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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
(SF¢) 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 SFs. 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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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 fields and currents. Voltages
are raised using transformers to increase efficiency in transporting power. Power which then flows 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 flowing. 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 flashovers and power system protection should be tuned to
break the current in case of faults. This thesis studies the transient effects or phenomena on substation
switchgear installed on the 50 kV Stedin powergrid.
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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. SFg
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.

Cas Stedin
Elektriciteit en gas Stedin

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:

e 21 HV (50kV) customer connections
e 6073 MV (20kV-10kV) customer connections
e 2384599 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 electrification 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 hexafluoride (SF¢) 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 flashovers. SFs has superior insulation and arc quenching properties to
alternative gases [4] due to their atomic mass and electron affinity (at equal pressure and temperature).
Additional advantages [5] are:

¢ Low boiling point of —64°C ¢ Non-Corrosive (except for its decomposits:
¢ Non-Toxic (except for its decomposits due to SFy, HF, F)

arcing: SyF10, SFy and HF ) * Good thermal conductivity compared to air
¢ Non-Flammable to allow for higher currents

The application of SFg 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 SF¢ 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:

e Safety termination compartments

— Safety is optimized due to double gap ¢ EM.C. Compatibility

disconnector design . L
- Control, protection and monitoring com-

¢ Reliability pliant to IEC694 (nowadays IEC 60694)
- Minimum amount of components ¢ Flexibility

* Compactness — Single or Double busbar design, connec-

— Insulation gas is low pressure SFg tion facilities for all cable types
* Modularity ¢ Minimum maintenance
— Standardised busbar, circuitbreaker and — 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 final compartment is the
circuit breaker itself, which operates in a separate enclosure on a higher pressure than the others. The
breaker operates on a puffer design, which extinguishes the breaking arc by simultaneously pushing
gas flow 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) fulfill 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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Fig 1 Type L-SEP bay arrangement (double busbar system). 1. local control cubicle; 2. busbar compartment: 3. busbar disconnector
4. termination disconnector; 5. termination compartment; 6. termination earthing switch; 7. circuit-breaker driving mechanism;
8. single puffer interrupter; 9. circuit-breaker compartment; 10. current transformers

B.IL
- phase - earth

- phase - phase

power frequency withstand voltage
rated short-time current
peak withstand current

rated current busbars

ambient temperature

Circuit-breaker

rated breaking current

breaking current in phase opposition
peak making current

rated current

switching cycle

make time

break time (arcing time)

Figure 1.2: Schematic overview and relevant specifications of the L-SEP GIS L-SEP2024

1.1.2. European F-Gas regulations

72.5kV  123/145kV

325 kv 650 kV
410 kv 825 kV

140 kV 275 kV
31,6/40 kA-3 s
80/100 kA
2500/3150 A

-5 0 +40 (55) °C
230 104 (131) °F

31,5/40 kA
8/10 kA
80/100 kA
1250/2000/
2500/3150 A

0-03s-CO-
3 min. - CO

60 ms

<54 (< 24) ms

However, in view of the climate ambitions of the European Union, the European commission is deciding
to phase out fluorinated greenhouse gases [6]. While SF¢ has desirable electrical properties, the global
warming potential of SFe is 23500 times that of CO; [7]. The most important new regulations state the

following;:

o Article 13.7

From 1 January 2035, the use of SFs 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 SFs.
* Article 13.9

The putting into operation of the following electrical switchgear using, or whose functioning
relies upon, fluorinated 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

Oor 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 fluorized gases. !

1Given that they have a tested leakage rate > 0.1% per year and have more than 6kg of SFg
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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 SFq GIS after 2028. New
installations shall be SF¢ free and future GIS will either use a mixture including C4-FN 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 retrofilling 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 50kYV, 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 retrofillings. This reduces the amount of
banked SF¢ and therefore the potentially leaked SFe. It must be emphasized that the extinguishing
medium is not altered! This is because the circuit breaker puffer design is based on SFs;. 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 puffer design being based on SFs.

In order to assess feasibility of retrofilling, 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 filled
L-SEP are not known yet. The manufacturer did state that the compartments could be filled 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 retrofilling due to the
large transients occurring due to local grid topology. With this information an informed decision can be
made on whether retrofilling 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 defined 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 effects 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 verified where possible. Once all models and
parameters have been implemented and verified 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, defining 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 retrofilling, 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 configuration look like?

3. What are the main contributors in terms of grid topology or configuration 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 briefly touches on why SFs 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 first 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 first.
This chapter will describe the commonalities and differences 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 findings in the results and what influences changes in configuration
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 retrofilling.
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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.



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 different 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 defined 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 differing
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 configuration.
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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:

¢ 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

¢ 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.

* Case: A case is a specific 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 floating
earth.

As mentioned before, transient overvoltages are a combination of both system disturbance and topology.
This can lead to different types of overvoltages. These different configurations 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:

¢ Assumed Overvoltage Severity (AOS)

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

* 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
flux 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 flux from the input voltage is in
phase with the remanent flux, the transformer enters saturation. This instance is at voltage zero of the
input sinusoidal (as the flux 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]

Ni, L
R0) and R(i) = —y(i)A 2.1)

- NP here o =
v= dtwereqﬁ—

When the reluctance drops due to saturation (decreasing mu) the magnetizing current (i,;) needs to

increase to uphold the applied voltage v o ‘Z—f. 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

ZCTOSSOUC?’

Cable

T1

VSOlH’CE

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 specific 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 first 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 overvoltage. 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 influenced by the system earthing, as different earthing configurations
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 configuration. Clearing faults are relatively common
occurrences for a circuit breaker and can be characterized by Figure 2.2.

Zsource A ZLine

I > 5

Vsource : Csource Zloud

1

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 fields (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 influenced by the instantaneous system voltage
at the moment of current interruption. But as the system is inductive there is an additional transient
di

dtli=o’

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.

voltage component superimposed, proportional to

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 significantly 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 reflect. This can be seen in by the following relationship:

I=C (ii_‘t/ where C « cable length (2.2)

Whenever the cable, which is potentially floating, 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 finding 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
off 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 flashovers due to lightning. It does this with an
open close open operation (O-C-O). However, this effect 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 difference 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 flashover 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 (differential 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 :

du di L

i ZCE where Z. = Yol (2.3)
When the system consists of lines (where per unit length inductance L’ dominates over the capacitance
C’) surge impedance Z. 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 effects 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: E

3. After a half period the voltage at the supply side is at its minimum, the voltage across the breaker
isnow E - —-E =2E

4. If a restrike occurs, charge is transferred to the capacitive load leading to a new voltage of —3E
5. This repeats again when the polarity changes of the supply voltage where the new voltage after
restrike and charge transfer will be 5E

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

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

L Lt

Figure 2.3: Diagram describing capacitive current switching

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

di
Ve=L—o (2.4)

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

f - ZRVLLCL (25)

d
This frequency is significantly higher than the supply frequency and can create large d_? at the load side.

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

f = ﬁ given Ls >> L (26)
S

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 ‘;—7; 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

Ls

G —___ G Ly

Figure 2.4: Inductive current switching circuit

In this case Ly >> L, and after breaking C; discharges itself through L; with the same relation as

d
Equation 2.5, leading to an overvoltage on the load equal to Equation 2.4. This in turn creates high d—? at

the load side which leads to dielectric breakdown and re-ignition. Then the inductive load is connected
1

27'(L5 CL ’

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

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

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 puffer
design, but at a higher pressure. This higher pressure leads to a faster quenching process and therefore
a higher %. 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 flashover 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 first stroke lightning strokes the median has the current corresponding to 35kA with
wavecrest of (tjg/90 = 5.63us, 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 L representing the metallic pylon, a

’
resistance R which is based on the earthing configuration and line impedance Z, = Yol which is based

on the distributed line inductance and capacitance.

k(t)%
— 1 I
Z Z,

C

2| ®

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

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

di .
Vp=Vip+ Vip = L +Ri = 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 Q2 for a pole of 30m, while propagation speeds are at
the speed of light v, = c. Then solving for L, assuming Z = 150Q gives:
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Ly 1
Uy =C =4 f— where Z,, = (2.8)
P Cp P ,_Lp Cp

z
L,= U—: + L(length) = 0.5+ 15 = 15.5uH (2.9

As the wavefront has a time of 2us and assuming the earthing resistance is R, = 25( the voltage at the
top of the pole is:

V, ~ 0.98MV (2.10)

This voltage could be high enough that a backflashover could occur from earthing wire to phase wire

Consider a line with Z. ~ 350Q2 transitions into a cable of Z ;5. =~ 50Q2), the reflection coefficient at that
point would be found as follows.

Zeapte = Z
Ccable = %c — _0.78 (2.11)

I =
anhle + Zc

The voltage at that point would be equal to:

V =V(1+T)=0.22V = 215kV (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 flashovers 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.



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 first identified. 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
different 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 retrofilling.

When one considers the research question, defining the "worst case" is important. Modeling something
for the worst case can mean very detailed models are not immediately needed (e.g. skin effect creates a
higher resistance, lowering the peak voltage). It is preferred however to include these effects, 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 differing factors of these substations are:

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

High amount of connected capacitance. In other words, large amount of parallel cables
Directly fed substation from 150-50kV YYd transformer
Indirectly fed via cable from other 50kV substation

ANl S N

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 configuration

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 influence 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 verified, 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 (verified) accuracy. During this
thesis many of these iterations have occurred. This then led to model additions, parameter changes or
changes in configuration.

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

~ N\

FIRST MODEL UPGRADE MODEL VALIDATION VA'\L/'lg/;TE'LON L

)

CABLE MODEL

SCENARIO MODEL

)

TRANSFORMER
MODEL

)

BREAKER MODEL

Figure 3.1: Modeling workflow

The results and chosen models discussed in this report are the final 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 verified 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 simplified 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 specified 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:

Ok(t) = 0 (t) = Vkm(t) = Rigm(t) (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 differential equation.
) Ao, . d
fn (1) =C 2 = C L [ou(E) = o (1) (32
(3.3)
Or rearranged for voltage:
1 rt
Vkm :E/ Tk (T)AT + Uk (to) (3.4)
to
From the trapezoidal rule the voltage can be determined to be:
At . .
Okm = ?ka(t - At) + E[lkm(t) + lkm(t - At)] (35)
Solving for the current then gives:
. 2C 2C .
tien () =~ 0km (£) = [Evkm(t — At) + i (t - Af)] (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 Iy,

Ikm(t) == [%Ukm(t - At) + ikm(t - At)} (37)

The current through a capacitor can be said to be

, 2C
ikm(t) = Evkm (t) + Lim (t) (3.8)
Inductance
The relation of voltage and inductance can be shown according to the following relation:
digm(t
oun(®) = L7220 — 50) — 1 69)
Or rearranged for current:
1 rt
ikm () = f/ Okm(T)AT + i (to) (3.10)
to
From the trapezoidal rule the current can be determined to be:
, , At
e () = B (t = At) + 57 [0 (t) + Ok (E = AD)] (3.11)
This can be rearranged for:
. At At ,
ikm(t) = =0km () + | ==V (f — AF) + G (f — At) (3.12)

2L 2L
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With history term Iy, being:

A
Tom(f) = 2—Ltvkm(t _AE) + it — AD) (3.13)
The final relation of the current and inductance is then:
. At
ikm(t) = ivkm (t) + Lim () (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.

Tim(t) Tim ()
k m k m
A 2L
2C At

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 filtering of high-frequency voltages
for current injections and amplifies high frequency currents for given voltages across capacitances.
ATPDraw solves this by adding a damping resistance in parallel (R,) to inductances and in series (R5)
with capacitances. If one considers an inductor the voltage (in steady state) becomes:

2L

Ry — &
v(t) = —av(t — At) where a = o (3.15)
pt Al

The value for Ry from « is then found from

2L 1+a
Ry = kPE where k, = 1

— (3.16)

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

a < 1is overdamped. In the same way the R; can be found for capacitance modeling.

1-«a
1+a

Rs = ksE where k, = (3.17)

2C
According to [21][22] typical values for k, =5-10 and ks =0.1-0.2 . In ATPDraw one can fill in this
damping coefficient, after which it automatically adds an equivalent resistance based on the values.

Varying these values led to very small differences in simulation results. Therefore in this study k, = 5
and ks = 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 differing (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 reflection 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.
* 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 Pl model.

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

—Iin > — I, >
i

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.

—_—C/2 C/2_—

Ce— N

Figure 3.3: PI model equivalent circuit

3.4.2. Bergeron model

This type models the inductance and capacitance from the geometry in a distributed configuration. 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 defined as
follows.
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— Iy — Z. R Z. —
Vi Vo
Z. Z:
‘Wg;' D _Ri(x, ) - jwLi(x, ) (3.18)
% = —GI(x,t) — jwoCV(x, 1) (3.19)

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

BV;J; D - 71, 1) (3.20)
ax,t)
S = YV, ) (3.21)

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

-

J ;/t gx) = ZYV (3.22)
-

? ;t(f ) _zyi (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 defined as

y = VZY = Y(R + jwoL)(G + jaC) (3.24)

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

Vix,t)=V*te 7" + Vel* (3.25)
‘y —+ -‘7_
- =YX _ ____L,VX
I(x,t) 2 e 2 e (3.26)

Where the characteristic impedance is

V4 R+ ja)oL
Ze = vy \/ G+ jawoC (3.27)

Where the frequency wy 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. L(w), C(w) etc). Skin effect, proximity
effect and eddy losses are some examples of higher frequency effects that influence 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 fitting 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 simplifies 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 first. 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 (y(w)) and character-
istic impedance (Z.(w)) 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 2n(n — 1) convolutions each time step, n 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 differential 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 difference equations in time domain. Speeding up
calculation times drastically. The main disadvantages of this model was the fact that the fitting 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 efficient approximated
time domain model, based on frequency domain fitting.
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3.4.4. ATPDraw Implementation

ATPDraw offers 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

Model | Data  MNodes
Suystem hipe Standard data Object content:
Mame: |E30mm2_72_5ky Template Fho [ohmem] %-gverlhead line: ’
- £ Single core cables
_ . - Freg. irit [Hz] E Enclosing pipe
Single Core Cable w | #Phazes: EI = Length [r] 1000 [+ Imported 2, '
-~ —
) #Cables: = | | || Internal calculation
Cables in = || Set length in izan
Air || b atrix output Single phase icon
Snakin _
Surface =l 8 i
dd G (5] Embed in ATP-file
) Ground £dd C [FAm]
tdodel
Tupe
Bergeron
Of:]
Jidarti
ULM
Comment: Order: Label: Hide
| | o | | =] | |
oK Cancel Import Export View Verify Edit defin. Help

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 floating. Geometrical cable parameters can be filled in the DATA tab. This includes burying depth,
orientation (flatbed 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 Qm 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 different
conductor cross-sections: 630, 1200 and 1600 mm?2. For a 630 mm? Alcable the following parameters are
given.

Table 3.2: Cable Specifications for 630mm? 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 (mm?) 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 (€2/km) 0,0469
AC conductor resistance, 90°C (Q2/km) 0,062
Inductance - in trefoil (mH/km) 0,365
Capacitance (uF/km) 0,273
Nominal electrical stress (kV/mm)
Over conductor screen 44
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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1 — Circular stranded compacted aluminium conductor,
class 2 according to IEC 60228.
Waterblocked conductor by means of swellable yarns
and/or tapes.
A semiconducting waterblocking tape is helically
applied over the outer surface of the conductor.
2 — Extruded semiconducting compound conductor screen. 2 \
3 — XLPE insulation. 3

4 — Extruded semiconducting compound insulation screen,

fully bonded t— A ‘
y bonded.

5 — Waterblocking semiconducting tape.

6 — Copper wires metallic screen helically applied. Over the

wires, an equalizing copper tape is applied in an open

counter helix.

P
/}

f

X

N\

7 — Non-conducting waterblocking tape.

8 — Aluminium/PE laminated tape adhered to the outer

Cross-sectional drawin
sheath. g

9 — PE outer sheath, type ST7. Over the outer sheath, an
extruded semiconducting compound is applied for

testing purposes.

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 field. Semiconducting layers control and distribute the
electric field within the cable. Especially at interfaces of differing materials [30]. It is implemented
by attaching a semiconducting polymer based compound to the core, filled with conductive particles
such as carbon black. This decreases the resistance of the compound effectively resistively grading the
electrical field 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 effect of the semiconducting screens one can consider the capacitance of a simple coaxial
cable. The capacitance per meter can be obtained as follows:

_ 2mep€e,
In()
Where ¢, 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 C = 0.232uF/km.
Which is substantially lower than the value given by the manufacturer of C = 0.273uF /km.

(3.28)

In essence, the semiconducting layer adds more capacitance to the cable due to its €, 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 find an equivalent €, of the insulation and semiconducting layers.
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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 €, as seen below:

Cln(%)

2
27?6() (3 9)

This then leads to the equivalent permittivity of €, = 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.

,_ botkr D
L= —In- (3.30)

Using a = 14.55mm and b = 25.25mm, the lumped inductance can be determined to be L’ = 0.11uH /m.

Material resistivity

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

mr? mir?
= — =Rpc— 3.31
P = Pegq A, DC ] ( )
Where 7 is the conductor radius, A, is the nominal conductor cross-sectional area, ! is the length of the
cable and Rpc is the DC resistance per meter. This leads to a resistivity of p = 3.12 * 10~8Qm 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:

r3=ql— +715 (3.32)

Where r3 is the distance from center to outer sheathe, r, the distance to the inner sheathe and A; the
sheathe cross sectional area. This leads to a outer sheathe radius of r = 26mm.

3.5. Cable Model Verification

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:

® One side of the cable is open ended

® The sheath is earthed at both sides

¢ The cable is buried at a depth of 1 meter in trefoil formation.
e The timestep was equal to At = 0.5us

¢ 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
@ P o=
¢ \J —
i—/ —
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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:

1 m
v, = =1.82+108— = 0.608¢ (3.33)
77 “[L/C/ S

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

Up
f=qp =45.6kHz (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 24.2kHz 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 L(w) and C(w) 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 off 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.
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Figure 3.7: Frequency and phase spectrum of measured voltage at cable entrance
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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 45.5kHz. 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 1M Hz in 6 decades, with 10 fitting
points per decade. The results from this simulation can be seen in figures 3.9 and 3.10
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Figure 3.9: Frequency and phase spectrum of measured voltage at cable entrance with ULM model
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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 at 45kHz. This is more in line
with the theoretical value and should include all higher frequency effects 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 figure 3.11 and 3.12.

Frequency response Cable

40~ Pi
— Bergeron
ﬁ ULM
% 20
=
Ej g
a QOF
=
=20 L L L L
10° 104
200 T —T I T T T T T T T I

100 -

Phase [Degrees]
(=]

-200 L L L [ | L L L L M| L 1 | L L1
10° 10* 10° 108
Frequency [Hz]

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

Time response
[

1 T |
r Pl Model
| ‘ Bergeron Model
ULM
0.5+ ( \
=
S
g ° | i
S | \
05+ \ \ -
-1 — I I I L | I
0 1 2 3 4 5 6 7 8

Time [s] %105

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 confirms 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 final 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 sacrifices in comparative
accuracy, it gains in ease of implementation.

The findings 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- | Frequency response measure- | Test reports, simplified equiv-
tails ments alent circuits

Accuracy High (internal and external | High (only for terminal behav- | Moderate (approximates in-
voltages) ior) ternal + terminal behavior)

Computational Com- | High Moderate Low to moderate

plexity

Includes Frequency | Yes Yes Partially

Dependence?

Best For Internal voltage calculations, | EMT simulations, system- | Power system planning, sim-
insulation studies level transient response plified EMT studies

Weaknesses Requires proprietary data No insight into internal volt- | Less detailed than white-box

ages 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 different 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 configuration.
As the studies chosen (fault current switching and transformer energization) do require the former
information this model is not chosen.

The M2 model are artificial RLC models. This model represents the transformers linear low frequency
behavior. It considers the first 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 differences 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 fluxes 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:

U =150/50/10kV, YYd4
S=100/100/27MVA

¢ Manufacturer: Smit Trafo

* Core type: 3 legged core type

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

* Nameplate data
¢ Short circuit test
¢ Open circuit test

e 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 = (R + jwL)I.

It can do this for multiple phases, winding configurations 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 fields of the BCTRAN model. Among others, it is possible
to change the amount of phases and windings, the winding configuration, core type and earthing.
Under the open and short circuit tabs the test data can be filled 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 flowing into this terminal when no loads are connected. Here the excitation current
is measured which represents the required current to excite the magnetic field 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 different location within the transformer enclosure.
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Figure 3.13: Example BCTRAN prompt window

This leads to differing fluxes and thus excitation currents. However, BCTRAN only allows input of a
single excitation current. Therefore the average is taken of the three phases.

Short Circuit Behavior

The short circuit test is done in threefold for a three winding transformer. HV-MV, HV-LV and MV-LV.
In these tests a voltage source is connected to the terminal while the output terminal is shorted. Then a
voltage is applied such that the short circuit current is equal to the nominal current. This voltage is
called the short circuit voltage, from which the short-circuit impedance can be calculated.

For the short circuit zero sequence impedances it was assumed that Zy = Z;. This can be illustrated
using the following approximation.

When one connects a zero sequence source to a YnD N1 /N, = 1 connected example transformer, two
cases present themselves.

1. Source connected to the delta winding
If the source is connected to the delta winding zero sequence currents circulate in the delta loop.
This closed path prevents these currents from inducing zero sequence flow on the wye side.

2. Source connected to the wye winding
If the source is connected on the wye side (with grounded neutral), zero sequence currents (Ip) will
flow in the wye windings. While the total input current might be 31y, the delta winding blocks the
zero sequence currents from flowing to the delta network. In essence, any zero sequence current
that attempts to cross the transformer to the delta side will circulate in the winding itself.

Therefore, for the short circuit test Zy as seen from Y to D can be regarded as approximately equal to Z;.

When currents flow through the primary and secondary Y coils of the windings in regular operation,
three magnetic fluxes get induced which are 120 degrees out of phase. Therefore these fluxes with
their respective phases cancel out in the core. In the case of short circuit currents these fluxes sum
to a nonzero value. This means the flux needs to find a return path outside of the core as shown in
Figure 3.14.



3.6. Transformer Models 37

Figure 3.14: Zero sequence flux through a three legged transformer core

The zero sequence inductance is dependent on the magnetic reluctance (R,,0) which is defined as the
sum of the magnetic reluctance of the core and airgap (R,g, R, respectively). It can be shown to be
Equation 3.35 [37].

l“g + lc

m0 m,ag m,core [JagAag HCAC

(3.35)

Where [, A and u are the flux path length, cross section and permeability. The formula to find the
inductance can be seen in the following equation.

_ N2 N HugAugNz
Rm,ag + R e lug

Lo (3.36)

As e >> 4. In other words, the zero sequence magnetizing inductance is mostly determined by the
high airgap reluctance, leading to a low magnetizing reactance. To avoid heating of the core due to the
high I a tertiary delta winding can be added to control the currents.

All transformers that feed L-SEP GIS in the Stedin grid are YYD where either of the primary or secondary
side is earthed. Literature describes a ratio 1-2.4 of X0/X1 [38]. In this study a ratio of 1 is chosen as
lower short circuit impedance will lead to the largest single phase fault current. This leads to Zg = Z4
for the primary to secondary of the transformer in the case of a short circuit.

Transient behavior

The model does not include capacitances, which are crucial for modeling transients in the case of
switching transients [8][35]. The measurement reports include dielectric tests where the capacitance and
loss tangent are measured between different terminals. The following measurements were included.

LV to earth
MYV to earth
HYV to earth
LV to MV
HV to MV

These capacitances can externally be placed across the model terminals or shunted to earth. However,
these cannot be used at the measured value. As these tests do not consider series capacitances as
measurements are done from winding to enclosure. To circumvent this a 0.4-0.6 scaling factor should be
implemented [35]. A scaling of 0.33-0.5 is recommended for star neutral grounding.
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To more accurately represent the capacitances, the values are tuned such that the resonant peaks in
their characteristic impulse response matches that of bode plots of comparative transformers. This will
be done according to a measurement report[39] of a similar transformer which have equivalent rated
voltages, power and manufacturer.

3.6.3. Transformer Model Verification
To check the validity of the models the BCTRAN transformer model is verified. This is done by
reproducing the tests in ATPDraw and comparing the results to that of the measurement reports.

Open Circuit

This verification was done by connecting the tertiary winding of the transformer to a voltage source at
its nominal voltage. Then the excitation current and copper losses are measured. The former by using
current meters and the latter by using 3 watt meters and the identity Pio; = V,(£)I,(t) + Vi (£)Ip(¢) +
Ve(t)I(t). The measurement setup can be seen in Figure 3.15

Figure 3.15: ATPDraw measurement setup for open circuit excitation current and losses

Table 3.4: Open circuit measurement results

Measured Value | Test report value
Excitation line voltage [kV,ys] | 10.5 10.5
Excitation Current [A;s] 8.565 8.553
Excitation Loss [kW] 59.08 59.08

Short Circuit
The short circuit behavior was verified by exciting one winding while short circuiting the others. This
is done in the order discussed before; HV-MV, HV-LV and MV-LV. The resistive losses are calculated
using the same 3 watt meter setup as the open circuit method. The measurement setup can be seen
in Figure 3.16. Note that the simulation uses a 1m() resistance as a short circuit due to to ensure
convergence.
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Figure 3.16: ATPDraw measurement setup for short circuit currents and losses

Table 3.5: Short circuit measurement results

| Measured Value | Test report value
HV-MV
Short circuit voltage [%] 14.36 14.36
Short circuit current [A;s] | 384.89 384.9
Short circuit loss [kW] 230.8 230.79
HV-LV
Short circuit voltage [%] 9.37 9.37
Short circuit current [A, ;5] | 1484.4 1485
Short circuit loss [kW] 64.3 64.3
MV-LV
Short circuit voltage [%] 4.87 4.87
Short circuit current [A, ;5] | 1484.6 1485
Short circuit loss [kW] 59.7 59.7

From the results shown in table 3.4 and 3.5 one can conclude that the BCTRAN model has been
implemented correctly for the measurements.

Transient

To correctly tune the transformer capacitances the values are tuned such that they match the bodeplot
of a similar transformer. Suchh results were shared by KEMA laboratories [39]. As adding shunted
capacitances are still an approximation, only the resonant frequencies will be matched. To obtain the
measured frequency response, a standard lightning impulse (double exponent) will be fed through
one of the phases. The output and input will be recorded and transformed to the frequency domain.
Then the frequency response is taken by taking the fraction of output and input voltage. Note that all
drawn capacitances are phase to earth, the phase to phase capacitances are neglected as the phases are
on different windings.

The setup used to simulate these FRAs in ATPDraw can be seen in Figure 3.17.
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Figure 3.17: BCTRAN FRA Simulation

In this simulation one phase is connected to a double exponential lightning surge source. It matches the
excitation signal used in the measurement report and the earthing configuration of the transformer.
This source waveshape is a standard lightning impulse (with 3.6/18 ps) as stated in IEC60-2 (nowadays
IEC60060-2). The capacitances represent the measured capacitances found in the measurement report.
The series resistance is built-in and tuned to minimize numerical oscillations stemming from the
trapezoid rule chosen such that it corresponds with a numerical damping of 0.1 [22]. In addition all
shunted capacitances are shorted to avoid generation of floating sub-networks. After running the
simulation the voltage transfer and admittance characteristics are calculated. This is done by dividing
the FFT of the signals in frequency domain. Then the capacities are tweaked such that the first resonant
frequencies from the simulation match those of the report.

After tuning, the final calculated FFT and the measured values from the report can be seen in Figure 3.18
, Figure 3.19 and 3.20.
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Figure 3.20: Measured FRA Admittance transfer [39]

Please note that the magnitudes are not matching in measurement and calculation. This was a conscious
choice as it is determined by many more factors in the model. Matching the magnitude would
require more detailed modeling as losses in the forms of core losses and winding resistances and other
high frequency phenomena. In addition, series capacitances would need to be added. This would
greatly increase the amount of parameters for fitting. Additionally, changing the transformer tap
stance immediately changed the frequency transfer. Therefore, matching the resonant frequencies was

assumed to be sufficient for the gray box model.
The final values of the capacitances can be seen in table Table 3.6, where CxN is the capacity to earth of

primary, secondary or tertiary and Cxy the crossover capacity. While tuning the capacitances it was
found that the crossover capacitances C1p and Cp3 and Cony were most influential on the higher resonant

frequencies. The 5kHz resonance was most sensitive to C1y and Ci».

Table 3.6: Capacitance values of the transformer

Capacitance (nF)
CIN 0.706666596
C2N 0.6673333128
C3N 7.952
C12 3.275
C23 0.534

Now that the cable and transformer models have been appropriately tested and tuned the simulation of
the faults leading to the overvoltages can start.



Simulation Setup

This chapter will describe the implementation of the component models, integrated in a circuit simulating
a generalized realistic grid section around a substation. First the type of scenario is discussed and how
this can be modeled using the components in the previous chapter. Then the TSO thevenin equivalent
(TenneT Thevenin circuit, voltage source, etc) is discussed.

4.1. Fault clearing

As mentioned before, the first transient origin to be evaluated will be fault clearing by the circuit breaker.
There are many varieties in fault location and network topology which can lead to transient overvoltages.
For example, the fault could be:

¢ In the substation

® Very close to the feeding transformer
Behind the load transformer (50-20/10kV)
Along a feeding cable

Fed from multiple transformers

¢ In parallel to multiple cables or transformers
Which all lead to different fault currents and overvoltages.

As the goal of this study is to find the worst case, it is not required to take into account every permutation.
The way this problem will be approached is to take the extremes in the case in addition to a "halfway
point". For example, fault location is important for (mainly) the fault current. A location close to the
feeding transformer can be taken (high fault current), plus a location far away and a fault in between.

This will still result in many combinations that are to be tested. A closer investigation will be done on
combinations of components leading to the largest overvoltages. This is done to understand where they
come from and how to mitigate them. The cases that will be considered are based on the observations
made in subsection 3.1.1.

A schematic overview of the scenario can be seen in Figure A.1. This proposed circuit is based on the
worst case and common case topologies that can be found in substations of Stedin that are equipped
with the L-SEP GIS.

As the real substations are varied in size and components, completely modeling will be very complex
(both in implementation and interpretation). It is easier to represent it in terms of its extremes using
combinations of components and topologies.

This schematic is a collection of possible combinations. In other words, on each switchgear there is at
least one of each branch drawn in the schematic. Some substations have more branches as the amount
of bays is not equal everywhere, this in turn can also be parameterized. In the case that the busbar

43
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Figure 4.1: Schematic overview of the to be investigated scenario. Note that the busbar selection switch inside of the coupling bay
is OPEN (N-1)

selection switch is open only one section (in this case section A) is studied starting with fault location A.

An additional transformer can be added in parallel by closing this connection. Results from this study
will in turn be used to see which combinations or topologies will not have to be investigated for other
locations.

It is important to consider all capacitances (busbar, disconnector switch or GIS) of equal magnitude to
the largest known one. In the case of no parallel branches capacitances in the order of the secondary
winding of the feeding transformer to earth should be included. Take for example the case of Utrecht
Merwedekanaal. In this case the transformer connects to the GIS via a bushing and Duresca busbar
system with a shunted capacitance (~ 4nF). The GIS capacitance (300pF per bay) should then also
be taken into account. In the worst case however, these are not included as they are negligible when
components are added in parallel.

4.1.1. Fault location A

In the case of location A, a fault occurs between the breaker and the outgoing cable at the GIS terminal.

Parallel to this there can be a transformer connected to the rail, a cable going to another 50kV substation
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which can deliver or draw power from the substation or a cable connecting to another transformer.

For all components there are parameters which need to be varied as well. Namely: method transformer
earthing, cable length and parallel components.

For the topologies it is important to consider what will be connected at what time. Le. will the system
be N-1 or N-0, which leads to more parallel connected components and higher short circuit power.

4.1.2. Fault location B

Location B is a fault which is along the cable, of length x, between the breaker and the outgoing 50-20/10
kV transformer. This fault is then located at length L = Ax%. There are two extra variables in this case:
Total cable length and fault distance. For Stedin the maximum length of such a cable is ~ 10km.

The results from location A can be used to exclude certain combinations for the study of location B.

4.1.3. Fault location C

Location C is a fault which occurs behind the 50-20/10kV transformer. Here it is important to use the
correct transformer parameters. Just like with situation A & B, based on the results, combinations of
certain parameters can be excluded from the study if they do not lead to high overvoltages..

4.1.4. Fault location D

Fault location D is similar to C, except for the transformer directly being connected to the breaker. It
can be seen as a cable connection where the cable is too small to introduce wave like behavior or add
significant capacitance.

4.1.5. Fault location E

This location is a fault located along a connecting cable between two substations. In addition to total
cable length and fault distance there is an additional parameter: Whether this cable sends or receives
power. This influences the fault current it needs to break and therefore the transient overvoltage. In
essence this is similar to changing the short circuit power of the circuit.

4.1.6. Sensitivity analysis

To find the topology and parameter set leading to maximum overvoltages, a sensitivity analysis must
be done. This starts of simple, and adds more parallel components with varying lengths to see what
happens to the overvoltages. This way conclusions can be drawn on what parts greatly influence
overvoltages.

The values which will be extracted from these simulations are:

* Peak overvoltage to earth [kVp]

¢ Peak fault current [kAp]

* Peak phase-to-phase overvoltage [kV p]
* Max ‘fi—‘t/ [kV /us] (max RRRV) !

4.2. Simulation Setup

To simulate the scenarios, ATP-EMTP was used. The simulations were ran using ATPDraw, which easily
allows for transient calculations on electrical power systems.

The setup for fault clearance takes into account multiple factors. Fault location and grid topology. The
model for a fault at location A can be seen in Figure 4.2. The maximum three phase fault current
supplied from the 150kV side to the 150/52kV transformers was requested from TenneT for the locations
where the L-SEP has been installed. It was stated to be 32.8 kA with a grid constant (to settle the DC
component) of 47.64 ms. The single phase fault current is 4.4kA. The source is connected by line which
has a Thevenin impedance derived from the maximum three phase and single phase fault current and
grid constant. For the single phase fault the relation for a single phase fault can be used.

INote that this is faster than the official definition of RRRV as it is its maximum tangent
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3V,

= —————- whereZ; =27 4.1
Zl+ZZ+Zowere ! 2 ( )

When this equation is rearranged to solve for Zy while keeping in mind that 7 = %, the following
symmetrical impedance parameters can be obtained that represent the Thevenin equivalent circuit.

e Ry =3.79Q
o Lo=0.1706mH
e Ry =186mQ
o L, =84mH

This then connects to the tuned BCTRAN model shown in Figure 3.17. The secondary terminal is then
connected to the receiving end of the L-SEP GIS. The breaker is modeled as 3 parallel ideal switches
which clear at the current zero time of the respective phases at a predetermined time. The closing time
of the cable has been set at t = —1 ensuring steady state fault current (free of DC component) is flowing.
Should this not be the case, a low valued series resistance is added to the fault. Behind the L-SEP is a
shunted 3 phase breaker. This will simulate a short circuit between the terminal of the L-SEP and the
outgoing cable. This cable is the same one as mentioned before and will vary in length for different
fault locations and scenarios. Lastly a load is connected which is an equivalent impedance ensuring
a nominal steady state current (~ 700A) in the non faulted topology. An additional transformer can
also be added and placed in parallel, to increase the short circuit power and simulate the closure of the
coupling switch.

To account for parallel connections to the GIS, additional models can be placed in parallel. These
models are: Single cable with star connected load (neutral earthed), single cable open end and cable
connected outgoing transformer. Of these the lengths, amounts and in the case of outgoing transformer
the earthing, can be varied for different values. The cables connect to an inductive load which draws
nominal current. Purely inductive loads connected to a cable are rare in the Stedin grids, therefore the
case of an open ended cable is also considered.

This model includes all components that can be connected in parallel. The transformer is a common
MV-LV 50-20kV transformer. This model is a BCTRAN representation of the Tironi Yd transformer.
This measurement report had the same open and short circuit parameters as that of the larger 150kV
transformer but came with additional information on winding capacitances for transient behavior. This
eliminated the need for another capacitor tuning routine.

To ensure the transient time domain plots can be observed the sample time of simulation is At = 0.25us.
The total runtime is 200ms, where the breaker representing the short circuit has been open since time
instance -1s. This is done to ensure steady state fault current at the instance of switching. The time
when the breaker opens is at 60ms Nominal operating frequency is equal to f = 50Hz.

With a simulation plan and proper set up, investigation of transient overvoltages due to fault clearing
can be started.
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Results

To model transient overvoltages it is important to consider topology and location of the fault. In general,
transient overvoltages are dependent on source reactance (determining short circuit power and the fault
current), its capacitance, load impedance and damping. This fault current is dependent on net topology,
location and other component parameters such as cable length and earthing. To gain intuition for
finding the worst case overvoltage, a sensitivity analysis was done on the aforementioned dependencies.

As the study considers the worst case overvoltages, first three phase faults are considered. These
generally lead to the highest overvoltages irrespective of other topologies. The conclusions drawn from
those results will be used when considering other types of faults. There are however two types of three
phase faults. Phase to earth and phase to phase. A phase to phase fault is rare to occur in the Stedin grid.
Faults can occur inside the GIS, along cables or at terminations/joints. The faults that can occur are
either that earthing switches are unintentionally closed, dielectric breakdown occurs, physical damage
takes place or another failure mode activates. In all cases the a phase to phase fault will be earthed
instead as well. For this reason the initial emphasis is on three phase to earth faults first.

The results are first seen from faults and changes in parameters at fault location A. These are tabulated
and interpreted. From these results, conclusions are drawn and other locations and configurations are
considered. From these results a selection of cases are made of which the results are explained. The
upper ceiling on what is allowed in the current switchgear can be deduced from Figure 1.2 which is
designed based on the IEC 62271-1 [40] standard. These values can be seen in Table 5.1, where common
value means the voltage between phase and earth or phase to phase and acreoss isolating distance the
voltage between opened breaker contacts.

Table 5.1: Rated Withstand Voltages (Ud and Up) in Peak kV for 52 kV and 72.5 kV GIS according to IEC 62271-1 (Series I). Note
that the original common value was in RMS and adjusted to kVp

Rated Withstand Voltage Common Value Across Isolating
Voltage (Ur) Type (kV peak) Distance (kV peak)
50 LV Ud (Power-Frequency) ~ 134 ~ 156
Up (Lightning Impulse) 250 290
79 5 KV Ud (Power-Frequency) ~ 198 ~ 226
' Up (Lightning Impulse) 325 375

48
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5.1. Sensitivity analysis

To make sense of the results from the sensitivity analysis the simulations are assigned an ID based upon
the parameters and topology shown in Appendix A Table A.1. Each study has its own unique case ID.
In the case of fault location A, the studies start with ID A.x where x is the study number. The column
next to it denotes the earthing configuration of the feeding transformer. YnY in this case, implies that
the primary star neutral point is earthed while the secondary is unearthed. Note that it is Stedin policy
to never earth both star neutral points at the same transformer.! This is to avoid the zero sequence
component of the fault current propagating between higher and lower voltage levels. In the case that
YnY - YnY is written down it implies that there are two feeding transformers with their respective star
neutral point earthing configuration. Whenever an outgoing 50-10kV transformer is connected by cable,
its earthing configuration is denoted in the third column. It is always of the type YD, where its primary
star neutral point can be grounded. The last column denotes additional parallel components such as
cables with their respective lengths.

The extraction of results and graphs has been automated by interfacing ATPDraw via a MATLAB
livescript88 . The simulation flow went as follows:

1. ATPDraw simulation is altered to match case

. ATPDraw is ran

. Case number is iterated in MATLAB script

. MATLAB script converts data files to .mat files

9 &~ W N

. MATLAB script saves relevant figures and extracts values
¢ Peak overvoltage to earth [kVp]
e Peak fault current [kAp]
¢ Peak phase-to-phase overvoltage [kVp]
o Max 4¥ [kV /us] (max RRRV)

It must be noted that the IEC standard defines the RRRV as a tangent line instead of the maximum
derivative. This leads to lower values compared to the method used in this thesis.

Comprehensive tables of all results can be seen in Appendix B. This matches the case IDs described
before, containing only contains a small description to further distinguish the simulations. Special
individual cases will be denoted with ID X.x in later analysis. A table describing the abbreviations used
can be seen in Table 5.2.

Table 5.2: Nomenclature for network configurations and components.

Abbreviation/Term Description
YnY earthing, Primary star neutral point earthed, secondary unearthed
1C One parallel cable
Min Minimal cable length(100m)
VS Very short cable length(500m)
S Short cable length(1km)
M Medium cable length(5km)
L Long cable length(10km)
2C Two parallel cables
C20T Cable to outgoing transformer
YnY-YD earthing of feeding and outgoing transformer
YnY/YnY-YnD earthing of parallel feeding and outgoing transformer
1C OE One cable open ended

INote that the transformer is of the type Yyd, the delta winding is not noted in the naming convention but is part of every
source transformer
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5.2. Case A

From the initial simulations seen in Table B.1 a few conclusions can be drawn. To validate the results,
a simplified model is created that can explain the observed simulation results. For this the following

framework is used.

It is first assumed that the transient overvoltage consists out of two parts. One part that represents the
steady state sinusoidal voltage, denoted as Vs;. The second part has to do with the transient from the
oscillatory behavior of the connected components, denoted as V;. In all cases peak value is considered
unless stated otherwise.

In other words, the transient overvoltage can be denoted as
Vover‘uoltuge = Vss + Vt or Vover‘uoltage = kppkafvp,mted (51)

Where k), is the pole to clear factor and k,y is the amplitude factor. k,, corresponds to the steady state
part which is mainly determined by symmetrical components and earthing configuration. k,s determines
the oscillatory transient part, which is determined by damping and the underlying differential equations
of the network. This can be visualised in Figure 5.1

«10isualisation of steady state and transient contributions

10

Simulated Phase A

— — — Transient Envelope
Steady State

Voltage [V]

_2 1 1 1 |
0.059 0.06 0.061 0.062 0.063 0.064 0.065

Time [s]

Figure 5.1: Example visualisation of the transient overvoltage components

More on this can be read in subsection 5.2.2.

The maximum values of these parameters are known. In the case of the steady state, the k,, < 1.5 in the
case of a unearthed network. In the case of the oscillatory part, k,s < 2 which corresponds to a pure LC
resonance.

In the next subsections, first the k;, factor, determined by symmetrical components, will be assessed.
Then a simplified model will be introduced that can be used to understand the influence of capacitance
and damping is to k.

5.2.1. Earthing configuration
From Table B.1, one can clearly observe the importance of earthing in reducing the peak overvoltage.
When one takes the simplest case, a feeding transformer with its respective star neutral point earthing
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and a terminal fault at location A, the difference in overvoltage is large. This is reflected in Table 5.3.

Table 5.3: Scenario A Selected Cases

o Peak Fault Peak Peak RRRV
Case ID | Description | Current | Overvoltage | Phase-Phase (KV/ s)
(kAp) (kVp) (kVp)
Al YnY Base 10.1 97.6 122.2 7.72
A2 YYn Base 10.1 71.8 85.5 6.73

In this case no parallel components are added to the circuit. The only components are the BCTRAN
transformer model, the breaker and a 3 phase short circuit to ground at its outgoing terminal. Please note
that this case is highly unlikely, as the only direct capacitance to earth in the circuit is the transformer
secondary winding capacitance. Nevertheless, this case can still describe a lot of information on transient
behavior for other cases too.

One can observe that for a unearthed secondary winding the peak overvoltage is larger then when it is
grounded. This can be seen in the time domain plots in Figure 5.2 and Figure 5.6
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Figure 5.2: Case Al Time domain plots, Top figure is the voltage decay, bottom left a zoom in of the first pole to clear, bottom right
the second pole to clear.

The first thing one can observe is that the first pole to clear,phase A, of the unearthed network (feeding
transformer YnY) has a significantly higher voltage compared to the other phases. The second and
third phases then extinguish at the same time instance. When one observes the bottom left figure, one
can observe that the transient is superimposed on top of a baseline 50 Hz voltage. At the instance
of switching the first pole, the steady state part of the transient has an amplitude of V, 1,;, = 64kVp.
If one takes a look at the voltage level when all phases are healthy and in steady state the value is
Va,ss = 42kVp (average from positive and negative amplitude). From this the first pole to clear factor
(FPTC) can be calculated. This is k,, = 1.5.

For a brief refresher on symmetrical components, the reader can consult Appendix C section C.1. When
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one considers case A.1 at the time that the first pole opens, it can be represented by the following
approximated schematic.

Zr1 Zt2 Vy.A >
I
I
I:l [ Vi,c L,(;
= Ceq Ceq =
Figure 5.3: Equivalent circuit diagram
The sequence networks can be seen in Figure 5.4
Positive sequence network Zero sequence network

Zina T Zino Zro v,
Zco

Z 1 Vx
|
Vin Zc1

Figure 5.4: Sequence networks of positive and zero sequence

In the case of a double line to earth fault, the sequence networks should be connected in parallel at the
location of the fault. This can be seen in Figure 5.5

Full sequence network Equivalent network

L -

Zra Zrp

Zc Zc Zc

I ! |::| I 2 |::| 0 Zeq,l eq,2 Zco

VATS Zin2
T =

Vi

Vi th { ™\

Figure 5.5: Sequence networks of positive and zero sequence

Where are Z.;1 = (Z11 + Zrnp)//Zc1 and Zego = (Z12 + Z1ip)//Zc2 respectively. Connected
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in parallel at at faulted location X. As the shunted capacitance is in the order of nano Farad and
Zc =Zco = Zc1 = Zc the following holds:

Zeq,l = ZT,1+Z”,/1 // ZC where ZC >> ZT,l + Zth,l (52)
Zegi =Zra+Zina (5.3)

Which also holds for Z.;. At the instance of breaking the voltage at A can be found by using the
relationship found in Equation C.40

B 727
Va= 3Vﬂf (Z1Z2 + 7217y + ZZZO) (54)
Zy . . .
If one takes k = A and assume Z; = Z; the following relation arises:
1
3k
Vo = Vs (_1 : 2k) (55)

Using this relation, one can determine the FPTC. In this case, the FPTC is calculated to be k,, = “,/a j’( =15,

which closely matches that of the observed ratio of k,, ~ 1.52.

From Figure 5.2 it can also be observed that the remaining two phases clear at the same time instance.
This can be attributed to the fact that the currents mirror each other in a double earth to ground fault
which can be attributed to the relation Equation C.44. As discussed, |Z¢| = |Zo| >> Z1 = Z,. This
reduces the relations to:

VarZa
Ip=——— 5.6
OT T Z0(Zh + 2) 6
Var
L = 7
1 Z1 + Z2 (5 )
147;
L = _Z1 7 (5.8)

Note that the positive and negative sequence currents are 180° out of phase. When one converts back to
the phase domain, using Equation C.10, 21, = —ZI.. As the breaker is ideal and switches at the current
zero, this leads to a recovery voltage at the same time instance.

For the case of an earthed secondary star neutral point the overvoltage is significantly lower. Here
one can observe that, again, the transient is composed of two parts: A 50Hz sinusoidal voltage and
an additional transient. The sinusoidal voltage can be approximated at V; 1,;, = 42kVp and the steady
state as V55 = 42kV. This leads to a measured FPTC factor of k,, ~ 1. It can also be observed that
the breaking of phases B and C can be seen on phase A. This has to do with the changing earthing
configuration, and currents being able to flow through earth to the other phases when one closes [12].

Adding the star neutral to earth connection on the transformer secondary winding changes the zero
sequence and faulted network. This can be seen in Figure 5.7
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Figure 5.6: Case A2 Time domain plots, Top figure is the voltage decay, bottom left a zoom in of the first pole to clear, bottom right
the second pole to clear.

Full sequence network

L 1

Zra Zr
Zero sequence network

Ztn,0 Zro vy 1 Za T Za| |Zro| |Zco

F X

Zinj Zina

’ ’

Figure 5.7: Zero and faulted sequence networks for inverted neutral winding earthing

In this case the Zr,; and Z;, 1 need to be obtained in order to find the ratio k.

From subsection 3.6.2, it can be stated that the short circuit voltage of the transformer is 14.36%. The
transformer has a rated power of S = 100MVA and a primary voltage of 150kV. Z; = Z; can be
calculated by first calculating the base impedance.

_ (Vr,kV)2 _ 1502 _
Zo= gt = o0 = 2250) (5.9)

Then, Zor2=Z112=2Z)712 = 14.36% * Zj, = 323]Q As Zeq,l =711+ Ziha, Zin is determined to be

2.64jQ) from section 4.2. From this one can state that Z1 1 >> Z;j, 1. This then leads toa k = % =1.
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Using the same relation found in Equation 5.5 an FPTC factor of k,, = 1is found. Compared to the YnY
earthed case, the other phases do not close at the same time instance. When one takes Equation C.44
and the fact that Z.; 0 = Z¢41 = Z¢g,2 = Z1,1, the following results can be observed:

I = 3‘;;2 (5.10)
L = ;Z”;’; (5.11)
L = —3‘2‘2 (5.12)
Not that in this case Iy = —I. When one converts back to the phase domain using Equation C.10

this leads to 21, = 120° and ZI. = 240°. This is also observed from the time domain voltage plots, as
the phase difference of between the breaking times of phase C and B is approximately 60°. Which is
indicative of the interruption of currents with relative phase difference of 120°.

5.2.2. The Amplitude Factor and Damping

As earlier stated, the overvoltage consists out of a steady state part and a transient part.
Vovervoltage = Vss + Vi (5.13)
In terms of peak overvoltage this can be simplified to
Vy = karkppVp rated (5.14)

Where k;;, is the first pole to clear factor determined by the grid earthing, and k, the amplitude factor
of the transient part. Calculating the amplitude factor is non-trivial, which is why many standards exist
to avoid calculation. The difficulty lies within the frequency characteristic of the grid. In the case of the
YnY feeding transformer it has a tuned frequency response which reacts to a step voltage. Solving this
analytically would require solving either very difficult differential equations or convolution integrals.

However, it is still possible to try and approximate the result using simplified parallel RLC networks,
which is used to understand transient behavior in literature [41][12][9]. The idea is to create a model
that describes the peak value (also referred to as overshoot or A, which relates to k;s = 1 + A) in terms
of equivalent resistances, inductances and capacitances. The internal couplings via mutual inductances,
winding losses and capacitive coupling modeled by the BCTRAN model will be simplified to an RLC.
Whenever a parallel load then is added, such as a cable (which is again an approximation of the real
cable which includes damping), only the shunt capacitance will change.

Once the simplified values for R, and C are found more capacitance can be added to observe how k¢
is influenced. This model can then be used when calculating phase to phase amplitude factors as the
circuit network changes when more poles open. Note that when one changes the earthing configuration,
the damping should be recalculated as coupled inductances change.

First the inductance L is obtained. As the shunted capacitances are all relatively small, the majority of
the steady state current flows through the inductor. Its value is obtained from the steady state voltage
Vp,ss = Viatedkpp and the peak fault current.

Vp,ss

L=

= 0.0202H (5.15)
wq p

The capacitance is taken as an equivalent all capacitances connected to the transformer output node
(see Figure 3.17) as seen in Figure 5.8a and is determined to be C.; = 1.7nF. However, simply adding a
capacitor in parallel to an inductor would lead to an amplitude factor of 2. This occurs due to the fact
that there is no damping in this equivalent circuit compared to that of the BCTRAN model. To take into
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account the damping a resistance is added in parallel too. The magnitude can be determined using the
relations of overshoot an damping in a parallel RLC circuit.

—_—Cn T —Cn ——Cp
—_ Gn ——CiN
(a) Equivalent Shunt Capacitance (b) Parallel RLC model

Figure 5.8: Simplified Transient Model

V., <

The simulated k, s can be found by computing the ratio of k,s = . ‘p/' S = 1.53. From this value, the
pp Vp,rated

overshoot and damping can be calculated. Consider the overshoot (A) of an underdampened parallel

RLC circuit [42].

_CT(
A=ksr—1=ex (5.16)
e
(=_—n4 (5.17)

V12 +In%(A)

From this, the required damping is obtained for the measured k;s which can be implemented in the
simplified model. This value is calculated to be C = 0.198. Then, using the relationship for damping in a
parallel RLC the resistance is found.

1 [L
(=52 (5.18)

1 [L
R= i\@ = 8.7kQ (5.19)

When one then creates the simplified equivalent model, the following time domain plots can be seen in
Figure 5.9.

From the time domain plot one can observe that the BCTRAN phase A transient contains a lot of
additional frequency components. Namely at the tuned frequencies of 20kHz & 40kHz and at another
12kHz resonance. During tuning it was observed that the crossover capacitances Cqp and Cp3 and shunt
capacitance Cpn determined the largest resonant frequencies. These are also the capacitances closest to
the transient origin (i.e. breaker). The reason why the BCTRAN phase A transient has a differing lowest
resonant frequency is suspected to be due to the following.

1. The first resonance has been tuned using a voltage and admittance transfer while in this case the
transient origin is located on the secondary (unlike when tuning)

2. The transformer capacitances were tuned in accordance to the KEMA tests [39]. This means
earthing (YnYn) and excitation signals (lightning vs step) are different.

As the equivalent model only has one LC pair, only one frequency can be represented. Nevertheless, the
approximation displays the correct k,s which confirms the validity of the parallel RLC model.
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Figure 5.9: Left: Time domain comparison of equivalent circuit response and BCTRAN phase A. Right the spectral content of the
phase A voltage

However, simply matching the observed phase to earth k;s to a damping with equivalent resistance is
circular reasoning. The simplified RLC model, with fitted damping resistance representing the damping
from the BCTRAN model only, can still be used to evaluate the overvoltages from the second and third
poles that clear. Whenever the last two poles clear, the winding capacitances of the other phases are
added in parallel to the source side of the breaker and the simplified RLC model. This is of importance

for the other simulated quantity: the phase-to-phase voltage.

For unearthed networks (Non-effective earthing where only a capacitance to earth is added where
L0 ~ 1.2+10°), the phase-to-phase voltage is largest. This can be attributed to the simultaneous breaking

X1
of the second and third poles to clear. This breaking leads to a transient overvoltage which is essentially
doubled in magnitude as the difference is taken of the peaks. The phase voltage and currents can be

seen in Figure 5.10 and Figure 5.12
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Figure 5.11: Phase to phase voltage for case Al

It is clear that the phase to phase voltage peak is an effect of the last two phases closing simultaneously.
The peak value is 122.2kV, which can be confirmed by usage of the amplitude and FPTC factor. From

literature [41] kp, of the second and third poles is %\/E Observing the steady state phase to phase voltage
Vs of Vj, it can be approximated to ~ 75kV which corresponds to Vss pop = 2% V) rated * kpp = 73.5kV
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from the respective k,, Then using Equation 5.14 the theoretical phase to phase peak can be determined
to be:

Viop = 2Vp rated * kaf * kpp = 112kV (5.20)

This value is lower than the simulated value. As the second pole to clear factor seems to be calculated
correctly, it implies that k, ¢ is higher than expected. This in turn implies that the damping has decreased
in the circuit when it changed from a 3 phase fault to a 2 phase fault. This new kg 2, for the circuit in a
two phase to earth configuration is 1.673, which corresponds to a (o, = 0.1249. In other words, when
the system changed to a new representation, damping decreased. It is suspected that the capacitance
seen from the breaker terminal changed substantially. As the network ceases to be symmetrical, the
simplified model from before does not sufficiently model the amplitude factor. Consider the equivalent
model representing the grid just after breaking the first in Figure 5.12.

First Pole Clears Poles 2 and 3 Clear
Z12 \% Z12 V.,
— L 5 C
e i S
L |
Z12 212 Ve > |
I: L |
Ceq _ Ceq Ce‘i

Figure 5.12: Left: Circuit at instance that one breaker opens. Right: Equivalent circuit at the instance that one breaker is opened
and the second and third open at the same time.

As poles B and C clear at the same time and the phase to phase voltage is considered, the extra shunted
capacitances C,, in series with Zr; can be seen as parallel branches to the same node. In this case, Zr»,
as seen from point A,B, and C does not change between clearings as the potential at V, g = Vy c. Only
more capacitance is added each clearance. Therefore, one can state that C.;2, ~ 3Ceq and Z122p = Z12.
This implies that, as Z1» contains parameters on resistance and inductance, the R and L influencing the
damping do not change when more poles clear . Using Equation 5.19 the new damping is calculated to
be (o, = 0.1132, which corresponds to an amplitude factor of ks = 1.7. This gives a theoretical peak
phase to phase voltage of:

Viop = 2% Vy rated * kpp s * kay = 124.9kV (5.21)

Where the factor 2 comes from the fact that both phases close at the same time and are equal and
opposite in phase, k23 = %\/5 from symmetrical components for a 2 phase to ground fault [41] and
kaf = 1.7 from the added shunt capacitance. This then closely matches that of the simulated value of
Vp,pop = 122.2kV.

The RRRV is very high, this can be attributed to the exclusion of real-world parasitic capacitances or
other sources of damping. In reality parasitic capacitances from busbars insulators or other substation
equipment are in every substation, increasing capacitance and lowering transient steepness and RRRV.
This capacitance increases even more in the case of added parallel components.
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5.2.3. Theoretical maximum cases A.1 and A.2
From the model of the simplest cases, the theoretical maximum overvoltages occur for unearthed
network with minimal damping. For a phase to earth overvoltage the value is:

Vi max = kppkafVp rated = 127.4kV (5.22)

Where kj, = 1.5 for the unearthed network, k,s = 2 in the case of 0 damping and V), y4te = 52kV. When
one takes a look at the results of the sensitivity analysis in Appendix B, no cases get a overvoltage higher
than this theoretical maximum.

In case of the phase to phase voltage the theoretical maximum from this model is:

Voapmax = 2kppkaf Vi rated = 147.1kV (5.23)

Where kpp 23 = %\/5 for the second and third poles to clear due to symmetrical components and k,s = 2
in the case of 0 damping. Note that some measurements taken in Appendix B exceed this value, implying
that the simplified model does not account for all worst cases. This is investigated in the next subsection.

5.2.4. Parallel Components

The previous case was the most basic case. This still gave insight into what constituted the transient
overvoltage, but is a simplification of reality. No parallel components were connected and parasitics
were not modeled. This limits the amount of capacitance in the circuit and leads to very high RRRV. In
reality there is the substation capacitance and parasitic capacitance from the L-SEP to the enclosure
or busbar rails. These capacitances are however in the nano/pico range and vanish when parallel
components are added. To every Stedin substation where the L-SEP is installed cables are connected.
Some of these cables connect to other substations while others are connected to outgoing 50-20k/10kV
Yd transformers. These transformers can be seen as large inductances or high impedances for transients.
The highest possible impedance can be regarded as an open circuit or in the case of a cable an open end.

First, parallel open ended cables are considered, A case which can occur in the Stedin grid. The
simulation results from this study can be seen in Table 5.4

Table 5.4: Scenario A Parallel Cable overvoltages

o Peak Fault Peak Peak RRRV
Case ID Description Current | Overvoltage | Phase-Phase (KV/ s)
(kAp) (kVp) (kVp)
A0 YnY 1COEM 10.1 125.6 140 0.39
A13 YYn1COEM 10.1 95.2 137.3 0.33
Al6 YnY 2C OES/M 10.1 125.8 155.7 0.36
A22 YYn2COES/L 10.1 86.6 103.3 0.22

From these simulations, the first observations state that system earthing is once again important. Strong
earthing configurations lead to lower maximum overvoltages due to lower k,, when the secondary
neutral point is grounded. The overall peak overvoltages however, are generally higher. This can be
attributed to the added shunt capacitance which lowers the damping and increases the k;¢. In addition
more parallel capacitance (in the form of multiple parallel or longer connected cables) does not lead to
more increases to the voltage due to the limit of the k, ¢ of 2. However, the phase to phase voltage is
higher than the calculated maximum value of 147kV.

This can be seen from Figure 5.13.
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Figure 5.13: Time domain phase to earth and phase to phase plots of case A.16

Due to a large amount of added parallel capacitance, the damping is so low that the transient of phase A
has not disappeared when the other phases are cleared. Moreover, the largest phase to phase overvoltage
does not occur at the breaking instance of phase b and c. It occurs later, when the very underdamped
phases A and B are in phase opposition. There is no factor k,, = 1v3 from unbalance in the circuit,
as the faults have been cleared and the overvoltage occurs in the steady state. This means that the
methodology to determine the maximum phase to phase overvoltage of the previous subsection cannot
be used for large parallel capacitances.

In the case that the theoretical maximum phase to phase overvoltage is determined by phase opposition
another bound can be used, shown below:

Vp2p,max = Zkuf * Viated = 170kV (5-24)

Where the factor 2 corresponds to a perfect opposition between the two phases, k, = 2 in the case of
minimal damping and V4.4 the regular 52kV operating voltage. Note that Appendix B contains no
phase to phase voltages higher than 170kV. It must however be noted that the cables do include resistive
damping, which increased as length increases. This increases the damping for longer cables, which
lowers the peak phase to phase overvoltage. The assumption that ks = 2 is therefore a rough one, as
damping will increase again at a certain length due to the cable resistance and losses.

In the case that Yd transformers are connected, an additional parameter can be varied: The earthing of
the primary starpoint.



5.2. Case A 62

Table 5.5: Scenario A Parallel Cable overvoltages

o Peak Fault Peak Peak RRRV
Case ID Description Current | Overvoltage | Phase-Phase (KV/pis)
(kAp) (kVp) (kVp)
A24 YnY-Yd C20T Min 10.1 121.13 143 222
A25 YnY-Ynd C20T Min 10.1 104.8 104.8 2.08
A26 YnY-Yd C20T VS 10.1 125 145.3 1.16
A27 YnY-Ynd C20T VS 10.1 107.9 130.8 1.08
A28 YYn-Yd C20T Min 10.1 84.6 95.5 1.88
A29 YYn-Ynd C20T Min 10.1 79.7 124.6 1.78
A.30 YYn-Yd C20T VS 10.1 87.4 1271 0.98
A3l YYn-Ynd C20T VS 10.1 80.3 126 0.97
A32 YnY-Yd C20T S 10.1 126 145.7 0.91
A.33 YnY-Ynd C20T L 10.1 107.3 131.9 0.26

As established above, better earthing of the 50kV network leads to lower overvoltages. This can be
observed in the results from Table 5.5. Whenever a secondary star neutral point of the source transformer
is earthed, the overvoltages are lower than when it is unearthed. In addition, when a by cable connected
load side transformer has a grounded star neutral point, the overvoltages are lower in magnitude too.
This has to do with the pole factors, which become lower for better earthing (i.e. Xo/Xj).

This is also observed for when the railconnector (as seen in Figure 3.1) is closed. This allows for more
flexible earthing, but higher fault currents. This was modelled in ATPDraw by copying the source
network and transformer in parallel. In reality this is not the case as the Thevenin equivalent impedance
should stay the same compared to the new source impedance being halved. This does however lead to a
higher fault current (due to lower short circit impedance) compared to when only the transformer models
are doubled. As established earlier, and observed from the results seen in Table 5.6, the overvoltages get
lowered.

Table 5.6: Scenario A Parallel Source Transformer

o Peak Fault Peak Peak RRRV
Case ID Description Current | Overvoltage | Phase-Phase (KV/pis)
(kAp) (kVp) (kVp)
A.36 (YnY/YnY)-Yd C20T Min 20.2 119.4 143.5 2.93
A37 (YnY/YnY)-Ynd C20T Min 20.2 110.7 110.7 2.81
A.38 (YnY/YnY)-Yd C20T S 20.2 125.5 136.5 1.21
A39 (YnY/YnY)-Ynd C20T S 20.2 116.8 127.6 1.17
A40 (YnY/YYn)-Yd C20T Min 20.2 98.5 98.5 2.64
A4l (YnY/YYn)-Ynd C20T Min 20.2 92.6 92.6 2.57
A42 (YnY/YYn)-Yd C20T S 20.2 103.3 122.6 1.1
A43 (YnY/YYn)-Ynd C20T S 20.2 102.3 113.4 1.1

One would expect higher overvoltages as the magnitude of the short circuit current increases. This,
because it leads to a higher % at t = 0 and more magnetic energy being stored on the source side
E,, = 0.5LI* (which is transferred to the shunt capacitance in the form of E,, = 0.5C V2, raising the
voltage [9]) before breaking the current. Still, the value cannot exceed the theoretical bounds stated
before. This is due to the physical limitations of the differential equations which model the phenomena
and earthing configurations, which manifest themselves in a maximum k;, = 1.5 and k;s = 2 in case of
unearthed networks and pure LC resonances without damping.

5.2.5. Scenario B

Scenario B considers a fault along the cable. This scenario is evaluated in the same way as the previous,
where the simplest case is observed first and gradual expansions are added. As can be concluded from
the previous scenario, non-effective earthing leads to the highest transients. To limit the amount of
studies the emphasis will be on the parameters leading to the worst case overvoltages. In this case
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non-effective earthing. The results of the simulation can be seen in Table B.2 of which a selection is
shown in Table 5.7.

The main observation is that the overvoltages do not exceed values observed in Scenario A. For faults
further along the cable, the peak fault current decreases. This makes sense as the impedance between
source and fault increases. In addition, the cable impedance leads to a higher voltage at the terminals of
the L-SEP. When breaking this leads to a smaller jump in voltage to the new steady state compared to
when a fault is directly at the terminal.

Table 5.7: Scenario B Selected Results

o Peak Fault Peak Peak RRRV
Case ID Description Current | Overvoltage | Phase-Phase (KV/pis)
(kAp) (kVp) (kVp)
B.1 YnY Direct Fault Min 9.8 94.6 118.4 7.19
B.3x YnY Direct Fault L 7.1 83.4 107 5.64
B.10 YnY 1C OE (Min) Fault at S 9 119 138 2.35
B.16 YnY-YD C20T (M) Fault at Min 9.25 123.1 136.3 0.38

Longer cables also lead to the voltage and current becoming more in phase. This can be seen from case
B.3x which has the following time response seen in Figure 5.14.

10 x10* Scenario B3x Time domain voltage response
r T T T T T T T T T T T T T T T T T T
I Phase A
[ Phase B
E 5+ Phase C [+
o [
(o))
g
S o
=0 — ]
_ L L L L 1 L L L L L L L 1 . . L L
0.06 0.065 0.07 0.075 0.08
Time [s]
10.X10° x10*
5
8
> 6 >
o <
g 4 g0
o o
> 2 >
0 //
0.059 0.06 0.061 0.062 0.063 0.064 0.0644 0.0648
Time [s] Time [s]

Figure 5.14: Case B.3x Time domain plots, Top figure is the voltage decay, bottom left a zoom in of the first pole to clear, bottom
right the second pole to clear.

From this one can observe that the voltage from which the transient starts is not at 0. This follows from
the impedance of the cable which is in series with the fault. Which leads to lower fault current and
lower overvoltages by the same reason explained in subsection 5.2.1.

It can again be observed that increased capacitance in parallel leads to higher overvoltages due to
damping, as observed in subsection 5.2.1 and Appendix B. In turn, ensuring more effective earthing
also decreases peak overvoltages due to the pole factor getting improved.
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5.2.6. Scenario C,D and E

Scenarios C and D are similar in that the fault occurs on the load side of the HV-MV transformer. This
leads to drastically lower fault currents due to a large impedance being connected in series with to the
fault. This is reflected in the results of Table B.3 and Table B.4.

This is confirmed when one considers the short circuit impedances of the source and load transformers.
The short circuit impedance of the source transformer is Zr s = 0.1436pu. The load transformer has a
short circuit impedance of Z1 1 014 = 0.1144pu. The secondary transformer has a rating of S = 30MVA.
Converting this to a 100MVA base is done by the following relation

Sb,new
Sb,o1d

ZrL=Z1L01d =0.3813pu (5.25)

In the case of Scenario D the total new short circuit impedance seen by the 150kV source is Zr,p =
ZThevenin + Z1,L + Z1,5 = 0.5368. When comparing the short circuit impedances and fault currents the
ratios approximately match.

Zra _ Isca

ZT,D Isc,D

=345 (5.26)

Due to this lowered fault current, the overvoltages are lower than those of earlier scenarios.

Scenario E considers a fault in a cable which leads to another substation. This is modeled by placing
an additional source transformer connected to the fault by cable. However, due to the shorting of this
source when the fault occurs, this has comparable results to those obtained in scenario B, where cables
are connected in series to the fault.

5.3. Special Cases

Some cases have been considered that are different from the original scenario. In the case of switching
fault currents, single phase to earth faults generally lead to lower fault currents and thus overvoltages.
In addition a three phase to phase fault can also lead to raised fault currents. The effects of these faults
in terms of worst case overvoltages led to lower overvoltages, as can be seen in Table B.6.

Seeing that the values from these cases are lower than or comparable to the previously mentioned cases,
further exploration will not be done in this thesis.



Discussion

This chapter discusses the results obtained in the previous section. It touches upon how the cases relate
to the real Stedin substation locations and the observed effects of changing grid configurations. Then
the limitations and approximations of the study are concisely shared.

6.1. Discussion of Key Findings

The sensitivity analysis and examination of fault scenarios have provided many insights into the transient
behavior in terms of overvoltages. Many scenarios and cases have been investigated which generalize
the circumstances at the 50kV Stedin Grid locations where the L-SEP GIS is installed. The simulation
rests upon verification of the Stedin grid components most influential to the transient overvoltages,
namely the source transformer and cable connections. From these results were extracted for several
scenarios which were specified in their respective cases. The results highlight that there are three
dominant factors that govern the maximum worst case transient overvoltages.

® Grid earthing configuration
¢ Shunt capacitance at source side of transformer

e Short circuit current magnitude

The conclusions drawn from the simulation results are as follows:

6.1.1. Grid Earthing

The earthing method of the feeding transformer’s neutral star point determines the overvoltage through
its effects on the pole clearing factor. Configurations with non-effectively earthed secondary neutral
(YnY), or in this case an unearthed network, consistently result in higher phase to earth and phase to
phase overvoltages.

This behavior is attributable to the pole clearing factor kj,, which in turn is determined by the ratio of zero
sequence and positive sequence impedance of the network. unearthed neutral earthing configurations
lead to a high impedance path for zero sequence currents through the secondary winding capacitances
of the source transformer. This leads to an unbalance in the voltages, resulting in an increase of the
new steady state voltage of k,, = 1.5. Ensuring proper effective earthing (i.e. connecting the star
neutral point via a low impedance path to ground, in the extreme case 0(2) consistently leads to lower
overvoltages for all scenarios.

This effect extends to the broader network topology. When components that improve the grid’s earthing
are added, such as load transformers with grounded neutral (YnD) or closing a rail connection to
parallel source transformers with at least one effectively earthed, the overvoltages are observed to be
lower. Even when the fault current increases.
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6.1.2. Parallel Capacitance

The addition of parallel capacitance to the source side of the breaker leads to high overvoltages.
Specifically, cases with long open ended cables lead to high overvoltages for both phase to earth or
phase to phase.

This phenomenon is explained by the influence of the capacitance on the amplitude factor k, ;. Adding
shunt capacitance lowers the circuit’s damping C which leads to a higher overshoot as the circuit
approaches an ideal LC resonance with maximum overshoot of k¢ = 2. For a single phase to earth fault
the maximum theoretical overvoltage was calculated to be 127kV, which matches the simulation results
for all scenarios and cases.

The initial simplified model suggested a maximum phase to phase voltage of 147.1kV. But simulations
with large parallel capacitances exceeded this value, reaching values up to 157.8kV. This discrepancy
occurs because the initial model does not account for low-damping cases where the transient oscillations
fail to decay in time and align in perfect opposition. To circumvent this case from occurring the new
maximum theoretical overvoltage was determined to be 2k; ¢V}, rateq = 170kV, assuming an ideal LC
resonance (k,s = 2).This is consistent with all simulation results in B. It must be noted that this is very
rare to occur, as it assumes no damping has occurred between first clearance and two phases are in
perfect opposition.

6.1.3. Fault Location

In general, terminal faults (Scenario A) represent the worst case conditions for overvoltages. These
respectively correspond to the highest fault currents. When the fault location moves further away from
the breaker to after a cable (Scenario B) or behind a load transformer (Scenario C and D) the series
impedance to the fault increases. This leads to lower fault current magnitudes and lower overvoltages
compared to that of terminal faults.

A fault in a cable connecting two substations (Scenario E) produces results which are comparable to a
fault along a single cable (Scenario B). This is due to the second substation’s source effectively being
short circuited.

6.1.4. Implications for the Stedin Grid

Substations with a high amount of parallel capacitance, such as Utrecht Merwedekanaal, are prone to
sustain higher overvoltages due to lower damping and increased amplitude factor. It should however
be noted that in reality, damping does occur, which lowers this overvoltage. The simulated worst case
results should be manageable by the current switchgear, as all overvoltages (theoretical and simulated)
are well below the rated specifications of the L-SEP seen inFigure 1.2.

Substations that are directly fed by transformers or have the option of improving the earthing will
experience lowered overvoltages. In the case of substations which are fed by a cable of other substations
(Goes Evertsenstraat, S’Gravendeel and Waaiersluis) all improvements in earthing (from both source
and load transformers) help reduce the k,, and thus the transient overvoltages.

6.2. Limitations

As with most studies, there are approximations and omissions were made to speed up calculation and
research. These limit the accuracy and validity of the study and are important to list for reproduction
in the case of further studies. This section consists our of four subsections. The first two focus on
approximations and assumptions on cable and transformer modeling, the next one touches on the
modeling and simulation assumptions and the last one on the analysis and calculation.

6.2.1. Cable Modeling

As the Stedin grid where L-SEP are connected are mainly cable based, some assumptions and approxi-
mations were made to simplify the problem. The main one was that complex cable routes, consisting of
multiple cable sections (with different insulation, cross-section and conductor materials) and joints, were
modeled as a single average cable. This was done to reduce the amount of inter cable reflections and
computational load. By modeling the cable as a single piece, additional damping because of increased
travel length due to reflections is ignored. This leads to higher calculated peak overvoltages.
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As not all parameters were given in the cable datasheet, some were derived analytically using equations
for a co-axial type cable. This includes the equivalent permittivity of the insulation and semiconducting
layers, the geometric coaxial inductance, equivalent resistance of the stranded conductor and the meshed
screen thickness.

Of this semiconducting layer the resistive nature is omitted in this approximation. This was assumed to
be no problem as this generally only happens at much higher frequencies.

Finally, the phase to phase capacitances are neglected as each phase is enclosed by a sheath.

6.2.2. Transformer Modeling

Transformers are difficult components to model. They are very dependent on measurement data and the
bandwidth of the signal it is exposed to. Furthermore, truly accurate models usually require proprietary
geometrical design parameters or detailed frequency analysis models, both of which are not available
for the transformers in this study.

Therefore a simplified model was used in this study: the Grey-Box model. This approximates the
transformer’s terminal behavior and is less detailed than white box (Used for internal voltage simulation)
and black box (requires detailed digitized FRA data) models. The transformer was fitted and tuned
using the SAT and FAT reports given by Stedin.

However, not all parameters were supplied by these measurement reports. Namely the zero sequence
impedances and excitation currents. The zero sequence impedance was assumed to be equal to the
positive sequence impedance, which came from a given range supplied by literature [38]. It is taken
as the lower end to ensure the worst case single phase fault current. The excitation currents were
measured per phase and differed from each other. The model could only take one value, so the open
circuit currents were averaged.

The transient behavior of the transformer could not simply be measured using the measured capacitances
from the SAT. These values were capacitances measured from the winding to the enclosure and
disregarded the geometrical orientations. Therefore shunt and crossover capacitances were tuned using
a FRA [39] measured in 1988 of a comparable transformer. However, only the resonant frequencies were
tuned to a given bodeplot. The magnitudes, which are affected by complex damping phenomena like
core and winding losses, were not fitted using the capacitances.

As the windings are on separate core legs, the phase to phase capacitances are neglected.

6.2.3. Modeling and Simulation Assumptions

For simulation ATPDraw was used, which meant some assumptions had to be made to correctly model
the grid behavior. One of these was the representation of the TenneT grid as a Thevenin equivalent
circuit, derived from the maximum three phase fault current, single phase fault current and grid time
constant.

The circuit breakers are modeled as ideal switches that always open at the current zero crossing (no
chopping occurs). They do not model the voltage drop of the arc that is to be extinguished and are
restrike free. Parasitic capacitances from the busbars, insulators and current/voltage transformers are
not considered in the simulation. Including an arc model would introduce additional sources of energy
dissipation and damping. This in turn leads to lower peak overvoltages and reduced RRRV.

In the case of grid earthing, either very effective earthing (X0/X1 = 1) or non effective was considered
X0/X1 = co. But in reality the earthing is between these values. This leads to two things: Lower k),
and different clearing current zero times for the second and third phases. Both aspects will lead to lower
transient overvoltages, phase to earth or phase to phase.

Lastly numerical oscillations from inductances and capacitances stemming from the trapezoidal rule
are damped using a numerical damping coefficient.

6.2.4. Analysis and Calculation
In explaining and obtaining results a few assumptions were done. For the obtained value of the RRRV a
non standard method was used. Instead of drawing tangent lines from specified values along the curve,
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this study calculated the RRRV as a maximum derivative of the signal. This was implemented to speed
up calculation from simulated values as it is easier to automate. It generally leads to higher values, as
no averaging is done by the tangent line.

The largest approximation was done in using a simplified RLC model to understand the amplitude
factor k,¢. This approximation is done in most literature as it simplifies the complex damping that is in
the model. In this case the transformer damping is simplified by usage of a resistance representing the
damping. Using this model led to the conclusion that capacitance in parallel leads to reduced damping.



Remedial Actions

The simulation results from chapter 5 have identified the network topologies and parameters that
produce the highest transient overvoltages in the Stedin 52kV grid. Non-effectively earthed systems
combined with systems with large source side parallel capacitances lead to large overvoltages. These
approach the theoretical maxima determined by the pole to clear kj, and amplitude k, factors. While
the analysis showed that the worst case simulated overvoltages (e.g. case A.16 with a 158 kV peak to
peak overvoltage) stay well below the L-SEP rated withstand voltages, this still might be too high in the
case of retrofilling the machine with a weaker insulation gas. This chapter explores practical remedial
actions that can be taken to reduce the transient overvoltages. The goal is to provide strategies that
increase the safety margins.

7.1. Cases and Stedin Grid Implications

The extensive sensitivity analysis was a method to reduce the large amount of simulations required
for analysis of specific substations. It was used to gain an understanding on what drives the transient
overvoltages in the network while reducing computational complexity. Instead of modeling every
permutation a general model was created in chapter 4 representing the topological (in terms of

components and their respective parameters) extremes found in the Stedin switchgear with installed
L-SEPs.

Now that the extremes have been found in chapter 5, it is important to link these high risk cases to the
individual Stedin substations. By mapping the characteristics of the cases describing the worst case
simulations, the reader can assess which substations are at risk and might benefit from remedial actions
should the retrofill be done.

Based on the substation characteristics as seen in Table 3.1 and the simulation results the cases with
largest overvoltages can be linked to the real world locations.

7.1.1. Utrecht Merwedekanaal and Soest 02

Utrecht Merwedekanaal is the largest substation where the L-SEP is installed. There is a large amount
of connected capacitance (match 2) it is directly fed from a source transformer (match 3) and has
connections to other substations (match 4). Soest 02 is a substation which is also directly connected to a
source transformer. It is the second largest substation in terms of bays and therefore cases matching
those of Utrecht Merwedekanaal can also occur in Soest 02.

The cases generating the largest overvoltages contain configurations of multiple parallel connections
of cables which are left open ended or connected to a load transformer. This leads to the highest
overvoltages seen in cases A.16 and A.19 of 159 kVp phase to phase.

The large number of bays (21) means that the substation is most likely to have a high number of parallel
cable connections, leading to the lowest amount of damping and the highest overvoltages (or k;s). It is
therefore at risk of transient oscillations that are severely underdampened and opposite in phase. While
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the direct feeding by multiple transformers allows for effective earthing, lowering the overvoltages as
seen in Case A.21, the inherently large capacitance still leads to raised overvoltages.

7.1.2. Goes Evertsenstraat, S’Gravendeel, and Waaiersluis

The common points from these substations are that they have a relatively low amount of parallel
connections and are fed via cable from another 52 kV substation. Even though the amount of parallel
connected cables is relatively low, large cables might still lead to problems with overvoltages due to the
added capacitance. But cases that lead to large overvoltages that match these topologies are found in
Case B and E, where the fault is located along a cable. Take for example case E.7, where a phase to earth
and phase to phase overvoltage of 124.3kVp and 137.5kVp can occur. For these substations not only
local earthing is important but also the configuration of the remote source transformers. This could
potentially reduce the overvoltage contribution of the pole to clear factor k.

7.2. Mitigation by Altering Earthing Configuration

As established in Chapter 5, more effective earthing consistently reduces the peak overvoltages. The
earthing method directly controls the first, second and third pole to clear factors which determine the
steady state component of the transient overvoltage. This steady state component sets the base for the
peak transient stress. The simulations display the following trends.

7.2.1. Primary Transformer Neutral Earthing

The most impactful decision is to ground the secondary (52kV) star neutral point of the main source
transformer. The simulations show that non effective earthing leads to large peak overvoltages compared
to those which are effectively earthed. The reduction is in the order of 50%, as is observed from the
calculated and simulated values of k. It must be noted that it is against Stedin policy to earth both
primary and secondary neutral points on the same transformer. This is to avoid fault currents being
sensed from primary to secondary networks or vice versa.

7.2.2. Load-Side Transformer Earthing

The lower overvoltages from effective earthing are not limited to exclusively source transformers.
earthing the neutral of outgoing 50/20 or 50/10kV Ynd transformers also reduces the measured
transient overvoltages. This is reflected in the results seen in Appendix B, where adding better earthing
in parallel to the source generally lowers the peak overvoltage.

7.2.3. Parallel Source Transformer Earthing

For substations with multiple incoming source transformers the operational configuration (in the case of
a redundant busbar system with open rail connector) can provide better earthing. This leads to higher
fault currents due to the increase short circuit power but leads to lower overvoltages when earthing is
made more effective. As seen from the results, the peak overvoltages become lower whenever more
secondary neutral points are connected to earth. In short: in the case of more effective the earthing the
transient overvoltages due to switching fault currents become lower.

7.2.4. Tradeoff

Improving earthing does however come at a price. More effective earthing leads to higher fault currents
which greatly impacts the power system. Larger fault currents lead to higher power dissipation and
mechanical stresses for the equipment. Some equipment might not be rated for this and would need to
be replaced or revised. Next to physical equipment damage a large time investment would be needed to
redo protection configuration in the form of fault studies. As the fault current changes, relay settings
need to be reconfigured to ensure selectivity and general protection of the system.

7.3. Mitigation via Surge Arresters

Another way to mitigate the overvoltages is by using of Surge Arresters (SA). When we consider an
operating range of 52 + 5% = 55kV/, surge arresters can be installed to reduce the maximum voltage
seen on the L-SEP terminals. For this case A.16 is considered, as it leads to the largest overvoltage.
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To mitigate this SAs will be chosen based upon the method described in the IEC standard [19].

First the continuous operating voltage U, (also regarded as Maximum Continuous Operating Voltage)
is determined.

U, = 1.05°2 = 315kV (7.1)
V3

However, the SA must be able to withstand temporary overvoltages for up to 10 seconds. This factor is
related to the earthing of the network. From chapter 5 the worst case steady state overvoltage is in the
case of a floating network, which raises the base voltage by a factor of k,, = 1.5. The rated voltage U,
of the SA should be 45kV. Furthermore the type is selected is the substation type arrester which can
handle the energy dissipation and is commonly used in substations.

How SAs can be used to lower overvoltages will be shown in the example study below. Here Case A.16,
with phase to earth overvoltage of 125.8 kV and a phase to phase overvoltage of 157.6kV, is evaluated
when SAs are implemented.

To generate a general V-I characteristic with the specifications mentioned before, an excel tool made for
implementation to ATPDraw was used [43].! From this an arrester V-I characteristic was generated for
the required U, that can be seen in Figure 7.2.

25 %10° Zn0O Surge Arrester IV-Characteristic
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Figure 7.1: V-I characteristic of general gapless ZnO surge arrester with U, = 45kV

The SA is then implemented in ATPDraw using simplified model of a SA. It consist out of a nonlinear
resistance (NLRES92) element, where the [-V characteristic can be entered, and a series inductance of
1pH which is an approximated value for a 1 meter SA [43]. As the phase to phase overvoltages are
generally larger than the phase to earth, the SAs can be oriented between the phases in a star formation
with a fourth one connecting the neutral point to earth. This can be seen in the diagram shown in
Figure 7.2

IThe author of this file is a surge arrester consultant and Distinguished PES IEEE Lecturer
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Figure 7.2: SA orientation to circumvent overvoltages at the terminals

To verify this implementation method, case A.16 is taken with implementation of the SA configuration
connected to the GIS rail. This led to the results seen in Figure 7.3 and Figure 7.4.
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Figure 7.3: Case R.1 time domain phase to earth overvoltages with implemented SA configuration
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Figure 7.4: Case R.1 time domain phase to phase overvoltages with implemented SA configuration
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From these results the new simulated overvoltages are reduced. The phase to earth voltage is now
85.5kV and the phase to phase voltage 143kV reinforcing implementation of SAs as a remedial action.



Conclusion & Recommendations

This thesis was written to investigate feasibility (from a power system perspective) of retrofilling the
L-SEP GIS installed in the Stedin 52kV grid. The study is motivated in view of European SF4 regulations
and the need to assess feasibility of changing the insulation gas (not the quenching gas) to an alternative
gas such as pressurized clean air. This was determined by quantifying the transient overvoltages it is
exposed to under worst case conditions at their respective substations. This work provides a foundation
for Stedin to gain insight into the transient behavior of their grid and allows for informed decisions
regarding asset management and grid development. This chapter summarizes the key findings to
answer the research questions and lists recommendations for mitigation and further study.

8.1. The Research Problem

The main research problem, as stated in Chapter 1, was formulated as: 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? This research question was subdivided into 4 sub questions.

1. What events will cause transient overvoltages given the current Stedin grid?
2. What does the Stedin grid topology and configuration look like?

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

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

The main goal of Stedin is to identify the grid conditions to determine if derating the insulation by
retrofilling the GIS would be possible and if so, what the margin is between what it can do and what
it has to withstand. This required identifying the most severe transient events and respective grid
topologies. Mitigation strategies are then discussed to lower the resulting transient overvoltages.

8.2. Summary of the Research Approach and Modeling

To address the research question a methodology was employed using the ATP-EMTP software. The first
contribution of this work was a systematic review and prioritization of transient origins that can occur in
the Stedin substations. This identified clearing fault currents as the most critical scenario to investigate.

The focus then shifted to developing (partially) frequency dependent component models to represent
the system’s response to the applied disturbance. As utility data was incomplete, this posed a practical
challenge. Still, using FATs, SATs, datasheets and old measurement reports it was possible to overcome
this problem. The components were implemented by converting the aforementioned information to a
frequency dependent Universal Line Model for cables and a Grey Box BCTRAN model for transformers.
The key contribution was the tuning of this transformer model against historical Frequency Response
Analysis data to represent its transient behavior. These validated models formed the basis for a
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comprehensive sensitivity analysis across various fault locations and grid topologies to identify the
main contributors of the overvoltages.

8.3. Conclusions

This study was guided by a main research question and four subquestions. The conclusions of this
thesis are presented below as direct answers to these questions.

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

Through a literature review and systematic analysis of potential transient origins (rating them on
assumed overvoltage severity and validity), fault clearing was identified as the most critical event
for producing transient overvoltages in the L-SEP substations of Stedin. Many transient origins were
discussed in chapter 2. Among other phenomena, lightning or switching with restrikes were determined
to have a low probability of occurrance (validity). This was due to the cable dominated nature of the
grid and the tested performance of the breaker puffer mechanism.

What are the main contributors in terms of grid topology or configuration to the terminal overvoltage?
The sensitivity analysis revealed two dominant factors in the topology that determine the transient
overvoltage magnitude:

¢ The earthing configuration is a very important driver of the transient overvoltage magnitude.
Non-effectively earthed systems consistently lead to higher overvoltages due to an increased
pole clearing factor k,,. Earthing the neutral point of the source transformer secondary winding
produced the largest reduction in terms of the transients.

¢ The amount of damping from parallel capacitance (in the form of parallel open ended cables) or
transformer frequency behavior significantly impacts the oscillatory part of the transient. A low
amount of damping leads to a large amplitude factor (k,f) resulting in more severe overvoltages.

These key characteristics were captured in the most crucial components and their respective models. In
particular the ULM model for cables and the Grey Box BCTRAN model for transformers.

What is the worst-case transient overvoltage that the GIS is exposed to?

In direct response to the research questions, the theoretical worst case transient overvoltages were
calculated to be 127 and 170 kVp for phase to earth and phase to phase respectively, as can be seen in
chapter 5. The largest simulated overvoltage was observed to be a phase to phase overvoltage of 158kVp
(Case A.19).

While this value is significant, it remains well below the L-SEP’s rated lightning impulse withstand
voltage of 325kVp and power frequency temporary (1 min) overvoltage value of 198kVp. This significant
margin suggests that there is room for retrofilling the compartment SFs to a dielectrically weaker
alternative gas. It must be noted however, that the withstand voltages of the air filled L-SEP are not yet
known.

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

The analysis identified two mitigation strategies to lower the transient overvoltages. They include
improving earthing and installation of surge arresters. More on this can be found in chapter 7 and
subsection 8.4.2

8.4. Recommendations

Based on the conclusions of this research, recommendations are proposed for Stedin. These aim to ease
further studies and manage the transient overvoltages in the case of required reduction.

8.4.1. Further Research

Before the retrofilling can commence, additional research needs to be done on what the new withstand
voltage (for steady state and transient) will be for the L-SEP filled with alternative gases. This requires
physical modifications and to, for example, manage the electrical fields at sharp edges or deal with
potential increases in insulation gas pressure. This is crucial and allows for an educated decision on
whether mitigation strategies are needed.
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As the values obtained are considering the worst case, future simulations should focus on improving
component model detail. Especially when high risk substations or edge cases are considered. This
includes modeling more complex cable routes with multiple sections and joints and developing
more advanced Black Box transformer models based on detailed Frequency Response Analysis (FRA)
measurements. Current cable models consider only one average cable in the Stedin grid and transformer
models are not tuned to the magnitude of the frequency response. Adding these effects lead to a more
realistic amount of damping in the circuit which will bring down the maximum simulated transient
overvoltage to more realistic values.

In addition, the respective stations’” Xy/X; values can be obtained as completely unearthed networks
lead to the highest overvoltages k,, = 1.5. If in reality the ratio Xo/X is better (i.e. the network is
effectively earthed) the pole factor is reduced and current zero times of the second and third phases
to clear will be different (this is important for phase to phase overvoltages). The resulting lowered
maximum transient overvoltage will then be more representative of reality.

8.4.2. Mitigation strategies

To limit the transient overvoltage magnitudes on the 52kV network Stedin can alter grid earthing
configurations. Whenever the star winding neutral point of a connected transformer to the 52kV grid is
earthed on the L-SEP side, the kj, decreases leading to lower transient overvoltages. From the results
it was observed that every additional neutral to earth connection helps lower the overvoltage. Be it
load or (parallel) source transformers connected to the GIS. This does come at the cost of higher fault
currents, which requires a review of equipment ratings and protection schemes.

If this is not sufficient, surge arresters (SA) can be installed in the substation L-SEPs with large amounts of
parallel connected capacitance (Utrecht Merwedekanaal & Soest 02) or that are cable fed and have limited
local earthing options (Goes Evertsenstraat, S’Gravendeel & Waaiersluis). This study demonstrated
that correctly specified SAs installed in a phase to phase and neutral to earth configuration can reduce
the worst case maximum overvoltages. In the case of A.16 this led to a reduction of the phase to earth
overvoltage from 127kV to 86kV and phase to phase from 158kV to 143kV.
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Table A.1: Grid Parameter and Topology Scenario A Part 1

Main
Scenario ID Transformer Parallel Cables and Lengths
Grounding Outgoing Transformer Grounding
Al YnY N/A None
A2 YYn N/A None
A3 YnY N/A One Cable: Short (1km) with Yn load
A4 YnY N/A One Cable: Medium (5 km) with Yn load
A5 YnY N/A One Cable: Long (10 km) with Yn load
A6 YYn N/A One Cable: Short (1 km) with Yn load
A7 YYn N/A One Cable: Medium (5 km) with Yn load
A8 YYn N/A One Cable: Long (10 km) with Yn load
A9 YnY N/A One Cable Open End: Short (1km)
A.10 YnY N/A One Cable Open End: Medium (5 km)
All YnY N/A One Cable Open End: Long (10 km)
A12 YYn N/A One Cable Open End: Short (1 km)
Al3 YYn N/A One Cable Open End: Medium (5 km)
A4 YYn N/A One Cable Open End: Long (10 km)
A.15 YnY N/A Two Cables: Short (Cable 1, 1km), Short (Cable 2,
1km) with open end
Al6 YnY N/A Two Cables: Short (Cable 1, 1km), Medium
(Cable 2, 5km) with open end
A17 YnY N/A Two Cables: Short (Cable 1, 1km), Long (Cable 2,
10km) with open end
A.18 YnY N/A Two Cables: Medium (Cable 2, 5km), Long
(Cable 2, 10km) with open end
A19 YnY N/A Two Cables: Long (Cable 2, 10km), Long (Cable 2,
10km) with open end
A.20 YYn N/A Two Cables: Short (Cable 1, 1km), Short (Cable 2,
1km) with open end
A21 YYn N/A Two Cables: Short (Cable 1, 1km), Medium
(Cable 2, 5km) with open end
A22 YYn N/A Two Cables: Short (Cable 1, 1km), Long (Cable 2,
10km) with open end
A23 YYn N/A Two Cables: Medium (Cable 2, 5km), Long
(Cable 2, 10km) with open end
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Table A.2: Grid Parameter and Topology Scenario A Part 2

Main Outgoing
Scenario ID Transformer Transformer Parallel Cables and Lengths
Grounding Grounding

A24 YnY YD Cable to Outgoing Transformer: Minimal 100m

A25 YnY YnD Cable to Outgoing Transformer: Minimal 100m

A26 YnY YD Cable to Outgoing Transformer: Very Short 500m

A27 YnY YnD Cable to Outgoing Transformer: Very Short 500m

A28 YYn YD Cable to Outgoing Transformer: Minimal 100m

A29 YYn YnD Cable to Outgoing Transformer: Minimal 100m

A30 YYn YD Cable to Outgoing Transformer: Very Short 500m

A3l YYn YnD Cable to Outgoing Transformer: Very Short 500m

A32 YnY YD Cable to Outgoing Transformer: Short (Cable 1,
1km)

A33 YnY YnD Cable to Outgoing Transformer: Long (Cable 1,
10km)

A34 YnY YD Cable to Outgoing Transformer: Long (Cable 1,
10km)

A35 YYn YnD Cable to Outgoing Transformer: Long (Cable 1,
10km)

A.36 YnY - YnY YD Cable to Outgoing Transformer: Minimal 100m

A37 YnY - YnY YnD Cable to Outgoing Transformer: Minimal 100m

A.38 YnY - YnY YD Cable to Outgoing Transformer: Short (Cable 1,
1km)

A.39 YnY - YnY YnD Cable to Outgoing Transformer: Short (Cable 1,
1km)

A40 YnY - YYn YD Cable to Outgoing Transformer: Minimal 100m

A4l YnY -YYn YnD Cable to Outgoing Transformer: Minimal 100m

A42 YnY -YYn YD Cable to Outgoing Transformer: Short (Cable 1,
1km)

A43 YnY - YYn YnD Cable to Outgoing Transformer: Short (Cable 1,
1km)
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Table A.3: Grid Parameter and Topology Scenario B

Main Outgoing
Scenario ID Transformer Transformer Configuration and Fault Location
Grounding Grounding
B.1 YnY N/A Direct Fault: Min 100m
B.2 YnY N/A Direct Fault: Short 1000m
B.3 YnY N/A Direct Fault: Medium (5 km)
B.3x YnY N/A Direct Fault: Long (10 km)
B.4 YYn N/A Direct Fault: Min 100m
B.5 YYn N/A Direct Fault: Short 1000m
B.6 YYn N/A Direct Fault: Medium (5 km)
B.7 YYn N/A Direct Fault: Long (10 km)

B.8 YnY N/A One Cable OE: Short 1000m; Fault at Min 100m
B.9 YnY N/A One Cable OE: Min 100m; Fault at Min 100m
B.10 YnY N/A One Cable OE: Min 100m; Fault at Short 1000m

B.11 YnY N/A One Cable OE: Long (10 km); Fault at Short

1000m

B.12 YnY N/A Two Cables: S,M; Fault at Min 100m

B.13 YnY N/A Two Cables: S,L; Fault at Min 100m

B.14 YnY YD Cable to Outgoing Transformer: Minimal 100m;
Fault at Minimal 100m

B.15 YnY YnD Cable to Outgoing Transformer: Minimal 100m;
Fault at Minimal 100m

B.16 YnY YD Cable to Outgoing Transformer: Medium (5 km);
Fault at Minimal 100m

B.17 YnY YnD Cable to Outgoing Transformer: Medium (5 km);
Fault at Minimal 100m
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Table A.4: Grid Parameter and Topology for Scenario C

Main Faulted
Scenario ID Transformer Branch
Grounding Parallel Description
Components on GIS Bus
C1 YnY N/A Fault behind Yd transformer, connected via
Min (100m) cable.
Cc2 YnY N/A Fault behind YnD transformer, connected via
Min (100m) cable.
C3 YnY N/A Fault behind Yd transformer, connected via
Short (1km) cable.
C4 YnY N/A Fault behind YnD transformer, connected via
Short (1km) cable.
C5 YYn N/A Fault behind Yd transformer, connected via
Min (100m) cable.
(@X4) YYn N/A Fault behind YnD transformer, connected via
Min (100m) cable.
Cc7 YYn N/A Fault behind Yd transformer, connected via
Short (1km) cable.
C.8 YnY One Cable OE: Min | Fault behind Yd transformer, connected via
(100m) Min (100m) cable.
c9 YnY One Cable OE: Min | Fault behind YnD transformer, connected via
(100m) Min (100m) cable.
C.10 YnY One Cable OE: Fault behind Yd transformer, connected via
Short (1km) Min (100m) cable.
C.11 YnY One Cable OE: Fault behind YnD transformer, connected via
Short (1km) Min (100m) cable.
C.12 YnY Two Cables OE: S | Fault behind YnD transformer, connected via
(Ikm), M (5km) Min (100m) cable.
C.13 YnY Two Cables OE: S Fault behind YnD transformer, connected via
(1km), L (10km) Min (100m) cable.
C.14 YnY Two Cables OE: S Fault behind Yd transformer, connected via
(1km), L (10km) Min (100m) cable.
C.15 YnY C20T (Min, YD) Fault behind YnD transformer, connected via
Min (100m) cable.
C.16 YnY C20T (Min, YD) Fault behind Yd transformer, connected via
Min (100m) cable.
c17 YnY C20T (Min, YnD) | Fault behind YnD transformer, connected via
Min (100m) cable.
C.18 YnY C20T (M, YD) Fault behind YnD transformer, connected via
Min (100m) cable.
C.19 YnY C20T (M, YnD) Fault behind YnD transformer, connected via
Min (100m) cable.
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Table A.5: Grid Parameter and Topology for Scenario D

. Main Parallel Faulted
Scenario ID Transformer Components on GIS Bus Brapc}}
Grounding Description
D.1 YnY N/A Fault behind directly connected Yd
transformer.
D.2 YnY N/A Fault behind directly connected
YnD transformer.
D.3 YYn N/A Fault behind directly connected Yd
transformer.
D4 YYn N/A Fault behind directly connected
YnD transformer.
D.5 YnY One Cable OE: Min (100m) Fault behind directly connected Yd
transformer.
D.6 YnY One Cable OE: Min (100m) Fault behind directly connected
YnD transformer.
D.7 YnY One Cable OE: Short (1km) Fault behind directly connected Yd
transformer.
D.8 YnY One Cable OE: Short (1km) Fault behind directly connected
YnD transformer.
D.9 YnY Two Cables OE: S (1km), M Fault behind directly connected
(5km) YnD transformer.
D.10 YnY Two Cables OE: S (1km), M Fault behind directly connected Yd
(5km) transformer.
D.11 YnY C20T (Min, YD) Fault behind directly connected
YnD transformer.
D.12 YnY C20T (Min, YD) Fault behind directly connected Yd
transformer.
D.13 YnY C20T (Min, YnD) Fault behind directly connected
YnD transformer.
D.14 YnY C20T (M, YD) Fault behind directly connected
YnD transformer.
D.15 YnY C20T (M, YnD) Fault behind directly connected
YnD transformer.
Table A.6: Grid Parameter and Topology for Scenario E
Main Parallel Faplt
Scenario ID Transformer Components Location on
Grounding on GIS Bus Inter—él;&setatlon
E.1 YnY N/A Min (100m)
E.2 YnY N/A Short (1km)
E3 YnY N/A Medium (5km)
E4 YnY N/A Long (10km)
ES5 YnY One Cable OE: Min (100m) Short (1km)
E.6 YnY One Cable OE: Short (1km) Short (1km)
E.7 YnY Two Cables OE: S (1km), M Short (1km)
(5km)
E.8 YnY C20T (Min, YnD) Short (1km)
E9 YnY C20T (Min, YD) Short (1km)
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Table A.7: Grid Parameter and Topology for Scenario S

Main

Scenario ID Transformer Parallel Component Fault
Grounding Details Type
S.1 YnY None 3 Phase to Phase
S.2 YnY Cable Open Ended, Len 1km 3 Phase to Phase
S.3 YnY Cable to transformer Yd, Len 3 Phase to Phase
100m
S.4 YnY None Single Phase
5.5 YnY Cable Open Ended, Len 1km Single Phase
S.6 YnY Cable to transformer Yd, Len Single Phase

100m
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Table B.1: Sensitivity Analysis results scenario A, Note that A3-A5 does not occur in Stedin grid and have been removed

Sensitivity Analysis Results

Peak Fault Peak Peak
Clzge Description Current | Overvolt. | Ph-Ph (113\1;/1{;;)
(kAp) kvp) | (kVp)
Al | YnY Base 10.1 97.6 | 122.2 7.72
A2 | YYn Base 10.1 71.8 | 85.5 6.73
A6 | YYnl1CS 10.1 81.6 135 0.7
A7 | YYnlCM 10.1 91 | 1249 0.32
A8 |YYnlCL 10.1 79.7 | 122.1 0.22
A9 | YnY1COES 10.1 126.6 142 0.86
A.10 | YnY ICOEM 10.1 125.6 140 0.39
A1l | YnY1COEL 10.1 124.1 | 146.8 0.28
A12 | YYn1COES 10.1 90.5 | 137.8 0.73
A13 | YYn1COEM 10.1 95.2 | 137.3 0.33
Al14 | YYn1COEL 10.1 86.5 | 119.3 0.23
A15| YnY2COES/S 10.1 126.7 | 157.6 0.65
A.16 | YnY 2C OES/M 10.1 125.8 | 155.7 0.36
Al17 | YnY2COES/L 10.1 121.4 | 136.9 0.27
A18 | YnY2COEM/L 10.1 124.5 | 1449 0.22
A19 | YnY2COEL/L 10.1 123.9 | 157.8 0.2
A20 | YYn2COES/S 10.1 88.6 | 112.7 0.51
A21 | YYn2COES/M 10.1 94.5 | 130.7 0.3
A22 [ YYn2COES/L 10.1 86.6 | 103.3 0.22
A23 | YYn2COEM/L 10.1 87.1 | 149.2 0.19
A.24 | YnY-Yd C20T Min 10.1 121.13 143 2.22
A.25 | YnY-Ynd C20T Min 10.1 104.8 | 104.8 2.08
A.26 | YnY-Yd C20T VS 10.1 125 | 145.3 1.16
A.27 | YnY-Ynd C20T VS 10.1 107.9 | 130.8 1.08
A28 | YYn-Yd C20T Min 10.1 846 | 95.5 1.88
A.29 | YYn-Ynd C20T Min 10.1 79.7 | 124.6 1.78
A.30 | YYn-Yd C20T VS 10.1 874 | 127.1 0.98
A.31 | YYn-Ynd C20T VS 10.1 80.3 126 0.97
A.32 | YnY-Yd C20T S 10.1 126 | 145.7 0.91
A.33 | YnY-Ynd C20T L 10.1 107.3 | 131.9 0.26
A.34 | YnY-Yd C20T L 10.1 123.6 | 146.1 0.28
A.35 | YYn-Ynd C20T L 10.1 83.9 | 151.1 0.23
A.36 | (YnY/YnY)-Yd C20T Min 20.2 119.4 | 1435 2.93
A.37 | (YnY/YnY)-Ynd C20T Min 20.2 110.7 | 110.7 2.81
A.38 | (YnY/YnY)-Yd C20T S 20.2 125.5 | 136.5 1.21
A.39 | (YnY/YnY)-Ynd C20T S 20.2 116.8 | 127.6 1.17
A.40 | (YnY/YYn)-Yd C20T Min 20.2 98.5 98.5 2.64
A4l | (YnY/YYn)-Ynd C20T Min 20.2 92.6 | 92.6 2.57
A42 | (YnY/YYn)-Yd C20T S 20.2 103.3 | 122.6 1.1
A43 | (YnY/YYn)-Ynd C20T S 20.2 102.3 | 1134 1.1
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Table B.2: Sensitivity Analysis results scenario B

Peak Fault Peak Peak
Clase Description Current | Overvolt. | Ph-Ph (115\1/{/1{:’2)
(kAp) kvp) | (kVp)
B.1 | YnY Direct Fault Min 9.8 94.6 | 1184 7.19
B.2 | YnY Direct Fault S 9.6 93.2 | 117.3 7.03
B.3 | YnY Direct Fault M 8.5 88.5 | 112.3 6.35
B.3x | YnY Direct Fault L 7.1 83.4 107 5.64
B.4 | YYn Direct Fault Min 94 76 | 97.7 6.74
B.5 | YYn Direct Fault S 9.24 699 | 97.6 6.37
B.6 | YYn Direct Fault M 8.34 63| 94.3 5.76
B.7 | YYn Direct Fault L 7.5 62| 925 5.1
B.8 | YnY 1C OE (S) Fault at Min 9.25 123.4 | 138.3 0.84
B.9 | YnY 1C OE (Min) Fault at Min 9.25 120.7 | 139.8 2.4
B.10 | YnY 1C OE (Min) Fault at S 9 119 138 2.35
B.11 | YnY 1C OE (L) Fault at S 9 121.4 | 134.9 0.27
B.12 | YnY 2C OE (S/M) Fault at Min 9 122.5 | 143.6 0.34
B.13 | YnY 2C OE (S/L) Fault at Min 9 121.7 | 132.6 0.25
B.14 | YnY-YD C20T (Min) Fault at Min 9.25 117.7 | 138.6 2.15
B.15 | YnY-YnD C20T (Min) Fault at Min 9.25 101.6 | 111.1 2.01
B.16 | YnY-YD C20T (M) Fault at Min 9.25 123.1 | 136.3 0.38
B.17 | YnY-YnD C20T (M) Fault at Min 9.25 111.7 | 152.9 0.36
Table B.3: Sensitivity Analysis Results Scenario C
Peak Fault Peak Peak
CIaDse Description Current | Overvolt. | Ph-Ph (E\I;/R‘LYS)
(kAp) (kvp) | (kvp)
C.1 | YnY, connection: Min to Yd 2.5 78.7 82 2.02
C.2 | YnY, connection: Min to YnD 2.5 82.6 | 82.6 2.02
C.3 | YnY, connection: Short to Yd 2.49 79.8 | 929 2.07
C.4 | YnY, connection: Short to Ynd 2.49 80.2 93 2.07
C.5 | YYn, connection: Min to Yd 2.5 51.1| 85.9 1.83
C.6 | YYn, connection: Min to YnD 2.6 54.8 79 1.83
C.7 | YYn, connection: Short to Yd 2.48 59.6 | 89.3 1.88
C.8 | YnY, 1C OE (Min), conn: Min to Yd 2.5 722 | 86.8 0.71
C.9 | YnY, 1C OE (Min), conn: Min to YnD 2.5 86.1 | 88.3 0.69
C.10 | YnY, 1C OE (S), conn: Min to Yd 2.5 60 | 94.2 0.25
C.11 | YnY, 1C OE (S), conn: Min to YnD 2.5 92.5 91 0.25
C.12 | YnY, 2C OE (S5/M), conn: Min to YnD 2.51 89.3| 954 0.09
C.13 | YnY, 2C OE (S/L), conn: Min to YnD 2.54 88.5 | 945 0.08
C.14 | YnY, 2C OE (S/L), conn: Min to YD 2.52 582 | 945 0.07
C.15 | YnY-YD C20T (Min), conn: Min to YnD 2.5 88.1 | 84.9 0.66
C.16 | YnY-YD C20T (Min), conn: Min to YD 2.5 69.7 88 0.62
C.17 | YnY-YnD C20T (Min), conn: Min to YnD 2.53 59.6 | 80.7 0.57
C.18 | YnY-YD C20T (M), conn: Min to YnD 2.51 89| 94.6 0.12
C.19 | YnY-YnD C20T (M), conn: Min to YnD 2.56 61.3 | 94.6 0.11
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Table B.4: Sensitivity Analysis Results Scenario D

Peak Fault Peak Peak
Cﬁ;e Description Current | Overvolt. | Ph-Ph (E\I; /R:s)
(kAp) (kvp) | (kVp)
D.1 | YnY connected to Yd 291 75.2 84 2.16
D.2 | YnY connected to YnD 291 872 | 875 217
D.3 | YYn connected to Yd 2.92 525 | 84.4 2.3
D.4 | YYn connected to YnD 2.92 51.8 | 73.8 1.96
D.5 | YnY, 1C OE (Min) connected to Yd 2.92 702 | 948 1.04
D.6 | YnY, 1C OE (Min) connected to YnD 2.92 96.7 94 0.94
D.7 | YnY, 1C OE (S) connected to Yd 291 59.9 | 945 0.23
D.8 | YnY, 1C OE (S) connected to YnD 291 926 | 91.6 0.26
D.9 | YnY, 2C OE (S/M) connected to YnD 2.92 91.6 | 93.9 0.08
D.10 | YnY, 2C OE (S/M) connected to YD 2.92 59.1 | 95.7 0.08
D.11 | YnY-YD C20T (Min), conn: Min to YnD 291 91.7 | 929 0.72
D.12 | YnY-YD C20T (Min), conn: Min to YD 2.91 67.6 | 94.7 0.93
D.13 | YnY-YnD C20T (Min), conn: Min to YnD 291 61.6 81 0.61
D.14 | YnY-YD C20T (M), conn: Min to YnD 2.92 91| 929 0.13
D.15 | YnY-YnD C20T (M), conn: Min to YnD 2.92 64.3 | 935 0.12
Table B.5: Sensitivity Analysis Results Scenario E
Peak Fault Peak Peak
Cﬁse Description Current | Overvolt. | Ph-Ph (E\I/{;{}X,)
(kAp) (kvp) | (kVp)
E.1 | YnY Direct Fault Min 4.5 794 | 114.7 6.37
E.2 | YnY Direct Fault S 9.6 96.3 | 101.1 7.28
E.3 | YnY Direct Fault M 8.8 92 | 116.8 6.62
E.4 | YnY Direct Fault L 7.6 87.2 | 110.8 5.92
E.5 | YnY 1C OE (Min) Fault at S 52 122.9 | 123.3 243
E.6 | YnY 1C OE (S) Fault at S 5.2 125 128 0.84
E.7 | YnY 2C OE (S/M) Fault at S 5.2 124.3 | 137.5 0.35
E.8 | YnY-Ynd C20T (Min) Fault atS 52 103.4 | 1244 2.03
E9 | YnY-Yd C20T (Min) Fault at S 5.2 119.8 | 120.3 2.17
Table B.6: Simulation Results for S Series Scenarios
o Peak Fault Peak Peak RRRV
Case ID Description Current | Overvoltage | Ph-Ph (KV/ s)
(kAp) (kVp) (kVp)
S.1 YnY, 3Ph-Ph Fault, None 10.1 101.6 | 121.3 7.06
S.2 YnY, 3Ph-Ph Fault, 1C OE, Len 1km 10.1 114.2 | 1425 0.72
S.3 YnY, 3Ph-Ph Fault, C20T, Len 100m, 10.1 90 | 114.7 19
Par.Yd
S4 YnY, Single Ph. Fault, None 1.8 719 | 80.6 2.39
S.5 YnY, Single Ph. Fault, 1C OE, Len 1km 1.88 49| 100.4 0.33
S.6 YnY, Single Ph. Fault, C20T, Len 100m, 1.87 5.6 98 14
Par.Yd
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For the description the following logic holds:

Table B.7: Nomenclature for network configurations and components.

Abbreviation/Term Description
YnY Grounding, Primary star neutral point earthed, secondary floating
1C One parallel cable
Min Minimal (100m)
VS Very short (500m)
S Short (1km)
M Medium (5km)
L Long (10km)
2C Two parallel cables
C20T Cable to outgoing transformer
YnY-YD Grounding of feeding and outgoing transformer
YnY/YnY-YD Grounding of parallel feeding and outgoing transformer
1C OE One cable open ended
Direct Fault Min Fault on line at distance Min (100m)




Appendix C

C.1. Symmetrical components

In the case of an imbalanced circuit the phases are not symmetric. Phases will not be equal magnitude
and equally spaced. An easier way to describe voltages and currents in unbalanced systems is by usage
of symmetric components. An example is given in Figure C.1 [44]

V(,‘l

Figure C.1: Symmetrical components in an unbalanced system

Here one can observe that the voltages in an unbalanced system are unequal in magnitude, phase
shifted and not equally seperated by phase. additionally, they can be split up in three parts, the positive
sequence V! which represents the part of the phasor rotating counter clockwise, the negative sequence
V2 which represents the part of the phasor rotating clockwise and the zero sequence V° which is equal
in magnitude but also direction in all phases.

Using the A matrix, a transformation can be used to convert phase voltages to their respective positive,
negative and zero sequence components. This transformation will now be derived.

va| (Ve Vel Vel [ve] [V Vi
Vape = |Vo| = [V + Vi | + |VE| = | V2| + |a®V} | + | aV? (C.1)
Vel VO VA [VE] VR |avid ] |e?V2

One can observe from Equation C.1 that transforming from phase voltages to symmetrical components
the following holds:
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1 1 1%
Vape = 1 a a? %1 =AVy2 (CZ)
1 a2 al|W

1 1 1 1 1 1 1
Al = 3 1 a a?| and A=|1 a®> a (C.3)
1 4% a 1 a a?

Combining Equation C.1 until C.3, the following symmetrical component transform can be deduced.

vl 11 1][v. v,] [1 Vo
Vil = 3 1 a a*||Vy| and |Vu|=1|1 4% al||Wn (C.4)
V) 1 a%2 al|V. V. 1 a a?| |V

Similarly, the symmetrical component transformation for the currents is given by:

Ll [T 1 1] I, 1 1 1]
L =3 1 a a®||I| and |I|=1{1 a*> a|l|h (C.5)
I 1 a2 al|l|l I, 1 a a?||L

Using the symmetrical components, Y and delta impedances can be converted to their respective
sequence networks.

a — L~
— I, > FT—¢0—|Z:|7 \
a y Ia
S Vi Vi .
Z y b — Ib > ¢ ICA
— I~ . L F—— ]
b T t Zy Iya
.—|Z: Vi Via \
I y c v
. \ - I
c I:I Z, 1, T —-I. > Z y
7 y c <~ VA —>
y
(a) Y-connected load circuit diagram. (b) Delta-connected load circuit diagram.

Figure C.2: Comparison of Y-connected and Delta-connected load circuit diagrams.

For Figure C.2a one can state the following;:

ILn=1,+1, +I; (C.6)
Vabe = Vapen + Vi (C.7)
Vape = ZyIuhc + Zuly (C.8)

I = %(Ia +I, +1) = %I,, (C.9)
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The neutral current is the sum of all phase currents. The phase to ground voltages are the sum of the
phase to neutral voltage and the neutral voltage. Equation C.9 follows from Equation C.5 and C.6.

To determine the sequence impedances the A matrices C.3 are used in combination with the relations

Vape = AVgp  and Iy = Alpi2 (C.10)

to obtain an expression of sequence voltage, currents and impedances as shown in

Vo Iy Io Vo Io 1
AVi|=Z,A|L|+3Z, || = |Vi|=2Z,|hL|+3Z. oA |1 (C.11)
V2 I Ip V2 I 1

When one multiplies A™! with the unity vector the following arises:

Vo IO IO
Vi| = Zy L|+3Z,|0 (C.12)
V2 I 0

One can now conclude that the sequence impedances are

Zo =7y +3Z, (C.13)
Yy

Zy =2, (C.14)

Zy =7, (C.15)

Which implies that for delta loads all sequence impedances are equal except the zero sequence, which in
addition to the common Z, also takes in to account 3Z;,.

For Figure C.2b, one can derive the following relation of the phase to phase voltages:

VaA + VbA + VcA =0 (C.16)
V,?A 1 Vaa
vi|= §A‘1 Via (C.17)
Vaa Vea
From this one can state that:
Vaa + Voa + Vea = 3V, =3ZaI0, (C.18)
But when one considers Equation C.16:
0 _ 70 _—
Voa=1,0=0 (C.19)

Thus, in delta connected circuit, there can not be any 0 sequence currents and voltages.
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C.1.1. Sequence Impedances
To calculate the zero sequence impedance one can use the following relation.

Vabe = Zapelabe and Vo1 = Zorzlorz (C.20)

From Equation C.4 and Equation C.5 the following can be stated:

AVo1z = Zape(Alor2) (C.21)
AN A1) = AN (Zape Alor2) (C.22)
IVorz = (A Zape A)lora (C.23)
Zotz = A Zgpc A (C.24)
Where,
Zao Zav Zac Zo Zon Zoz
Zave =|Zba Zbb Zpc | and Zoiz =(Z10 Z11 Z12 (C.25)
Zeo Zev Zec Zy 2o Zx

Assuming equal self impedances (balanced) Z,, = Zyy, = Z.c = Zs mutual impedances (i.e. non

diagonal impedances) Z,; = Zp, = Zpc = ... = Zy,, the sequence impedances can be simplified to:
Zoo =2Zs+27Zy (C26)
le = Zs - Zm (C27)
Zon=2s—Zm (C.28)

C.2. Fault currents

One source of transient overvoltages are the switching of fault currents. [9] This will be discussed in the
next section. Fault currents appear when an unintended connection is made by one or more phases.
Normally this leads to an unbalanced system [45]. The usage of symmetrical components allows us to
simplify the calculation by making use of sequence networks. There are 9 faults that can occur in a
three phase power system:

¢ 3x Single phase to ground ¢ 1x 3 Phase to ground fault
¢ 3x Double line to ground

e 3x Line to line faults ¢ 1x 3 Phase to Phase fault

A fault current consists of two parts: the DC component which decays to zero with its respective time
constant and a steady state current which exists due to the new fault topology. This in itself is a transient
but will not be discussed. In this brief review only the single phase to ground, three phase to ground
fault and two phase to ground fault steady state is discussed, as it is the switching phenomena that will
be discussed. This theory has been taken from [44][41].

C.2.1. Three phase fault current

Three phase faults are balanced faults. This means the positive sequence is the only contributing
component. The fault current can therefore be extracted from the single phase circuit diagram with its
respective positive sequence impedances [46][45].
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C.2.2. Single phase fault current

When a single conductor is connected to ground, the circuit diagram can be drawn as seen in Figure C.3a.

Z1

|
-If1»

I
k— N —

Zy

I
B

—

- T
! Vea Vb Vfc Zo
Z f I fa
1 J{ - Ifo »
,,,,,,,,,,,,,,,,,,, o N VO
(a) Single-phase fault circuit diagram (b) Sequence network diagram

Figure C.3: Comparison of single-phase fault circuit and sequence network diagrams

Where Z1, Z; and Z are thevenin equivalent network impedances for a certain faulted node.

From this one can see the following fault conditions

Via=Zslas (C.29)
Iy =Ifc =0 (C.30)

Then, using Equation C.10, the following arises:

Iro=1Ip =15 =If (C.31)
Vfo + Vfl + sz = Zf([fo + Ifl + Ifz) = 3Zf1f0 (C.32)
(C.33)

If the circuit phases A,B and C are connected to have thevenin equivalent impedances (say, from a ZBUS
matrix) one can connected the sequence circuits in series at the fault location, as seen in Figure C.3b.

This results in

Vf = (Zo +Z1+7Zr+ 3Zf)[f0 (C.34)
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C.2.3. Double line to ground fault current

In the case that the first out of three circuit breakers opens, the circuit becomes a double line to ground
fault. This can be seen in Figure C.4a. In this case the following relation holds holds: Applying the

sequence transformation A:

Vo V,
Vi|]=A|0
1%} 0
giving
Vo=Vi=V,=2V,
and
Iy 0
L|=A|l
I I,
IO - _(Ib + Ic)
1 2
L = g(ﬂlb +a°l;)
1
I, = g(azl,, +al,)
Where,

10+I1+12=0

From this the circuit seen in Figure C.4b can be created as the sequence currents are in parallel.

A
L I
I
— V,
Ao—o—xi
-,V

(a) Double-phase to earth diagram

Figure C.4: Comparison of single-phase fault circuit and sequence network diagrams

From Figure C.4b, one can see that:

Var
Va = Vaf - 2111 and 11 =

Zr+7Zy

71+ Z2Zy

Ip

(b) Sequence network diagram

(C.35)
(C.36)

(C.37)

(C.38)

(C.39)
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Therefore,
7> 7
= 4
Vo =V \ 2022+ 2120 + 2224 (€40)
andas Vo=V =V,
Zy
IzZZ = Iozo - Iz = I()Z— (C.41)
2
Vir+1InZ
Vap —hZy = —IZg — I = % (C.42)
1
This can then be substituted into Equation C.38 to get,
Vaf +1vZo Zo
——+j=— =0 C43
Ip + 7 + Io Z, (C.43)
Solving for Iy leads to:
VafZZ
=— 44
lo 7172 + Z0Za + ZoZ1 (C44)
Vor(Zo+ Z
L 2o + Z2) (C.45)
VAVAE WAYAE VYA
VarZo
- _ 46
b 2172y + ZoZy + ZoZq (C )
(C.47)
Where, after conversion.
I,=0 (C.48)
Iy = %(10 +a ' +aly) (C.49)
I. = %(10 +al; +a” ') (C.50)



	Abstract
	Preface
	Nomenclature
	Introduction
	Motivation
	The L-SEP GIS
	European F-Gas regulations

	Research problem
	Thesis Outline

	Transient Origins
	Transient origins
	Scenario Selection
	Transformer energization
	Load Switching
	Fault clearing
	Fault initiation
	Line/Cable energization
	Line reclosing
	Terminal Short Circuit
	TRV due to SLF
	Switching with Restrikes
	Lightning strikes
	Bus charging or GIS faults
	Conclusion


	Component Modeling
	Modeling Considerations
	Grid Topology

	Modeling philosophy
	ATPDraw
	Modeling lumped elements
	Numerical Oscillations

	Cable Models
	PI model
	Bergeron model
	Frequency dependent models
	ATPDraw Implementation
	Cable parameters

	Cable Model Verification
	Simulation setup
	Bergeron and Pi Model
	ULM model

	Transformer Models
	Grey Box model
	BCTRAN Routine in ATPDraw
	Transformer Model Verification


	Simulation Setup
	Fault clearing
	Fault location A
	Fault location B
	Fault location C
	Fault location D
	Fault location E
	Sensitivity analysis

	Simulation Setup

	Results
	Sensitivity analysis
	Case A
	Earthing configuration
	The Amplitude Factor and Damping
	Theoretical maximum cases A.1 and A.2
	Parallel Components
	Scenario B
	Scenario C,D and E

	Special Cases

	Discussion
	Discussion of Key Findings
	Grid Earthing
	Parallel Capacitance
	Fault Location
	Implications for the Stedin Grid

	Limitations
	Cable Modeling
	Transformer Modeling
	Modeling and Simulation Assumptions
	Analysis and Calculation


	Remedial Actions
	Cases and Stedin Grid Implications
	Utrecht Merwedekanaal and Soest 02
	Goes Evertsenstraat, S'Gravendeel, and Waaiersluis

	Mitigation by Altering Earthing Configuration
	Primary Transformer Neutral Earthing
	Load-Side Transformer Earthing
	Parallel Source Transformer Earthing
	Tradeoff

	Mitigation via Surge Arresters

	Conclusion & Recommendations
	The Research Problem
	Summary of the Research Approach and Modeling
	Conclusions
	Recommendations
	Further Research
	Mitigation strategies


	References
	Sensitivity analysis Table
	Sensitivity Analysis Results
	Appendix C
	Symmetrical components
	Sequence Impedances

	Fault currents
	Three phase fault current
	Single phase fault current
	Double line to ground fault current



