arc occurs, which then generates a voltage drop over the contacts.[12] However, this lowers the transient
overvoltage due to its opposite polarity and can therefore be disregarded. Other arc behavior can be
modeled whenever re or pre-strikes are considered. However, as stated in 2.2.9, the breaker considered
to be restrike free.

It can therefore be concluded that the system can be modeled using 2 critical components: Cables and
Transformers. These models will be selected, implemented and veri�ed, after which simulations are
done on several scenarios.

3.2. Modeling philosophy
To obtain an answer to the research question, simulations were done. Chronologically, the following
iterative method was used in this thesis.

1. Start with a simple model

2. Verify the results with measurements (FAT/SAT) or theory
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3. Tweak or alter the existing models

4. Return to step 2

The main idea was that the results ideally converge to an adequate (veri�ed) accuracy. During this
thesis many of these iterations have occurred. This then led to model additions, parameter changes or
changes in con�guration.

A schematical overview on how the model has been formed can be seen in Figure 3.1

Figure 3.1: Modeling work�ow

The results and chosen models discussed in this report are the �nal ones, chosen after 4 iterations.

To ensure that the results are representative three validation steps are implemented.

1. Component validation.
To verify component behavior the models are veri�ed on whether they behave as expected. This is
done by simulation and comparison to measurement reference or theoretical validation.

2. Sensitivity analysis.
This analysis is done to compare occurring changes in results when in topology and model
parameters are varied. For example changes in grounding, parallel components or cable lengths.

3. Scenario Validation
This validation deep dives in a few results of the simulations in more depth. It attempts reach
the same results using simpli�ed analytical or alternative simulation programs to verify the
correctness.

3.3. ATPDraw
ATPDraw is a graphical preprocessor that runs the ATP executable. This program is a electromagnetic
transient program that can solve power system transients such as switching and lightning but also
controls and power electronics. The transient analysis is done by means of a time domain numerical
technique. It solves for voltages and currents at the speci�ed nodes by usage of nodal admittance
equations and application of the trapezoid rule [21].

3.3.1. Modeling lumped elements
Modeling voltages and currents of passive components using the trapezoid rule leads to the following
relations [21]:
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Resistance
The behavior of a resistance is quite trivial and is represented by:

E: ¹Cº � E< ¹Cº = E:< ¹Cº = '8 :< ¹Cº (3.1)

Where k and m are the nodes in question. The trapezoid rule is not needed in this relation.

Capacitance
The relation of current and capacitance can be modeled using a di�erential equation.

8:< ¹Cº =�
3E:<

3C
= �

3
3C

»E: ¹Cº � E< ¹Cº¼ (3.2)

(3.3)

Or rearranged for voltage:

E:< =
1
�

¹ C

C0

8:< ¹� º3� Ï E:< ¹C0º (3.4)

From the trapezoidal rule the voltage can be determined to be:

E:< = E:< ¹C� � Cº Ï
� C
2�

»8:< ¹Cº Ï 8:< ¹C� � Cº¼ (3.5)

Solving for the current then gives:

8:< ¹Cº =
2�
� C

E:< ¹Cº �

�
2�
� C

E:< ¹C� � Cº Ï 8:< ¹C� � Cº

�
(3.6)

According to [22][21], the part encapsulated by square brackets is called the history term. This term
encapsulates the previous values of voltage and currents. If this is taken to be � :<

� :< ¹Cº = �

�
2�
� C

E:< ¹C� � Cº Ï 8:< ¹C� � Cº

�
(3.7)

The current through a capacitor can be said to be

8:< ¹Cº =
2�
� C

E:< ¹Cº Ï � :< ¹Cº (3.8)

Inductance
The relation of voltage and inductance can be shown according to the following relation:

E:< ¹Cº = !
38:< ¹Cº

3C
= E: ¹Cº � E< ¹Cº (3.9)

Or rearranged for current:

8:< ¹Cº =
1
!

¹ C

C0

E:< ¹� º3� Ï 8:< ¹C0º (3.10)

From the trapezoidal rule the current can be determined to be:

8:< ¹Cº = 8:< ¹C� � Cº Ï
� C
2!

»E:< ¹Cº Ï E:< ¹C� � Cº¼ (3.11)

This can be rearranged for:

8:< ¹Cº =
� C
2!

E:< ¹Cº Ï

�
� C
2!

E:< ¹C� � Cº Ï 8:< ¹C� � Cº

�
(3.12)
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With history term � :< being:

� :< ¹Cº =

�
� C
2!

E:< ¹C� � Cº Ï 8:< ¹C� � Cº

�
(3.13)

The �nal relation of the current and inductance is then:

8:< ¹Cº =
� C
2!

E:< ¹Cº Ï � :< ¹Cº (3.14)

Note that the equations describing capacitance and inductance Equation 3.8 and 3.14 can be modeled
using an equivalent circuit as seen in Figure 3.2.

� :< ¹Cº

� C
2�

� :< ¹Cº

2!
� C

: :< <

Figure 3.2: Equivalent circuits of capacitance and inductances in ATP

3.3.2. Numerical Oscillations
As the numerical representations of capacitance and inductance both have a history term, oscillatory
behavior can occur. Take the case of a source with inductive impedance being switched into a separate
network. At a certain point, the current will approach steady state. However, the inductor voltage
(which before closing the switch was a certain value) will contribute to the current at the new timestep
via the history term. In other words, a numerical oscillation occurs.

According to [22], applications of the trapezoidal rule lead to �ltering of high-frequency voltages
for current injections and ampli�es high frequency currents for given voltages across capacitances.
ATPDraw solves this by adding a damping resistance in parallel ( ' ?) to inductances and in series (' B)
with capacitances. If one considers an inductor the voltage (in steady state) becomes:

E¹Cº = � 
 E¹C� � Cº where 
 =
' ? � 2!

� C

' ? Ï 2!
� C

(3.15)

The value for ' ? from 
 is then found from

' ? = : ?
2!
� C

where : ? =
1 Ï 

1 � 


(3.16)

In this case 
 is the reciprocal of the damping factor, so 
 = 0 corresponds to critically dampened and

 5 1 is overdamped. In the same way the ' B can be found for capacitance modeling.

' B = : B
� C
2�

where : ? =
1 � 

1 Ï 


(3.17)

According to [21][22] typical values for : ? =5-10 and : B =0.1-0.2 . In ATPDraw one can �ll in this
damping coe�cient, after which it automatically adds an equivalent resistance based on the values.
Varying these values led to very small di�erences in simulation results. Therefore in this study : ? = 5
and : B = 0•1 are used.
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3.4. Cable Models
Most of the connections in the grid of Stedin are cables. Moreover, no overhead lines are directly
connected to the L-SEP terminals making direct connections exclusively by cable. These cables are
not a single continuous piece but consist of multiple cable pieces and sometimes over 20 joints. Some
of these have di�ering (conductor) diameters, conductor materials and insulation materials and thus
characteristic impedance and propagation velocity. For this study only a single continuous cable is
considered of which the parameters are taken such that it represents an average cable in the Stedin
grid. This generally leads to the worst case as multiple cable parts lead to re�ection and transmission,
increasing the amount of distance some surge components need to travel. This increases the damping
and magnitude of the returning voltage surge, reducing the worst case overvoltage.

Cables can be modeled in a variety of ways, but fall within a few categories.

ˆ Lumped

� Lumped transmission line or cable models consist of resistances, capacitances and inductances.
This is usually best for steady state studies. Wave like behavior is not modeled. An example
of this is the PI model.

ˆ Distributed

� Modeling is done using distributed inductances, capacitances and resistances. This describes
wave like behavior better. An example of this is the Bergeron model.

ˆ Frequency dependent

� Cables parameters are inherently non-linear. This is, among others, due to their frequency
dependence. Namely the inductance is frequency dependent due to eddy currents and skin
e�ect. Usually transient studies contain a wide range of frequencies instead of a single point,
making this the most desirable solution. Examples of this are the Semylen, JMarti, NODA
and ULM models

3.4.1. PI model
This model is regarded as the simplest representation as it is a lumped component model. Wavelike
behavior is not supported and the model operates at a set frequency. In other words, it is used to
approximate a distributed transmission line for steady state behavior. A circuit diagram of the model
can be seen below in Figure 3.3.

R L

C/2 C/2+8 +>

�8= �>

Figure 3.3: PI model equivalent circuit

From the model resistance, inductance and capacitance the series impedances (Z) and shunt admittances
(Y) are calculated. Using these impedance matrices the currents and voltages are determined.

3.4.2. Bergeron model
This type models the inductance and capacitance from the geometry in a distributed con�guration. This
model includes losses but adds these as a lumped resistance isntead of the distributed capacitances
and inductances. Note that the distributed capacitance, inductance and resistance certain operating
frequency. A representative circuit diagram is included below.

To solve the voltages and the currents the telegraphers equations are used. These can be de�ned as
follows.
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/ 2

/ 2

/ 2
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%+ ¹G– Cº
%C

= � '� ¹G– Cº � 9$ !� ¹G– Cº (3.18)

%� ¹G– Cº
%C

= � �� ¹G– Cº � 9$ 0�+ ¹G– Cº (3.19)

When the series impedanceZ and the shunt impedanceY of the line are considered, the telegraphers
equations can be rewritten as follows:

%+ ¹G– Cº
%C

= � Z� ¹G– Cº (3.20)

%� ¹G– Cº
%C

= � Y+ ¹G– Cº (3.21)

The partial di�erential equations can be uncoupled by applying a second spacial derivative and
substituting the results.

%2 ¡+ ¹Gº
%C2

= ZY ¡+ (3.22)

%2¡� ¹Gº
%C2

= ZY¡� (3.23)

Note that, as the model is evaluated at a single frequency, voltages and currents are seen as phasors.

The propagation constant is then de�ned as

� =
p

ZY =
p

¹' Ï 9$ 0! º¹� Ï 9$ 0� º (3.24)

The forms above are equivalent to the Helmholz equations in one dimension. General solutions for the
current and voltages are

+ ¹G– Cº = + Ï 4� � G Ï + � 4� G (3.25)

� ¹G– Cº =
+
/ 2

Ï

4� � G �
+ �

/ 2
4� G (3.26)

Where the characteristic impedance is

/ 2 =
Z
�

=

s
' Ï 9$ 0!
� Ï 9$ 0�

(3.27)

Where the frequency $ 0 is the operating frequency.

Cable models are inherently nonlinear. All parameters are dependent on frequency and due to the
coupling to other cables and soil many separate modes of propagation occur.[21]. As earlier mentioned,
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the Bergeron model evaluates the parameters at a set frequency. It then evaluates the voltages and
currents by applying the trapezoid method on the telegrapher equations [22].

Between these distributed transmission lines, lumped resistances are added to model the losses.

However, transients usually do not occur at a single set frequency but a multitude. In addition, the
transmission line parameters are all frequency dependent (i.e. ! ¹$ º– � ¹$ º etc). Skin e�ect, proximity
e�ect and eddy losses are some examples of higher frequency e�ects that in�uence the line parameters..

3.4.3. Frequency dependent models
The universal line model [23] is a model which models electromagnetic transients on transmission lines,
accounting for frequency dependence. It does this by �tting calculated frequency dependent transfer
functions derived from geometrical and material parameters. It is the most recent model that has been
implemented in ATPDraw and builds on earlier models like JMarti and Noda. All of these models try to
simulate the frequency dependence of the line parameters. JMarti does this via modal decomposition
[24], Noda via Auto Regressive Moving Average (ARMA) and the ULM via a phase domain approach.
In essence, this is a method to decouple multi-phase conductors in their respective propagating modes
(this is, in contrast to the phase domain where all modes are coupled, regarded as the modal domain).
This decoupling simpli�es calculation as each mode can be calculated separately. Initially, this was done
by usage of frequency independent transformation matrices and parameters. This gave good results for
balanced/transposed lines only, as for unbalanced or untransposed lines the matrices are frequency
dependent [25].

JMarti
For the JMarti model the modal decomposition is done �rst. As earlier said this decomposition decouples
the equations of the voltages and currents on the conductors into modal domain equations. This is done
by usage of modal transformation matrices. These matrices are frequency dependent but according to
[26], quite accurate solutions could still be obtained.

The JMarti model added frequency dependence of the modal propagation constant ( � ¹$ º) and character-
istic impedance (/ 2¹$ )) to accurately model attenuation and phase distortion of the traveling waves. The
model used rational function approximation and recursive convolution to implement these frequency
dependent parameters in the time domain.

Noda
According to [27] there were improved models where the frequency dependence of the modal trans-
formation matrix was taken into account. However, for an n-phase transmission line, these models
took 2=¹= � 1º convolutions each time step, = for each modal propagation response and another n for
the characteristic impedances. Instead of moving to the modal domain, this model stays in the phase
domain. It then tries to solve the di�erential equations that govern the transfer using an ARMA model.
This model is a discrete time model which can solve the equations in terms of a rational function in
Z-domain (discrete Laplace domain) or in terms of di�erence equations in time domain. Speeding up
calculation times drastically. The main disadvantages of this model was the fact that the �tting of the
ARMA method fails, or that the time domain signal would be unstable[28][21]. Furthermore, as the
z-transform is used, the resulting model is dependent on the timestep [29].

ULM
The ULM method stays away from the modal domain. It adds upon the JMarti model by accounting for
the frequency dependence of the modal transformation matrix by staying in the phase domain.

The ULM method uses insights gained from modal approaches, where poles correspond to propagating
waves in the medium. It stays in the phase domain where it sweeps through the bandwidth for the
geometry, obtaining the frequency behavior of the cable. Using this transfer for general simulation
would be too computationally intensive. It then proceeds to approximate this behavior in terms of
its poles and residues by usage of rational function approximation. These rational functions can be
converted to the time domain quicker than a deconvolution of the entire frequency response as the
rational functions correspond to decaying exponentials. This then leads to a more e�cient approximated
time domain model, based on frequency domain �tting.
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3.4.4. ATPDraw Implementation
ATPDraw o�ers a multitude of cable models which are calculated using geometrical parameters from
the datasheet. The routine used to calculate this is the LCC. In this routine overhead lines, single core
cables, pipe type cables and matrix import (for custom cable/line types) can be selected. In addition,
operating frequency, length, ground resistivity and model type can be selected. An overview of the
LCC prompt window can be seen in Figure 3.4

Figure 3.4: LCC prompt window

When a single phase cable is modeled the sheath connection can also be added by doubling the number
of phases per cable in the program. This ensures the sheath can be connected externally to be grounded
or �oating. Geometrical cable parameters can be �lled in the DATA tab. This includes burying depth,
orientation (�atbed or trefoil), insulation strength and conductor and sheath thicknesses. Changing the
soil resistivity within the ranges found in common Dutch soil of the Stedin service area did not lead to
major changes in the results. Therefore a soil resistivity of 100 
 < is used.
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3.4.5. Cable parameters
The standard 50kV (rated for 72.5kV) cable used in the Stedin transport grid comes in 3 di�erent
conductor cross-sections: 630, 1200 and 1600<< 2. For a 630<< 2 Alcable the following parameters are
given.

Table 3.2: Cable Speci�cations for 630mm² Cable

Dimensional characteristics

Nominal diameter of conductor (mm) 29,1
Minimum/maximum conductor screen thickness (mm) 0,7/1,0
Minimum/maximum insulation thickness (mm) 10,2/11,2
Nominal diameter over insulation (mm) 53,6
Minimum/maximum insulation screen thickness (mm) 0,7/1,0
Nominal metallic screen cross-section (mm2) 120
Nominal AL/PE tape thickness (mm) 0,2 (Al)
Minimum/maximum outer sheath thickness (mm) 4,0/5,0
Approximated outer diameter of cable (mm) 70
Approximated weight of cable (kg/km) 5630

Electrical characteristics
Maximum DC conductor resistance, 20°C (
 /km) 0,0469
AC conductor resistance, 90°C (
 /km) 0,062
Inductance � in trefoil (mH/km) 0,365
Capacitance (� F/km) 0,273

Nominal electrical stress (kV/mm)
Over conductor screen 4,4
Over insulation 2,6

Maximum short-circuit current, conductor, 90 °C-250°C (kA)
During 0,5 seconds 84,2
During 1 second 59,5

Maximum short-circuit current, screen, 80 °C-250°C (kA)
During 0,5 seconds 27,5
During 1 second 20,1

The cable cross section is also provided by the manufacturer and can be seen in Figure 3.5
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Figure 3.5: Cable cross sectional diagram

Note that not all are parameters given. Namely semiconductor layer thickness, material resistivity and
screen thickness.

Semiconducting layer
A semiconducting layer is added between the insulation and the core and sheath. This is done for
several reasons.

One of these reasons is to control the electrical �eld. Semiconducting layers control and distribute the
electric �eld within the cable. Especially at interfaces of di�ering materials [30]. It is implemented
by attaching a semiconducting polymer based compound to the core, �lled with conductive particles
such as carbon black. This decreases the resistance of the compound e�ectively resistively grading the
electrical �eld at the interface. Applying this semiconducting layer also improves the durability of the
cable as the amount of voids between stranded conductor and insulation gets decreased. This then leads
to a decrease in partial discharges, improving the lifetime of the cable. The semiconducting layer on the
sheath serves the same purpose.

To see the e�ect of the semiconducting screens one can consider the capacitance of a simple coaxial
cable. The capacitance per meter can be obtained as follows:

� =
2�& 0&A

ln¹ 1
0º

(3.28)

Where &A is the insulation strength (of XLPE � 2•3), a is the conductor radius and b is the radius from
centre to the sheathe. Given the parameters in Table 3.2, this leads to a capacitance of� = 0•232� � • :< .
Which is substantially lower than the value given by the manufacturer of � = 0•273� � • :< .

In essence, the semiconducting layer adds more capacitance to the cable due to its&A being high and
it being in series with the capacitance of the insulation. This implies that the capacitance provided
by the manufacturer can be used to �nd an equivalent &A of the insulation and semiconducting layers.



3.5. Cable Model Veri�cation 29

However, this disregards the resistive part of the semiconducting layer which attenuates very high
frequency transients [31]. As the phenomena observed in this study are not in the very high frequency
range and the worst case is assumed, the approximation of not including the attenuation is deemed
valid.

The equivalent permittivity can be calculated by rearranging Equation 3.28 to solve for &A as seen below:

&A =
� ln¹ 1

0º

2�& 0
(3.29)

This then leads to the equivalent permittivity of &A = 2•705

Cable inductance
As the given inductance of the cable is measured for trefoil conditions it is not accurate to determine the
propagation velocity. A coaxial geometric inductance is more appropriate as it determines the per-phase
wave propagation. To still gain the inductance per meter, one can analytically determine the inductance
per meter. The relation seen in Equation 3.30 is the inductance per meter of a coaxial cable.

! 0 =
� 0� A

2�
ln

1
0

(3.30)

Using 0 = 14•55mm and 1 = 25•25mm, the lumped inductance can be determined to be ! 0 = 0•11� � • < .

Material resistivity
Similarly the resistivity is note explicitly given. The conducting core is made of stranded aluminum
with a DC resistance of 0.0469
 • < . To obtain a resistivity equivalent to a nominal cross sectional area
(as if the conductor is a solid) the following relation is used.

� = � 4@
� A2

� 2
= ' ��

� A2

;
(3.31)

Where Ais the conductor radius, � 2 is the nominal conductor cross-sectional area, ; is the length of the
cable and ' �� is the DC resistance per meter. This leads to a resistivity of � = 3•12� 10� 8
 < which is
higher than a solid core of aluminum.

Screen thickness
The screen consists of copper wires and tape. No thickness is given by the manufacturer, instead the
nominal metallic screen cross sectional area is given. To obtain a thickness the wire screen can be seen as
an tubular conductor with cross sectional area equal to the wire area [31]. The radius can be calculated
as follows:

A3 =

r
� B

�
Ï A2

2 (3.32)

Where A3 is the distance from center to outer sheathe, A2 the distance to the inner sheathe and � B the
sheathe cross sectional area. This leads to a outer sheathe radius ofA= 26<< .

3.5. Cable Model Veri�cation
To verify the correctness of the assumptions made when converting manufacturing parameters to
geometrical, a preliminary simulation was done using the PI and Bergeron model. As the given
inductance and capacitance were measured at 50Hz, it was decided to initially run the simulation at
that set frequency.
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3.5.1. Simulation setup
To simulate the behavior of the cable a step voltage was applied to the cables. This step has a large
frequency content in spectral domain, which should lead to a frequency transfer that will give the
resonant frequency. This resonant frequency can then be matched with the theoretical value to verify
the assumptions and implementations. Additional points in the setup were:

ˆ One side of the cable is open ended

ˆ The sheath is earthed at both sides

ˆ The cable is buried at a depth of 1 meter in trefoil formation.

ˆ The timestep was equal to � C= 0•5� B

ˆ To ensure wave like behavior the cable length was set to be 1 km

The cable input current and voltage was measured. From this voltage the resonant frequency was
determined by taking the FFT from the signal after the voltage step. A schematic of the simulation can
be seen in Figure 3.6

Figure 3.6: Cable simulation setup

To verify the assumptions made during the implementation of the parameters, the theoretical resonant
frequency from the wave-like behavior is calculated. As the line is long enough for wave like behavior
the propagation velocity should be calculated. For a cable with distributed parameters the following
relation holds:

E? =
1

p
! 0� 0

= 1•82� 108 <
B

= 0•6082 (3.33)

Where 2 is the speed of light. To the �nd the resonant frequency the cable length and open end should
be taken into account. This can be obtained using the relation:

5 =
E?

4!
= 45•6:� I (3.34)

Where L is the cable length of 1 kilometer.

3.5.2. Bergeron and Pi Model
The results from the simulations were processed using a MATLAB script which would take the FFT
of the measured voltage. This resulted in Figures 3.7 and 3.8. Here one can clearly see the resonant
frequency of the Bergeron model being 24•2:� I which does not match that of the calculated theoretical
value. There are some higher frequency inaccuracies, which is expected as the operating frequency of
the models is set to be 50Hz. This calculates the! ¹$ º and � ¹$ º used in Equation 3.24 at a low frequency.
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The time domain plots show the expected results: An oscillation that gets dampened over time. Note
that the Bergeron model shows these artifacts in the time domain too, as an envelope can be observed
around the start of the transient. The multiple frequency components can be attributed to its low
frequency inaccuracies [32]. The PI model is o� by a large amount. This can be attributed to the fact that
no wave like behavior is taken into and that only one PI-section is used instead of multiple shorter ones.

Figure 3.7: Frequency and phase spectrum of measured voltage at cable entrance

Figure 3.8: Time domain signal of measured voltage at cable entrance
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3.5.3. ULM model
An initial simulation showed that the Bergeron model did not match the theoretical resonant frequency
of 45•5:� I . Additionally, one could already observe inaccuracies that occur for higher frequencies due
to the step excitation. As the frequencies that occur due to a transient are not a singular value or known
it is preferred to use a model that takes into account multiple frequencies instead of one. This model is
the ULM model. To test the behavior of the ULM model the same simulation was ran with the same
parameters. The ULM model considered frequencies from 50 to 1"�I in 6 decades, with 10 �tting
points per decade. The results from this simulation can be seen in �gures 3.9 and 3.10

Figure 3.9: Frequency and phase spectrum of measured voltage at cable entrance with ULM model

Figure 3.10: Time domain signal of measured voltage at cable entrance

In this case all frequencies in the bandwidth are considered when calculating the resonant frequency of
the cable. One can observe that this leads to a ULM resonant frequency at45:� I . This is more in line
with the theoretical value and should include all higher frequency e�ects in its calculation. From the
time domain plots it can also be seen that the voltages do not match. Additionally the Bergeron model
shows erratic behavior when the operating frequency is set to a low frequency of 50Hz.
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When it is assumed that the ULM model generates the most physically accurate resonant frequency, one
can cross verify this by placing the set frequency of the Bergeron model at this new resonant frequency.
This way the routine calculates the line parameters at the frequency that the ULM determines the line to
resonate at. This gave the results shown in �gure 3.11 and 3.12.

Figure 3.11: Frequency and phase spectrum of measured voltage at cable entrance with ULM model, operating frequency at 45
kHz

Figure 3.12: Time domain signal of measured voltage at cable entrance, operating frequency at 45 kHz

It is clear to see that the Bergeron and ULM model now match. This also con�rms that the assumptions
done for implementing the geometrical parameters are correct as the resonant frequencies match those
of the theory. However, as the dominant frequencies in the signal when a disturbance occurs are not
known, a more wideband model is preferred. Therefore the ULM model is the �nal choice of cable
model.
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3.6. Transformer Models
The transformer model is a crucial part for the simulation of the scenarios. Its frequency behavior is
critical for transient studies as it is directly series connected to the feeding external 150kV grid. There
are many ways to model a transformer but they can be categorized in 3 types: White box, Black Box and
Grey box models [33][34][35]. The properties of these models are discussed further.

White box models are representations that allow for calculation of internal overvoltages due to lightning
surges. These implementations can be done with either lumped parameter models or traveling wave
models. However, for this model one needs detailed transformer design data from the manufacturer
which usually is proprietary information. White box models are used when the component itself is the
device to be tested. It can for example be used to simulate required insulation strength.

Black box models are focused on reproducing the transformer's terminal behavior. It therefore is used
to do system studies (how the system reacts to the component) instead of studies on internal voltages.
Its input data stems from terminal frequency sweep measurements.

Grey box models are the most general. Based on measurements done on factory and site acceptance
tests, it tries to approximate internal and terminal transient behavior. What it sacri�ces in comparative
accuracy, it gains in ease of implementation.

The �ndings from these models out of their respective technical brochures can be summarized in
Table 3.3.

Table 3.3: Comparison of White-Box, Black-Box, and Grey-Box Transformer Models

Feature White-Box Model Black-Box Model Grey-Box Model

Data Required Full transformer design de-
tails

Frequency response measure-
ments

Test reports, simpli�ed equiv-
alent circuits

Accuracy High (internal and external
voltages)

High (only for terminal behav-
ior)

Moderate (approximates in-
ternal + terminal behavior)

Computational Com-
plexity

High Moderate Low to moderate

Includes Frequency
Dependence?

Yes Yes Partially

Best For Internal voltage calculations,
insulation studies

EMT simulations, system-
level transient response

Power system planning, sim-
pli�ed EMT studies

Weaknesses Requires proprietary data No insight into internal volt-
ages

Less detailed than white-box
models

Due to the availability of parameters and model simplicity, it was decided that the model type would be
grey box.

3.6.1. Grey Box model
There are 5 types of grey box models (M1-M5)[35]. Each with di�erent parameter requirements and
approximations. These models only consider the terminal response only and are applied in situations
where limited data is available.

The M1 model is a capacitance model where each phase is represented as a capacitance. This model
can be used as a rough approximation for fast-front transient analysis, but lacks a lot of details. The
transformer model does not include the voltage transfer, fault impedances and earthing con�guration.
As the studies chosen (fault current switching and transformer energization) do require the former
information this model is not chosen.

The M2 model are arti�cial RLC models. This model represents the transformers linear low frequency
behavior. It considers the �rst resonance and the high frequency capacitive behavior of the transformer.
In essence this model represents the transformer as an RLC circuit based on nameplate data and open
and short circuit measurements. This model is however single phase so does not account for the fact
that Stedin uses 3 winding 3 phase transformers.
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Models M3 and M4 are both similar single phase models. The main di�erences are added nonlinear
magnetizing inductances and added shunt and series capacitances of the windings.

Model M5 is a topological 3-phase model. This model operates correctly in unbalanced situations
and represents the physical �uxes starting from a magnetic circuit. For higher frequencies external
capacitances are then added [11]. This model can represent an N winding transformer with a
matrix of rank N[22]. In this matrix the resistances and mutual inductances are described. To this
matrix representation external capacitances should be added. This matrix can be generated in most
electromagnetic transient (EMT) programs using the BCTRAN routine using FAT and SAT measurement
results.

3.6.2. BCTRAN Routine in ATPDraw
While no transformer is identical, common types feeding substations using the L-SEP GIS have the
following characteristics:

ˆ U = 150/50/10kV, YYd4

ˆ S = 100/100/27MVA

ˆ Manufacturer: Smit Trafo

ˆ Core type: 3 legged core type

For these transformers site and/or factory acceptance test reports are available, containing the following
information:

ˆ Nameplate data

ˆ Short circuit test

ˆ Open circuit test

ˆ Dielectric test

In ATPDraw there are multiple models that can represent transformer behavior. One can use coupled
inductances, models based on geometrical parameters (XMFR) and models based on data from test
reports; BCTRAN.

The BCTRAN model is a versatile model which uses test report data to represent the transfomer's
terminal behaviour in terms of a resistance and inductance (R & L) matrix. The voltage is then
represented as a vector containing phase voltages, the resistance as the losses between phases and the
inductance matrix contains the mutual (between phases and windings) and self inductances of the
transformer. This can be represented as follows V = ¹R Ï 9$ LºI .

It can do this for multiple phases, winding con�gurations and earthing. Externally, nonlinearities and
capacitances can be added [32][36]. The prompt window to enter data can be seen in Figure 3.13.

From this window one can see the input �elds of the BCTRAN model. Among others, it is possible
to change the amount of phases and windings, the winding con�guration, core type and earthing.
Under the open and short circuit tabs the test data can be �lled in, with zero sequence data when
applicable. Lastly it is possible to model the core magnetization based on up to 6 points of open circuit
measurements. This will be a linear magnetization curve where more advanced curves can externally
be modeled if desired.

Open Circuit Behavior
The open circuit test is done by connecting the lowest voltage terminal with its rated voltage. Then the
current is measured �owing into this terminal when no loads are connected. Here the excitation current
is measured which represents the required current to excite the magnetic �eld in the transformer core.

For the open circuit measurements usually the lowest voltage terminal is excited. However, sometimes
connecting it to the delta winding can lead to instability. In those cases the lowest Y-connected can be
used winding instead [36].

The measurement reports display open circuit currents per phase. This makes sense as each phase is
wound around their core leg is at a di�erent location within the transformer enclosure.
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