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Abstract

In this thesis, a study of high frequency electromagnetic transient phenomena is performed.
Models of various components needed for simulations of high frequency transients, such as for
transformers, cables and breakers are developed. Measurements were performed in Chalmers
research laboratory as well as at ABB Corporate Research in Västerås, Sweden for the
purpose of parameter estimation of models and for veri�cation of simulations. Critical cases
where the voltage surges of the magnitude and/or rise time above basic lightning impulse
voltage level appear, are identi�ed. Also, some transient protection schemes are analyzed
and the performance of di�erent transient mitigation devices is studied. Furthermore, the
voltage distribution along the winding during very fast transients is studied in order to
estimate turn-to-turn voltages and the critical voltage envelope.

In the work it was found that simulations of the high frequency transients are in a very
good agreement with the measurements obtained in the laboratory. Simulations predicted
accurately critical surges with the highest magnitude and matched with good accuracy surge
waveforms recorded during the measurements. The accuracy of the rise times is within
10%, while the magnitudes during the critical cases are within a 5% margin. During the
testing and simulations, surges which exceed the basic lightning impulse voltage level of
dry-type transformers speci�ed by IEEE standards, both in magnitude and rise time are
observed at the transformers even when surge arresters are used to protect the transformers.
Furthermore, obtained voltage surges exceeded the proposed critical voltage envelope. It is
shown that the most critical voltage strikes are obtained with dry-type transformers, where
the rise time is �ve to ten times shorter compared to oil-insulated transformer with the same
rating. It was con�rmed both in simulations and measurements that the use of additional
transient protections devices such as surge capacitors and RC protections, decreased the
magnitude of surges to be below the critical level. The analysis of the voltage during very
fast transients showed that the rise time of the transients directly in�uences the magnitude
of the turn-to-turn voltages. Furthermore, during the breaker closing transient, turn-to-turn
voltages, measured in delta connected dry-type transformers, were 2.5 times higher than the
voltages obtained during the same transient with a wye connected dry-type transformer, or
during the stress with a 4.4pu lightning impulse voltage.

Index Terms: very fast transient, breaker, surge, surge protection, transient overvolt-
age, prestrikes, restrikes, voltage escalation.
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Chapter 1

Introduction

1.1 Problem Overview

For many years, the lightning was the only phenomenon that could create pulses with very
steep fronts in the order of micro seconds (µs). These wave pulses can be re�ected o� junc-
tions in the system producing high overvoltages. High overvoltages produced by lightning
are prevented from damaging insulation of the equipment by using surge arresters that are
able to keep the voltage limited within the range that is not harmful to the protected equip-
ment. This protection proved to be su�cient for the protection of the equipment and the
failures were kept on an acceptable level.

Further research in this area was not needed until increased failures of the insulation
of the equipment were detected again even on a low voltage level. These failures occurred
more and more often with the development and improvements of electric power equipment,
especially in motor drives. Two areas of the development are very important for this matter.

One of them is the development of semiconductors used in power electronics. The ap-
pearance of the fast switching insulated gate bipolar transistors (IGBT's) led to very short
rise times of the pulses that were produced by IGBT's in pulse-width modulated (PWM)
inverters that are often used with induction machines (IM) for variable speed drives. The
rise time of the pulses could be as low as, or even below, 0.1 µs [1]. This is more than
ten times quicker compared to the rise time of the lightning pulse. These fast switching
IGBT's brought two major improvements to the inverters. At �rst, lower switching losses
and secondly reducing the total harmonic distortion (THD) given a similar �lter, due to the
possibility of using a higher switching frequency.

Moreover, another important area is the development of the breakers used in the elec-
tric grid. Breakers used in grids can have a strong negative in�uence on insulation. The
appearance of the vacuum circuit breaker (VCB) brought a switching device with excellent
interruption and dielectric recovery characteristics [2]. Vacuum circuit breakers have low
maintenance costs, good durability and provide the best breaker solution for medium volt-
age below 24 kV [3]. However, it was reported worldwide that many transformer insulation
failures have occurred possibly by switching operations of VCBs, although those transformers
have previously passed all the standard tests and complied to all quality requirements [4]-[8].
However, another study showed that it is not only the vacuum breaker that can create surges
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potentially dangerous to the transformers, but also SF6 insulated breakers and disconnectors
[9]. The breakdown in SF6 medium can have a typical rise time between 2 − 20ns, and in
addition, SF6 interrupters can generate re-strikes and pre-strikes during the operation [9]. A
10 years long study which included an investigation of failures of thousands of transformers
conducted by Hartford Steam Boiler Earlier shows that the high frequency transients are
the major cause of transformer failures [10]. The transformer failures caused by the high
frequency transients reach a level of 33.9% according to this study and it was said to be
the most likely cause of a transformer insulation failure [10]. Although, the direct proof of
the negative impact of the high frequency transients on the transformer insulation is not yet
found [9], some studies give description of the phenomenon that produces high overvoltages
internaly in the transformer winding [4] potentially responsible for the transformer insulation
failure during the high frequency transients. As some studies for induction motors showed,
the appearance of repetitive strikes is dangerous for the induction motors [11],[12] and it is
very likely that the same phenomenon is dangerous for the transformers insulation. A major
problem of the transformer insulation failures occurred in the wind parks(WP) Middelgrun-
den and Hornsrev where almost all transformers had to be replaced with new ones due to
the insulation failure [13], [14]. It is suspected that the fast switching breakers caused the
insulation failures in these WP's.

During studies of insulation failures of motors caused by switching phenomenon, it is
found that the surges generated during switching of the air magnetic circuit breakers are
very similar to the vacuum devices [15]-[17]. According to one of these studies, surges
generated by air magnetic circuit breakers generated surges of 4.4pu in magnitude with a
rise times of 0.2µs where the vacuum breaker generated surges with 4.6pu magnitude but
with longer rise times of 0.6µs [15]. An important �nding of this study, is that although
the vacuum breaker generates more surges, the magnitude and the rise time of the surges
generated by these two types of breakers are very similar [15].

Another factor that contributed to the failures caused by the fast switching operations
of the IGBT's and VCB's is the use of the cables both in low and medium voltage systems.
The characteristic impedance of the cables is approximately ten times smaller than the
characteristic impedance of a transmission line resulting in a ten times higher derivative of
the transient overvoltage (TOV). The transient phenomenon is thus even more di�cult to
analyze since cables longer than approximately 50 m behave like transmission lines where
the wave traveling phenomenon and the wave re�ection phenomenon can be observed. This
means that a proper high frequency transient analysis advanced cable model is required,
which makes the transient phenomenon analysis fairly complicated. In order to perform
calculations of the propagation of high frequency transients, an appropriate modeling and
an appropriate software tool is needed

1.2 Purpose of the thesis and contributions

The aim of this thesis is to analyze generation, propagation and impact of high frequency
transients in wind parks (WP's) and to present analysis as well as key results. In order
to successfully achieve this goal, the modeling of important components as well as their
implementation is to be investigated. The treated components will be breakers, cables and
transformers. The general objectives of the work can be summarized as follows:
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• Develop models for analysis of the electrical high frequency transients occurring in
wind parks. The models need to be valid in a wide frequency range, between 50Hz
and 10MHz.

• Study the generation and propagation of high frequency transients in cable systems,
i.e. o�shore wind farms. The in�uence of the di�erent topologies is to be investigated.

• To compare the in�uence of the high frequency transients generated during switching
events and lightning impulses. Furthermore, to investigate if switching operations can
lead to substantial overvoltages at the components.

• Analyze the impact of the high frequency phenomenon on the voltage distribution
inside transformers in order to identify critical switching patterns and level of internal
overvoltages.

• Compare turn-to-turn voltage stress obtained during very fast transients (VFT) with
the turn-to-turn voltage stress measured during the basic lightning impulse level (BIL)
in order to �nd if current transformer standards account for the voltage stress that
appears during VFT.

The thesis covers a wide range of topics. The work is conducted at Chalmers University
of Technology and some parts at ABB Corporate Research, Sweden, in a collaboration with
Muhamad Reza. To the best knowledge of the author the contributions are summarized as
follows:

• A new method to account for semiconducting layers in the cable models is proposed.
The parameters of the cable model are adjusted to account for semiconducting layers
at high frequency.

• A new, simpli�ed model of the vacuum circuit breaker for the purpose of high frequency
transient analysis is developed and veri�ed successfully experimentally.

• Implementation of the vector �tting method in a black-box modeling of a reactor
winding in order to study internal overvoltages. Moreover, a method for improvement
of the measurement sets for the black-box modeling of a winding is developed.

• It is identi�ed that connection transients, that do not generate overvoltages at trans-
former terminals, can generate excessive internal turn-to-turn overvoltages, that exceed
the voltage level obtained during testing with a lightning pulse shaped voltage. It is
experimentally shown that high internal overvoltages are obtained during VFT with
very short rise times that stress dry-type transformers.

• The critical voltage envelope for surges with rise times between 50ns and 1.2µs is
established using the maximum turn-to-turn voltage criteria.

• It is veri�ed that standards for dry-type transformers do not account for the voltage
stress that appears during VFT. Accordingly, based on the results, it is proposed that
the BIL for dry-type transformers needs to be increased, or new tests need to be
developed.
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• It is shown theoretically as well as proven experimentally that the standard surge
protection, that includes only surge arresters, provides insu�cient protection, since
the transients recorded during voltage restrikes exceeded the BIL level and/or critical
voltage envelope.

1.3 Thesis structure

The structure of the thesis is the following:

Chapter 2 gives the background theory on surge propagation. This chapter gives insight
on how it is possible to generate overvoltages during wave re�ections, and which parameters
of the network that are most dominant in shaping of transient overvoltages. Chapter 3
focuses on the modeling. In that chapter, the modeling of various components is presented.
In some cases, guidelines are given on how to properly use existing models, and how to
compensate for imperfections and shortcomings of existing models. Chapter 4 shows the
voltage distribution along a winding during high frequency transients. This chapter shows
the impact of VFT on turn-to-turn voltages, and compares these voltages against turn-
to-turn voltages obtained during the stress with a lightning impulse shaped voltage wave.
Chapter 5 shows a comparison of standards for critical voltages for distribution transformers
and motors. Furthermore, a quanti�cation method is presented. Chapter 6 shows analysis
of the high frequency transients in the laboratory environment in ABB Corporate Research,
Västerås, Sweden. Finally, some high frequency transient mitigation devices are tested and
their level of protection is analyzed. Chapter 7 presents conclusions and future work.

1.4 List of publications

The following publications have been made during this project.

• Abdulahovic Tarik, Thiringer Torbjörn, Modeling of the energizing of a wind park
radial, Nordic Wind Power Conference, Roskilde, Denmark, 2007.

• Muhamad Reza, Henrik Breder, Lars Liljestrand, Ambra Sannino, Tarik Abdulahovic,
Torbjörn Thiringer, An experimental investigation of switching transients in a wind
collection grid scale model in a cable system laboratory, CIRED, 20th International
Conference on Electricity Distribution, Prague, June 8-11 2009.

• Reza Muhamad, Srivastava Kailash, Abdulahovic Tarik, Thiringer Torbjörn, Combin-
ing MV laboratory and simulation resources to investigate Fast Transient Phenomena
in Wind Cable Systems, European O�shore Wind, Stockholm, 2009.

• Abdulahovic Tarik, Thiringer Torbjörn, Comparison of switching surges and basic
lightning impulse surges at transformer in MV cable grids, Nordic Wind Power Con-
ference, Bornholm, Danmark, 2009.

• Abdulahovic Tarik, Teleke Sercan, Thiringer Torbjörn, Svensson Jan, Simulation accu-
racy of the built-in PSCAD and an owner-de�ned synchronous machine model, Compel-
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the International Journal for Computation and Mathematics in Electrical and Elec-
tronic Engineering, 29 (3) pp. 840-855. 2010.

• Sonja Tidblad Lundmark, Tarik Abdulahovic, Saeid Haghbin, Learning improvements
by students active preparations to Electric drives labs, Chalmers Conference on Teach-
ing and Learning, KUL 2011, Göteborg, 2011.
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Chapter 2

Background theory on surge propagation

The wave traveling phenomena on long transmission lines is known for a long time. The
waves that travel over the conductor at the speed of light belong to the group of transverse
waves, and the behavior of these waves is the same as the behavior of other transverse waves
that propagate in other medium. The re�ection of the waves we experience in everyday's life
when we hear echo or look on the re�ection in the mirrors or on a water surface. The same
phenomena occurs at the end of cables and the transmission lines and can produce very high
overvoltages in a transmission line or at cable ends in some cases.

2.1 Electromagnetic wave traveling and re�ection

The �rst mathematical description of transverse electromagnetic waves is given by Maxwell
in the 19th century. These equations describe the dynamical properties of the electromagnetic
�eld. They are based on experimental results and are written in the following form

∇ · E = −ρ(t, x)

ε
(2.1)

∇× E = −∂B

∂t
(2.2)

∇ ·B = 0 (2.3)

∇×B = µj(t, x) + εµ
∂E

∂t
(2.4)

where E is the vector of electric �eld, B is the magnetic �ux density, ρ(t, x) is the charge
distribution, j(t, x) is the magnetic current density, µ is the permeability and ε permittivity
of the material.
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These four non-coupled partial di�erential equations, can be rewritten as two non-coupled
second order partial equations for E and D. These two equations are called the wave equa-
tions. Let us derive the wave equation for E. Since the waves propagating in air or vacuum
are considered, these equations are derived with electric and magnetic properties of the air,
vacuum permeability and permittivity µ0 and ε0. In the beginning, let us take the curl of
(2.2) and then insert (2.4) to obtain

∇× (∇× E) = − ∂

∂t
(∇×B) = −µ0

∂

∂t
(j(t, x) + ε0

∂E

∂t
). (2.5)

In order to solve this, we are going to use the operator triple product �bac-cab� rule given
by

∇× (∇× E) = ∇(∇ · E)− (∇2E). (2.6)

Since the electrical charges are not present in the medium, ρ(t, x) = 0, a simpli�ed form
of (2.1) is obtained

∇ · E = 0. (2.7)

Considering (2.6) and (2.7), and taking into account Ohm's law given by

j(t, x) = σE (2.8)

(2.5) is rearranged and written in the form of

∇2E− µ0
∂

∂t

(
σE + ε0

∂E

∂t

)
= 0. (2.9)

Finally, considering

ε0µ0 =
1

c2
(2.10)

where c is the speed of light, the homogeneous wave equation for E is obtained

∇2E− µ0σ
∂E

∂t
− 1

c2
∂2E

∂t2
= 0. (2.11)

In a similar way, the homogeneous wave equation for B is derived. This equation is given
by

∇2B− µ0
∂

∂t

(
σB + ε0

∂B

∂t

)
= 0. (2.12)
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The homogeneous wave equation for B is obtained by inserting the relation for the speed
of light into (2.12).

∇2B− µ0σ
∂B

∂t
− 1

c2
∂2B

∂t2
= 0. (2.13)

For a plane wave where both electric and magnetic �eld depends on the distance x to a
given plane, the wave equations for E and B are given by

∂2E

∂2x
− µ0σ

∂E

∂t
− 1

c2
∂2E

∂t2
= 0 (2.14)

∂2B

∂2x
− µ0σ

∂B

∂t
− 1

c2
∂2B

∂t2
= 0. (2.15)

These equations which describe the propagation of the plane waves in a conducting
medium are called the telegrapher's equations or the telegraph equations. For insulators,
where the conductivity is equal to zero (σ = 0), the telegrapher's equations become

∂2E

∂2x
− 1

c2
∂2E

∂t2
= 0 (2.16)

∂2B

∂2x
− 1

c2
∂2B

∂t2
= 0. (2.17)

A more convenient way to derive and write the telegrapher's equations is by using an
equivalent scheme for two parallel conductors. Now, these equations are going to be written
using voltages and currents, and inductances and capacitances instead of magnetic and
electric �eld vectors. The equivalent scheme is de�ned for an in�nitely small element of two
conductors and it is presented in Fig.2.1.

V(x+Δx,t)V(x,t)

I(x+Δx,t)I(x,t) L

C

Δx

G

R

Figure 2.1: An in�nitely small element of two parallel conductors.

For the sake of simplicity an equivalent scheme where the resistance of the conductor and
the conductance between the two lines is neglected is presented in Fig.2.2.
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V(x+Δx,t)V(x,t)

I(x+Δx,t)I(x,t) L

C

Δx

Figure 2.2: An in�nitely small element of two parallel conductors.

It is quite easy to derive the telegraphers equations for this circuit using Kircho�'s Laws.
Since the capacitance and the inductance presented in Figs. 2.1 and 2.2 are per unit length,
values of the capacitance and inductance are obtained after multiplication by ∆x. For the
voltage and the current at length of x+ ∆x, two equations can be written as

V (x+ ∆x, t) = V (x, t)− C∆x
∂I(x, t)

∂t
(2.18)

I(x+ ∆x, t) = I(x, t)− L∆x
∂V (x+ ∆x, t)

∂t
. (2.19)

These two equations can be rewritten in the following way

V (x+ ∆x, t)− V (x, t)

∆x
= −C∂I(x, t)

∂t
(2.20)

I(x+ ∆x, t)− I(x, t)

∆x
= −L∂V (x+ ∆x, t)

∂t
. (2.21)

We take the limit as ∆x → 0 which yields V (x + ∆x, t) → V (x, t) giving simpli�ed
telegrapher's equations for transmission lines

∂V (x, t)

∂x
= −C∂I(x, t)

∂t
(2.22)

∂I(x, t)

∂x
= −L∂V (x, t)

∂t
. (2.23)
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These equations can be solved by taking the spatial derivative of one equation and sub-
stituting the other equation into it. Let us do it �rst by taking the spatial derivative of
(2.22).

∂2V (x, t)

∂x2
= −C∂

2I(x, t)

∂t∂x
(2.24)

Substituting (2.23) into (2.24) the telegrapher equation for voltage is obtained.

∂2V (x, t)

∂x2
= LC

∂2V (x, t)

∂t2
(2.25)

In the same manner, the current equation is derived.

∂2I(x, t)

∂x2
= LC

∂2I(x, t)

∂t2
(2.26)

(2.25) and (2.26) represent (2.16) and (2.17) in a rewritten form. The voltage corresponds
to the electric �eld and the current corresponds to the magnetic �eld. Now, let us solve the
voltage equation. The other equations are solved in a similar way. At the start of the process
we are going to make a guess and write solution as

V (x, t) = V0f(x− vt) (2.27)

where V0 is the amplitude of the wave and f(x − vt) is a yet unidenti�ed function which
describes the behavior of the wave during the time t along the propagation axis x. The �rst
time derivative of this function is

∂

∂t
f(x− vt) = −(vf ′). (2.28)

The second time derivative and second space derivative are written as

∂2

∂t2
f(x− vt) = v2f ′′ (2.29)

∂2

∂x2
f(x− vt) = f ′′. (2.30)

Substituting (2.28), (2.29) and (2.30) into (2.25) we can write

V0f
′′ = LCV0v

2f ′′ (2.31)

which is true only as long as
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v = ± 1√
LC

. (2.32)

So, it is de�ned for which value of parameter v this solution is valid, but still, the function
f(x− vt) remains unknown. Let us leave this aside at the moment and observe this function
at two time instants t1 and t2 and two positions along the axis x. At the position x1 and
time instant t1, the voltage will have a value of V1 = V0f(x1 − vt1). The position x2 is
reached after the time ∆t. Since a lossless propagation is observed, the value of the voltage
V2 = V0f(x2 − vt2) is equal to the voltage in the initial point V2 = V1. This means that the
arguments are the same

x1 − vt1 = x2 − vt2. (2.33)

From (2.33) we �nd that v represents the speed of propagating waves by solving (2.33)
for v

x2 − x1
t2 − t1

=
∆x

∆t
= v =

1√
LC

. (2.34)

Since the solution for the telegrapher's equations is valid for two opposite values of the
speed according to (2.32), two waves propagating in opposite direction exists and are given
by

Vpos = V +f

(
x− 1√

LC
t

)
. (2.35)

Vneg = V −f

(
x+

1√
LC

t

)
. (2.36)

2.2 Surge propagation

The surge characteristics is mainly determined by the characteristic or the surge impedance
of the transmission line or cable,

Z0 =

√
L

C
. (2.37)

Due to the di�erences in the geometry of the cables and the transmission lines, the
capacitance and the inductance of the cable and the transmission line di�er a lot. The value
of the characteristic impedance for transmission lines is about Z0=400 Ω. For the cables this
value is about ten times smaller and has the value of about Z0=40 Ω.

The di�erences in geometries lead to a di�erence in the wave velocities that the wave
propagates with through the transmission line and through the cable.
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v0 =
1√
LC

(2.38)

The other important characteristic of the cable is that the velocity of the wave that
propagates through the cable is approximately one half to two thirds of the propagation
velocity of the wave that propagates through the transmission line and varies from v0 =
1.5× 108 km/s to v0 = 2× 108 km/s.

The surge that appears in the cable systems is strongly in�uenced by these characteristics.
If the system consisting of a cable and a transformer is studied, a good approximation of
the system for the prediction of high frequency transients needs to have stray capacitances
added to the the transformer. An example of such a system is presented in Fig. 2.3

C

Z0=400 Ω

Overhead line

C

Z0=40 Ω

Cable

Transformer

Transformer

Figure 2.3: Simple system consisting of one cable and one transformer.

This system can be represented as a �rst order system neglecting the inductance of the
transformer which is very large, meaning that its time constant is a couple of orders of
magnitude slower than the time constant of the cable and the stray capacitance.

The time constant of the approximated �rst order system can be determined as

τ =

√
L

C
Cstray = Z0Cstray. (2.39)

Taking into account the fact that the surge impedance of the cable Z0 is ten times smaller
than the surge impedance of an OH line, leads to the consequence that the time constant
of the cable is also ten times quicker. This means that the surge created in the system will
have ten times steeper front in systems with cables.
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Chapter 3

Modeling in PSCAD/EMTDC

3.1 Vacuum circuit breaker

Vacuum and SF6(sulfur-hexa�uoride) are the most modern breaking techniques used in the
circuit breakers for medium and high voltage applications. The �rst appearance of the
vacuum and SF6 circuit breakers was in the 1960's followed by fast development during the
1970's. The vacuum interrupters are primarily targeted for the medium voltages while the
SF6 interrupters are produced both for medium and high voltage [3].

The vacuum circuit breakers (VCB) have a long list of advantages over other breaking
techniques such as:

1. it is completely self-contained, does not need any supply of gases or liquids, and emits
no �ame or smoke,

2. does not need maintenance, and in most applications its life time will be as long as the
life-time of the other breakers,

3. it may be used in any orientation,

4. it is not �ammable,

5. it has very high interrupting ability and does not need low ohmic resistors or capacitors
to interrupt short-circuit currents,

6. it requires small mechanical energy for operation,

7. it is silent in operation.

These advantages of the vacuum breaking technique have been the main driving force
of the VCB development. One of the early main disadvantages of the VCB was it's price.
However, already in 1970's the price was in the VCB favor comparing the price of the
conventional and the VCB [18].
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Nowadays, with the environmental issues getting more in focus, the vacuum breaking
technique brings another advantage. Studies show that the VCBs o�er the lowest environ-
mental impact of all medium voltage switching technologies over the entire product life cycle.
The materials used in the VCBs are safe to handle during periodic out-of-service mainte-
nance and at end-of-life disposal. It's main competitor in the medium voltage level, the SF6
technology is an extremely potent greenhouse gas. In addition, SF6 arc by-products are
harmful and possess signi�cant health concerns for handling and disposal. Environmental
concerns have led to an increase of the total cost of ownership (TCO) of the SF6 breakers
increasing its cost for purchasing, usage and disposal [19].

Constant development of the vacuum technology, vacuum processing, contact materials
and evolution of the VCB design led to a signi�cant decrease in size of the VCB over past
years [20].
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Figure 3.1: Size reduction of the 15(kV) 12(kA) vacuum interrupter 1967-1997.

The vacuum breaking technique provides a very high interrupting ability and other fa-
vorable features that made it the number one choice for the medium voltage level switching
apparatus. With the respect to the transient analysis in the system where the VCBs are
used, it is of a substantial importance to understand the phenomenon of the arc breaking in
the vacuum. In this thesis, only the phenomenon that can be �seen� from the outer system
is going to be described, treating the VCB as a �black box�. However, the phenomenon that
leads to such a behavior of a VCB will be described in detail since the VCB itself is not in
the main focus of this research. The main phenomenon in VCBs discussed in this thesis are:

• the current chopping,

• high-frequency current quenching,

• restrikes and the voltage escalation,

• prestrikes.

3.1.1 Vacuum breaker modeling

In this work, a simpli�ed deterministic VCB model that neglects the stochastic behavior of
the arc interruption is modeled. When it comes to identifying the case which generates the
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most severe overvoltages, the stochastic nature of the VCB model may not be as suitable
as the deterministic model since a number of simulations with the same parameters are
required to be conducted in order to identify if such a case is potentially dangerous. The
deterministic model lacks the ability to provide the accuracy of the stochastic model for the
risk assessment of the transient overvoltage generation in a speci�c grid setup. However, it
may still provide a descent tool for a rough risk assessment since the arcing time (AT) or
arcing angle (AA) as a stochastic parameter, natively present in both models, is the most
important for appearance of voltage restrikes and voltage escalation. Other parameters and
phenomenon such as the rate of rise of the dielectric strength (RRDS), the current chopping
and the high frequency current quenching capability are very important and have a signi�cant
role in shaping the envelope of transient overvoltages. For that reason, modeling of these
phenomena and accurate calculation of its parameters is conducted in such a way so the
transient overvoltage behavior in simulations matches the measurements.

Current chopping

To explain the process during the opening of the contacts more detailed, some parameters
of the VCB have to be introduced �rst. The transient voltage that appears over the VCB
during an interruption is called the transient recovery voltage (TRV). The TRV is of high
importance for the dielectric breakdown. The TRV is superimposed to the steady-state power
frequency voltage. Its peak value is related to the chopping current which is a parameter to
the VCB's �rst reignition. The dielectric recovery of the VCB is another parameter of the
VCB. This parameter depends on the velocity of the contact separation. When the contacts
of the VCB are opening and the TRV starts to rise due to the current chopping, the TRV and
the dielectric withstand of the VCB start to chase with each other. If the TRV reaches the
value of the dielectric withstand of the gap between the contacts, the arc will be established
again and the VCB will conduct the current. This underlines the importance of how fast
the VCB recovers its dielectric withstand. The time interval between the time instant of the
contact opening and the power frequency current zero is called the arcing time (AT) or the
arcing angle (AA) and is of substantial importance for the transient behavior of the VCB.
When the arcing time is short, the dielectric withstand of the VCB is still very small when
the current reaches the zero crossing. This means that the TRV will reach the dielectric
withstand of the VCB very quickly after the initial current interruption, and the VCB will
start leading current again.

The current chopping is a phenomenon that can lead to severe overvoltages and occurs
when small inductive and capacitive currents are switched. These overvoltages are produced
in the case when the current is interrupted before the power frequency current reaches zero.
When conducting a small current, the arc in the vacuum is very unstable. This means that
the arc will disappear before the current reaches its zero value. This has been considered as
the major disadvantage of the vacuum breaking technique over the other breaking techniques.
The current value when this happens is called the chopping current and the point when this
happens is called the chopping level.

Fig. 3.2 presents parameters of the vacuum breaker. The current declines with a very
high di/dt when it is chopped. This means that a very high di/dt will produce very high
overvoltage over an inductive load. The value of the di/dt and the overvoltage itself is in
direct proportion to the chopping current. During the very high load current (high RMS)
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Figure 3.2: TRV, dielectric withstand, arcing time.

this phenomenon does not exist. The reason for this is that due to the high current, the arc
is not unstable any longer. The chopping level depends mainly on the choice of the contact
materials and there has been a lot of researchers e�ort dedicated to reduce the chopping
level by using proper materials for the contacts in VCB [21]. The chopping current is lower
if the contacts open close to zero current [22]. The current chopping level is dependent on
the load type and the surge impedance of the load that is switched.

In order to obtain a mathematical description of the chopping current phenomenon, two
di�erent approaches can be taken. One of them is proposed by Reininghaus U. [23],

ich = a− bÎ − clogZN (3.1)

where a, b and c are constants depending on the type of the material used for the contacts
in the VCB and ZN is the surge impedance of the circuit that is switched and Î is the
magnitude of the load current that is switched.

The other method for current chopping level calculation is proposed by Smeets [24]. This
method uses the formula

ich = (2πfÎαβ)q (3.2)

where f is the grid frequency, Î is the magnitude of the load current that is switched and α,
β and q are the constants dependent on the contact materials. These constants which are
available for the commercially available vacuum switchgear [25]:

α = 6.2× 10−16(s), β = 14.2,

q = −0.07512, q = (1− β)−1.

The current chopping level given by (3.2) varies between 3A and 8A. However, if the
current at the power frequency is lower than the chopping level, the current is chopped
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immediately. Both approaches give the mean value of the chopping current which varies with
the higher standard deviation compared to the breakers utilizing other breaking techniques.

Breaker dielectric withstand

The dielectric withstand of the breaker is a very important parameter for the analysis of
switching transients. During the operation of the breaker, when pre-strikes and re-strikes
occur, it is of the highest importance to properly model the dielectric withstand capability
of the breaker. During the initial separation of contacts, the dielectric withstand starts
increasing from an initial dielectric withstand with value varying from 0.69kV to 3.4kV [26]
depending on the breaker. In most of the published literature, the RRDS of the breaker is
constant [25] but it may be represented with the �rst order polynomial that shows a constant
increase of RRDS. However, the voltage plots obtained during the measurements show that
the speed of the contacts in the breaker increases during the operation and cannot thus
be modeled using a straight line with the slope that represents the speed of the contact
separation.

To model the dielectric withstand characteristics of the breaker, a simpli�ed mechanical
model of the breaker is analyzed. A representation of this system is shown in Fig. 3.3.

Figure 3.3: Representation of the breakers mechanical system.

For this analysis, the force that separate the breaker contacts is assumed to be constant.
This gives that the breaker contacts are constantly accelerated yielding that the speed of
the contact separation is linearly increasing and not remaining constant as stated in the
literature. This gives that the speed of the constant separation v and the distance between
contacts x are

v = v0 + at = v0 +
F

m
t

x = vt = v0t+
F

m
t2.

(3.3)
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Since the initial speed of the breaker contacts is equal to zero, the �nal expression for
the distance between contacts is

x =
F

m
t2. (3.4)

By assuming that the dielectric withstand between the contacts is proportional to the
distance (this is true for small distances), we can write

Vbr = Cx+ V0 = C
F

m
t2 + V0. (3.5)

Since the constants C, F and m are unknown and it is di�cult to obtain them, this
analysis is used just to describe the behavior of the dielectric withstand of the breaker during
the breaker operation. To obtain the accurate dielectric withstand curve of the breaker, the
dielectric withstand is analyzed during the opening and the closing of the breaker. The
opening of the breaker is presented in Fig. 3.4.
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Figure 3.4: Voltage at breaker during opening - inductive load.

In Fig. 3.4 it can be noted that the dielectric withstand of the breaker is not linear, and
for that reason, it is going to be approximated using the second order polynomial. In order
to de�ne the dielectric withstand curve by the second order polynomial

Vbr = at2 + bt+ c, (3.6)

parameters a, b and c have to be calculated. In order to do that, the rate of rise of the
dielectric withstand is calculated from the plot obtained by measurements in the beginning
of the opening operation and approximately 2ms after. The value of the c parameter is equal
to the dielectric withstand in the very beginning of the opening operation.

This is shown in Figs. 3.5 and 3.6.
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Figure 3.5: Calculation of c parameter and rate of rise of Vbr at beginning of opening.
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Figure 3.6: Rate of rise of Vbr 2.2ms after beginning of opening.

In the breaker model, the stochastic nature of the breaker is neglected and the calculated
dielectric withstand of the breaker represents its mean value. Whenever the voltage over
the breaker is equal or greater than the dielectric withstand, the breakdown occurs and the
breaker conducts the current. Using the measurement data obtained at the breaker opening
event, the mean value of the breaker dielectric withstand is

Vbr = 5.25 · 109t2 + 4.15 · 106t+ 1200. (3.7)

During the closing operation, the breaker contacts reach very high speed, and the accel-
eration of the contacts cannot be observed. To model the dielectric withstand curve of the
breaker during the closing operation, it is more convenient to use the constant speed ap-
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proach. In Fig. 3.7 it can be observed that the speed of contacts is very high and therefore
it can be considered as linear.
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Figure 3.7: Breaker dielectric withstand at closing.

At the time instant of t = 16.653ms a pre-strike occurs. When this happens, the cable
is charged and the current is interrupted immediately after. For that reason, the voltage
remains constant until the time instant of t = 16.76ms when the contacts are �nally closed.
The closing speed of the contacts vary between 45kV/ms and 65kV/ms, and in this case, a
speed of 50kV/ms is recorded.

Interruption of the high frequency current

The frequency of the HF current is mainly determined by the stray parameters of the VCB
and it does not change during the conducting state of the VCB. For this breaker, stray
capacitance is 0.2nF , stray inductance is 50nH and stray resistance is 50Ω. These stray
elements connected in series are added in parallel to the switch that represents an ideal
vacuum interrupter. The HF current that appears during the switching is superimposed
to the power frequency current. The HF current is damped quite quickly. The VCB is not
capable of breaking HF currents at the zero crossing if the di/dt value of the HF current is too
high. However, as the magnitude of the HF current declines, the value of di/dt decreases too.
After a certain number of current zero crossings the value of the di/dt is small enough so the
VCB can break the current. That critical value of di/dt represents the quenching capability
of the HF current. One of the methods for determination of the quenching capability of a
VCB is given by M. Glinkowski [26]. This method proposes a linear equation for de�nition
of the quenching capability

di/dt = CC(t− t0) +DD. (3.8)

This equation gives the mean value of the quenching capability which has a normal
distribution with the same standard deviation as the dielectric withstand. In this work,
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only the mean value of the HF current quenching capability is taken into account since the
developed model is deterministic. In Table 3.1 the values of the constants used in (3.8) are
given [26].

Table 3.1: HF current quenching capability constants
DW type CC(A/µs

2) DD(A/µs)
High -0.034 255

Medium 0.31 155
Low 1 190

Some other authors suggest that the HF current quenching capability characteristics di/dt
is constant [27]. The suggested values of the critical current derivative vary between 100 A/µs
and 600 A/µs. This assumption signi�cantly simplify the calculation of the derivative of
the high frequency current di/dt at which the breaker is not capable to interrupt the high
frequency current when crossing the zero value.
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Figure 3.8: Current through breaker at opening.

Fig. 3.8 shows the current through the breaker during voltage restrikes. It can be ob-
served that while the peak of the high frequency current and its derivative, which is directly
proportional to it, are low, the breaker is capable of breaking the high frequency current al-
most at every zero crossing. This justi�es the use of the simpli�ed model for the HF current
quenching capability proposed in [27].

To obtain the value of di/dt at which the breaker is not able to interrupt the high
frequency current at the zero crossing, the current graph presented in Fig. 3.8 is zoomed to
show show the current plot in details.

The current at the time interval between 7.85ms and 7.866ms is presented in Fig. 3.9.
In this �gure it can be observed that the breaker did not manage to interrupt the high
frequency current with di/dt = 350A/µs. The high frequency current is interrupted only
when the value of di/dt is equal or lower to 250A/µs. For the model of this breaker, the
value of di/dt parameter of 350A/µs is chosen as the critical value.
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Figure 3.9: Interruption of high frequency current at zero crossing.

3.1.2 Model veri�cation

Model veri�cation is performed for both opening and closing operations of the breaker, in
order to identify all the parameters of the breaker. In order to model and verify the dielectric
withstand of the breaker, an inductive load is used in order to provoke voltage restrikes.
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Figure 3.10: Transient voltage at TX1 during opening - inductive load - measurement.

Fig. 6.14 presents voltages recorded at the transformer TX1 during voltage restrikes. The
measurement from phase A, plotted by the blue line, is used to de�ne the parameters for
the dielectric withstand of the breaker. During this measurement, the phase A pole of the
breaker opened approximately 1.5ms before the other two poles.

Fig. 6.15 presents voltages obtained during simulation at the transformer TX1 during
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Figure 3.11: Transient voltage at TX1 during opening - inductive load - simulation.

voltage restrikes, where the developed breaker model is used. One can note a good matching
between the dielectric withstands of the breaker for the phase A, plotted using the blue
line. This is the phase where the voltage restrikes started. The voltage restrikes observed
in other two phases are initiated by the capacitive coupling between the phases. Since the
capacitive coupling between the phases seems to be much stronger in the simulation, the
other two phases show higher voltages compared to the measurements. The reason for a
stronger capacitive coupling in simulations is mainly due to a simpli�ed transformer model,
where stray capacitances are simply added to the standard transformer model. No additional
damping is added to the model, so the high frequency oscillations are poorly damped.
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Figure 3.12: Current through breaker during opening - inductive load - measurement.

Fig. 3.12 presents currents through breaker recorded during voltage restrikes. The mea-
surement from phase A, plotted by the blue line, is used to de�ne the parameters for the
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quenching capability of the HF current.
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Figure 3.13: Current through breaker during opening - inductive load - simulation.

Fig. 3.13 shows the breaker current obtained during the simulation for the same switching
scenario. A somewhat higher currents are recorded comparing to the measurements. This
is due to circuit parameters and not due to the breaker model. The magnitude of the
HF current depends on the voltage magnitude at the voltage breakdown and the circuit
parameters. From the statistical point of view, the breaker model interrupts the HF current
at the zero crossing if the di/dt of the HF current is below 350A/µs. This is in accordance
with the measurements.

3.2 Modeling of underground cables

The re�ection phenomenon at the cable ends occurs when the rise time of the transient is
shorter than the wave traveling time across the cable. The velocity of the wave that travels
across the cable is given by (2.38). For transmission lines, the velocity of the propagating
wave is the same as the speed of light in vacuum, which is 300m/µs. Due to di�erent electric
and magnetic properties of cables, the wave propagation velocity in cables is lower, reaching
200m/µs.

When the transformer is connected to the cable, then the rise time of the voltage surge
is given by (2.39). The stray capacitance of the transformers with oil impregnated paper
insulation is in order of nF [28] and that of the dry-type transformers is approximately ten
times smaller [29]. Therefore, the rise time of the voltage surge is less than 100ns given
that the surge impedance of the cable is in the order of a couple of tens of Ohms. This
means that even very short cables with a length of tens of meters is long enough to establish
observable wave propagation and re�ection phenomenon. For that reason, the lumped cable
model should be avoided and will not be treated in this thesis. Instead the focus is on the
distributed parameter cable models, that allow for such a phenomenon to be studied.
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To obtain a detailed model of the cable suitable for time domain simulations and studies
of the high frequency phenomena, a distributed parameter model is to be developed. To
develop equations using this theory, an in�nitely small piece of a single conductor line buried
into the ground presented in Fig. 3.14 is observed.

V(x+Δx,t)V(x,t)

I(x+Δx,t)I(x,t) L

C

Δx

G

R

Figure 3.14: An in�nitely small element of cable.

The time domain equations of a single conductor-line presented in Fig. 3.14 can be
expressed as follows,

− ∂v(x, t)

∂x
= Ri(x, t) + L

∂i(x, t)

∂t
(3.9)

− ∂i(x, t)

∂x
= Gv(x, t) + C

∂v(x, t)

∂t
, (3.10)

where v(x, t) is the voltage of the line, i(x, t) is the current of the line, while G,C,R
and L are lumped parameters of the line that represent conductance, capacitance, resistance
and inductance expressed in per-unit length. In a real cable, all these parameters are not
constant, but frequency dependent. This means that the solution for these equations, even
for the high frequency transients is performed in the frequency domain [30]. The set of
frequency domain equations written for the same conductor can be written as

− dVx(ω)

dx
= Z(ω)Ix(ω) (3.11)

− dIx(ω)

dx
= Y(ω)Vx(ω) (3.12)

where Z(ω) and Y (ω) are the series impedance and the shunt admittance matrices of
the cable per-unit length respectively. Analytical expressions and �nite element method
calculations can be used to determine the frequency dependent admittance and impedance
matrix.

25



In order to solve system of equations given by (3.11) and (3.12), at �rst (3.12) is di�er-
entiated with respect to x and substituted into (3.11). A solution can now be found for the
current, while a solution for the voltage vector needs some further deductions.

d2Ix(ω)

dx2
= Y(ω)Z(ω)Ix(ω). (3.13)

The solution for (3.13) is given in the form of a sum of two traveling current waves
propagating in forward and backward direction

Ix = e−ΓxIf + eΓxIb, (3.14)

where If and Ib are the forward and backward traveling waves of current and Γ is equal
to YZ. The voltage vector can be found from (3.12) and (3.14) as follows

Vx = −Y−1
dIx
dx

= Y−1
√

YZ(e−ΓxIf − eΓxIb) = Y−1c (e−ΓxIf − eΓxIb), (3.15)

where Yc is the characteristic admittance matrix which is given by (3.16).

Yc =
√

(YZ)−1Y (3.16)

In the next step, (3.15) is multiplied with Yc and added to (3.14) which yields

YcVx + Ix = 2e−ΓxIf . (3.17)

Applying boundary conditions for (3.17) at both ends of the cable, where for node 1, the
cable length x = 0 and for node 2, the cable length x = l, (3.18) and (3.19) are obtained
respectively.

YcV1 + I1 = 2If (3.18)

YcV2 + I2 = 2e−ΓlIf = 2HIf (3.19)

The matrix H is the wave propagation matrix. Substituting (3.18) into (3.19), the ex-
pression for the current in node 2 is obtained.

YcV2 + I2 = H(YcV1 + I1) (3.20)

In (3.20) the direction of current I2 is from the node like the direction of current I1 which
is according to Fig. 3.14. When the direction of current I2 is into the node , (3.20) can be
rewritten as
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I2 = YcV2 −H(YcV1 + I1). (3.21)

In a similar way, the equation for current I1 can be obtained.

I1 = YcV1 −H(YcV2 + I2) (3.22)

(3.21) and (3.22) represent n coupled scalar equations but can be decoupled using modal
decomposition. The modal decomposition matrices for the voltage and current vectors are
obtained by

T−1I YZTI = λ, (3.23)

where TI is the current transformation matrix and λ is the diagonal eigenvalue matrix.
According to the eigenvalue theory [31], the voltage and current vectors and matrices of Yc

and H can be transformed using the following equation

I = TII
m

V = TvV
m

Yc = TIY
m
c TT

I

H = TIH
mT−1I ,

(3.24)

where Im, Vm, Ym
c and Hm are the modal voltage vector, current vector, characteristic

admittance matrix and wave propagation matrix. It should be noted that

TV = T−TI , (3.25)

where T−TI is the transpose of T−1I . Now (3.21) and (3.22) can be rewritten in the form
of n decoupled equations after modal decomposition.

Im1 = Ym
c Vm

1 −Hm(Ym
c Vm

2 + Im2 ) (3.26)

Im2 = Ym
c Vm

2 −Hm(Ym
c Vm

1 + Im1 ) (3.27)

In earlier studies [32], the frequency independent modal decomposition is performed.
However, when the frequency dependent modal decomposition is performed, the model de-
composition matrices have to be calculated for each frequency. This model does not require
as much computations as a full frequency dependent modal domain models but has a good
accuracy both in the steady-state and transient conditions [33]. When transformed to the
time-domain, (3.26) and (3.27) become

i1(t) = yc(t) ∗ v1(t) + h(t) ∗ (yc(t) ∗ v2(t) + i2(t)) (3.28)
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i2(t) = yc(t) ∗ v2(t) + h(t) ∗ (yc(t) ∗ v1(t) + i1(t)), (3.29)

where symbol '∗' denotes matrix-vector convolutions. When functions of Yc and H are
�tted with rational functions [33], then the time-domain functions can be obtained using
recursive convolutions [34]. When the recursive convolutions are used, the expression for
nodal currents at both cable ends can be written using a history current term, node voltage
and equivalent admittance.

i1(t) = yeq(t)v1(t) + ihist−1(t) (3.30)

i2(t) = yeq(t)v2(t) + ihist−2(t) (3.31)

This can be presented in the circuit with an ideal current source and an equivalent
admittance which is shown in Fig. 3.15.

↑

ihist-1(t)
yeq ↑ yeq

ihist-2(t)

i2(t) v2(t)v1(t) i1(t)

Figure 3.15: Network interface of the cable model.

3.2.1 Cable modeling in PSCAD/EMTDC

Cable and transmission line models

The cable models and the transmission line models in PSCAD/EMTDC are distributed
parameter models where the parameters of the cable are frequency dependent. However,
the main di�erences between the three available models are if the model includes lossless or
lossy representation of the line equations and if the transformation matrices for the modal-
decomposition are constant or frequency dependent and latter �tted in the phase domain
using rational functions and later integrated using recursive convolutions.
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The Bergeron cable model is the least accurate cable model for the high frequency tran-
sient analysis. This model is a lossless model, but still the cable re�ections can be studied
since the mathematical description uses the same approach as given in Section 3.2. It should
be noted that the Yc matrix for a lossless line contains only real numbers and is presented
with Gc matrix. That is why the network interface of the model uses ideal current sources
representing the history current and equivalent conductance.

↑

ihist-1(t)
Geq ↑ Geq

ihist-2(t)

i2(t) v2(t)v1(t) i1(t)

Figure 3.16: Network interface of Bergeron model.

The accuracy of the Bergeron model for transient time-domain simulations is not sat-
isfactory for a wide band of frequencies. It is accurate only for the power frequency [35].
Observing Fig. 3.17 it is easy to note the di�erence between the frequency dependent cable
model and the Bergeron model when the cable model is used for high frequency transient
studies.
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Figure 3.17: Voltage surge measured at cable end.
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It can be noted that the damping of the Bergeron model is very weak since the cable is
treated as lossless.

For better accuracy, PSCAD/EMTDC o�ers two di�erent lossy cable models for tran-
sient analysis. The �rst is called the Frequency Dependent (Mode) model, representing a
model with constant modal decomposition matrices [32]. The more advanced Frequency
dependent(Phase) model use rational approximation of Ym

c and Hm matrices as explained
in Section 3.2 allowing recursive convolution calculations. This method is based on a novel
rational function �tting technique called the vector �tting (VFT) [36]. Accuracy and com-
putation e�ciency is improved compared to the frequency dependent(mode) model [37] pro-
viding very accurate time-domain simulations for the high frequency transients and for the
steady-state operation.

Cable geometry de�nition in PSCAD/EMTDC

PSCAD/EMTDC provides an interface for the de�nition of physical properties of cables and
transmission lines. For the transmission lines, the user can de�ne di�erent types and sizes
of towers. A detailed information about the number of sub-conductors in a bundle is to be
de�ned for certain types of towers. De�nition of multi-pipe cables is provided where user
can specify the position and dimension of each cable. A con�guration of the three phase
cable is shown in Fig. 3.18

Figure 3.18: Geometry de�nition of three phase cable in PSCAD/EMTDC.

Although a multi-pipe geometry can be entered in the PSCAD/EMTDC interface, the
PSCAD/EMTDC model treats the multi-pipe model as a model with separated three single
phase cables. The capacitances of the multi-pipe cable are calculated only for one phase and
mutual capacitances between cables are neglected. The capacitances between conductors
in one cable are calculated using the formula that neglects semiconductor layers assuming
constant relative permittivity over the insulator in between. This gives
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C =
2πεrε0

ln
(
D
d

) , (3.32)

where, εr and ε0 are relative permittivity and the permittivity of the vacuum respectively
and D and d are diameters of the outer and inner conductor.

To take the capacitive coupling between phases into account in a multi-pipe cable as well
as the in�uence of the semi-conducting layers, a cable model is developed in a FEM software.
For this purpose, the COMSOL software is used which enables the de�nition of the cable
material parameters more in detail than it is possible in PSCAD/EMTDC.

semi-conducting layer
conductor
XLPE
PVC

Figure 3.19: Detailed cable model.

As can be observed in Fig. 3.19, a more complex model is designed compared to the
PSCAD/EMTDCmodel. For the COMSOL model, the relative permittivity of the insulating
and semi-conducting layers is set to the constant value of εXLPE = 2.3 and εsemi_cond =
12.1 respectively. The conductivity of the semi-conducting layers is set to σsemi_cond =
1.6e − 3S/m while the conductivity of the XLPE insulation is negligible. To study the
conductor-shield capacitance, an analytical expression that neglects the conductance of the
insulating layers and the COMSOL calculated capacitance are compared. To obtain the
capacitances between the conductors in the cable, the in-plane electric and induction currents
and potentials model is used. The boundary settings of the conducting layers are set to port
with input property forced voltage. The model is solved using a parametric solver where the
frequency is set to vary between 50Hz and 10MHz. In this application mode, the admittance
matrix Yof the cable is obtained. The capacitance matrix C of the cable is calculated by

C =
imag {Y}

2πf
(3.33)

where f is the frequency. When there are multiple insulating layers with di�erent relative
permittivity placed between the conductor and the shield cylindrical conducting layers as
it is the case in the XLPE cable, an analytical expression for the capacitance between the
conductor and the shield CCS is given by
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CCS =
2πε0

ln
(
r2r4
r1r3

)
εsemi_cond

+
ln
(
r3
r2

)
εXLPE

(3.34)

where r1 and r4 are the outer radius of the conductor and inner radius of the shield
respectively, r2 and r3 are the outer radius and the inner radius of the of the semi-conducting
layer respectively. The calculation of the conductor-shield capacitance using the analytical
expression and COMSOL is presented in Fig. 3.20.
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Figure 3.20: Capacitance comparison.

It can be noted in Fig. 3.20 that there is a signi�cant in�uence of the semi-conducting
layers on the cable capacitance. Due to di�erent time constants (εr/σ) of di�erent insulation
levels, the capacitance is varying with frequency and will approach the capacitance of the
simpli�ed cable model only at frequencies higher than 10MHz. The di�erence between the
capacitances for models with and without semi-conducting layers for a frequency range from
50 − 106Hz is 8.8%. This is a quite signi�cant margin and will in�uence even the steady
state values for 50Hz signals. This means that the capacitance should be adjusted in such a
way so it takes the in�uence of the di�erent (εr/σ) properties of the semi-conducting layers
and the XLPE insulation into account.

Since the cable model interface in PSCAD/EMTDC allows the de�nition of insulators and
conductors only, the semi-conducting layers and the XLPE layer between the conductor and
the shield are replaced by a single insulator. These layers with di�erent electric properties
are to be represented by only one layer with the εres and σres values that will match the
capacitance of the full cable model

CCS =
2πε0

ln
(
r2r4
r1r3

)
εsemi_cond

+
ln
(
r3
r2

)
εXLPE

kcap =
2πεresε0

ln
(
r4
r1

) (3.35)

where εres is the resulting permittivity of the insulation layer in PSCAD/EMTDC and
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kcap is the coe�cient that takes into account di�erent (εr/σ) properties of the semi-conducting
layers and the XLPE insulation and in the case of this cable its value is kcap = 8.8%. Now
the value of εres can be calculated using the following expression.

εres = kcap
ln
(
r4
r1

)
ln
(
r2r4
r1r3

)
εsemi_cond

+
ln
(
r3
r2

)
εXLPE

(3.36)

3.3 Transformer modeling

The transformer model suitable for the transient analysis di�ers signi�cantly from the model
used for power system analysis. As it could be seen in the previous �gures, in cases where the
VCB is switching, very high frequency transients are generated and an adequate transformer
model is needed for accurate time-domain simulations. An ideal transformer model would
include the non-linearities of the core magnetization and frequency dependent parameters
for good response at a wide range of frequencies. However, obtaining such a model is very
di�cult and usually the transformer model is designed depending on the frequency of the
signal applied to the transformer terminals and depending on the analyzed phenomena.

When it comes to the transformer modeling, in general, two di�erent modeling approaches
can be used to design the model for the transient studies. If the impact of the transients on
the transformer itself is the subject of the study, then a detailed modeling is the preferred
choice. In that case, the construction details such as the winding type, electrical properties
of the insulating materials and dimensions of the transformer elements are taken into account
[38]-[42]. In such studies, inter-turn and inter-coil voltages can be studied since each turn or
coil can be represented using an equivalent circuit [38]-[41]. This approach is introduced in
1950 [38] and many authors found it to give accurate results [38].

Figure 3.21: Equivalent network of one phase of the transformer.

The advantage of these models is that they are very accurate for a wide band of fre-
quencies. One important disadvantage is that this model is linear and does not consider
the non-linearities of the core when the transformer is saturating. However, when the fast
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transients are studied, the transformer can be considered linear if one of the windings is
loaded [43]. If the transformer is unloaded it is considered linear only for the transients with
frequencies higher than 100kHz [43]. The most important problem for those who want to
develop such a model is that the internal structure of the power transformer is not available
even to the transformer owner. If needed, even the owner of the transformer can not develop
detailed transformer model for transient analysis unless the transformer is opened and it's
structure analyzed.

Another, more practical method is to design a black-box model of the transformer. The
�rst developed black-box transformer models were based on modal analysis [44] previously
used in mechanics to describe the dynamic behavior of elastic structures [44]. To develop a
black-box model, measurements are carried out to determine the admittance matrix. Nu-
merous scienti�c articles are written on this topic [44]-[48]. Once the admittance matrix
is measured for the wide band of frequencies, the admittance or impedance vector between
each terminal is �tted with a rational form given in the frequency domain as

Y (s) = Z(s)−1 =
a0s

m + a1s
m−1 + . . .+ am−1s+ am

b0sn + b1sn−1 + . . .+ bn−1s+ bn
. (3.37)

The function presented in (3.37) can be presented as a sum of partial functions as shown
in (3.38), and the vector �tting method for the complex curve may be used [36], [47] to
obtain parameters rm,am,d and e.

Y (s) =
N∑
m=1

rm
s− am

+ d+ se (3.38)

For a three phase transformer, there are 36 admittance vectors and each one of them
has to be �tted. However, the problem can be simpli�ed since it has been shown that the
admittance vectors have a common set of poles [49].

For the time-domain simulations it is necessary either to develop the equivalent network
[44], [46], [50] or to use recursive convolutions [34]. The method of recursive convolutions is
used to obtain the time-domain simulations for the frequency dependent cable models.

For the transients with the frequencies reaching up to 3kHz, the core nonlinearities
are important and for the proper transient studies they have to be implemented in the
transformer model [51]. This is the case even when the transient frequency reaches 20kHz
if the transient energizing and the load rejection with high voltage increase are studied [51].

The PSCAD/EMTDC software includes di�erent transformer models that include the
model of the core nonlinearities. The transformer models are based on scheme presented in
Fig. 3.22.

The parameters of the transformer L1, L2, R1, R1 and Rm are kept constant. Core non-
linearities are modeled so the parameter of the mutual inductance Lm is modeled according
to the saturation curve de�ned in the properties of the model. PSCAD/EMTDC o�ers two
di�erent transformer models when it comes to the saturation modeling. The �rst model does
not take into account the magnetic coupling between di�erent phases, so from the magnetic
aspect, the three phase transformer is treated as three single phase transformers [35]. The
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Lm

Rm

L2 R2R1
L1

Figure 3.22: Transformer model implemented in PSCAD.

magnetic coupling between phases does not exist and if one phase is saturated, the others
are not a�ected. In order to improve the transformer model, an e�ort is made for more
detailed modeling of the three phase transformer saturation [52]-[53]. For the transformer
model based on the Uni�ed Magnetic Equivalent Circuit (UMEC) algorithm, phases are
magnetically coupled as shown in Fig. 3.23.

Ay

AW
Φ

Φ/2 Φ/2

lW

ly

Figure 3.23: Core model used in UMEC algorithm.

However, since the resistance parameters of the transformer model which represent losses
in the transformer windings, and the losses in the core are constant, the skin e�ect, the
proximity e�ect and the core losses which are frequency dependent are not accounted for
correctly. To analyze the impact of the skin e�ect on the transformer winding resistance, the
COMSOL software is used. The resistance of the transformer conductor changes signi�cantly
if the frequency increases from 50Hz to 1kHz. The current density �gures at 50Hz and 1kHz
is shown in Fig. 3.24

For the 1kHz signal, the current is pushed towards the surface of the conductor thus
increasing the resistance of the conductor.

The resistance of the transformer windings as the function of frequency is plotted in
Fig. 3.25
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Figure 3.24: Current density in transformer conductor at 50Hz and 1kHz.
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Figure 3.25: Resistance of the transformer windings as the function of frequency.

To account for the frequency dependent resistance of the transformer conductors, the
standard PSCAD/EMTDC model is extended using the Foster equivalent circuit. The pa-
rameters of the Foster circuit are calculated using the vector �tting algorithm [36]. In order
to account properly for the skin e�ect in the transformer windings, the leakage reactance
and the frequency dependent resistance of the windings are �tted using the vector �tting
algorithm [36],[50] and added to the existing UMEC model. The winding resistance and
the leakage reactance of the model in PSCAD/EMTDC is adjusted accordingly, giving that
at the 50Hz frequency, the Foster equivalent network connected in series with the UMEC
transformer model will give a correct value of the leakage reactance and the winding resis-
tance.

In the upper part of Fig. 3.26, an equivalent Foster circuit with parameters �tted to
match the transformer impedance up to 1kHz is presented. When the Foster equivalent
circuit is added to the PSCAD/EMTD transformer model based on the UMEC algorithm,
than R0 and L0 are added to the leakage reactance and the winding resistance parameters
which are entered directly into the model parameters. The equivalent network consisting of
the Foster equivalent network and the UMEC transformer model is shown in the lower part
of Fig. 3.26
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Figure 3.26: Transformer model that takes into account skin e�ect in transformer windings.

3.3.1 Transformer modelling for high frequency transient analysis

When the analysis of the high frequency transients is required, a suitable transformer model
is needed to give a proper response to the high frequency transients generated mainly during
the operation of the switching apparatus. The model described in the previous section, with
modeled skin e�ect of the windings is suitable for the low frequency transients. For the low
frequency transient, the leakage reactance is the dominant component of the transformer
impedance and in power system analysis, the transformer is usually represented with an
ideal transformer and the transformers corresponding leakage reactance. However, when the
frequency moves to the other side of the frequency spectrum approaching in�nity, it has
been observed on various types of rotating machines and transformers that the impedance
is approaching zero [43].

lim
ω→∞

{|Z (jω)|} = 0 (3.39)

The phase angle of the transformer impedance for the low frequency disturbances as
mentioned before is approximately 90◦ degrees or π

2
radians. However, when the frequency

approaches in�nity, the argument of the impedance approaches −90◦ degrees or −π
2
radians.

So, for the high frequencies, the transformer stray capacitances dominate in the transformer
response.

lim
ω→∞

{Arg [Z (jω)]} = −π
2

(3.40)

Therefore, a very simple but reasonably accurate model of the transformer for very high
frequency transient analysis can be made using only a capacitor connected in parallel to
the standard model. This approach was used in many studies [28], [54]-[57] and proved to
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give satisfactory results for the high frequency transient analysis. Usually for the transient
studies, only the stray capacitance of the transformer side exposed to the transient is to
be added to the standard transformer model. This is good for the speci�c type of studies
when a VCB, cable and loaded/unloaded transformer system is observed for the switching
transient studies. This is the case of transients in collection grids in wind parks [54] and
is used in this study. If the surges through transformers are the subject of study, then the
stray capacitance between primary and secondary side and the stray capacitance between
the secondary side and the ground are important [28].

For the values of the stray capacitances, the manufacturer of the transformer should be
contacted. However, the value of these capacitances are within certain limits for a speci�c
rated power of the transformer and can be taken approximately [28],[58] and [59]. For the
core-form transformers, typical values of stray capacitances are given in Table 3.2 [28]. For
the dry-type transformers, the value of the stray capacitances are in order of hundreds of
pico Farads [29] or approximately ten times smaller compared to the core-form transformer
transformers.

Table 3.2: Typical stray capacitances of HV and LV to ground and between HV and LV
sides (nF )

Transformer rating (MVA) HV-ground cap. LV-ground cap. HV-LV capacitance
1 1.2-14 3.1-16 1.2-17
2 1.2-16 3-16 1-18
5 1.2-14 5.5-17 1.1-20
10 4-7 8-18 4-11
25 2.8-4.2 5.2-20 2.5-18
50 4-6.8 3-24 3.4-11
75 3.5-7 2.8-13 5.5-13
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3.4 Black-box modeling of reactor winding

When the internal voltage distribution and the impact of the transients on the transformer
is studied, a black box model can be used if the transformer is available. If the transformer
is on the design stage, a physical model is needed to �nd the equivalent circuit elements.
The black-box modeling has been used quite a lot in studies of high frequency transients
[44]-[48]. However, for internal models of the transformer or reactor windings, this method
is rarely used.

In order to make a black-box model, a set of measurements needs to be performed. For
transformers, it is needed to measure the admittance matrix and the voltage ratios of the
transformer at the transformer terminals [47]-[48]. Essentially, a set of open circuit and short
circuit tests is toe be performed in a wide frequency range. Once the model is obtained,
voltage and currents at the terminals of the transformers can be simulated, while the internal
voltage distribution remains unknown. If the internal voltage distribution is the subject of
study, the admittance matrix of the transformer can be measured at the points of interest
and not only at the transformer terminals. The highest stress during very fast transients is
usually at the beginning of the winding, therefore some points close to the terminals of the
transformer should be chosen.

However, in order to make measurements at selected measurement points, the insulation
of the transformer needs to be removed. This makes this method very impractical for oil-
insulated transformers and sealed dry-type transformers. Basically, the windings of the
transformer need to be open and accessible for the measurements, making this method
practically performable for research projects only. The advantage of this method is that it
provides good models with very high accuracy.

3.4.1 Measurement of admittance matrix

This method is going to be presented using a winding of a reactor. As such, the ends of the
winding present two outer terminals of the reactor. However, one can choose other points
along the winding as additional terminals of the reactor. These terminals or points are
chosen freely, but the selection of these additional terminals is going to provide us the points
of interest where a high voltage stress can be expected.

The test reactor is a single phase reactor that is usually connected with one end to the
ground. For this study however, this winding is considered to be connected in a line-to-
line arrangement where none of the terminals is ground connected. In order to obtain an
admittance matrix, all terminals of the winding except the one at which the voltage source
is connected are short circuited. A sketch of the arrangement is presented in Fig. 3.27.

The measurement of the admittance matrix is performed using an Anritsu Network An-
alyzer MS4630B. To measure a total admittance in a terminal, the voltage and the injected
current are measured at that node. By this, the diagonal elements yii of the admittance ma-
trix Y are obtained. In order to obtain non diagonal elements of the matrix yij, the voltage
at the voltage source at node i and the current injected into the node j are measured.

Since this model is always going to be used in an open circuit con�guration, it is essential
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Figure 3.27: Measurement of admittance matrix.

that the model response is good for a wide range of frequencies. Since the admittance matrix
is obtained using short circuit tests, the admittance matrix obtained in such a way is not
good for the prediction of the response at the low frequency end [47]-[48]. Furthermore, since
the admittance matrix is going to be implemented in PSCAD, it is needed to calculate the
admittance to ground yi0 at each point of the transformer,

yi0 = yii −
∑

j=1,n;j 6=i

yij. (3.41)

The admittance vectors yi0 obtained in such a way, have a large error at frequencies
below 10kHz for this particular winding.

In order to improve the measurement set, the voltage ratio between selected nodes Vij

needs to be measured [47]-[48]. In the voltage ratio measurement, the measurement of the
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voltage ratio vector between nodes i and j is performed while all other measurement points
are connected to the ground, or Vk = 0 where k 6= i, j. By this method n(n − 1) voltage
ratio vectors Vij are obtained. Measurement of the voltage ratio vector Vij between nodes
i and j is presented in Fig. 3.28.
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Figure 3.28: Measurement of voltage ratio vectors.

Once these vectors are obtained, the voltage ratio vectors are used to calculate yi0 ad-
mittance vectors with more accuracy at the low frequency end. These admittance vectors
yi0 are calculated by voltage ratios Vij and admittance vectors yij, where i 6= j. In order to
calculate admittance vectors yi0, the equation of currents injected into the node i is utilized,
where

∑
j=0,n

Iij = 0, (j 6= i). For node i this equation becomes

Viyi0 −
n∑
j=1
j 6=i

(Vj−Vi)yji = 0. (3.42)

Since the voltage ratios are measured, and not the node voltages, (3.42) needs to be
expressed using the voltage ratio vectors Vij. Note that the reference voltage at node i, Vi,
is equal to 1 and the voltages at the other nodes Vk, where k 6= i, k 6= j are equal to 0.

Vi = Vii = 1⇒ Vj = Vij ⇒ Vk = Vik = 0 (3.43)
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In this case, the most simple solution for (3.42) is when the node at which we are calcu-
lating yi0 is the voltage reference mode. Then, the solution for (3.42) is given by

yi0 = −
n∑
k=1

k 6=i;k 6=j

yki + (Vij−1)yji. (3.44)

However, this simple solution does not have any physical meaning and yields completely
wrong result. The reason for this is that the voltage at node i at which the admittance
vector yi0 is calculated is kept constant because at that node the voltage source is applied.
Thus, the voltage vector at the node i, Vi, is constant during the measurement. What is
essentially wrong with this procedure is that the voltage variations of the voltage vector Vi,
which contain valuable information for the calculation of the yi0 admittance vector, do not
exist in this measurement set. Instead, such information can be found for node j since the
Vij voltage ratio vector is measured. Therefore, it is very important to measure the voltage
ratio vector Vmi, where the node at which this vector is measured is actually the node at
which the admittance vector yi0 needs to be calculated.

Furthermore, the selection of node m, which is taken as the reference is also very im-
portant. This is due to the nature of the object that is measured. Since the winding at
low frequency can be observed as a set of resistances and inductances connected in series,
it is obvious that the admittance between neighboring nodes is larger than the admittance
between two non-neighboring nodes due to the conductor length,

yi(i±1) > yi(i±j); j > 2. (3.45)

What is also important to stress is that the voltage ratio vectors Vij obtained for non-
neighboring nodes, where |i − j| > 1, are very small values that are di�cult to measure
accurately. This narrows down the selection of the nodes at which the voltage ratio vector
Vmi is measured down to two nodes m1,2 = i ± 1. This means that for the voltage ratio
measurement, only these two nodes i± 1 can be selected as reference nodes. Consequently,
(3.42) for this system becomes

V(i±1)iyi0 −
n∑
j=1
j 6=i

(V(i±1)j−V(i±1)i)yji = 0. (3.46)

Let us �rst separate the terms from the sum in (3.46) where j = i ± 1. Since i± is the
reference node, V(i±1)(i±1) = 1, the following relation can be found,

V(i±1)iyi0 − (1−V(i±1)i)y(i±1)i −
n∑
j=1

j 6=i;j 6=i±1

(V(i±1)j −V(i±1)i)yji = 0. (3.47)

Considering that all voltage ratio vectors V(i±1)j from the sum in (3.47) are equal to 0
and dividing (3.47) by V(i±1)i, the expression
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yi0 =

(
1

V(i±1)i
− 1

)
y(i±1)i −

n∑
j=1

j 6=i;j 6=i±1,

yji (3.48)

is obtained. Note that the term
1

V(i±1)i
is obtained by element wise operation, where teh

elements of the obtained vector are inverse of the elements of V(i±1)i vector.
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Figure 3.29: Comparison of admittance measurements at the last node.

Fig. 3.29 shows the comparison of admittances obtained using di�erent previously de-
scribed methods at the end terminal of reactors winding. The di�erence between di�erent
methods is substantial at low frequencies between 1kHz and 10kHz. Furthermore, the ad-
mittance obtained by direct measurement of admittances shows quite a substantial noise at
that frequency range. It can be noted that the admittance obtained using voltage ratio mea-
surement with a reference node neighboring the node at which the admittance is calculated,
reveals the �rst anti-resonance at a frequency of about 2kHz. Moreover, by this method,
the obtained admittance is much smoother compared to the admittance obtained by other
methods.

In the region between 20kHz and 70kHz, all methods yield almost identical results. How-
ever, after this frequency range, the discrepancies start to be visible again. The admittance
obtained using voltage ratios where non-neighboring nodes are taken as the reference shows
a substantial error at a frequency of 73kHz. The voltage ratio at this frequency is extremely
low and the captured values are not accurately measured. Furthermore, it can be noted that
the admittance obtained by this method di�ers slightly across the whole frequency range.
Moreover, a slight di�erence between the other two accurate methods exists at the range of
high frequencies, above 100kHz. Since the direct measurement method provides accurate
results at high frequencies, this measurement is considered to be more accurate.

Finally, the admittance vector at this node is obtained by combining measurements of
the standard method where only admittances are measured and the method that combines
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the voltage ratio and the admittance measurement. An intersection point is found where
these two methods start to produce almost identical results. This point is usually found in
the frequency range between 20kHz and 70kHz.
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Figure 3.30: Fitting error of admittance between �rst node and ground.

The accuracy achieved during the �tting is very high. The only exception was the �tting
of the diagonal elements in the low frequency region. This is presented in Fig. 3.30. However,
since the obtained admittance is extremely low and that the measurement was not as smooth
as it is at frequencies above 5kHz, this error is expected. However, this error does not
signi�cantly in�uence the results obtained in time simulations where this model is used.

The admittance vectors measured at the test object are presented in Fig. 3.31.
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Figure 3.31: Admittance vectors of test object.

As expected, the non-neighboring admittance is very low. Actually, it is much lower than
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the neighboring admittances in the whole frequency range. At high frequencies, where the
reactor winding response is capacitive, the diagonal elements have much higher admittance.
This means that the parallel stray capacitances are much larger than the series capacitances.
Furthermore, the diagonal elements are dominantly capacitive since the nodes are not con-
nected to the ground, where mainly a capacitive current �ows from the nodes to the ground.
Since this capacitance is very small, with values that vary about 0.1− 0.15nF between dif-
ferent nodes, it is expected that the diagonal admittances at low frequencies are very small.
Therefore, the voltage ratio at low frequencies is very much dependent on the value of diag-
onal admittances. For that reason, measurement of the voltage ratios is used to determine
the diagonal admittances at frequencies below 50kHz.

3.4.2 PSCAD interface

To obtain time domain simulations, the state-space model obtained with the vector �tting
method is implemented in PSCAD. Implementation of such a state-space model in PSCAD
is not straight forward and di�erent methods can be utilized [60], [61].

Interfacing with the electrical network of PSCAD is done by using a branch interface.
During the development of the model it was found that the node interface can become
unstable if the model is connected using a high impedance to the PSCAD network or if
simulated with open nodes. Since the model is intended to be used for analysis of the
voltage distribution when the nodes are not connected to any point except with each other,
the node interface was abandoned and the branch interface is used instead. The branch
interface is made by using ideal current source Ihis and a conductor with conductance G.
This is shown in Fig. 3.32.

G
Vi Vj

Ihis

Figure 3.32: PSCAD branch interface.

PSCAD allows a more advanced branch interfacing using an ideal voltage source in addi-
tion. In this model, that feature is not used. Furthermore, PSCAD allows a user de�nition
of passive elements such as resistors, capacitors and inductors through a user de�ned code
with minimum code required.

The model that is needed to be interfaced in PSCAD is given in the state-space form by

dx

dt
= Ax + Bu

y = Cx + Du + E
du

dt
.

(3.49)

For this state-space form, the branch voltage vectors are identi�ed as inputs U = u while
the current vectors represent the outputs of the state-space I = y. The model PSCAD
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interfacing is going to be shown on a single branch example, where the voltage and the
current vectors become scalars U and I.

In order to determine a suitable form for model interface, (3.49) is rewritten into

x = A
∫

xdt+ BU

I = Cx +DU + E
dU

dt
.

(3.50)

The equation for current I in (3.50) shows that the resulting current I can be calculated
as a sum of three currents. The �rst current is the current calculated by integration of the
state-space variables x. The second current is a current that �ows through a conductor with a
conductance D, while the third current is a capacitive current that �ows through a capacitor
with capacitance E. For the last two parts of the current equation, a simple interfacing in
the form of capacitor and a resistor is used. However, for the �rst part, a more advanced
method that integrates state variables needs to be used. This method requires calculation of
the current at each time step. This equation in the form of the PSCAD interface is presented
in Fig. 3.33, where the input voltage is presented by the branch voltage U = Vi − V j.

D
Vi Vj

E

Ix

Figure 3.33: PSCAD branch interface for state-space model.

Ix current is obtained by

Ix = C

(
A

∫
xdt+ BU

)
. (3.51)

The integration of the state variables x is performed using the �fth order Runge-Kutta
solver. This improves signi�cantly the stability and the accuracy of the model, compared to
using forward Euler or second order integration methods. However, the input voltage U is
measured with one step delay. Due to a very short time step, this delay does not contribute
to any noticable simulation errors.

3.4.3 Modeling and simulation

In this thesis a single winding reactor is modeled using a black-box modeling method. In
order to observe internal voltages, an internal point of the winding is selected. The admit-
tance matrix is measured for the system with three nodes, where the �rst and the last node
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represent the end nodes of the winding, and the middle node represents the middle point of
the winding. This is presented in Fig 3.34.
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Figure 3.34: Selected measurement points.

In order to demonstrate and compare results obtained by di�erent methods, the admit-
tance matrix is obtained by the standard method of direct measurement of admittances and
by the combined method, where the admittance measurement is combined with the measure-
ment of the voltage ratios. The vector �tting method is used to obtain state-space matrices
from the admittance matrix [36], [50], [62]-[64].

The voltage source in the PSCADmodel of the system that includes the voltage generator,
the cable and the reactor is a controlled voltage source with the magnitude de�ned by the
imported voltage signal measured at the �rst node of the reactor. This means that the
reactor and its model are excited by almost identical voltage. For that reason, the voltage
source and the cable do not need to be modeled. Furthermore, the accuracy of the reactor
winding model can be better evaluated.

Fig. 3.35 compares results obtained by the direct measurement and two di�erent models
of the reactor winding. Both models give very good results in the high frequency range
which is observed during the �rst 10µs of the simulation after the excitation. Right before
the voltages reach their peaks, the di�erence between simulations and the measurement
starts to be visible. This is especially the case for the voltage obtained with the conventional
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Figure 3.35: Simulation comparison of di�erent models.

model at the third node. However, the combined model provides very accurate simulation
of the voltage at the third node across the whole simulation time. This shows an improved
accuracy of the combined model at low frequency. The root mean square (RMS) error of
the simulated voltages at the third node are 3.4% and 1.7% for the conventional and the
combined model respectively. The combined method yielded two time less error in this case.

However, the di�erence in the results obtained by the two models at the second node
is not that large. The combined method gives a marginally better result, where the RMS
errors for the conventional and the combined models are 2.5% and 2.3% respectively.
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Figure 3.36: Simulation comparison of di�erent models - zoom.

Fig. 3.36 shows the response of the two models during the �rst 6µs of the transient. As
expected, simulations gave almost identical waveforms as the measured ones for the �rst 2µs
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of the transient. The response of both models is identical since the combined method uses
the admittance matrix obtained by the conventional method at frequencies beyond 70kHz.
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Chapter 4

Transient voltage distribution along
reactor winding

As it is presented in the introduction of this thesis, it was reported worldwide that many
transformer insulation failures have occurred possibly by switching operations of vacuum
circuit breakers (VCBs), although the transformers have previously passed all the standard
tests and complied to all quality requirements [4]-[8]. Furthermore, a 10 years long study
that included investigation of failures of thousands of transformers conducted by Hartford
Steam Boiler Earlier concludes that the high frequency transients are the main cause of
transformer insulation failures [10]. In this chapter, the goal is to determine the e�ect
of di�erent switching scenarios, di�erent rise times of the surges and voltage derivatives on
internal voltage distribution and turn-to-turn voltages. Furthermore, the aim is to determine
the worst case scenarios and their possible negative impact on insulation lifetime. Results
are compared with the turn-to-turn voltages obtained during the BIL test that are used as
a reference.

4.1 Connection transients

In this work, only transients generated by closing operations of breakers are considered.
Although the magnitudes of the voltages at the terminals of the transformer produced by
the closing of the breaker are well within the limits and do not exceed the magnitude of the
peak grid voltage, some transformer failures are reported during such transients [4]-[7].

The transformer energizing transients di�er signi�cantly depending on the connection of
the high voltage side windings. In this article, only energizing of stray capacitances and
leakage inductances is considered. Core energizing and inrush currents are not in the scope
of this analysis since the observed time window is very short. For a wye connection, one
end of the windings is connected to the common neutral point which is never excited by a
voltage step. In the case of ungrounded transformers, the neutral may have a voltage, but it
is never exposed directly to a voltage step. For a grounded transformer, the neutral point is
always at zero voltage if the grounding is done properly where the grounding path is short
thus minimizing grounding inductance Lg. During an energizing transient, the maximum
terminal voltage to which a transformer winding is exposed, is the peak phase to ground
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voltage. This is presented in Fig. 4.1.

Rg Lg

A

B

C
0 0 . 0 1 0 . 0 2 0 . 0 3

- 1

- 0 . 5

0

0 . 5

1

t i m e  ( µ  s )

V
ol

ta
ge

(p
u)

 

 

V
a

V
b

V
c

Figure 4.1: Star connected transformer.

In medium voltage cable grids, with voltage levels up to 30kV , the high voltage trans-
former side is almost always delta connected. This is always the case in wind farms, where
the grounding is done either at the platform transformer or at an auxiliary transformer that
is used to supply apparatus at the substation. For a delta connected transformer, a simple
energizing transient can give a very complex response due to a wave traveling phenomenon.
Consequently, it can produce much higher internal voltages in a transformer. In a delta con-
nected winding, the end of one winding is connected to the beginning of the other winding.
This means that a winding of a transformer can be excited from both sides. A winding of a
delta connected transformer is excited by line-to-line voltage. The maximum of the line-to-
line voltage is achieved when one phase reaches 0.86pu and another −0.86 of its value. In
this case scenario, the voltage by which the winding is excited exceeds

√
3 times the voltage

to which a wye connected transformers winding is exposed. However, it can be shown how
a transformer winding can be exposed even to a higher voltage. This scenario is possible
when there is a certain delay between energizing at two ends of a winding. Let us observe
closely such a scenario by looking to an energizing transient of an ungrounded winding. This
transient can be seen in Fig. 4.2.

As can be observed in Fig. 4.2, the initial voltage distribution along the winding is
determined by parallel stray capacitances of the winding. As the time progresses, the voltage
along the winding rises as the voltage wave propagates through the winding. The voltage at
the end of the winding oscillates with the highest magnitude at the resonance frequency of
the winding. This resonant frequency depends directly on series stray capacitances, leakage
inductance and the length of the winding. Ideally, the voltage magnitude at the end of the
winding could reach 2pu magnitude due to wave re�ections, while in reality it reaches about
1.8pu. For this particular winding, this voltage level is reached after approximately 50µs
or 0.05ms. Let us consider a very possible scenario in which the negative voltage step is
applied at the end of the winding when the positive voltage reaches its maximum of 1.8pu.
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Figure 4.2: Energizing of a winding.

If the magnitude of the negative voltage step is 1pu, then the resulting voltage step is the
di�erence between the positive and the negative step, which results in a 2.8pu voltage step.
This is the worst case scenario. Such a case scenario is presented in Fig. 4.3.
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Figure 4.3: Delta connected transformer.

In Fig. 4.3 it can be seen that the voltage wave propagates along two windings connected
to terminal A. At about t = 45µs, the wave will reach its maximum at terminals B and
C. If any of these two terminals are excited by a negative voltage step at time instant, the
resulting voltage step will reach a magnitude of 2.8pu.
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4.1.1 Test setup

The experimental setup used consists of a reactor, pulse generator and measurement equip-
ment. The reactor is rated at 10kV , 200kV A, and consists of two windings. An aluminum
shield is built around the reactor in order to give a more realistic distribution of stray capac-
itances, while holes in the front cover are left open in order to enable access to measurement
points.

The voltage step generators were made to produce custom voltage steps. The principle of
operation is a MOSFET controlled discharge of a charged capacitor over the reactor winding.
The resistance between the pulse generator and reactor terminals is negligible. The rise time
is tuned by a variable resistor in the gate circuit of a MOSFET that operates as a switch.
The minimum recorded rise time of the voltage step is 35ns which is limited by the electrical
properties of the reactor winding. The minimum rise time of the voltage step when the
voltage step generator is connected directly to an oscilloscope is 20ns which is limited by the
MOSFET's electrical properties. The MOSFETs used in the circuit have a very low output
capacitance of 37pF which ensures that the MOSFETs do not impact the circuit parameters
to a signi�cant extent.

During the tests, two di�erent pulse generators were used. Since the subject of this study
are high frequency transients, the voltage level of the pulse generators is between 6V and 9V ,
depending on the generator. One generator can only make single pulses. By adjusting the
resistor in the pulse generator, the rise time and the tail time can be adjusted. Therefore,
this pulse generator is used to generate lightning impulse shaped voltages and to simulate
the energizing of a transformer with a wye connected high voltage side. A simpli�ed scheme
is given in Fig. 4.4.

330µ

C2

IRLML5103

U2

V2

9

Switch

R1
10k
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500
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GND

Sw_signal

Figure 4.4: Pulse generator simpli�ed scheme.

Another generator is used to generate both positive and negative pulses. This pulse
generator is used to emulate a case scenario when a delta connected transformer is energized.
In this case, a winding of the delta connected transformer is excited from both ends, where
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one end of the winding is energized by a positive pulse, while the other end is excited by a
negative pulse. This is a very common scenario during a connection of a transformer with a
delta connected high voltage side. The time delay between the positive and a negative pulse
can be adjusted by a variable resistor. Furthermore, in order to estimate the impact of the
rise time of a voltage step, the rise time of both the positive and negative step can be tuned
by additional variable resistors.

For the measurement of the transients, two oscilloscopes were used simultaneously. The
same pulse was used for triggering at both oscilloscopes and it was possible to measure up
to eight channels at the same time. The bandwidth of the oscilloscopes is 200MHz and
1.5GHz while the probes used have a bandwidth of 500MHz. The sampling speed of the
oscilloscopes is 20MS/s and 20GS/s. The resolution of the two oscilloscopes is 8bits. In the
data analysis, the signals were �ltered using a 25MHz digital low pass �lter without a delay
by using the filtfilt Matlab function. Furthermore, both oscilloscopes were calibrated, and
during the measurements one of the signals is measured by both oscilloscopes in order to �ne
tune the triggering and to check if there are any discrepancies in the measurement between
the two oscilloscopes. The measurement setup is presented in Fig. 4.5.

oscilloscopes

voltage
generator

reactor

Figure 4.5: Measurement setup.

4.1.2 Test reactor

In this work, a single phase 10kV reactor rated at 200kV A with two windings is used as a a
test object. Ideally, a three phase delta connected transformer would be used, but this reactor
is suitable to perform all the important switching tests one could perform an a three phase
delta connected transformer. This reactor is built in such a way so the measurement points
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between the disks are easily accessible. The reactor is enclosed in an aluminum enclosure
in order to give a more realistic distribution of the stray capacitances, while the front panel
is made with holes in order to comfortably reach the measurement points. The reactor is
presented in Fig. 4.6.

Figure 4.6: Reactor winding, enclosure with holes.

Each winding of the reactor consists of 8 disks. Each disk is wound in the same way, where
odd disks are wound starting from the outer layers while even disks are wound starting from
the inner layers. Each layer consists of 30 conductors, while each disk consists of 9 layers.
The structure of the reactor winding is presented in Fig. 4.7.

Terminals T1 and T2 mark the end terminals of the winding. Disks 4,5 and 6 are not
presented in Fig. 4.7 in order to decrease the size of the �gure.

Since the focus of this work not only to measure voltages at disks interconnections but
inside the disks too, additional measurement points are made by pealing o� the insulation
from the top conductors. Measurement points for the �rst reactor are presented in Fig. 4.8.

It can be noted that the voltage step propagates following the maximum admittance path,
which means the conductor. That means that the disk energizing is made by �rst energizing
the outer layer from the top to bottom, then the next layer from the bottom to top, and
so on. By this, the highest turn-to-turn voltage is obtained at the beginning of the layers
where the beginning of one layer meets the end of another layer, like conductors 1 and 60 for
example. In that case, the initial voltage distribution at the top of the disk is determined by
the distribution of the parallel stray capacitances between the top conductors. During the
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Figure 4.7: Reactor winding scheme.

time in which the voltage step arrives from conductor 1 to conductor 60, a substantial turn-
to-turn voltage is developed. Of course, this is not the case for the two adjacent conductors
such as 60 and 61 where they are almost at identical potential, even during the very fast
transients. Such a choice of the measurement points ensures that the highest turn-to-turn
voltages are recorded.

4.2 Measurements and data Analysis

The goal of this work is to study the voltage distribution along the winding during transients
such as the lightning impulse or switching events. In our laboratory environment, these tests
were performed using voltage generators that produce voltages of about 10V . Using these
voltage generators, both lightning impulses and switching events are generated. Since the
high frequency transients above 10kHz are not a�ected by the core saturation [65] due to
a high reluctance of the iron core during very fast transients [66], it is realistic to perform
these tests with the scaled down equipment.
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disk 1

Figure 4.8: The 1st disk winding scheme.

The results obtained in this work are compared to standard values of the basic lightning
impulse voltage level (BIL). The standards for both dry-type and oil �lled transformers
de�ne for each voltage level the BIL at which the transformer will not show any signs
of insulation damages. These voltage impulse tests are considered as the strongest stress
that can occur to the insulation of a transformer and therefore, if the transformer is able
to withstand this voltage without any damages, its insulation should survive other high
frequency transients. For this reason, the turn-to-turn voltage obtained during the lightning
impulse shaped voltage stress are considered as the reference

The BIL de�ned by standards for dry-type and oil-impregnated transformers is given in
Table 4.1.

In Table 4.1, �S� stands for the standard value, �1� is an optional higher level where the
transformer is exposed to high overvoltages, and �2� is the case where surge arresters are
used and found to provide appropriate surge protection.

This data is used for comparison with voltage stress during very fast transients. Since the
voltage generators used in these tests produce low voltage impulses, the data is presented in
per unit (pu). However, the BIL for each voltage level has a di�erent value when expressed
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Table 4.1: Nominal System Voltage and Basic Lightning Impulse Insulation Levels (BIL) for
Dry-type Transformers [67]

BIL (kV) 45 60 75 95 110 125 150 200
Unom
8.7 S 1 1
15 S 1 1
24 2 S 1 1
34.5 2 S 1

in pu making the direct comparison meaningless. The pu values are calculated as the ratio
of the BIL and the peak phase voltage. For example, for the 8.7kV level, the basic lightning
insulation level is 6.33pu, while for the 34.5kV level the BIL value is 4.44pu with a surge
arrester protection and 5.33pu as a standard BIL. As a reference, the 4.44pu BIL level
is chosen since it has the lowest magnitude in pu. Another reason for taking this level
as a reference is that the 34.5kV voltage level is used in large o�shore wind farms where
transformers are usually protected by surge arresters.

4.2.1 Turn-to-turn voltages in the 1st disk

The focus of this study are the top disks of the winding. The reason for this is that the
voltage derivative and the rise time of the voltage step applied to the terminal of the winding
decreases signi�cantly along the winding as the wave travels from one terminal to another.
Since the speed of the wave propagation in the winding is constant, due to a lower voltage
derivative and the rise time of the wave front, the voltage change, and therefore the turn-
to-turn voltage decreases along the winding. Furthermore, it is very di�cult to draw any
conclusions by looking at disk-to-disk voltages due to large distances in between, and for that
reason, the disk-to-disk voltage is not discussed in this work. Furthermore, there haven't
been any reports on the insulation failures between disks indicating that the transformer
insulation can withstand disk-to-disk overvoltages without any problems.

Turn-to-turn voltages in the 1st disk during the BIL test

Let us observe the turn-to-turn voltages in the �rst disk. Since the rise time and the derivative
of the voltage step are as highest close to the terminal, transformer manufacturers usually
apply special winding techniques in order to decrease the turn-to-turn voltage in the top
disk. However, such a technique is not used in the reactor winding used for the tests.

The voltage is measured at the top of the disk. This gives the possibility to measure the
turn-to-turn voltage between the turns where it reaches the maximum. As it can be seen in
Fig. 4.9, these turns are 1, 61, 121, 181 and 241 respectively.

Initially, a low voltage 1.2/50µs impulse is used for the tests. The magnitude of the
voltage is presented in pu, where as the reference a 4.44pu value is chosen which corresponds
to the maximum BIL of a surge arrester protected dry-type transformer at a 34.5kV voltage
level. The di�erence between this test and a real lightning impulse test is that the other
end of the winding is not grounded. From the perspective of the voltage stress on the top
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Figure 4.9: The 1st disk measurement points.

disk, this does not make too much of a di�erence since the highest turn-to-turn voltage is
recorded during the rise time of the lightning pulse, during which the voltage at the end disk
is almost zero.
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Figure 4.10: BIL at 1st disk.

Fig. 4.10 shows the voltages measured at top turns of layers 1, 3, 5, 7 and 9 respectively.
By observing Fig. 4.9, the measurement points are at turns 1, 61, 121, 181 and 241 respec-
tively. In Fig. 4.10 it can be observed that the rise time of the propagating voltage pulse
decreases as the pulse progresses through the disk. By looking at the impulse at this scale,
it can be noticed that the wave corresponds to a 1.2/50µs lightning impulse.

By closely studying the voltages in Fig. 4.11, it can be noticed that the magnitude of the
voltage increases and reaches a level of 4.72pu.

The plot with turn-to-turn voltages is presented in Fig. 4.12. It can be noticed that
the highest turn-to-turn voltage is not developed at the �rst turns. Instead, the highest
voltage of 0.4pu is obtained towards the end of the disk. The lightning impulse excites the
internal resonant frequency of the disk at about 170kHz. As a result, the highest voltages
are recorded at the end of the disk. When Figs. 4.11 and 4.12 are compared, it can be seen
that the �rst half-period of the turn-to-turn voltage oscillations occurs during the front of
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Figure 4.11: BIL at 1st disk - zoom.
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Figure 4.12: Turn-to-turn voltages at 1st disk during BIL.

the voltage impulses.

When the voltage derivative
dV

dt
is observed, the highest value is recorded at the �rst

conductor, 7.2pu/µs. It's value drops towards the last layer where 4.5pu/µs is observed.

Turn-to-turn voltages in the 1st disk during connection of a wye connected Trans-
former

In order to observe turn-to-turn voltages during the connection of a wye connected trans-
former, a single voltage step is applied to the reactor. The magnitude of the voltage step is
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set to 1pu, which corresponds to the peak phase-to-ground voltage. This is the worst case
scenario, which is selected to perform this study.

This test is performed with di�erent rise times of the voltage step. This is done in order
to study the turn-to-turn voltage for di�erent types of insulation. It is known that di�erent
insulation types contribute to di�erent stray capacitances of transformers, and therefore,
the voltage step rise times [28], [56]. Because of that, the rise time is varied between the
minimum of 35ns to approximately 500ns.

Due to a much shorter rise time compared to the BIL, it is expected that the turn-to-turn
voltages are signi�cantly higher at the �rst turns. Fig. 4.13 shows the turn voltages at the
�rst disk. Due to the very short rise time of 35ns, the internal interlayer resonances are
excited. Because of that, a voltage ringing is observed at the �rst conductor, yielding a
1.2pu voltage magnitude at the �rst layer.
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Figure 4.13: Turn voltages at 1st disk during 35ns trise voltage step.

The initial frequency recorded at the top conductors at each coil varies between 13.7MHz
at the �rst turn of the outer layer, down to 11.5MHz measured at the top conductors of
the internal layers. The discrepancy in frequencies is due to di�erences in structure, where
internal layers are surrounded by neighboring layers, while the outer layer has air as a
boundary on one side. This impacts the rise time signi�cantly, where the rise time of the
�rst conductor of the outer layer is two times shorter compared to the rise time recorded
for the internal layers, that have almost the same rise time. Consequently, the turn-to-turn
voltage between the outer and the �rst internal layer is much higher compared to the other
turn-to-turn voltages, reaching the value of 0.49pu. This is presented in Fig. 4.14.

As Fig. 4.14 shows, the turn-to-turn voltage recorded during the energizing of a wye-
connected transformer exceeds the turn-to-turn voltages during the BIL impulse test. The
signi�cant di�erence is that the peak voltage is recorded at the beginning of the disk, while
during the BIL test, the highest recorded turn-to-turn voltage is recorded at the end of the
disk. The reason for such a high turn-to-turn voltage during the BIL test is the resonance
frequency of the disk, while for the energizing test, the main reason for the high turn-to-turn
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Figure 4.14: Turn-to-turn voltages at 1st disk during 35ns trise voltage step.

voltage is a very short rise time of the voltage step that excites the internal layer-to-layer
resonances.

Consequently, by increasing the rise time, the turn-to-turn voltage at the beginning of
the disk will be reduced. To simulate a response of an oil-insulated transformer, a very long
500ns rise time during the energizing of a wye connected transformer is selected. This rise
time corresponds to approximately to the rise time of the voltage during the energizing of
an oil insulated transformer in a cable grid. Fig. 4.15 shows the turn-to-turn voltages during
a 500ns rise time voltage step.
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Figure 4.15: Turn voltages at 1st disk during 500ns trise voltage step.

As can be seen from Fig. 4.15, a much slower 500ns rise time voltage step does not
excite the internal inter layer resonances. There is no overshoot in the voltage step, and the
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response is much more similar to the BIL excited reactor. The voltages at the �rst two layers
are very similar, while some more notable voltage di�erences are recorded at the internal
layers. This becomes more obvious when Fig. 4.16 is observed.
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Figure 4.16: Turn-to-turn voltages at 1st disk during 500ns trise voltage step.

Fig. 4.16 shows turn-to-turn voltages recorded at the �rst disk. As noted before, the
turn-to-turn voltage between the �rst two layers is very low compared to the other turn-
to-turn voltages. The highest turn-to-turn voltage is recorded at the end of the disk and
reaches a magnitude of 0.1pu.
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Figure 4.17: Turn-to-turn voltages at 1st disk for di�erent rise times trise.

The tests are performed by incrementally increasing the rise time. The results are shown
in Fig. 4.17 that shows the turn-to-turn voltage as function of the rise time. As it is ob-
served earlier, the highest turn-to-turn voltage is obtained for short rise times for the outer
conductors.
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Figure 4.18: Voltage derivative
dV

dt
at 1st disk for di�erent rise times trise.

A similar observation can be made for the voltage derivatives in Fig. 4.18 that shows the

voltage derivative
dV

dt
as a function of the rise time trise. The highest voltage derivative is

obtained at the �rst conductor for the shortest rise time. When compared to the voltage
derivative values recorded during the BIL test, the maximum voltage derivative recorded
during this test exceeds almost 5 times the value of 7.2pu/µs recorded during the BIL test.

Turn-to-turn voltages in the 1st disk during connection of a delta connected
transformer

In order to observe turn-to-turn voltages during the connection of a delta connected trans-
former, two voltage steps are applied simultaneously to the reactor winding terminals. The
magnitude of the voltage steps is set to ±0.86pu, which corresponds to a peak line-to-line
voltage of 2 · 0.86 = 1.72pu. This is the worst case scenario, which is selected to perform
this study. However, in order to obtain high internal overvoltages it is needed to apply these
voltage steps with a certain time delay as shown in Section 4.1.

The positive and the negative voltage step are applied at two ends of the winding where
the reference one is taken as the beginning and the other one as the end of the winding. A
positive voltage step of 0.86pu is applied �rst at the end of the winding. Consequently, the
voltage at the beginning of the winding is rising slowly and reaches its maximum value after
some tens of micro seconds. This is presented in Figs. 4.2, 4.3 and 4.19. This is exactly the
same scenario that may occur during the connection of a delta connected transformer.

This test is performed with di�erent rise times of the negative voltage steps. With this
method, it is possible to study and compare the turn-to-turn voltages for di�erent types of
insulation. As for the previous tests, a 35ns rise time is referred to as the minimum rise
time, while a 500ns rise time trise is set as the maximum, due to that the maximum rise
time set by oil insulation.
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Figure 4.19: Turn voltages at 1st disk during 35ns trise positive and negative voltage step.

When compared to the previous cases, the connection of a delta connected transformer
generates voltage steps of a very short rise time as observed with the connection of a wye
connected transformer. This rise time is much shorter when compared to the BIL. Further-
more, a much higher magnitude of the voltage step is obtained when compared to the voltage
step obtained for the connection of a wye connected transformer.
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Figure 4.20: Turn voltages at 1st disk during 35ns trise voltage step.

Fig. 4.20 shows zoomed switching transient presented in Fig. 4.19. A voltage step with a
very short rise time of 35ns excited internal interlayer resonances, where strong oscillations
are noted right after the step is applied. Consequently, a 50% overshoot of the voltage is
observed at the �rst conductor.

Fig. 4.21 presents the turn-to-turn voltages recorded at the �rst disk. As observed with
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Figure 4.21: Turn-to-turn voltages at 1st disk during 35ns trise voltage step.

the wye connected transformer, the frequency recorded at the top conductors at each coil
varies between 13.7MHz at the �rst turn of the outer layer, down to 11.5MHz measured
at the top conductors of the internal layers. The di�erence in the physical properties of the
outer and the internal layers, where the outer layer has air as a boundary on one side, results
in di�erent resonant frequencies of the outer and the internal layers. As a consequence, the
turn-to-turn voltage between the outer and the �rst internal layer is much higher compared
to other turn-to-turn voltages, reaching the value of 1.05pu in the case of a connection of a
delta transformer.

As presented in Fig. 4.21, the turn-to-turn voltage recorded during the energizing of a
delta connected transformer exceeds the turn-to-turn voltages during the BIL impulse test
and the energizing of a wye connected transformer. Furthermore, the turn-to-turn voltage
recorded during this test is about 2.5 times higher than the turn-to-turn voltage recorded
during the BIL test. The signi�cant di�erence to the BIL test is that the peak voltage is
recorded at the beginning, between the outer layer and the �rst internal layer, while during
the BIL test, the highest recorded turn-to-turn voltage is recorded towards the end of the
disk. The reason for the very high turn-to-turn voltage is the very short rise time of the
voltage step that excites the internal layer-to-layer resonances.

As expected, with the increase of the rise time, the turn-to-turn voltage at the beginning
of the disk is reduced. To record the behavior of an oil-insulated transformer, the winding is
energized with a voltage step having a 500ns rise time. This rise time is typically recorded
when oil type transformers are energized from a cable grid. Fig. 4.22 presents the turn-to-
turn voltages during a 500ns rise time voltage step.

As it can be noted in Fig. 4.22, the internal inter layer resonances are not excited by
a slower 500ns rise time voltage step. The overshoot in the voltage step does not exist
any longer, and the response is very similar to the one recorded during the BIL test. The
voltages at the �rst two layers are very similar, while some more notable voltage di�erences
are recorded at the internal layers.
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Figure 4.22: Turn voltages at 1st disk during 500ns trise voltage step.

The turn-to-turn voltages recorded at the �rst disk are presented in Fig. 4.23.
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Figure 4.23: Turn-to-turn voltages at 1st disk during 500ns trise voltage step.

For a slow rising voltage step, higher turn-to-turn voltages are recorded towards the end
of the winding. The highest turn-to-turn voltage is recorded at the end of the disk and
reaches a magnitude of 0.24pu. This is because the slow rising pulse excites the resonant
frequency of the disk where the highest oscillations are recorded at the end of the disk.

More than 10 tests are performed by incrementally increasing the rise time. As a result,
a plot that shows the turn-to-turn voltage as a function of the rise time is obtained.

Fig. 4.24 shows how the turn-to-turn voltage decreases with increasing rise time of the
voltage step. The highest turn-to-turn voltage is obtained for short rise times of the conduc-
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Figure 4.24: Turn-to-turn voltages at 1st disk for di�erent rise times trise.

tors, where for this case of the energizing of a delta connected transformer, the turn-to-turn
voltage exceeds 2.5 times the voltage recorded during the BIL test.
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Figure 4.25: Voltage derivative
dV

dt
at 1st disk for di�erent rise times trise.

Fig. 4.25 shows the voltage derivative as a function of the rise time. The maximum is
obtained at the �rst conductor for the minimum rise time trise. This is expected, and the
same behavior is observed in the previous two cases. However, the magnitude of the voltage
derivative recorded in this case is very high. It exceeds about 10 times the maximum value
recorded at the BIL test and 2 times the value obtained at the connection of a wye connected
transformer test.

Measurements of the transient turn-to-turn voltages recorded at the �rst disk showed
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clearly that a simple connection of a delta connected dry-type transformer in a cable grid
results in a voltage with a very high magnitude. As the measurements show, the highest
stress is in the beginning of the winding. This �nding can explain failures of transformers
reported in [6] and [7], where insulation failure and �ashovers are noted at the beginning of
the winding.

4.2.2 Turn-to-turn voltages in the 2nd disk

After examining the voltage distribution and the turn-to-turn voltage stress in the 1st disk,
the 2nd disk is analyzed. The voltage derivative and the rise time of the voltage step applied
to the terminal of the winding decrease signi�cantly as the wave propagates through the
winding. Due to a constant speed of the wave propagation in the winding, it is expected
that the turn-to-turn voltages are decreased signi�cantly compared to the case of the 1st

disk. Since the obtained turn-to-turn voltages during the connection of a delta connected
transformer reached values twice as high compared to the BIL test, it is very important to
investigate if such high overvoltages can be created in the second disk during the switching
transients.

Turn-to-turn voltages in the 2nd disk during the BIL test

Let us �rst study the turn-to-turn voltages during the BIL test. As the rise time and the
derivative of the voltage step are decreased signi�cantly as the wave reaches the second disk,
it is consequently expected that the turn-to-turn voltages decrease as well.
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Figure 4.26: Measurement points at the 2nd disk.

Fig. 4.26 shows the structure of the second disk and the measurement points at which
the voltage probes are connected. Similarly to the the �rst disk, the voltage is measured at
the top of the disk. This selection of measurement points gives us ability to measure the
turn-to-turn voltage between the turns where it reaches the maximum. As it can be seen in
the Fig. 4.26, these turns are 1, 61, 121, 181 and 241 respectively.
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Figure 4.27: BIL at 2nd disk - zoom.

Fig. 4.27 shows turn voltages recorded at the aforementioned measurement points. One
can notice that the magnitude of oscillations increase as the measurement points move further
down the winding. Added stray series capacitances and stray inductances decrease the
frequency of the oscillations inversely proportional to the wire length, while the voltage
magnitude increases to about 5.2pu, which is an 18% increase over the magnitude of the
voltage step applied to terminal T1.
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Figure 4.28: Turn-to-turn voltages at 2nd disk during BIL.

The plot with the turn-to-turn voltages is presented in Fig. 4.28. Similarly to the 1st disk,
it can be noticed that the highest turn-to-turn voltage is not developed at the �rst turns.
Instead, the highest voltage of about 0.3pu is obtained towards the end of the disk. The
lightning impulse excites the internal resonant frequency measured at the 2nd disk having a
frequency of about 80kHz, which is about half of the resonant frequency measured at the
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end of the 1st disk. This is quite expected since the length of the wire in the two disks is
twice as long as the wire length in one disk alone. The highest turn-to-turn voltages are
recorded towards the end of the disk. When the results presented in Fig. 4.27 and Fig. 4.28
are compared, it can be seen that the highest turn-to-turn voltage appears during the rise
time of the voltage pulses.

The highest voltage derivative
dV

dt
is recorded at the �rst layer with the value of 3.4pu/µs,

and the lowest is obtained at the last layer with the value of 2.4pu/µs. This is much slower
compared to 7.2pu/µs and 4.5pu/µs recorded at the �rst disk.

Turn-to-turn voltages in the 2nd disk during connection of a wye connected trans-
former

In this test, a single voltage step is applied to the reactor. Using a voltage step, the connection
of a wye connected transformer is simulated. The magnitude of the voltage step is set to
a peak phase-to-ground voltage of 1pu. This represents the worst case scenario, but due to
a three phase system, it is very likely that the voltage during switching in reality usually
is about this value. To take into account a wide variety of transformer sizes and insulation
types, the rise time is varied between a minimum of 35ns to approximately 500ns.

Fig. 4.29 shows the turn voltages recorded at the measurement points at the second
disk. As a reference, the voltage step at terminal T1 is also shown in Fig 4.29. Due to
a very short voltage step rise time of about 35ns, parallel disk-to-disk and disk-to-ground
stray capacitances, shape the voltage response at the second disk in the beginning of the
transient. One can observe that the voltage at the beginning of the second disk is a little
bit over half of the magnitude of the step recorded at terminal T1. During a fast rising
voltage step, parallel stray capacitances determine the voltage distribution and the winding
acts as a capacitive voltage divider. This behavior could not have been noted during the
BIL test due to the slow rising voltage step shaped by the series stray capacitances and stray
inductances. After the initial transient and oscillations are �nished, after about 0.6µs, the
voltage response is determined by the series stray capacitances and stray inductances and
continue to rise slowly.

The parallel stray capacitances reduce the fast rising voltage step magnitude at the second
disk voltage step down to 0.6pu while the series stray capacitances and stray inductances
increase the voltage magnitude to 5.2pu. The rise time of the fast rising voltage step is
increased to about 44ns, which is still much shorter than 3.2µs recorded at the measurement
point 1, or 4.5µs recorded at the measurement point 9.

The turn-to-turn voltages are presented in Fig. 4.30. As a consequence of a reduced
voltage step magnitude recorded at the second disk, the turn-to-turn voltages are signi�cantly
lower compared to the turn-to-turn voltages recorded at the �rst disk during the same test.
Since the turn-to-turn voltages remained quite high at 0.3pu during the BIL test, the voltage
stress during the connection of the wye connected transformer reached only to about half of
that magnitude. It can be noticed that the maximum turn-to-turn voltage produced by the
di�erence in rise times reaches it's maximum of 0.1pu in the very beginning of the transient.
The maximum of 0.15pu is reached after 300ns as a consequence of inter-layer oscillations.
Since the inter-layer oscillations are excited by the fast rising voltage step, one can say
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Figure 4.29: Turn voltages at 2nd disk and at terminal T1 during 35ns trise voltage step.
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Figure 4.30: Turn-to-turn voltages at 2nd disk during 35ns trise voltage step.

that the rise time of the voltage step directly impacts the magnitude of the turn-to-turn
overvoltages.

The frequency at which the turn-to-turn voltage oscillates during the very fast transient
is in the order of 10MHz, which is about 100 times higher than the frequency of oscillations
recorded during the BIL test. Furthermore, the highest turn-to-turn voltage obtained in the
BIL test appears at the end of the disk, while for the very fast transient it is the opposite.
The short rise time of the turn voltages during the very fast transient directly a�ect this.

When the rise time of the very fast transient decreases in order to simulate the switching
of bigger transformers and/or transformers with oil insulation, the recorded response is very
similar to the response recorded during the BIL test. Due to a much lower magnitude
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compared to the BIL, the turn-to-turn voltages reached only 0.06pu. The frequency content
of the recorded turn-to-turn voltages is also similar to the ones obtained during the BIL test,
where oscillations at about 80kHz and 1MHz are noted.
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Figure 4.31: Turn-to-turn voltages at 2nd disk for di�erent rise times trise.

Fig. 4.31 presents the turn-to-turn voltages as a function of the rise time trise. As noted
earlier, the highest turn-to-turn voltage is obtained for short rise times and in the �rst
conductors. Once the rise time of the voltage step increases above 180ns, the turn-to-turn
voltages become almost identical across the whole disk, while the magnitude becomes very
low, below 0.08pu. Furthermore, Fig. 4.31 shows that only voltage steps with a rise time
shorter than 180ns possess a rise time short enough to generate higher turn-to-turn voltages
between the �rst layers. Consequently, these very fast transients excite high frequency
oscillations between turns, which is noted in the plots.

Fig. 4.32 presents the voltage derivative
dV

dt
as a function of the rise time trise. The

highest voltage derivative is measured at the �rst conductor for the shortest rise time. The
voltage derivative values recorded during this test are substantially higher than during the
BIL test. The maximum voltage derivative recorded exceeds 2.5 times the value of 7.2pu/µs
recorded at the �rst disk during the BIL test and 5.5 times the value of 3.3pu/µs obtained
at the second disk during the BIL test.

Turn-to-turn voltages in the 2nd disk during connection of a delta connected
transformer

This test is performed by applying two voltage steps simultaneously to the reactor winding
terminals. The magnitude of the voltage steps is set to ±0.86pu. This di�erence is the
magnitude of the peak line-to-line voltage (0.86− (−0.86) = 1.72pu). This is considered as
the worst case scenario since the magnitude of the resulting voltage step is as highest then.
The time delay between the positive and the negative step is set to 1/4 of the wave length of
the resonant frequency of the winding, so the negative step is applied when the positive step

73



50 100 150 200 250 300 350 400 450 500
2

4

6

8

10

12

14

16

dV
/d

t(
pu

/µ
 s

)

t
rise

 (ns)

 

 

V@2ndd/1stc

V@2ndd/3rdc

V@2ndd/5thc

Figure 4.32: Voltage derivative
dV

dt
at 2nd disk for di�erent rise times trise.

is at its maximum. By varying the rise time of the negative voltage step, the turn-to-turn
voltages for di�erent types of insulation and transformer sizes are studied. For very fast
transient tests, a 35ns rise time is taken as the minimum rise time, where a 500ns rise time
trise is set as the maximum, since this is the maximum rise time observed in oil-insulated
transformers connected in cable systems.
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Figure 4.33: Turn voltages at 2nd disk and at terminal T1 during 35ns trise voltage step.

Fig. 4.33 shows turn voltages recorded at the second disk and the voltage measured at
the beginning of the winding at terminal T1. It can be noted that the magnitude of the
voltage recorded at the second disk is reduced due to the parallel stray capacitances. As
mentioned before, during very fast transients, the parallel stray capacitances shape the volt-
age magnitude during the beginning of the transient, where the winding acts as a capacitive
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voltage divider. As a result, the magnitude of the voltage step is reduced to about 2/3 of
the magnitude measured at the beginning of the winding.
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Figure 4.34: Turn-to-turn voltages at 2nd disk during 35ns trise voltage step.

Fig. 4.34 shows the turn-to-turn voltages measured at the second disk. The internal
interlayer resonances are excited by the voltage step with a very short rise time of 35ns,
where voltage oscillations of a high magnitude are noted right after the step is applied. As
observed in the previous cases, the initial frequency recorded at the top conductors at each
layer of the second disk varies between about 13MHz at the �rst turn of the inner layer,
down to about 11MHz measured at the top conductors of the internal layers. The inner and
the outer layers are bounded by air at one side which makes them di�erent from the internal
layers. Therefore, a discrepancy in frequencies of about 2MHz is measured in the disk.

The magnitude of the observed turn-to-turn voltages is much higher compared to the case
of connecting a wye connected transient. It can be observed that the maximum turn-to-turn
voltage produced by the front of the very fast transient reaches it's maximum of 0.23pu in
the very beginning of the transient. A maximum of 0.28pu is reached after approximately
300ns as a consequence of inter-layer oscillations.

As shown in Fig. 4.34, the turn-to-turn voltage recorded during the connection of a delta
connected transformer is slightly below the magnitude of the turn-to-turn voltages measured
during the BIL impulse test. Moreover, although the magnitude of the voltage step is
larger than during the connection of a wye connected transformer, due to a longer rise time
of the voltage step, the measured turn-to-turn voltages at the second disk are lower than
the turn-to-turn voltages recorded at the �rst disk during the connection of a wye connected
transformer shown in Fig. 4.14. However, the recorded magnitude of the turn-to-turn voltage
at the second disk is certainly not negligible and certainly makes a stronger insulation stress
than the BIL voltage step due to a more than 100 times higher frequency of the transient
and more than 100 times shorter rise time of the voltage step front.

For a transient with a slow rise time of about 500ns, which simulates the switching
of transformers with oil insulation, the recorded response is very similar to the response
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recorded at the 2nd disk during the BIL test. The magnitude of the recorded turn-to-turn
voltages reached only 0.12pu. The frequency content of the turn-to-turn voltages is also
similar to the ones obtained during the BIL test, where oscillations at about 80kHz and
1MHz are noted.
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Figure 4.35: Turn-to-turn voltages at 2nd disk for di�erent rise times trise.

In order to obtain the turn-to-turn voltage as a function of the rise time of the voltage
step, more than 10 tests are performed by incrementally increasing the rise time. Fig. 4.35
shows how the turn-to-turn voltage decreases with the increasing rise time of the voltage step.
The highest turn-to-turn voltage is obtained for short rise times and for the�rst conductors.
For this case i.e. the energizing of a delta connected transformer, the magnitude of the
turn-to-turn voltages is just slightly lower than the magnitude obtained during the BIL test.
However, the frequency and the rise time of the turn-to-turn voltage measured during very
fast transients, exceeds the frequency and the rise time recorded during the BIL test more
than 100 times.

The rise time a�ects the magnitude of the turn-to-turn voltages only if it is shorter than
150ns. Once the rise time passes that value, the turn-to-turn voltages are almost identical
across the critical points of the second disk.

The voltage derivative as a function of the rise time is presented in Fig. 4.36. The
maximum value is obtained at the �rst conductor for the minimum rise time trise, while at
the other conductors inside the disk, the magnitude of the voltage derivative is just a fraction
lower. This plot con�rms that the stress on insulation of the second disk during the very fast
transient generated during the connection of a delta-connected transformer in a cable grid,
signi�cantly exceeds the stress produced during a BIL test. The voltage derivative recorded
is more than 5 times the voltage derivative recorded at the �rst disk during the BIL test,
and more than 11 times the voltage derivative of 3.3pu/µs recorded at the second disk. The
insulation stress on the second disk during the connection of a delta-connected transformer
is similar to the stress on the �rst disk during the connection of a wye-connected transformer
in terms of the turn-to-turn voltage rise time and the time derivative. Only the magnitude
of the turn-to-turn voltage is a fraction lower.
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Figure 4.36: Voltage derivative
dV

dt
at 2nd disk for di�erent rise times trise.

4.2.3 Turn-to-turn voltages in the 3rd disk

The next disk that is going to be examined is the third disk. The voltage stress in terms
of the turn-to-turn voltage magnitude, the rise time and the derivative of the voltage is
decreasing along the winding. Already at the second disk, the magnitude of the turn-to-turn
voltage recorded during fast transients dropped below the highest level recorded during the
BIL test. However, the turn-to-turn voltages during the connection of a delta-connected
transformer were quite high, almost on the level of the turn-to-turn voltages at the second
disk produced by the BIL. Therefore, it is very important to investigate voltages even at the
third disk.

Turn-to-turn voltages in the 3rd disk during the BIL test

The results of the BIL test are always taken as the reference in this study, and for that
reason, the turn-to-turn voltages are measured and studied �rst. As we have seen during the
previous tests, the rise time and the derivative of the voltage step are decreased gradually as
the point of observation is moving further from the terminal to which the voltage excitation
is applied. Therefore, initially the voltages excited by the BIL are measured at the third
disk.

Fig. 4.37 shows the structure of the third disk and the measurement points at which
the voltages are studied. Similarly to the �rst two disks, the voltage is measured at the
top of the third disk. Like in the �rst disk, the outer layer is the �rst layer of the disk.
This measurement points are selected since the highest turn-to-turn voltages obtained there.
They are shown in Fig. 4.37, and these turns are 1, 61, 121, 181 and 241.

Fig. 4.38 presents turn voltages recorded at measurement points 1, 3 and 5. It can be
noticed that the magnitude of oscillations is almost identical on the measurement points
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Figure 4.37: Measurement points at the 3rd disk.
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Figure 4.38: BIL at 3rd disk - zoom.

at the third disk. The frequency of the oscillations recorded at the winding is inversely
proportional to the wire length due to added stray series capacitances and stray inductances.
The magnitude of the voltage increases to about 5.1pu, which represents a 16% increase in
the magnitude of the voltage step applied to the terminal T1.

The turn-to-turn voltages during the BIL test are presented in Fig. 4.39. Due to expected
low values of the turn-to-turn voltages, the measurements were performed only on the �rst
half of the disk, where the last measurement point is point 5. The highest voltage of about
0.12pu is obtained between layers 3 and 5 and is just slightly higher than the turn-to-turn
voltage recorded between the outer and the �rst internal layer. It can be noted that with
three times longer wires, the resonant frequency is about one third of the resonant frequency
recorded at the �rst disk during the BIL test. The resonant frequency measured at the 3rd
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Figure 4.39: Turn-to-turn voltages at 3rd disk during BIL.

disk is at about 50kHz, which is about one third of the resonant frequency measured at the
end of the 1st disk. When the turn-to-turn voltages in the beginning of disks 2 and 3 are
observed in Figs. 4.28 and 4.39 respectively, one can note that the �rst zero crossing of the
turn-to-turn voltage appears in about 4µs at the second disk and about 6µs in the third
disk.

The highest voltage derivative
dV

dt
is recorded at the �rst layer with the value of 2.8pu/µs,

and the lowest is obtained at the last layer with the value of 2.4pu/µs. This di�ers signi�-
cantly from the values of 7.2pu/µs and 3.4pu/µs recorded at the beginning of the �rst and
the second disk respectively.

Turn-to-turn voltages in the 3rd disk during connection of a wye connected trans-
former

A single voltage step is applied to the reactor during the test of the connection of a wye-
connected transformer in a cable grid. The connection of a wye-connected transformer
is simulated by energizing the winding by a single voltage step. The magnitude of the
voltage step is set to the peak phase-to-ground voltage of 1pu which represents the worst
case scenario. The rise time of the voltage step is varied between the minimum of a 35ns
to approximately 500ns to account for energizing transients of transformers with di�erent
insulation types.

Fig. 4.40 presents the turn voltages obtained at the measurement points 1,3 and 5 at
the third disk and at terminal T1 which is shown as a reference. Because of a very fast
rising time of the voltage step, parallel disk-to-disk and disk-to-ground stray capacitances
are dominant during the initial transient and shape the voltage response at the third disk
in the beginning of the transient. It can be noted that the magnitude of the voltage step
recorded at the beginning of the third disk is decreased signi�cantly when compared to
the voltage magnitude on the terminal T1, and even on the beginning of the second disk.
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Figure 4.40: Turn voltages at 3rd disk and at terminal T1 during 35ns trise voltage step.

This behavior is not observed during the BIL test due to a slowly rising voltage step that is
determined by the series stray capacitances and stray inductances. After the initial transient
and oscillations are completed after about 0.6µs, the voltage continues to rise slowly since it
is, after the initial transient, shaped by the series stray capacitances and stray inductances.

The magnitude of the voltage step recorded at the beginning of the third disk during this
test is about 2/3 of the magnitude recorded at the beginning of the second disk and about
44% of the magnitude of the voltage recorded at the beginning of the disk during the same
test. The magnitude of the voltage step is limited by parallel stray capacitances and it is
signi�cantly lower than 5.1pu recorded at the third disk during the BIL test. The rise time
of the voltage step is about 48ns, which is still much shorter than the 4.5µs recorded during
the BIL test.

Fig. 4.41 shows the turn-to-turn voltages recorded at the third disk during the connection
of a dry-type wye-connected transformer in a cable grid. As a direct consequence of a reduced
voltage step magnitude, the turn-to-turn voltages are substantially lower when compared to
the turn-to-turn voltages recorded at the �rst and the second disk during the same test.
The magnitude of the maximum recorded turn-to-turn voltage is almost identical to the
maximum magnitude recorded during the BIL test. In both cases, the highest voltage stress
is between the �rst measurement points.

Due to the same structure of each disk, interlayer resonant frequencies are identical at
each disk. As it was recorded in the �rst and the second disk, the frequency recorded during
the beginning of the transient, at the top conductors at each coil of the third disk varies
between 11MHz and 13MHz, between the internal layers and the outer layer respectively.
Similarly to the second disk, the rise time recorded at the �rst layer is not much shorter
compared to the rise times measured at the internal conductors.

The frequency at which the turn-to-turn voltage oscillates during the very fast transient
is in order of 10MHz, while the high frequency oscillations during the BIL test are about
60kHz, which is about 200 times lower. Moreover, the highest turn-to-turn voltage obtained
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Figure 4.41: Turn-to-turn voltages at 3rd disk during 35ns trise voltage step.

during the very fast transient appears on the outer layers and in the beginning of the disk,
while during the BIL test it appears at the end of the disk. This is directly in�uenced by
the short rise time of the turn voltages.

During the test with a 500ns rise time voltage step, the recorded response is very similar to
the response recorded during the BIL test. Due to a much lower magnitude compared to the
BIL, the turn-to-turn voltages is below 0.05pu. The frequency content of the recorded turn-
to-turn voltages is also similar to the ones obtained during the BIL test, where oscillations
at about 80kHz and 1MHz are noted.
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Figure 4.42: Turn-to-turn voltages at 3rd disk for di�erent rise times trise.

Fig. 4.42 presents the turn-to-turn voltages as a function of the rise time trise. The highest
turn-to-turn voltage is obtained at the �rst conductors and during short rise times. Once
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the rise time of the voltage step increases above 150ns, the turn-to-turn voltage between
internal layers becomes larger than the turn-to-turn voltage recorded at the �rst layers.
Moreover, Fig. 4.42 shows that only voltage steps with a rise time shorter than 150ns can
generate higher turn-to-turn voltages between the �rst layers and excite oscillations of very
high frequency noted only at the plots where the winding is excited by very fast voltage
transients. The same observation is made for the �rst two disks.
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Figure 4.43: Voltage derivative
dV

dt
at 3rd disk for di�erent rise times trise.

Fig. 4.43 shows the voltage derivative
dV

dt
as a function of the rise time trise. The highest

voltage derivative is observed between the �rst layers for the shortest rise time. The voltage
derivatives recorded during this test are substantially higher than during the BIL test. The
maximum voltage derivative recorded during this test is 10pu compared to the value of
7.2pu/µs recorded at the �rst disk during the BIL test and it is about 3.5 times larger than
the maximum voltage derivative obtained at the third disk during the BIL test.

Turn-to-turn voltages in the 3rd disk during connection of a delta connected
transformer

The test that simulates the connection of a delta-connected transformer is performed by
applying two voltage steps with a short time delay to the reactor winding terminals. As
mentioned before, the magnitude of the voltage steps is set to ±0.86pu, so a peak line-to-line
voltage is achieved. Identically to the same test applied to the �rst two disks, a time delay
of about 1/4 of the wave length is set between the positive and the negative voltage step.
This test is performed with di�erent rise times of the negative voltage step. As the shortest
rise time, a value of 35ns is taken. A 500ns rise time trise is set as the maximum since this is
the maximum rise time observed in oil-insulated transformers connected in a cable system.

Fig. 4.44 presents turn voltages recorded at the third disk and the voltage measured at
the beginning of the winding at terminal T1. The magnitude of the voltage obtained at
the third disk is reduced substantially due to parallel stray capacitances. During very fast
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Figure 4.44: Turn voltages at 3rd disk and at terminal T1 during 35ns trise voltage step.

transients it is the parallel stray capacitances that directly determine the voltage magnitude
during the beginning of the transient. When compared to the voltage magnitude obtained
at terminal T1 and at the �rst conductor of the second disk, the magnitude of the voltage
step is reduced to about 2/3 of the magnitude measured at the beginning of the previous
disk. This same behavior is noted during the connection of a wye-connected transformer.
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Figure 4.45: Turn-to-turn voltages at 3rd disk during 35ns trise voltage step.

Fig. 4.45 presents the turn-to-turn voltages measured at the third disk during the very
fast transients. The voltage step with a rise time of 35ns excites internal interlayer reso-
nances, with substantial voltage oscillations of a high magnitude noted in the �rst 1µs of the
transient. Similarly to the previous cases, the frequency of the oscillations recorded at the
top conductors at each layer of the third disk varies between about 13MHz at the �rst turn
of �rst layer, down to about 11MHz measured at the top conductors of the internal layers.
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Since each disk is constructed equally, such a result is expected where the same resonant
frequencies are excited in all observed disks.

The magnitude of the observed turn-to-turn voltages is much higher compared to the
case of connecting a wye connected transient and the BIL test. It can be observed that the
maximum turn-to-turn voltage produced by the front of the very fast transient reaches it's
maximum of 0.25pu in the very beginning of the transient. This is a very high magnitude and
is comparable to magnitudes obtained at �rst two disks during the BIL test. Furthermore,
it is 2.5 times larger than the turn-to-turn voltage recorded at the third disk during the BIL
test. This means that substantially larger insulation stress is applied to the third disk during
a simple connection than during a BIL test.

The frequency and the rise time of the turn-to-turn voltage recorded during this test is
about 200 times higher than the frequency of the turn-to-turn voltage recorded during the
BIL test. Furthermore, the rise time is about 100 times shorter than the rise time during a
BIL test. This additionally increases the insulation stress on the third disk.

Since the rise time of the voltage step is responsible for high turn-to-turn voltages, it is
expected that voltage steps with a longer rise time will produce lower turn-to-turn voltages
at the third disk. A 500ns rise time voltage step produces similar turn-to-turn voltages as
recorded during the BIL test. The maximum turn-to-turn voltage during energizing with a
500ns voltage step is about 0.08pu.
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Figure 4.46: Turn-to-turn voltages at 3rd disk for di�erent rise times trise.

Fig. 4.46 presents the turn-to-turn voltages as a function of rise time of the voltage
step. More than 10 tests are performed where the rise time of the voltage step is increased
incrementally from 35ns to about 500ns. The highest turn-to-turn voltage is measured
during the test with a short rise times and at �rst conductors. The magnitude of the turn-
to-turn voltages recorded during the energizing of a delta connected transformer is slightly
lower than the magnitude obtained during the BIL test. However, the rise time of the turn-
to-turn voltage and the frequency measured during very fast transients, exceeds the rise time
and the frequency recorded during the BIL test more than 100 times.
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The rise time a�ects the magnitude of the turn-to-turn voltages only if it is shorter than
160ns. Very similar and almost identical behavior is noted at the �rst two disk. Once the
rise time increases over that value, the turn-to-turn voltage at the �rst disk becomes lower
than the voltage recorded at the internal layers.
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Figure 4.47: Voltage derivative
dV

dt
at 3rd disk for di�erent rise times trise.

Fig. 4.47 shows the voltage derivative as a function of the rise time. The maximum value
of the voltage derivative is obtained at the �rst conductor for the minimum rise time trise.
The magnitude of the voltage derivative measured at the other conductors inside the disk is
slightly lower. The stress on the insulation of the third disk during the very fast transient
generated by the connection of a delta-connected transformer in a cable grid in terms of the
voltage derivative, signi�cantly exceeds the stress generated during the BIL test. The voltage
derivative obtained is more than 3.5 times the voltage derivative measured at the �rst disk
during the BIL test, and more than 9 times the voltage derivative of 2.8pu/µs recorded at the
third disk. The insulation stress in terms of the turn-to-turn voltage rise time and the time
derivative measured on the third disk during the connection of a delta-connected transformer
is similar to the stress on the second disk, and on the �rst disk during the connection of a
wye-connected transformer. Only the magnitude of the turn-to-turn voltage is slightly lower.
Furthermore, the highest stress is recorded at the �rst conductor. This �nding can explain
some of the failures of transformers reported in [5] and [7], where the insulation failure and
�ashovers are recorded at the outer layers of the winding.

4.3 Critical voltage

The analysis conducted in this chapter showed that the rise time of the voltage steps sig-
ni�cantly in�uences the turn-to-turn voltages. Consequently, voltage steps with rise times
shorter than the rise time of the lightning impulse increase the voltage stress between the
turns of a winding for the same magnitude of the voltage steps. Furthermore, the highest
stress is recorded on the top disk, which is the �rst one exposed to the voltage step.
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Plots shown in this Chapter, show how the turn-to-turn voltages increase with the rise
time of the voltage steps. The highest voltage stress that transformers are able to withstand
without damaging its insulation, is de�ned by the lightning impulse. In this case, a 4.4pu
lightning pulse produced the highest turn-to-turn voltage of 0.38pu at the top disk. How-
ever, it is important to show how the magnitude of the critical voltage steps decreases with
decreasing rise times. Critical voltage steps are those that produce a magnitude of 0.38pu of
turn-to-turn voltage at the top disk. It is assumed that the insulation breakdown appears
at the same voltage level for di�erent rise times. This assumption is not entirely accurate,
but it is expected that breakdown voltages decreases with rise times due to a higher voltage
derivative.
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Figure 4.48: Voltage envelope - critical voltage as function of rise time.

Fig. 4.48 shows the critical voltage as a function of the rise time. It shows that the
magnitude of the critical voltage reduces signi�cantly with the rise time. For rise times
shorter than 200ns the critical voltage drops to about 60% of the BIL. With the decrease
of the rise time further on, the critical voltage drops linearly, and reaches about 25% of the
BIL for a voltage step with a 50ns rise time.
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Chapter 5

Standards for distribution transformers
and inverter-fed motors

5.1 Comparison of standards

The results obtained in this work are compared to standard values of the basic lightning
impulse voltage level (BIL). The standards for both dry-type and oil �lled transformers
de�ne for each voltage level the BIL at which the transformer will not show any signs of
insulation damages. These voltage impulse tests are considered as the strongest stress that
can occur to the insulation of a transformer and therefore, if the transformer is able to
withstand this voltage without any damages, its insulation will most probably survive other
high frequency transients.

The BIL de�ned by standards for dry-type and oil-impregnated transformers is given in
Table 5.1.

Table 5.1: Nominal System Voltage and Basic Lightning Impulse Insulation Levels (BIL) for
Dry-type and Oil-�lled Transformers [67],[68].

BIL (kV) 45 60 75 95 110 125 150 200
Unom

8.7 (DT) S 1 1
15 (DT) S 1 1
24 (DT) 2 S 1 1
34.5 (DT) 2 S 1

8.7 S
15 S
24 S
34.5 S

In Table 5.1 �S� is referred as the standard value, �1� as an optional higher level where
the transformer is exposed to high overvoltages, �2� is the case where surge arresters are used
and found to provide appropriate surge protection and DT is dry-type transformers.

Standards [67],[68] do not specify any additional test that may produce voltage waveforms
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with a very short rise time, such as the chopped-wave test used for power transformers at
higher voltage levels. As it is shown in Chapter 4, distribution transformers can be exposed
to transients with very short rise times. Consequently, these transients produce critical
turn-to-turn voltages even when the magnitude of the voltage steps is reduced signi�cantly.
However, when it comes to standards for distribution transformers, nothing is de�ned yet.

NEMA, IEC and IEEE standards for motors consider maximum voltage withstand for
transients with rise times shorter than 1.2µs [69]-[71]. The IEC standard for large motors
includes surges with a rise time as short as 0.5µs, NEMA standard accounts for surges with
up to a 0.1µs rise time, while the IEEE standard includes even an ideal voltage step with
zero rise time in it's voltage withstand envelope.
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Figure 5.1: Standards for motors and transformers measured critical voltage.

Fig. 5.1 shows critical voltages for motors given by NEMA, IEC and IEEE standards,
and measured critical voltages for transformers measured and presented in Section 4.3. The
only di�erence comparing to the critical surge presented in Fig. 4.48 in Section 4.3 is that
the measured critical voltages now are calculated in per unit with respect to the rms value of
the line-to-line voltage both for a standard level and a decreased level when surge arresters
are used. This corresponds to a BIL level of 150kV and 125kV for a 34.5kV dry-type
transformer, or in per unit, 4.35pu and 3.6pu. NEMA, IEC and IEEE standards for motors
each give at least two critical voltage envelopes, and in Fig. 5.1, only the one with the
lowest voltage level is presented. However, it can be noted that the trend of the measured
critical voltage of the transformer shows a similar pattern compared these standards, i.e. the
magnitude of the measured critical voltage reduces proportionally to the standards.

The main reason that standards for motors include voltage surges of short rise times,
is that the insulation of inverter-fed motors failed very quickly when the �rst inverter-fed
motors were used with a long cable connecting motors and inverters. Transformers are not
that often exposed to such high frequency transients. In fact, only during switching of
transformers in cable systems there is a risk for such transients. However, as it is shown in
Section 4.3, critical voltages measured during such transients correspond to standard critical
voltages for motors.
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As shown in Chapter 4, the lightning impulse does not produce the highest voltage stress
on turn-to-turn insulation. It is VFT with a very short rise time that produce the highest
voltage stress. Therefore, it is needed to extend the standards for transformers in order to
account for VFT. By doing that, transformers insulation will be designed accounting for the
voltage stress caused by VFT too.

5.2 Data characterization

As it is seen in Chapter 4, turn-to-turn voltages during the switching transients depend
strongly on the magnitude and the rise time of the voltage step. Therefore, in order to study
high frequency switching transients, it is need to characterize voltage signals and detect
possible dangerous voltage surges.
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Figure 5.2: Characteristic voltage steps during transient.

Therefore, a signal characterization method is utilized to obtain the magnitude of strikes
and its rise times as its important characteristics [72]. In the scatter plots, these transient
voltage characteristics are compared to the BIL voltage which serves as a reference. Conse-
quently, the inspection of the transient voltages is simpli�ed and it is easy to notice if the
strikes during the transient voltage exceed the rise time and/or the magnitude of BIL. A
plot showing the transient overvoltage and the detection of strikes is presented in Fig. 5.2.

As it can be noted, voltage steps of di�erent slopes are generated during the transient.
The steepest voltage slope is generated right after the voltage breakdown in the vacuum.
The steepness of this voltage is determined by the surge impedance of the cable and the
stray capacitance of the transformer, yielding a very steep voltage front with the rise time
trise in the order of 0.5µs. Observing Fig. 5.3 it can be seen that these voltage steps belong
to the �rst group of the fastest transients.

Right after the breakdown, the high frequency current generates voltage fronts with rise
times trise in order of 2µs giving the oscillation frequency of 500kHz approximately. These
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Figure 5.3: Characterization of transient voltage - scatter plot.

voltage steps are placed in the second group of voltage steps and can be easily separated by
visual inspection in Fig. 5.3.

The voltage steps with the highest rise time represent the transient recovery voltage
which occurs during the period of time when the arc is interrupted. Since the rate of rise
of the transient voltage is almost constant, it can be observed that the longer the rise time,
the higher the magnitude of the voltage step.

Figs. 5.2 and 5.3 give a simple and clear insight how the characterization data can be
observed and interpreted. Scatter plots, as one shown Fig. 5.3, will be used to present results
and to compare the simulation and the measurement data to BIL.
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Chapter 6

The Cable Lab

A cable lab for the transient analysis studies is built in the facilities of ABB Corporate
Research in Västerås, Sweden. The cable lab is built in order to replicate a feeder/turbine
system found in the wind farms for the fast transient studies. The bene�ts of the lab
measurements compared to the measurements in the �eld are many. The lab is built in a
way so it enables recon�guration of the test setup so it can replicate various wind turbine
and feeder connection arrangements. Furthermore, various protection measures can be tested
and compared in an environment that provides a good platform for the comparison of the
protective devices.

6.1 Layout of the Three Phase Test Setup

The cable lab is a three phase setup where full scale tests are performed for the purpose
of high frequency transient studies. The setup of the cable lab consists of 550m long 20kV
XLPE three core cable with 240mm2 cross section of conductor, 52m long 20kV XLPE single
core cable with the same conductor cross section and two transformers, where transformer
TX1 represents the transformer placed in the wind turbine while transformer TX2 represents
the platform transformer. Two di�erent transformers are used as transformer TX1, where
one is an oil-insulated and the other one is a dry-type transformer. As a switching device, a
vacuum circuit breaker is used. The full test setup is presented in Fig. 6.1

The setup is built so it may provide di�erent connection arrangements found in real wind
parks. Cables marked as SC1 and SC5 with 72m of length, represent the cable in the wind
turbine which is placed between the wind turbine transformer (TX1) and the breaker (BRK).
Cable SC5 is terminated at the other end, and in the test setup represents a disconnected
wind turbine. This is very suitable for the analysis of the wave re�ection and its impact
on the high frequency transients. The SC2 cable is a cable which connects two turbines.
The length of the cable is a bit too short compared to the cable between two wind turbines
in a real wind park collection grid, but still, its length is su�cient for the high frequency
transient analysis. Cables SC3 and SC4 represent two feeders of the WP collection grid with
the length of 162m. Feeder 2 or SC4 cable is terminated at the end, and represents a feeder
with all wind turbines disconnected. The setup allows to have this feeder both connected
or disconnected. When connected, Feeder 2 adds additional capacitance to the system and
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Figure 6.1: The cable lab setup layout.

re�ection point at its end where is terminated. The switchgear platform is connected to the
platform using a single phase 52m long 20kV XLPE cable. On the platform, TX2 transformer
is placed and it is connected to the grid from the low voltage (LV) lab network. Since both
TX1 and TX2 transformers are connected in delta arrangement on the high voltage side, an
arti�cial neutral point is provided using three 24kV rated voltage transformers connected
with their primary windings connected in wye. During the inductive load test, an inductor
with a 0.318mH inductance is placed at bus B1 for test with the oil-insulated transformer,
while a 17mH inductor is used with the dry-type transformer.

In tests with the oil-insulated transformer, transformer TX1 is protected with a surge
arrester consisting of two ZnO blocks connected in series in order to prevent overvoltages
of very high magnitude that can damage the transformer. Furthermore, in tests with the
oil-insulated transformer, the low voltage level supplied from the lab network is set to give
12kV voltage level on the high voltage side of the transformer TX2. The voltage is set to
12kV since the voltage rating of the vacuum circuit breaker used in the testing with the
oil-insulated transformer is also 12kV .

The tests with dry-type transformer are performed at the rated voltage level of 20kV .
Due to an increased voltage level, three or four ZnO blocks are used for prevention of high
overvoltages. Furthermore, a 20kV ring main unit (RMU) with a VCB as a switch is used
instead of the 10kV VCB used in the tests with the oil-insulated transformer.

The rating of the equipment installed in the cable lab is as follows:
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• 550m of 20kV XLPE three core cable with 240mm2 cross section of conductor;

• 52m of 20kV XLPE single core cable with the same conductor cross section;

• Transformer TX1(oil-insulated), 20.5/0.41kV/kV , 1.25MVA, Dyn11 Zk = 5.4%;

• Transformer TX1(dry-type), 20/0.69kV/kV , 0.9MVA, Dyn11 Zk = 6%;

• Transformer TX2, 20/0.69kV/kV , 1MVA, Dyn11 Zk = 5.1%;

• Breaker rated at 12kV , 3.15kA;

• RMU rated at 20kV , 200A.

In the lab, various di�erent protection devices are tested. As mentioned before, during
the tests, transformer TX1 is always protected using the ZnO surge arrester in order to
prevent damage to the transformers. For the transient studies, an RC protection and a
surge capacitor protection with di�erent connection arrangements is tested. During the
tests, the following surge protection is used:

• Two,three or four blocks of ZnO connected in series with continuous operating voltage
COV = 14.3kV , with characteristic points of 1mA@17.2kV and 10kA@28.5kV ;

• Surge capacitors with 83nF and 130nF capacitance;

• Resistors with 20Ω and 30Ω resistance.

During the tests, di�erent protection schemes are tested. In some cases, di�erent protec-
tion devices were placed at two buses at the same time in order to �nd the best solution.

6.2 Measurement Setup

In Fig. 6.2 the measurement setup is presented. Measurements are performed at buses B2
and B3, where B2 is the bus where the high voltage side of transformer TX1 is connected.
The breaker is placed at bus B3 where cable SC1, which represents the wind turbine cable,
is connected.

On bus B2, only the voltage is measured. It is of the highest importance to measure this
voltage with good accuracy since the voltage measured at this bus is the voltage that stresses
the insulation of transformer TX1. On bus B3 both currents and voltages are measured.
Since this is a bus where a breaker is connected, the measured current represents the current
through the breaker which is important to study the breaker phenomena. By measurement
of voltages at these two buses it is possible to observe the wave traveling and re�ection
phenomenon which creates high frequency transient overvoltages.

Since a high frequency phenomenon is measured, measurement equipment with high
bandwidth is used. For measurement of the voltages at bus B2, Northstar voltage dividers
Type VD-100 are used. The accuracy of these voltage dividers is 1% in frequency range
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Figure 6.2: The cable lab measurement setup layout.

between 10Hz − 1MHz while at frequency range between 1MHz − 20MHz it is 3%. The
divider ratio is 10000 : 1. At bus B3 HILO Type HVT40RCR voltage dividers are used.
The bandwidth of these dividers is 10MHz while the ratio is 2500 : 1. For the current
measurement at bus B3, Pearson current monitor type D101 is installed. The bandwidth of
this current probe is 4MHz with maximum peak current of 50kA.

The Signals from voltage dividers and current probes are lead by optical link to two
transient recorders type TRA 800s. By using optical links it is ensured that the measured
signal is not disturbed. Nine channels in total are recorded at a sampling rate of 25MS/s
with a 12 bit resolution.

6.3 Measurement Results and Analysis

In this section, the results obtained during the measurements and the simulation results, are
compared and analyzed. The purpose of the analysis is to verify the model developed for
simulation of the high frequency transients, to study generation and propagation of the high
frequency transients, and to analyze the impact of di�erent mitigation methods.

The system model is built using the component models developed as described in Chapter
3. The parameter estimation of the components is based on the measurements for the base
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case. The base case is the case with only surge arresters connected to the system. The
results obtained using the transient mitigation equipment are compared to the base case and
the in�uence of the di�erent mitigation devices is studied.

Since the results depend on many parameters, the worst case scenario is chosen when
possible. This report does not estimate the risk of obtaining the worst case, but considering
the projected life time of the transformers and the number of the breaker operation during
such a period, the worst case scenario will most likely occur during transformers life time.

When it comes to the worst case scenario, it is important to note that the characteristics
of a high-frequency transient such as the magnitude of the voltage surge and the number
of strikes depend on the arcing time (arcing angle) of the breaker, or the time that passes
from the start of the contact separation until the power frequency current zero crossing. The
arcing time is essential for the appearance of the reignitions in the system. If the reignitions
are to be avoided, the point-on-wave control can control the breaker in such a way so the
high frequency transients are avoided completely. On the other hand, to make sure that
the worst case scenario is investigated during the test and the simulation, the arcing time
of the breaker for all cases of the breaker opening operation is chosen so the breaker starts
the separation of the contacts at the very instant when the current in one of the phases just
passes the current chopping level. This gives that the dielectric withstand of the breaker is at
its minimum when the breaker interrupts the current, thus producing reignitions very shortly
after the current interruption. This case produces voltage escalations with the maximum
voltage level and therefore this is the worst case scenario for the breaker opening operation.
The exception is the no-load case when the current never reaches the chopping level. In this
case, the contacts of the breaker start separating when the current is at its maximum. This
gives the fastest rate of rise of the transient recovery voltage since it is directly proportional
to the level of the chopped current.

For the closing operation of the breaker, the worst case scenario for a wye connected
transformer that produces the highest magnitude of the surge voltage is when the dielectric
withstand of the gap reaches the phase voltage when it is at its maximum. For a delta
connected transformer the worst case scenario is to close a breaker when the maximum line-
to-line voltage is achieved. In this case, the voltage surges of the highest magnitude over
transformers winding are generated.

Since the voltage breakdown, the current chopping and the high frequency current inter-
ruption are the stochastic phenomena and very much determine the results presented in the
time-domain, the exact replication of the measurement results using simulations is not pos-
sible. This is especially the case for the opening of the breaker, where larger number of the
stochastic strikes appears. Therefore, the veri�cation of the simulation models is performed
by verifying the following characteristics of the high frequency transient:

• The appearance of repetitive strikes;

• The highest magnitude of the surge voltage;

• The rise time of the surge created during the strike.

Furthermore, the obtained results are compared to standard values of the basic lightning
impulse voltage level (BIL) extended using the critical voltage curve obtained in Section 4.3
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and withstand voltages for motor standards given in Chapter 5. The results obtained in
this section for the oil-insulated transformer are measured at a non-standard voltage level
which is set below the rated voltage of the transformers, cables and other equipment. This is
performed in order to avoid damages on the equipment used for testing since the simulations
showed that transient overvoltages of very high magnitudes are expected during some tests.

The standards for both dry-type and oil �lled transformers de�ne for each voltage level
the BIL at which the transformer will not show any signs of insulation damages. These
voltage impulse tests are considered as the highest stress that can happen to insulation of a
transformer and therefore, if the transformer is able to withstand this voltage without any
problems, its insulation will most probably survive other high frequency transients. Since
these standards are not de�ned for very fast transients, the maximum allowed voltage stress
in the region of transients between 50ns and 1.2µs is de�ned by the critical voltage obtained
in Section 4.3 and withstand voltages for motor standards given in Chapter 5.

For the presentation of the voltage strikes in the scatter plots, the magnitudes of the volt-
age strikes are shown in per unit, where 1pu presents the nominal voltage of the transformer.
This is done because, the maximum magnitudes of the voltage strikes obtained at any volt-
age level with properly calculated surge arresters is the same when presented in per unit.
However, the BIL for each voltage level has a di�erent value when expressed in pu making a
comparison di�cult. For example, for the 8.7kV level, the basic lightning insulation level is
5.2pu for dry-type transformers and 8.6pu for oil insulated transformers while for the 34.5kV
level the BIL values are 3.6pu (with surge arrester used) and 4.35pu respectively. For this
reason, the minimum value in per unit is used as the reference value for the dry-type and the
oil insulated transformers. The comparison is done for both standards since the magnitude
of the voltage strikes is the same for both dry-type and oil insulated transformers and the
di�erence is only in the rise time of the surge. Furthermore, as the standards do not de�ne
critical voltages for surges with rise times shorter than 1.2 µs, characteristics measured in
Section 4.3 is used to extend the area of critical voltages.

6.3.1 Base Case Results

As mentioned before, the case with only surge arresters connected to the transformer ter-
minals is taken as the base case. The reason for having surge arresters connected all the
time is just a precaution in order to avoid any damage to the transformers during testing.
However, a simulation case without any surge protection devices is presented to illustrate
the magnitude of the generated surges. This case is simulated only for the opening operation
of the breaker since the highest magnitudes of surges are obtained during reignitions due to
the voltage escalation.

No-load case

The no-load case is performed for both closing and opening operation of the breaker with
the surge arrester connected to the transformer terminals. This case is presented only for
the oil-insulated transformer. The scheme that presents this case is shown in Fig. 6.3.

During the closing operation of the breaker, the prestrikes are expected to occur. The
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Figure 6.3: No-load case with surge arrester at TX1.

prestrikes are generated at time instants when the dielectric withstand of the gap between
the breaker contacts is lower than the voltage over the gap. Therefore, the time instant to
close the contacts is chosen so the dielectric withstand of the breaker reaches the voltage
over the gap when its level is at the maximum.

As it can be noted in Fig. 6.4, the switching of the breaker does not occur exactly at
the maximum voltage, but at a point very close to it. The reason for that is that during the
experiment this margin was treated as su�ciently good, and therefore, the simulations are
set for a similar switching time instant.

During closing operations of a breaker, voltage prestrikes occur in the system. The
critical point for the veri�cation of the model is to compare the rise time trise calculated
analytically to the measurement and to the simulation. During the prestrike, the voltage
surge is determined by the voltage level at which the voltage breakdown appears, and the
time constant of the system. The time constant of the system is determined by the surge
impedance of the cable Zcab and the stray capacitance of the transformer Ctr and is given by

τ = ZcabCtr
trise = 2.2τ.

(6.1)

During the measurement of the stray capacitances of the transformer, a stray capacitance
of 8.5µF is measured. A transformer model consisting only of the stray capacitance and the
surge impedance is presented in Fig. 6.5. The surge impedance of the cable is calculated to
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Figure 6.4: Voltage at TX2 during closing of breaker - simulation.

be 24.8Ω giving the analytically calculated trise = 0.462 µs.

Figure 6.5: Cable/Transformer model for HF transient.

When this result is compared to the measurement and the simulation, a very good agree-
ment is observed. Due to di�erent voltage levels at the occurrence of the prestrike, the
steady-state voltage levels in the plot are not identical. The ideal case is approximated using
expression

V = V0

(
1− e

−t
τ

)
(6.2)

where V0 is the steady-state voltage level, and τ is the time constant given by (6.1). For
the simulation case, this voltage is set at 9.3kV , while it is set to 10.1kV for the simulation.
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Figure 6.6: Voltage surge rise time.

In Fig. 6.6 it can be seen that the simulation result matches the measurement and the
analytically calculated value. It shows that the transformer model gives good response for
high frequency transients.
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Figure 6.7: Transient voltage at TX1 during closing - no load - measurement.

To observe the response of the whole system, and the generation of the high frequency
transients during a closing operation of a breaker, the whole time span which shows the
closing cycle including the transient voltage from the very �rst prestrike until the contacts
are closed is observed. This transient can be seen in Figs. 6.7 and 6.8.

As the contacts of the real breaker close at slightly di�erent time instants compared to
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Figure 6.8: Transient voltage at TX1 during closing - no load - simulation.

the simulation, the phase to phase comparison of the voltages in the time domain, obtained
by the simulation and measurement is almost impossible. The simulation shows only one
prestrike in each phase, while in the measurement it can be observed that another prestrike
appears approximately 1ms after the �rst one. This happens due to the bouncing of the
contacts of the breaker and it will be shown later more in detail. This phenomenon is not
modeled since it does not play a signi�cant role in generation of high magnitude surges.

Furthermore, the 900Hz oscillations that appear in the transient voltage are much better
damped in the real system. This is expected since the transformer model and the grid model
does not include modeling of the skin-e�ect phenomenon.

When the characterization algorithm presented in Section 5.2 is applied, the magnitude
and the rise time of the strikes are calculated. The magnitude of the transient and its rise
time obtained by simulation are in good agreement with the measurement. It is important
to note that the magnitudes of surges are below 1pu and much below the BIL of the dry-type
and oil insulated transformers. However, the rise time of these strikes is shorter than the
BIL rise time of 1.2 µs. In the case of dry-type transformers, the rise time of the surge
is approximately 10 times shorter than the rise time of the surge when the oil insulated
transformer is used. This is due to a 10 times smaller stray capacitance of the dry-type
transformers.

It is expected to record a higher number of repetitive strikes during an opening transient.
At the time instant of the contact separation, the transformer magnetizing current is chopped
and generates fast rising transient recovery voltage. As the contacts are separated with rate
of rise of the dielectric withstand which is much slower than the rate of rise of the transient
recovery voltage, a reignition occurs shortly after the separation of the contacts. This is
shown in Fig. 6.9 that shows the measured voltages at a time instant of t = 10.6ms, and in
Fig. 6.10 which shows simulated voltages at a time instant of t = 4ms.

Furthermore, it is observed that the contacts start to open in phase A (blue curve)
approximately 1.5ms before in the other two phases. This time delay is stochastic and in the
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Figure 6.9: Transient voltage at TX1 during opening - no load - measurement.
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Figure 6.10: Transient voltage at TX1 during opening - no load - simulation.

simulations it is set to 1ms. The timing of the contact separation is critical to obtain a good
agreement since the rate of rise of the recovery voltage very soon after the contact separation
becomes slower than the rate of rise of the dielectric strength. Although the di�erence in
the number of reignitions exists when the simulation is compared to the measurement, the
repetitiveness of the strikes is con�rmed both in the simulation and the measurements. The
magnitude and the rise time of the highest strike obtained in the simulation is in agreement
with the measurements which shows a good accuracy of the model.

The magnitude of the strikes is well below 1pu with the rise times about 1 µs. The reason
for such a voltage level of the surges is that the chopped current is very small which makes
the rate of rise of the dielectric strength of the breaker becoming quicker than the transient
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recovery voltage very soon after the contacts separate. For that reason, the reignitions occur
only for a very short period of time right after the separation of the contacts.

Inductive load case - oil insulated transformer

The case with a switching of an inductive load is chosen since it represents one of the worst
case scenarios for generation of transient voltages. When the current reaches the chopping
level, the voltage in that phase is very close to its maximum because of the 90◦ phase shift. If
the breaker contacts are opened at that time instant, the transient voltage is superimposed to
the power frequency voltage when it is at its maximum. This produces transient overvoltages
with the highest magnitude.

It is important to stress that an interruption of an inductive current is an extreme case
conducted to obtain the worst case scenario. However, it does not represent a normal op-
eration in a wind park where it should not be normal practice to open the breakers and
switches when the transformer is fully loaded. This case could still happen accidentally,
due to malfunction or other reasons. Furthermore, even if such an accident happens, the
risk of generation of multiple reignitions and the voltage escalation is quite low since this
phenomenon can appear only if the contacts open during a very narrow time window when
the current is below the current chopping level.

If a voltage escalation incident occurs in a setup where surge arresters are not installed,
the transient voltage can easily breach BIL and damage the transformer. This case is not
performed during the measurement for the sake of the tested transformer. Simulations show
that in this case, a very high overvoltage is generated. This case simulated with the oil-
insulated transformer is presented in Fig. 6.11.
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Figure 6.11: Strikes recorded during opening transient at no load without surge arrester -
simulation.
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During a closing operation, it is expected that the transient voltage does not di�er much
from the no-load case. The reason for this is that the response of the system during the time
between the �rst prestrike and the touching of the breaker contacts is determined by the same
parameters as in the no-load case, the stray capacitance of the transformer Ctr and the surge
impedance of the cable Zcab. However, due to bouncing of the contacts, measurement show
low magnitude reignitions at the time instant 0.6ms after the �rst prestrike. This behavior
of the breaker will generate larger number of strikes when compared to the simulation. This
is shown in Figs. 6.12 and 6.13.
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Figure 6.12: Transient voltage at TX1 during closing - inductive load - measurement.
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Figure 6.13: Transient voltage at TX1 during closing - inductive load - simulation.

A somewhat larger number of strikes are observed during the measurement. The mag-
nitudes of the voltage strikes are well below BIL levels speci�ed for the dry-type and oil
insulated transformers, but have a shorter rise times which is the same as in the no-load
case.
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During an opening operation of the breaker, a high number of reignitions with the tran-
sient voltages reaching the level of the surge protection is expected. As it was mentioned
before, the rate of rise of the transient recovery voltage is much quicker than the rate of
rise of the breakers dielectric withstand due to the current chopping. The current chopping
level is found to be between 2.5 − 5A which is much higher current level compared to the
no-load case. This results in a very large number of reignitions. To obtain a good agreement
between the measurements and the simulations, a good breaker model is needed. This is es-
pecially the case for the modeling of the dielectric withstand and the high frequency current
quenching capability of the breaker. Observing Figs. 6.14 and 6.15 it can be seen that the
dielectric withstand of the breaker is accurately modeled and calculated using the algorithm
described in Section 3.1.1.
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Figure 6.14: Transient voltage at TX1 during opening - inductive load - measurement.
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Figure 6.15: Transient voltage at TX1 during opening - inductive load - simulation.
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The high frequency oscillations caused by the high frequency current are simulated with
a good accuracy. That can be seen in Fig. 6.16 during the time period between the start of
the voltage surge and 0.02ms after. Observing the low magnitude high frequency oscillations
induced by surges in the other two phases due to the capacitive coupling, it can be seen that
these oscillations are damped very poorly in the simulation. This is because of a simpli�ed
transformer model with added stray capacitances. This can be improved by adding some
resistance to the transformers stray capacitances. These oscillations are observed between
8.5ms and 8.54ms in the simulation plot shown in Fig. 6.17 and between 8.11ms and 8.12ms
in the measurement plot presented in Fig. 6.16.
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Figure 6.16: Transient voltage HF oscillations - inductive load - measurement.
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Figure 6.17: Transient voltage HF oscillations - inductive load - simulation.

The steepness of the voltage slope and its rise time match very well when the simulation
results are compared with the measurements. This result is already shown for the closing

105



operation, and for the opening operation it is presented in Fig. 6.18. In this direct comparison
of the measured and the simulated voltage surge, a very good agreement in the voltage slope
is obtained. However, the magnitude of the voltage transient obtained by the simulation
is reduced due to stronger oscillations caused by a low damped capacitive coupling of the
transformer. Furthermore, the high magnitude oscillations that appear at the time instant
t = 8.7315ms present the voltage wave re�ected from transformer TX2. It can be noticed
that the wave propagates at a slightly higher speed in the simulations. This is because the
cable model is made using three single-core cables instead of a three-core cable due to the
limitations of the PSCAD/EMTDC cable model.

8.726 8.728 8.73 8.732 8.734

−20

−10

0

10

20

U
T

X
1(k

V
)

t (ms)

 

 
simulation
measurement

Figure 6.18: Voltage slope - comparison.

The voltage strikes obtained by characterization of the line-to-line transient votlages are
presented in Figs. 6.19 and 6.20. This case present a critical case where the transients with
the highest magnitude are developed. The simulation predicts the highest stress voltage
stress with a 5% error, while the rise time prediction is within a 10% margin. The fastest
voltage surges have a rise time of 0.5 µs. This group represents the voltage surges formed
during the breakdown of the dielectric in the breaker.

Surges obtained during simulations and measurements are compared with the standard
BIL level for oil-insulated transformers (BIL-OI) and lower BIL level for dry-type trans-
formers protected by surge arresters (BIL-DT). Furthermore, these BIL curves are extended
into a region below 1.2 µs rise time using the proposed critical voltage envelope obtained
in Section 4.3 and adjusted NEMA, IEC and IEEE critical voltages for large motors. The
withstand voltage envelopes for large motors given by NEMA, IEC and IEEE standards
are adjusted so the critical voltage with a 1.2 µs rise time corresponds to the BIL of dry-
type transformers protected with surge arresters. Surges recorded both in simulations and
measurements show that the magnitude and the rise time of the surge exceeds the limits
de�ned by the BIL. This occurs even with a surge arrester installed at the terminals of the
transformer, proving that the surge arrester protection can not provide su�cient protection
without the use of additional protective devices. Moreover, the voltage strikes with a 0.5 µs
rise time have a magnitude that is higher than the critical voltages de�ned by NEMA, IEC
and IEEE standards, as well as the proposed critical voltages presented in Section 4.3.
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When simulations are compared to the measurements, good agreement is observed in the
rise time and in the magnitude of the surges. However, a larger number of voltage surges
are observed in the simulations. This result is in�uenced mostly by the lightly damped
capacitive coupling of the transformer, since the most important di�erence is in the other
two phases (B and C) where the breaker poles start to separate approximately 1 − 1.5 ms
later. This di�erence is also observed in Fig. 6.14.
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Figure 6.19: Strikes at TX1 during opening - inductive load - measurement.
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Figure 6.20: Strikes at TX1 during opening - inductive load - simulation.

The group of the voltage strikes with rise times of 2− 2.5 ms, represent high frequency
oscillations caused by a high frequency current that appears right after the voltage breakdown
as shown in Figs 6.16 and 6.17 at time intervals between 8.075−8.09 µs and 8.475−8.495 µs
respectively. Both the magnitude and the rise time show a good agreement between the
measurements and simulations.
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The slowest group of strikes which represent the transient recovery voltage is completely
missing in the simulation scatter plots. The reason for this is that the characterization
algorithm did not recognize the transient recovery voltage as single voltage steps due to the
presence of the high frequency oscillations shown in Fig. 6.17.

Inductive load case - dry-type transformer

The dry-type transformer tests are performed at a rated voltage of 20kV . Consequently, the
number the ZnO blocks is increased to four, where the voltage is clamped at approximately
40kV . Four blocks are used in order to make it possible to make a direct comparison with
the results obtained at a 12kV level using the oil-insulated transformer. Furthermore, this
test is performed with both TC1 and TC2 connected.

The RMU unit with a VCB is used in this setup. The rate of rise of dielectric strength
(RRDS) of the VCB in the RMU is about four times quicker compared to the RRDS of the
VCB used with the oil-insulated transformer. This is presented in Fig. 6.21.
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Figure 6.21: Comparison of VCB's and RMU's RRDS.

Due to a lower current level in this setup, it was not possible to generate the worst
case scenario like it is performed with the oil-insulated transformer. The peak current is
about 3.6A, which corresponds to the chopping current. This means that very low current
is interrupted when the voltage is at it's peak. A low di/dt gives a lower voltage rise and
fewer number of restrikes due to a slower TRV. However, for the sake of better comparison,
the inductive load test with the dry-type transformer is simulated both with a 17mH load
and a 0.94mH in order to get the same current level through the breaker.

Fig. 6.22 shows measurements of voltage restrikes at the dry-type transformer TX1. It
can be noted that the voltage restrikes do not begin at the maximum voltage since the
breaker interrupts the current as soon as the contacts start to separate.
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Figure 6.22: Transient voltage at TX1(dry-type) during opening - inductive load (17mH) -
measurement.
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Figure 6.23: Strikes at TX1(dry-type) during opening - inductive load 17mH - measurement.

Fig. 6.23 presents the voltage strikes measured line-to-line at the dry-type transformer
TX1. The measurement is performed line-to-line since that represents the voltage over the
winding for this delta connected transformer. The soild line BIL-DT(std) represents the
standard BIL of a 34.5kV dry-type transformer given by the standards, while the solid line
BIL-DT(s.a.) represents the BIL when surge arresters are used. Due to a very short rise time
of voltage strikes, that is about 100ns because of the low stray capacitances of the dry-type
transformer, a number of restrikes is recorded that exceed the critical voltage level obtained
in Section 4.3. This case proves that it is not only the worst case scenario that may lead to
critical restrikes.

In order to make a comparison with the oil-insulated transformer test, a simulation with
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the dry-type transformer is performed with the same current level as it was with the oil-
insulated transformer. This represents the worst case scenario since the current is interrupted
close to zero crossing.
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Figure 6.24: Strikes at TX1(dry-type) during opening - inductive load 0.947mH - simulation.

Fig. 6.24 shows the voltage strikes during an interruption of the load current drawn by
a 0.941mH inductor. This represents the worst case switching scenario, where the breaker
opens when the load current reaches chopping level at maximum voltage. None of the
strikes reach over the BIL when surge arresters are used. However, a large number of
recorded strikes with a 100ns rise time have a very high magnitude. Many of these voltage
strikes are placed above the critical voltage, and the most critical ones are the strikes with a
100ns rise time since their magnitude is about three times over the critical level. These
strikes exceed the voltage withstand level de�ned by NEMA, IEC and IEEE standards
substantially. This case shows why dry type transformers need additional means of protection
that increase the rise time and reduce the magnitude of the voltage strikes such as surge
capacitors and RC protection. It is worth mentioning that voltage strikes obtained at some
dry-type transformers where a breaker is placed at the transformer reach rise times of about
50ns [56]. The turn-to-turn voltage stress in that case is even higher.

6.3.2 Surge Capacitor Protection

Surge capacitors have been commonly used as protection devices to mitigate transients.
The combination of surge capacitors and surge arresters has been used to protect medium
voltage induction motor windings from steep-fronted voltage surges [73]. The purpose of
using the surge capacitor is to reduce the rise time of the surge [74]. In this report, a surge
capacitor protection with a 130nF capacitance is used. The surge capacitor is installed in
front of transformer TX1. The surge arrester is kept at the transformer terminals to limit
the maximum overvoltage appearing on the transformer. The scheme showing the full setup
is presented in Fig. 6.25.
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Figure 6.25: Capacitor at TX1.

The purpose of having the surge capacitor is to slow down the surge front and the transient
recovery voltage. The consequence of reducing the steepness of the voltage surge is that the
rise time of the surge is brought into the limits de�ned by standards (1.2 µs).

This is achieved by increasing the time constant of the transformer by adding additional
capacitance as shown in Fig. 6.26.

Figure 6.26: Surge capacitor protection - simpli�ed circuit.
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The time constant of the surge is given by

τ = Zcab (Ctr + Csurge) (6.3)

where Csurge is the capacitance of the surge capacitor.
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Figure 6.27: Voltage surge rise time without and with surge capacitor protection - simulation.

In Fig. 6.27 the impact of the surge capacitor protection on the surge rise time is observed.
The plot marked with C83 shows the surge when a 83nF capacitor is used, the plot marked
with C130 shows the surge with a 130nF capacitor. The results obtained by the simulation
agree with the analytical calculations presented with dotted lines. The oscillations of the
voltage that appear in the plot are caused by the stray inductance of the capacitor leads
and can be minimized when shorter leads are used. The value of the lead stray inductance
is calculated according to the length and the cross section area of the surge capacitor leads.

The transient recovery voltage is also a�ected by the added capacitance in the system.
The rate of rise of the transient recovery voltage is reduced leading to a lower number of
reignitions. This can be observed in Fig. 6.28 where the transient recovery voltage is showed
both with and without the surge capacitor added.

A sti�er voltage obtained by added capacitance in the system results in a signi�cantly
reduced magnitude of the voltage strikes during an opening of the breaker. This behavior is
noted in Fig. 6.29.

As it can be noted from Fig. 6.29, the number of reignitions during the breaker open-
ing operation is signi�cantly reduced when the surge capacitors are used. Moreover, the
magnitude of the voltage strikes is reduced by a factor of two.

However, the additional capacitance causes voltage oscillations during the energizing tran-
sient. The comparison of these voltage oscillations for di�erent values of surge capacitance
is shown in Fig. 6.30.
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Figure 6.28: Rate of rise of transient recovery voltage - simulation.
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Figure 6.29: Impact of 130nF surge capacitor on transient voltage - simulation.

The comparison of the simulation results shows very good agreement to the measure-
ments. In general, the comments made in the analysis of the base case can be con�rmed for
the case with the surge capacitor protection. The negative impact of the simpli�ed trans-
former model which does not include the damping added to stray capacitances is even more
dominant. The added capacitance produces even more high frequency oscillations with a
low damping.

When 130nF surge capacitors are installed, the timing of the contact separation in the
simulations matches closely the timing recorded in the measurements. Plots that show the
transient voltage during the opening operation of the breaker with a 130nF surge capacitor,
are presented in Figs. 6.31 and 6.32.

113



3 3.5 4 4.5
0

5

10

15

U
T

X
1(k

V
)

t (ms)

 

 
ZnO
C83
C130

Figure 6.30: Low frequency voltage oscillations - simulation.
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Figure 6.31: Transient voltage during opening - surge capacitor 130nF - measurement.

When the simulation and the measurement results are compared in Figs. 6.31 and 6.32, it
is observed that the time instant of the start of the contact separation is in good agreement.
Moreover, the magnitude of the strikes and the rate of rise of the recovery voltage are
simulated with good accuracy. However, since the damping of the high frequency oscillations
at the transformer is very low due to the limitations of the model, the capacitive coupling
between phases is more evident in the simulation plot where some very strong high frequency
oscillations can be seen after every strike.

The voltage strikes obtained by the characterization of the transient voltages are pre-
sented in Figs. 6.33 and 6.34. Although the measurement show the presence of strikes with
a rise time of almost 5 µs, in the simulations, the slowest strike has the rise time of 4 µs. A
good agreement is observed when the voltage strikes are compared. The error in the mag-
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Figure 6.32: Transient voltage during opening - surge capacitor 130nF - simulation.
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Figure 6.33: Strikes at TX1 during opening - surge capacitor 130nF - measurement.

nitude of the simulated voltage strikes is below 10%, while the comparison of the voltage
surge rise times is within a 20% error. The surge magnitudes dropped signi�cantly when
compared to the base case and are kept below a 2pu limit.

Yet another case with the surge capacitor protection is studied. In this case, the surge
capacitor is not placed at the terminals of the protected device but instead at the terminals
of the breaker at bus B3. This scheme is presented in Fig. 6.35.

As expected, the impact on the transient voltage in this case is very similar to the case
when the same capacitor was placed at transformer TX1. The rate of rise of the transient
recovery voltage is signi�cantly reduced when compared to the base case, which can be seen
in Fig. 6.36.
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Figure 6.34: Strikes at TX1 during opening - surge capacitor 130nF - simulation.
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Figure 6.35: Capacitor at breaker.

Moving the surge capacitors to the other side of the cable impacts the behavior of the
high frequency oscillations in a way that the capacitive coupling of the phases is more evident
in the plots. This is because the current bursts which charge the surge capacitor during the
voltage surges, do not travel along the cable any more. Moreover, the wave re�ection is also
a�ected by moving the surge capacitor to the breaker since the current waves coming from
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Figure 6.36: Impact of 130nF surge capacitor at breaker on transient voltage - simulation.

TX1 towards the breaker are almost completely re�ected back. This leads to an increase of
the high frequency oscillations which can be seen in Figs. 6.36-6.38.
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Figure 6.37: Transient voltage during opening - surge cap. 130nF at breaker - measurement.

When the magnitudes and the rise times of the voltage surges recorded at transformer
TX1 are compared, a satisfactory agreement between simulations and measurements is ob-
served. Plots showing strikes during the opening of the breaker are shown in Figs. 6.39 and
6.40.
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Figure 6.38: Transient voltage during opening - surge cap. 130nF at breaker - simulation.
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Figure 6.39: Strikes at TX1 during opening - surge cap. 130nF at breaker - measurement.

In Figs. 6.39 and 6.40 it can be seen that results similar to the other 130nF surge
capacitor case are obtained. The magnitude and the rise times of the highest recorded
surges are almost identical. Furthermore, the reignitions are also observed as in other cases
when surge capacitors are used, but the number of reignitions is signi�cantly lower when
compared to the base case.
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Figure 6.40: Strikes at TX1 during opening - surge cap. 130nF at breaker - simulation.

6.3.3 RC protection

The RC protection is used for mitigation of the high frequency transients and protection
of transformers and induction motors [75], [76]. It is very e�ective and proved to reduce
the number of reignitions [75]. The principle of an RC protection is very simple. The wave
re�ections which give the highest magnitude of transient overvoltages occur in the systems
where the surge impedance of the transformer Ztr is much higher than the cable surge
impedance Zcab. In order to prevent such re�ections, a resistor with a capacitor is connected
in parallel to the protected transformer. This is presented in Fig. 6.41.

Figure 6.41: RC protection scheme.

The resistance of the resistor is chosen so it matches the surge impedance of the cable
Zcab. By doing this, the wave re�ections are avoided since the re�ection coe�cient is equal
to zero
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α =
R− Zcab
R + Zcab

= 0. (6.4)

Another way to explain the principle of the RC protections is to observe it as a special case
of the surge capacitor protection. The surge capacitor used in the RC protection will act in
the same way as when it is directly connected to the terminals of the protected transformer,
which means that the rise time of the surge is increased. The resistor connected in series to
it is used to damp the high frequency current which occurs after every strike. By damping
the high frequency current superimposed to the power frequency current, the current zero
crossing and thus the reignition is avoided if the power frequency current is very high. This
method is shown to be very e�ective during the induction motor starts [75].

However, the generation of the reignition depends on other factors such as the rate of rise
of the breakers dielectric strength and the rate of rise of the transient recovery voltage. For
this reason, the RC protection may not be su�cient to eliminate reignitions completely, but
will de�nitely reduce the number of reignitions and the magnitude of the voltage strikes.

RC protection - oil-insulated transformer
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Figure 6.42: RC protection test setup.

Fig. 6.42 present the scheme of the test setup. The RC protection is made using a R =
20Ω resistor and the capacitor with a capacitance of C = 130nF . The surge impedance of
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the cable is calculated to be 24.8Ω, and used RC protection does not present a characteristic
impedance termination. However, the resistance of the surge resistor is very close to this
value and this is acceptable for an RC protection study.
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Figure 6.43: Impact of RC protection on transient voltage (R20Ω&C130nF ) - simulation.

The e�ect of the RC protection on the voltage transient during the opening of the breaker
recorded in simulations is shown in Fig. 6.43. In Fig. 6.43 it can be noted that the RC
protection did not stop the appearance of the reignitions. Although the transient recovery
voltage is slowed down even further by increased capacitance of the system, it was not
enough to prevent reignitions. In the very beginning of the transient, the rate of rise of the
transient recovery voltage is high due to the current chopping, and the breakers rate of rise
of dielectric strength is still very slow with the initial speed of 5.5kV/ms. The impact is
similar to the surge capacitor protection but with improved damping of the high frequency
voltage oscillations caused by a high frequency current.

Compared to the measurements, the RC protection case shows a good agreement between
the simulation and the measurement results. It can be seen that the voltage strike with the
highest magnitude obtained in the simulation matches quite well to the measurements. This
can be noted in Fig. 6.44. The high frequency oscillations seen in measurements do not show
up in the simulations. These high frequency oscillations are caused by the voltage wave
re�ections from the bus where the breaker is connected and the transformer TX2.

A graph showing the voltage strikes in a scatter plot is presented in Fig. 6.45. From a
transient protection perspective, an RC protection is very good since it keeps the magnitude
of the voltage surges within the BIL and below the critical voltage levels obtained in Section
4.3 and de�ned by standards for large motors.
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Figure 6.44: Simulation and measurement comparison (R20Ω&C130nF ).
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Figure 6.45: Voltage strikes R20Ω&C130nF - simulation.

RC protection - dry-type transformer

The test with the RC protection is performed with the dry-type transformer. In this case,
the RC protection is again placed in front of the transformer TX2. The RC protection is
placed at buses B2 and B4 as shown in Fig. 6.2. The RC protection at bus B2 consists
of an R = 20Ω resistor and a C = 83nF capacitor. At bus B4, an R = 20Ω resistor and
a C = 83nF capacitor are used. As mentioned before, a 17mH load is used for this test.
However, in simulations, a 0.947mH is used in order to obtain the same current level as
obtained with the oil-insulated transformer test. Furthermore, in this test, three ZnO blocks
are used as a surge arresters protection, cutting the voltage at about a 30kV level. However,
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in order to make the results comparable to oil insulated transformers, four ZnO blocks are
used in the simulations.
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Figure 6.46: Transient voltage at TX1(dry-type) during opening - RC protection - measure-
ment.

Fig. 6.46 shows the transient voltage recorded at dry-type transformer, TX1, when the
RC protection is used. It is observed that restrikes have a very small magnitude. The rise
time of the restrikes is still about 100ns, but the magnitude is well below the critical level.

3 3.5 4 4.5 5 5.5 6 6.5 7

−20

−10

0

10

20

U
T

X
1(k

V
)

t (ms)

Figure 6.47: Transient voltage at TX1(dry-type) during opening - RC protection - simulation.

Fig. 6.47 shows the same transient recorded in a simulation. It can be seen that very good
agreement is obtained with approximately the same level of voltage strike level. Simulations
with a higher current level interruption and a higher surge arrester voltage level did not show
appearance of critical strikes when the RC protection is used at both transformers.
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6.3.4 RC and surge capacitor protection

In order to decrease the magnitude of the voltage strikes even further and to protect trans-
former TX2, a 130nF surge capacitor is connected to the terminals of transformer TX2.
Transformer TX1 is protected by an RC protection with a 30Ω resistor and a 83nF capaci-
tor. The aim is to even further slow down the transient recovery voltage and to reduce the
rise time of the transients re�ected from TX2 transformer. The scheme showing this setup
is presented in Fig. 6.48
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Figure 6.48: RC and surge capacitor protection.

The simulation results showing the impact of the protection installed at two critical points
is presented in Fig. 6.49.

Fig. 6.49 reveals that the magnitude of the strikes is increased when compared to the
case when only RC protection is used. The explanation can be found when Fig. 6.50 is
observed.

The reason for increased magnitude of surges is that at the time instant when the voltage
strike is at its minimum, the re�ected voltage from the TX2 transformer arrives to TX1 at
t = 8.199ms increasing the magnitude of the strike. The re�ected voltage is inverted at
TX2 due to the presence of the surge capacitor at terminals of transformer TX2. This
phenomenon is avoided in the case with only RC protection at TX1 is used. This can be
observed in Fig. 6.50.
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Figure 6.50: Simulation and measurement comparison R30Ω&C83nF and C130nF .

The scatter plots show clearly the increase of the magnitude of the voltage strikes with
slightly increased rise times as seen in Fig. 6.51.

In Fig. 6.51 it can be observed that the magnitudes of the surges almost reach the BIL
de�ned by IEEE standards for the dry-type transformers. This means, that this protection
scheme provides marginal protection of transformer TX1 because the wave re�ected back
from transformer TX2 arrives at TX1 producing high magnitude surges. This means that
the length of the cables, and the wave propagation speed should be considered when a surge
protection scheme is designed.

This case clearly shows that the high frequency mitigation protection should be carefully
calculated and set up. When the additional protection is added to the system in order to
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Figure 6.51: Voltage strikes R30Ω&C83nF and C130nF - simulation.

improve the high frequency transient mitigation, the �nal result may be even worse when
compared to a simple protection scheme.
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Chapter 7

Conclusions and Future Work

In this thesis, the high frequency electromagnetic transient phenomenon was analyzed and
studied. Modeling of various components needed for simulations of a wind farm collection
grid such as transformers, reactors, cables and breakers for such a study is conducted. Fur-
thermore, measurements of high frequency transients are performed at Chalmers University
of Technology and in the cable laboratory at ABB Corporate Research in Västerås, Sweden.
The measurements are used for the parameter estimation of the models and for the simu-
lation veri�cation. Cases where surges of the magnitude and/or rise time above the basic
lightning impulse voltage level appear are identi�ed. Also, some transient protection schemes
are studied and the performance of di�erent transient mitigation devices is analyzed.

7.1 Conclusions

In this study, it is consluded that:

• The frequency dependent cable model available in PSCAD/EMTDC provides a good
basis for the high frequency transient phenomenon study if the electrical parameters
of the insulation layers are recalculated to compensate for the semi-conducting layers.
Since the cable geometry available in PSCAD/EMTDC does not allow for the model-
ing of the multi-pipe cables, the propagation speed of the surge is somewhat quicker
when compared to the measurements. However, the re�ection phenomenon is modeled
correctly;

• To obtain an accurate transformer model for frequencies up to a couple of kHz, the
frequency dependency of resistances in the transformer have to be accounted for. The
existing transformer model in PSCAD/EMTDC based on the UMEC algorithm that
accounts accurately for the core non-linearities with added Foster network of R and
L components to model the frequency dependent resistance can be used for accurate
simulations of transients in that frequency range;

• For the high-frequency transient analysis, stray capacitances are dominant in the for-
mation of the transformer response, and an accurate model can be obtained when stray
capacitances of the transformer are accurately estimated and added to the existing
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PSCAD/EMTDC model. Such a model simulated the voltage surges with accurately
calculated magnitudes and rise times. However, it shows a poor damping of the high
frequency oscillations caused by the capacitive coupling of the phases and needs to be
improved for more accurate simulations;

• A closing of a breaker can generate excessive turn-to-turn overvoltages. The most
severe turn-to-turn overvoltages appear in the case of delta connected dry-type trans-
formers. The maximum turn-to-turn voltage exceeds 2.5 times the voltage obtained
during the lightning impulse test;

• The rise time of the transient has a strong impact on the magnitude of turn-to-turn
voltages. During the breaker switching in cable systems where dry-type transformers
or reactors are installed, severe turn-to-turn voltages can appear due to short rise
times of the transients. Consequently, the critical voltage as a function of rise time is
proposed. The proposed critical voltage is similar to those ones found in standards for
the withstand voltages of large motors;

• During the simulations and the measurements, surges which exceed the BIL of dry-type
transformers speci�ed by IEEE standards, both in magnitude and rise time are recorded
even when surge arresters are used. Furthermore, the obtained voltage strikes exceed
the proposed critical voltage level, as well as the standard withstand voltage levels for
large motors. The highest overvoltages are recorded with dry-type transformers due to
a low stray capacitance of dry-type transformers that contributes to a short rise time
of the voltage surges;

• The RC protection used in the tests did not prevent the appearance of repetitive surges
and voltage escalations due to a very high rate of rise of the transient recovery voltage
which is much faster than the rate of rise of the dielectric strength (RRDS) of the
breaker. This was the case even when a breaker with a very fast RRDS is used to
interrupt current. Among the mitigation methods tested in this study, it is observed
that a surge capacitor protection or an RC protection coupled with surge arresters
decreases the voltage stress below the BIL.

7.2 Future Work

The cable modeling for high frequency transients can be improved using a cable model
developed in FEM where the frequency dependent impedance and admittance matrices of the
cable are obtained. The estimation of the electric and magnetic properties of the insulating
materials used in the cable can be obtained by measurements in order to obtain better
accuracy. In this work, only the magnitude of turn-to-turn voltages of a particular winding
is used to calculate the envelope of the critical voltage. Furthermore, the voltage breakdown
in the insulation material is not studied for di�erent rise times of voltage surges. Therefore,
it would be of great interest to perform similar research on di�erent types of transformers
with di�erent design of transformer windings and di�erent power ratings in order to �nd
the envelope for critical voltages. Furthermore, this research needs to include a research
about the in�uence of the rise time of voltage surges on the voltage breakdown of insulation
materials.
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