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Chapter 1

Summary

This report will discuss new methods to measure the phenomenon of Non Sus
tained disruptive discharge, a late restrike in vacuum breakers. As the occurrence
of NSDD is a statistical phenomenon in time, an alternative measurement
setup will have to be designed to examine the interaction between a vacuum
breaker, its surrounding network and the characteristics of a NSDD.
Chapter 2 will introduce the phenomenon and discuss a little bit ofthe research
history. Chapter 3 will provide background information on the operation of a
vacuum circuit breaker, introduce and discuss two types of reignitions, thermal
and dielectric reignitions and will describe the behaviour of the transient recovery
voltage.
As the occurrence of a NSDD is a statistical phenomenon, it is necessary to
find a predictable supplement for NSDD measurements. This has been found
in the occurrence ofprestrikes, which is explained in chapter 4- This chapter also
states two measurement methods for finding real NSDDs instead ofprestrikes.
One of these methods is described in greater detail and will be used in later
chapters.
To test the response ofa prestrike to different surrounding components, a mea
surement setup with three different oscillation frequencies is designed and de
scribed in chapter 5. In this chapter, a relationship will be found between the
frequency and the duration of the discharge. It will be stated that higher fre
quencies will cause shorter discharges. The cause for this result is found in the
frequency dependent damping of the circuit. In the following chapter, 6, mul
tiple frequencies are feed to the vacuum breaker at the same time. This time,
both the response of the prestrikes and of the NSDDs are measured. It will be
concluded in this chapter that the highest frequency component in a discharge
current will dominate the duration of the discharge described.
So far, only lumped capacitances and inductances were used in the test setup.
However, real power grid components have distributed impedances. so in chap
ter 7 the response of the prestrikes and NSDDs are measured for a coaxial and
a paper/lead cable are measured.
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The measurements described are all single phase, but the real danger of NS
DDs can be found in multiple phase systems. In chapter 8, a theoretical inves
tigation is performed into the behaviour ofdischarges in a three phase system.
Chapter 9 discusses the frequency interaction of the different oscillation fre
quencies and takes a closer look at the parasitic behaviour of the system.
Combining the findings of chapters 5 and 6 leaves the reader with the ques
tion why the highest frequency dominates the discharge duration. In chapter
10, the answer to this question will be given and the therory explained with a
simulation ofthe measurement setup.
All results found from the theory, measurements and simulations are brought
together in chapter II, in which conclusions are drawn and recommendations
are made.
At the end, the appendices provide more plots, oscillograms, differential equa
tions and pictures that are useful for a better understanding of the research
explained in this report.
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Chapter 2

Introduction

Any power grid, small or large of scale, cannot go without circuit breakers,
as it is truely an indispensably piece of hardware. In most cases, the circuit
breaker will be the only suited switch gear to stop the power flow in a grid
which has become flawed. Its job is to interrupt large currents through a system
and as such, it will be designed to interrupt the largest current possible and to
withstand the newly imposed voltage.
As such, the following is required of a circuit breaker, as listed by Van der
Sluis[I]:

• It will be good conductor in closed position.

• In open position it will be a good isolator.

• It changes in a very short period of time from close to open.

• It does not cause over voltages during switching.

• It is reliable in operation.

Over the last decades, many types of circuit breakers have been designed, each
called after the medium which extinguishes internal current are, that will ignite
when the contacts are opened. The most common types are air blast breakers,
high pressure oil breakers, SF6 breakers and vacuum breakers. Each with it
own philosophies of design and it own peculiarities.
The research described in this report will cover one peculiarity which occurs
to vacuum circuit breakers only, the Non Sustained Disruptive Discharge. This
NSDD is a discharge between the opened contacts of a vacuum breaker which
can occur even after the time of half a power frequency cycle, so when the
vacuum is stabilised after a switching event.
According to Smeets[3], p% of the vacuum breakers offered for testing at
KEMA in 1999 have shown NSDDs, mostly within 300 ms after interruption.
They occurred in the complete range of rated voltages, 12 to 50 kV, and short
circuit breaking current, 12 to 40 kA. In 79% of the cases, less than four NSDD
occurrences per test were counted.
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The cause, which triggers this discharge, is still uncertain. In previous years, re
search has been dedicated to examine the effects of small vibration and cosmic
radiation on the occurrence of NSDDs. Latest research has moved its scope to
high frequency transients in the power grid, caused by nearby inductances and
capacitances, making the occurrences of NSDD an interaction of the breaker
and surrounding system instead ofjust a local circuit breaker problem. The fol
lowing report will show the results of a detailed study on the relation between
the behaviour of a vacuum breaker and its nearby high frequency network.
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Chapter 3

Vacuum circuit breaker theory

3.1 Introduction

The behaviour of vacuum breakers has been researched for decades. While
most of this behaviour has been determined and mapped, there still remain a
few mysteries to be solved. One of these is the Non Sustained Disruptive Dis
charge, NSDD for short.
Normally, when a vacuum breaker is opened to interrupt the current, the vac
uum will most likely break down a few times immediately after the current zero
and will conduct current again for a few microseconds as is illustrated in figure
3.2. This is due to the transient behaviour ofthe device, in the time frame from
the start of the switching event to the steady state value where the breaker is
fully open.
However, in some cases [3], the vacuum breaks down long after the transient
time of the switching event and an arc will ignite for a short period. This phe
nomenon is called the Non Sustained Disruptive Discharge. Depending of the
properties of the high frequency discharge current of arc in the tube, it can be
extinguished after a very short time.

metal vapour
condensing shield

end flange

bellows
shield

insulating envelope

Figure 3.1: Cross-section of a vacuum breaker.

7



............--r-o~~~
Vacuum circuit breaker behaviour: close -> open swrtch event

8000

~ 6000

~ 4000

~ 2000
g> a
~ -2000

-4000"---'-~~---'--'-'-~~~-,-,-,-,-~~-'-'-"'~~-,-,-,-,~-,-,-,-,-,-,-,-,-,-,-,-,~~~,-,-,-,-,-,-,--,-~,-,-,-=,

-20 a 20 40 60 80 100 120
time[~l

.... ........ : I
~ L. .... "'- .... ~.... ,. , r" r" ,.. roo ...

...

o

2000

~
CD 1000
Q
>
c:
~

" -1000
Q

-2000
-20 a 20 40

time [~sJ

60 80 100 120

Figure 3.2: Measurement ofthe voltage and current response to a close --> open
switch event.

3.2 The principles of a vacuum circuit breakers

The vacuum circuit breaker in it's most simple design is illustrated in figure 3.1
from Damstra[s]. The breaker exists of two contacts, surrounded by a medium
of extremely low pressure (10-5 - 10-8 mbar). Because of the excellent insu
lation properties ofvacuum, the dimensions of the breaker are primarily deter
mined by the external dielectic field properties. The container is constructed
of a insulating material (ceramics) and is connected to two metal flanges. One
of the flanges is fixed, the other one is movable. The moving part is connected
to the container by a metal bellows. The ceramic insulation and the fragile
bellows are protected against the discharges by metal shields.
Acorrding to Damstra[s], the word vacuum in vacuum circuit breaker is mislead
ing, as no vacuum will exist during an current arc in the tube. A vacuum state
will only exist after switching events and will serve as insulating medium. The
electric breakdown field strength in vacuum (or pressures below 10- 5 bar) is
very high and is only determined by microscopic bumps in the surface, which
will enlarge the electric field. During production, these bumps can be remov
ing by endorsing a high voltage (80 - 100 kV) onto the opened breaker, which
will cause a small field emission current (1 - 1 mAl to flow. This small current
will emerge from the small bumps and during this process, these bumps will
melt and vapourize. When the ion vapourize precipitates, the contacts will have
smoother surfaces, enlarging the breakdown voltage. This process is called con
ditioning.
During an arc, the gap will be filled with metal vapour and metal ions, heav
ily disrupting the vacuum. The ion particles are drawn from the surface, which
endures an enormous power density (1017 W/m3). The arc voltage will be quite
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low (20 - 30 V), because of the low ionisation energy of the metal vapour. The
internal arc starts at the cathode of the opening contacts and will exist of many
small arcs, each conduction approximately 100 A. It is in these small arcs that
the metal vapour is being generated. In contradiction to the Lorentz force, these
small arcs will repel each other. Without any special modifications to the con
tacts, this so called diffuse mode will exist up to a total current of approximately
10 kA. When the current exceeds this points, contraction will occur, making
large melting spots which will damage the contacts. A well known method to
avoid this damage is to accept this contraction, but avoiding melting spots by
making the arc go round and round because of a radial magnetic field.

3.3 Reignitions and interruptions

3.3.1 Thermal reignition

When a vacuum breaker opens, an internal arc will form between the two con
tacts of the breaker, because of the residual magnetic energy in the circuit in
ductances. As current through these inductances cannot be stopped instantly,
this current will be forced into nearby capacitances, creating a large overvoltage.
This peak of this overvoltage can be calculated from the energy balance,

with L is the inductance, C the capacitance and i and u the system current
and voltage. As the gap is still very small, it cannot yet hold the rising voltage.
As a result, the electric field will collapse at a very low voltage, long before
the maximum over the overvoltage can be reached, and an current arc will be
formed. As this arc provides a path for the current, it is essential that this arc
is extinguished as fast as possible. For vacuum breakers, the only moment the
arc can be extinguished is at the zero crossing of of the current, because at
that moment the energy of the arc, equation 3-2, is at its lowest level and the
magnetic energy (Li 2 ) of the circuit is zero.
Extinguishing an arc basically means drawing as much energy from the arc
until it can no longer sustain itself. This is mostly accomplished by cooling
the arc by radiation, convection or expansion. For SF6 breakers, the following
simplified power balance can be made,

dQa
Pa = Pc + & (3. 2 )

with Pa = uaia is the electrical energy transferred into the arc, Pc is the energy
drawn from the arc due to cooling and Qa is the internal arc energy. When i a

starts to drop, the energy of the arc will also drop until it lowest level is reached
when ia becomes zero. So at that moment, the remaining energy Qa must be
drawn from the arc as quickly as possible, before ia starts to rise again, if the arc
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is to be extinguished. If this does not succeed, the arc will ignite again. This is
called thermal reignition. as the energy Qa is directly related to the temperature
of the arc. The remaining energy at zero crossing, Qo, is a function of two
variables,

With Si the steepness of the current at zero crossing, so di / dt at i = -0, and
/\
I the peak value of the current. Whether this power balance is also suitable for
vacuum breakers is still unknown, so future research will have to judge on this
fact.

3.3.2 Dielectric reignition

When the steepness of the current drops below its critical value and the current
is interrupted, it is not guaranteed that the arc will not ignite again. Indeed,
even when the arc can be thermally extinguished, it can ignite again because
of the transient recovery voltage, TRV. As a response of the electrical circuit to
interrupting the current, the voltage will sweep up to a top value determined by
circuit parameters. This raise in voltage is caused by the magnetic and electric
energy still left in the system. These two types of energy will convert into one
another in an oscillating way, as stated in the energy balance (301). In steady
state, the vacuum gap will almost certainly be able to hold this top value. But in
the transient time immediately after the elimination of the arc, the vacuum is
still too polluted with residual particles from the arc to withstand the new im
posed voltage. As a result, the gap will electrically break down and conduction
of current will start again. This is called dielectric reignition.
Figures 3-4 and 3.5 show two discharges of of the circuit illustrated in figure
3-3- This figure shows the simplified discharge circuit for a large capacitance
through a circuit breaker, with C I is a large capacitance, for instance a power
cable, and C2 is the parasitic capacitance of the breaker itself. The discharge
current i(t) is determined by the top value of the current, the discharge fre
quency, WI, the cos rp factor and the phase angle of the voltage at t = 0, 'lj;. The
top value of the current is determined by the top value of the voltage and by the
circuit impedance. The resulting TRV UTRV(t) is determined by the second
discharge frequency, W2, the top value of the voltage and the rate of damping of
the circuit, Td. Both i and UTRV can be calculated by,

i(t)
/\
I cos (WI t + 'lj; - rp)

/\rc;
U VL cos (WIt + 'lj; - rp)

/\
U [1 - e-CiTd cos (W2t)]
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Figure 3.3: Discharge circuit for figure 3-4 and 3+
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with the following parameters,

1
WI

yfLC!
1

W2
yfLC2

L
72 = -

Rd

Figure 3.4 shows the process of thermal only reignitions. The frequency of
the current is high enough to result in a value of Si which the breaker cannot
interrupt (Si > Si,crit), because equation 3.2 and 3.3 will result in dQ / dt >
o. The voltage will remain the arc voltage, close to zero, during the entire
discharge and the current is continuous at zero crossing. The figure does also
show the peak of the prospective recovery voltage, U pr , which would be the
maximum amplitude of a possible TRV at that time. Because of damping in
the circuit, the value of Upr decreases in time. In figure 3.4 it can be seen
that by the time Si is low enough to interrupt (Si < Si,crit), Upr and thus the
resulting TRV is also below a level that the vacuum can hold, so the breaker can
successfully interrupt the current at this point.
Figure 3.5 shows a graph where the value of Si will become low enough to in
terrupt the current, Si < Si,crt, but where the vacuum cannot yet handle the
resulting TRY. At the fourth zero crossing, the vacuum tries to interrupt the
current, but the corresponding maximum possible value of Ur , Upr , is higher
than the breakdown voltage of the vacuum. The voltage rises until this break
down voltage Ur is reached and the electric field collapses, resulting in a new
current flow. As the maximum of the breakdown voltage Ur is of a lower value
than the maximum possible TRV (Ur :S Upr ), this maximum possible value
Upr will not be reached. This process keeps on repeating until at some point
the maximum TRV drops, due to damping, below the breakdown voltage and
the current will be interrupted.
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Chapter 4

Investigating prestrikes as a
substitute for NSDD

4.1 The principles of a one phase NSDD

When a vacuum breaker is opened to interrupt the current flow, an arc between
the opening contacts will emerge. When the steepness of the current and the
resulting transient recovery voltage are below certain limits, this arc can be
extinguished. After this process, the vacuum gap is most likely to collapse a
few more times until the contacts are moved apart far enough for the vacuum
to hold the imposed voltage.
But even after a long period of time, at least on a microsecond scale, the vac
uum can still collapse and an arc will emerge. This breakdown is called a Non
Sustained Disruptive Discharge. During this breakdown, all nearby inductances
and capacitances will be discharged, starting at the closest and smallest compo
nents, followed by the somewhat larger and more distant components and so
on, until the arc is extinguished again by the vacuum. More about this process
can be read in chapter 8.
According to Smeets[8], 32% of the vacuum breakers offered for testing at
KEMA in 1999 have shown NSDDs, mostly within 300 ms after interruption.
They occurred in the complete range of rated voltages, 12 to 50 kV, and short
circuit breaking current, 12 to 40 kA. In 79% of the cases, less than four NSDD
occurences per test were counted.
The cause, which triggers this discharge, is still uncertain. Research has been
dedicated to examine the effects ofsmall vibration and natural radiation on the
occurrence of NSDDs. Latest research has moved its scope to high frequency
transients in the power grid, caused by nearby inductances and capacitances,
making the occurrences ofNSDD an interaction of the breaker and surround
ing system instead of just a local problem.
A summary of research results up to 2002 is given in ChalY[7], which state the
following assumptions:



• NSDD probability strongly depends on the recovery voltage.

• NS DD probability depends on the mechanical characteristics ofthe breaker.

• NSDD time delay is distributed statistically and can reach fractions of
seconds.

• NSDD probability demonstrates weak dependency on the value ofinter<
rupting current

• At no load interruptions conditioning effect is observed.

When the test circuits, described in chapters 5, 6,7 and 9, were designed, the
first four items mentioned above were included. Measuring the fifth item is
beyond the scope of this investigation.

4.2 Investigating prestrikes

The occurrence of a NSDD is a statistical phenomenon. It will or will not hap"
pen, depending on several known and unknown causes. What is known, is that
some types and brands ofvacuum breakers are more likely to endure these dis
charges than others. But even with these more sensitive types, a NSDD does
not have to happen. This makes it hard to do precise measurements on this
phenomenon. However, when a breal<er closes and it contacts are moving to
ward each other, there will be a critical moment when the distance between the
contacts is too short for the vacuum to hold the electric field and the vacuum
will collapse. The resulting arc is called a prestrike and will presumably have the
same characteristics as a NSDD, such as steepness and transient recovery volt
age. So, as will be concluded later in this chapter, more can be learned about
the behaviour, the ability to measure and the process of extinguishing a NSDD
from taking a closer look to these prestrikes.

4.3 Measuring NSDDs

Measuring a NSDD with conventional measurement equipment is not an easy
task, because ofthe length ofthe measurement time frame and the sample rate
required. As stated by Schlaug[8], 99% of all NSDD occurrences will happen
within 3 s after opening the vacuum breaker. On the other hand, a NSDD will
last approximately ro to 50 f.LS with very rapid changes in the current channel
during this discharge. As such, the search for NSDD should at least last 3 s
with a sample rate of roo MSjs for accurate measurements. Unfortunately, no
conventional oscilloscope will be able to process the amount of data required to
do a full record of the 3 second time frame.
To perform this measurement, two methods are available, the 50 MHz KEMA
measurement device and the delayed time frame triggering. The KEMA device, as
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Figure 4.1: Test setup for the delayed time frame triggering method.

described in Damstra[4], operates as a oscilloscope with a slow buffer, which
records the entire measurement time frame. At the same time, it awaits high
transients in the signal and when it finds a transient above a certain value, it
will start recording at a high sample rate into a separate high speed buffer. In
total, 16 of these high speed buffers are available. The data can be read into a
computer and the entire signal plus the transients are shown.
The downsides of the KEMA device are that is expensive to manufacture and
that it very sensitive to voltages on the input connectors of the recorders, which
will damage the internal circuits.
The second method, the delayed time frame triggering, is done with a normal
oscilloscope. In the circuit setup, as described in chapter 5, a steady state cur
rent of 400 rnA will flow. However, during a discharge, such as a prestrike
or a NSDD, the current will be up to 500 A, making it very easy to trigger the
oscilloscope to a discharge. The difficulty with this method is the transient pe
riod after current zero. For the first few microseconds, the interruption process
will not go without a few discharges will the vacuum tries to permanently in
terrupt the arc. As the oscilloscope can only record one discharge with high
sample rate, these first few discharges, immediately after opening, will trigger
the oscilloscope to record these discharges instead of a possible future NS DD.
The solution is to suppress the signal from the current probe to the oscilloscope
for about 30 f.LS, until the transient behaviour of the opening of the breaker is
cleared. This can be done by a relay in the measurement data line, which will
close after 30 f.1S and will open after 3 s, making a perfect measurement window.
Outside of this window, no signal is received, so the oscilloscope cannot be
triggered before the measurement window.
The result of a test setup is shown in figure 4.1. At a defined moment in time,
a trigger pulse is given to the delay box, which will wait for a defined period
of time before passing on the trigger pulse. This delayed pulse then closes the
relay, enabling the oscilloscope to receive the measurement signal. After 3 s,
the relay is opened again and the measurement will be completed.
The downsides of this method, compared to the KEMA device, are that only
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Figure 4-4: Discharge circuit for measuring prestrikes and NS DDs.

one discharge can be measured and that it is unknown when this discharge
took place during these 3 seconds.

4.4 Validation of substitution

To verify the claim, made in section 4.2, figures 4.2 and 4.3 are observed. Both
measurements are performed with the discharge circuit illustrated in figure
4+ The details of the measurement setup are described in chapter 6 on page
30. These two plots show two typical examples ofa prestrike and a NS DO mea
surement. More details and statistical data about these measurements can be
found in sections 6 and 6.5, but for the validation of the assumption described
above. these two plots provide sufficient data. Comparing both plots shows
that the results are highly comparable. The breakdown voltage and the recov
ery voltage are alike. just as the duration of the discharges. As such, it can be
stated that analysing prestrikes is a good substitute for analysing the behaviour
ofNSDD.



Chapter 5

Discharge research with one
LC circuit

5.1 Introduction

Each discharge frequency component will result in a specific interruption pat
tern, as frequency is directly related to the steepness of the current and the
resulting transient recovery voltage. To better understand these patterns, three
discharge circuits are built, each consisting of a single inductance and a sin
gle capacitance. Each set will discharge with a single frequency, so when the
three sets are properly chosen, a relation between the LC components and the
discharge pattern can be found.

5.1.1 Measurement setup

The discharge measurements are performed with the measurement setup as
described in figure 5-1. Real life photos of the setup can be seen in appendix
C on page 77. The power source is a variable 50 kV, 50 Hz, 50 MVA single
phase transformer. The resistance is chosen to be 90 kO, so that the steady
state circuit current is only a few hundred rnA. Larger currents are not possi
ble because of the limited power output of the transformer. However, as the
occurrence ofNSDD is thought to be voltage related and not current related, it
is also not necessary. The spark gap acts as an overvoltage safe guard and will
ignite at approximately 60 kYo The entire circuit can be grounded by a remote
controlled earth switch in series with a 15°00 resistance.
Voltage measurements are performed with a Tektronix HV probe. Current
measurements are performed with three Pearson 110 current transformers
and, in some measurements, the less accurate en less sensitive Pearson 30lX
is used. As main oscilloscope, the Tektronix was used and in some cases the Le
Croy is used for its superior triggering capabilities. All specifications of these
devices are given in table 5.1. All coax cables connected to the Pearsons are
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Figure 5.I: Circuit of test setup. The main components Land C are available
in three values for three different oscillation frequencies.

Tektronix Pearson Pearson Tektronix Le Croy
HV probe current trans. current trans. oscilloscope oscilloscope
P6015A no 30IX TDS 420A 9314M
25 MHz 20 MHz 2MHz 200 MHz 300 MHz
IOOOX IOO mVjA IO mVjA IOO MSjs IOO MSjs
3 pF, IOO MO 120 kptsjch 50 kptsjch

Table 5-1: Specifications (type, bandwidth, sensitivity) ofmeasurement devices.

terminated at the oscilloscope by an external 50 0 resistor, dividing the output
voltage by a factor of two. The high voltage probe is terminated by the internal
I MO of the oscilloscope.
The vacuum circuit breaker is operated by a timer connected to a relay, making
it possible to open and close the switch with fixed intervals. Both the relay and
the mechanical part of the circuit breaker will cause a time delay between the
given operating command and the actual galvanic opening or closing of the
contacts. These delay times are given in table 5.2 for the two different vacuum
circuit breakers used in this setup.

5.1.2 Measurements

For the measurements described in this report, the three following sets of in
ductances and capacitances were chosen, resulting in three oscillation frequen
cies, calculated by w = 1/viLiCi. Each set is connected to the vacuum breaker



VCB command average time delay
I open ----7 close 68.0 ms
I close ----7 open 59.6 ms
2 open ----7 close 84.5 ms
2 close ----7 open 38.0 ms--

Table 5.2: Time delays between the operating command and the actual galvanic
opening or closing of the contacts

as illustrated in figure 5.1.

• L 1 = 8.Ie-6 H
Cl = 2.5e-9 F ------> !l = 1.1 MHz

• L2 = 5I.5e-6 H
C2 = 2·5e-9 F ------> h = 430 kHz

• L3 = 494.6e-6 H
C3 = lOe-9 F ------> h = 72 kHz

For every set, 24 measurements are performed under prestrike conditions, so
that statistical conclusions can be drawn. An open ----7 dose command is given
to the vacuum breaker and the contacts start moving toward each other. When
the gap is getting too small for the voltage applied to it, a prestrike will occur.
This prestrike can be measured by triggering the oscilloscope on the current
that will flow during this discharge. As the discharge current is in the order of
hundreds of amps and the steady state current is only about 400 mA, detecting
the high frequency discharge will cause no problem.
Three example plots of a prestrike measurement for the discharge circuit with
L 1C1 , L2C2 and L3C3 are given on page 69 in the appendices. Figure 5.2
shows three discharges on one time scale, one for each LC combination. Most
striking is the large difference in duration of the discharges. This fact becomes
more obvious from the plots which show all important data from the three mea
surement sets, as can be seen in figure 5-3- This plot shows three cumulative
fraction plots for all the measurements. The upper plot shows the duration of
a prestrike versus frequency, the middle plot shows the prestrike voltage, Uo,
versus frequency and the last plot shows the recovery voltage, Ur . See figure 3-4
for a graphical explanation of these parameters. From the first graph, it can be
concluded that every testing frequency will result in its own statistical distribu
tion of the duration of prestrike. For the high frequency, the average duration
is 10 /-Ls, for the medium frequency, this is 18 /-LS and for the low frequency, this
is 100 /-LS.

From the second graph, it can be stated that most of the measurements are
performed near 34 kVpeak. Ideally, this plot should be a vertically straight line
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Figure 5.2: Overview of three discharges with different oscillation circuits. The
rectangular boxes indicate the ultra high frequency recovery voltages.

at 30 kVrms or 42 kVpeak, the maximum voltage of the transformer. However,
it is rather difficult to time the prestrike to occur exactly at this maximum of
the voltage sine wave, causing this variation in prestrike voltage. The £3C3

prestrike voltage curve is clearly more concentrated around Uo = 38 kV than
the other two measurement sequences. However, it is safe to state that this fact
has no influence on the relative locations of the three prestrike duration curves.
The third plot shows the statistical recovery voltage, also known as interruption
voltage, u.i , meaning the residual voltage of the capacitance in the oscillation
circuit, determined as the peak of the ultra high frequency transient recovery volt
age, UHF-TRV. This plot shows that average of Ui1 is 9 kV, the average of Ui 2

is around 17 kV and the average of Ui 3 is at 21 kV. It can be seen that the lower
the frequency, the higher the residual voltage on the capacitance. This fact is
of course directly related to the damping in the circuit, which itself is again fre
quency dependent. At lower frequencies, the damping of the oscillation will be
lower and vice versa. The subject of damping is covered in more detail in sec
tion 5.1.3. As such, if a LC combination starts to discharge, the current will start
to oscillate between the inductance and the capacitance until they are both dis
charged by energy loss by frequency dependent circuit resistance. The rate of
this discharge is directly related to the damping, so higher damping will cause
a quicker discharge.

21



Duration of prestrike as cumulative fraction

0.8
:I:
c:
0
~ 0.6
,jg

'">
.~ 0.4
:;
E
"" 0.2

0
0 20 40 60 80

prestrike duration [lls]
100 120 140

Prestrike voitage (U
o
) as cumulative fraction

4.2

X 10'

4

......J
J.: ...

- L1C1 (1.1 MHz)
- L2C2 (430 kHz)
- L3C3 (72 kHz)

3.83.63.2 3.4
Uo [V]

-'--
3

0.8
:I:
c::
.Q
"0 0.6
~

'".2:
iO 0.4
:;
E
"" 0.2

0
2.4 2.6 2.8

Recovery voltage (U~ as cumulative fraction

- L1C1 (1.1 MHz)
- L2C2 (430 kHz)
- L3C3 (72 kHz)

0.8
:I:
c:,g

0.6",jg
'">"ia
:;
E
""

4.5 5 5.5

X10'

Figure 5+ Cumulative fractions of the duration of the prestrikes, the prestrike
voltage, Uo, and the interruption voltage. Ui .

22



Of course, it is most likely that the oscillation current is interrupted by the
vacuum breaker before all energy is dissipated, leaving a residual voltage on
the capacitance. The higher the damping, the quicker the discharge and thus
leaving less residual voltage after interruption.

5.1.3 Damping of current

In the previous section, a relation was detected between the damping in the
system and the oscillation frequency of that same system. In this section, this
relationship will be explored more deeply. When the top values of I vcb are
known during a prestrike, it is possible to calculate the damping of the current
signal with the following equation,

A A
I 10 eCtt (5. 1)

A A
lnI In 10 +at In e = A + at (5. 2 )

1 t
(5·3)-*T

A Aa In 10 -In I

A
With 10 the value of the first current peak in the discharge. An example of a
curve fit with this method can be seen in figure A.I in the appendices on page
68. Calculating this coefficient T for all tests provides figure 5.4, with T1 is 6.8
f..LS, T2 is 21 f..Ls and T3 is 83 f..LS.

5.1.4 Thermal and dielectric reignitions in practice

In section 3.3, the difference between thermal an dielelectric reignitions was
explained. This different can also be seen from the measurements performed.
Figure 5.5 shows a few measured examples ofthermal and dielectric reignitions
in practice. In the two upper plots, a high frequency (r.r MHz) current is con
ducted by the arc. Because of the high frequency, Si will also be high (in the
order of 109 Ajs). As a result, the current will go through zero without inter
ruption or voltage rises. The TRV does not have a chance to be built, since the
current is continued. When Si has become low enough, so that dQa/dt drops
below zero, because of damping in the system, the arc can be interrupted. This
interruption is followed by a ultra high frequency TRY. Calculating the value of
Si in a single frequency circuit can easily be done by,

(5-4)

In the two plots in the middle, an example of a medium frequency (430 kHz)
measurement is shown. This discharge sequence starts with a value of Si high
enough to have thermal reignitions for the first few zero crossings of the cur
rent. When the steepness is low enough for the vacuum to interrupt the current
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flow, a TRV is being built. This TRV rises upto a point where the electric field
strength is higher than the dielectric strength and the dielectric field will col·
lapse, the transient recovery voltage peak, Ur • as defined in figure 3.5 on page II.

This happens a few times until also the dielectric field strength is high enough
to withstand the peak of the TRV, Ui , the interruption voltage.
In the lower two plots, the frequency of the current (72 kHz) is low enough
to result in values of Si which are immediately below the required level for
the breaker to interrupt the current. But the amplitude of the resulting TRV
is higher than the vacuum can hold and will result in reignitions. It must
be remarked that in these plots, dUring a arc, the voltage is lifted from low arc
voltage to higher levels after a negative peak. As an arc exists, almost no voltage
will exists across the vacuum chamber, so it can be concluded that this lifting
of the voltage must be an error in measurement.
Figures 5.6 and 5.7 indicate another example measurement for the high fre
quency tests. It can clearly be seen that the value of Si has to drop to a certain
level before the TRV starts to rise at zero crossing. The upper plot of figure
5.6 shows the values of Si, descending in time. When the steepness descends
below a certain level, the current is interrupted and a voltage peak is measured.
This first Ur value can be seen in the lower plot of figure 5.6 at 9-4 p,s. Appar
ently, the vacuum was not able to hold this newly imposed voltage and the arc
is reignited. This process is repeated a few times. until the vacuum can hold
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the last voltage peak, Ui, at 13.9 J1.S and the current is interrupted.
This process is also illustrated in figure 5.7. but now the Si and Ur values are
compared directly. The arrows indicates the flow of time, the right arrow in
dicates the thermal discharge section and the left arrow indicates the dielectric
discharge section. The curve indicates the maximum possible TRV at that time
with that current steepness.
Figure 5.8 shows all the measured steepnesses of the current of the three test
setups in one figure. The dots indicate a zero crossing with reignition and the
dots with a circle around it indicate a zero crossing where interruption of the
current was successful. It is possible to draw three curves through these circled
dots. These three curves indicate the values of the prospective recovery voltage,
Urp , the maximum possible TRV at that time with that steepness. Urp can also
be calculated as,

di
Urp = AL dt li=O = ALSi (5·5)

with A is the dimensionless overvoltage factor. The lines drawn in figure 5.8
have the following equations,

PI

P2

P3

UbI = f(Si) = 11.8· Si x 10-6
- 1064.1 ---> Al = 1.5

Ub2 = f(Si) = 106.2· Si x 10-6
- 505.9 ---> A2 = 2.0

Ub3 = f(Si) = 870.4· Si x 10-6
- 4498.9 ---> A3 = 1.8

5.2 Comparison of prestrike characteristics between first
and second breaker

To be sure that the data found in the measurements described in section 5.1.2

is not incidental, the measurements are repeated on a second vacuum circuit
breaker of another manufacturer. Figure 6.9 shows the results of this com·
parison. As it can be seen from the upper plot, the second vacuum breaker is
faster in handling a current are, as the duration of all prestrike arcs is shorter
than with the first vacuum breaker. The second plot confirms that all measure
ments are performed at approximately the same prestrike voltage Uo and the
lower plot indicates that the residual voltage distributions of the two breakers
are alike.
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Chapter 6

Discharge research with
multiple LC circuits

6.1 Introduction

In real life situations, a discharge current through a vacuum circuit breaker will
consist of more than one frequency component, as a power grid has many in
ductances and capacitances. To test the behaviour of a breaker under simulated
grid conditions, a test setup is designed with up to three LC oscillation circuits.
The choice ofthe necessary components is definitely not arbitrary. First ofall, to
get a clear analysis of the frequency behaviour, the three oscillation circuits are
not allowed to influence each other, so in other words, the resulting frequencies
are not allowed to be too close to each other. Secondly, there is an upper limit
to the choice of frequency, as the bandwidth of the measurement equipment is
finite. Thirdly, the impedances of the three LC combinations must be carefully
chosen, so that each branch will conduct a current in the same order of magni
tude. And finally, the total impedance must be large enough so that the current
is limited below the maximum output the power source can provide.

6.2 measurement setup

Figure 6.1 displays the test setup used for multiply frequency interruption and
prestrike measurements. Real life photos of the setup can be seen in appendix
C on page 77. Just like with the single frequency measurements, the power
source is a variable 50 kV, 50 Hz, 50 MVA single phase transformer. The re
sistance is chosen to be 90 kO, so that the steady state circuit current is a
few hundred milliamps. Larger currents are not possible because of the lim
ited power output of the transformer. However, as the occurrence of NSDD is
thought to be voltage related and not current related, it is also not necessary.
The spark gap acts as an overvoltage safe guard and will ignite at 60 kV peak
voltage. The entire circuit can be grounded by a remote controlled earth switch
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Figure 6.1: Test setup with three LC oscillation circuits. The discharge frequen
cies are calculated to be !l = I.I MHz, h = 430 kHz and h = 72 kHz. If only
two LC circuits are required, the grey circuit is removed from the setup.

in series with a 1500 0 resistance. The voltage and current measurements are
performed as described in chapter 5 on page 18. The values of the inductances
and capacitances are chosen as indicated in figure 6.1.

6.3 Interruption behaviour

The most common measurement for vacuum circuit breakers is the ability to
interrupt a current by opening the contacts and extinguishing the inner arc.
However, when the breaker is opened and the internal arc is extinguished for
the first time, it is likely that the distance between the moving contacts is not
yet large enough to hold the electric field strength. As a result, the vacuum
will collapse and the arc will ignite again. This process is called a restrike and
this new arc is again extinguished and this process will be repeated until the
vacuum is strong enough to hold the imposed voltage.
Figure 6.2 states an interruption measurement which displays the process de
scribed. For this test, the third, grey, LC circuit of figure 6.1 is not included.
The upper plot shows the voltage across the circuit breaker trying to reach the
imposed voltage. In the beginning, the field does collapse a few times as pre
dicted and, as a result, a large discharge current will flow through the circuit
breaker during this collapse. The energy for this discharge is drawn from the
two capacitances in the system. Indeed, the current lvcb is the superposition of
the currents lc1 and lc2, as can be seen in the time domain in figure 6.3 and in
the frequency domain in figure 6+ In figure 6.3 it can also be seen that the
currents after interruption through the capacitances are considerable. These
currents will level that residual charge on the two capacitances.
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Figure 6.2: Interruption measurement for a discharge circuit with only two LC
circuits.

When the internal arc is extinguished, making the current Ivcb zero, the cur·
rents leI and I c2 are still present, although dampened in time. This can be
seen at the arrows and is caused by the compensation current between the two
capacitances to level the electric charge between them after the discharge.
In figure 6,3 can be seen that at peaks (a) the voltage is no longer zero, the
vacuum is trying to extinguish the arc when the current crosses zero. This
can also be seen at peaks (b) were the current through the breaker stays to
zero. However, the vacuum does not succeed and the arc starts again. At (c) it
can been seen that the less sensitive Pearson Pno clips at higher frequencies,
resulting in incomplete measurements.

6.4 Prestrike behaviour

In the search for NSDDs, it is not the interruption behaviour that is of interest,
but the prestrike behaviour, resulting from a open ----t close command. The
cause for this interest is the similarity between a prestrike and a NSDD, as
explained in chapter 4. Figure 6.5 shows a prestrike measurement, done with
the test setup of figure 6.1, with all three LC circuits. The upper plot of figure
6.5 shows the voltage for the total time window of the measurement. The left
lower plot shows an enlarged part (a) of the voltage measurement and the right
lower plot shows the corresponding current. (a) Indicated the prestrike under
investigation and (b) indicated another discharge later in time.
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Figure 6.5: Prestrike discharge measurement for the three LC circuits from
figure 6.1.

The prestrike starts at a breakdown voltage (c) of 43 kV and lasts for 55 fJS

(g). Meanwhile, the voltage is near zero, but infected with some measurement
noise (d). The vacuum makes five attempts for extinguish the arc, letting the
voltage rise to the prospective recovery voltage (e) and the current zero (f), but
the first four of these attempts fail. Until the moment comes when the vacuum
can hold the recovery voltage (first voltage peak at (g)).
To better understand the reasons for the failed interruption attempts and why
there are the only five of them, it is necessary to detect and observe the thermal
and dielectric reignitions.

6.4.1 Thermal reignitions

The reason why there are only five interruption attempts is found in the ther
mal reignitions. If the steepness of the current is to high, the vacuum will not
be able to make an interruption attempt, as explained in section 3.3, so our fo
cus shifts to determining the steepness. For single frequency discharges, as
in chapter 5, it is quite easy to calculate the steepness of the current and thus
analyse the thermal reignition properties of the vacuum breaker. For multiple
frequency discharges, equation SA can no longer be used, so other methods
have to be applied.
The most obvious method, when using numerical measurement data, is to
numerically calculate the derivative. Numerical differentiation is very difficult
with few data points. To deal with this problem, the designed program will
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interpolate the measurement data with a given interpolation factor and will use
this new data in all the processing later on. The interpolation is accomplished
by the matlab command:

spline

a cubic spline interpolation tool. More details on this command can be found
in the Matlab 5.3 help files. Interpolation must be treated with great care, be
cause it may result in data which will not have existed in real measurement.
Nevertheless, the advantages for the calculations used in these measurements
out weight the disadvantages, because:

• The derivatives will be more accurate, especially in situations where the
frequency of the signal is close to the sampling frequency, so the calcu
lated values become erratic.

• The precise time of the zero crossing is more accurately determined. The
program detects a change in sign and marks the data point before this
sign change are 'zero crossing'. But this data point will most likely not
be at zero. But the more data points, the closer this point is to the zero
value.

Numerical derivation is a difficult and dangerous business. To approximate
the real life value as close as possible, multiple data points have to be used to
calculate the derivative. But not all points used are just as important, so they
should by weighted. A good solution for the problem described is equation
(6.r, known as the simplified five poin.t formula based on Lagrange's formula
for equally spaced abscissas.

(6.r)

6.4.2 Dielectric reignitions

When an attempt is made to extinguish the arc permanently, the voltage will
start to rise, trying to reach the prospective recovery voltage. However, is the
vacuum is not yet capable of handling this transient recovery voltage, the field
will collapse, as has happened in the first four attempts in figure 6.5. At the
fifth attempt, the field strength is sufficient to handle the resulting TRY.

6.4.3 Sorting out interruptions and reignitions

It is of high interest to find out at which value of steepness an arc will reignite
or be interrupted. A program has been designed which will automatically read
the data from the oscilloscope, interpolate this data and will generate voltage
and current plots, frequency plots and a derivative plot, all in one overview
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Figure 6.6: Cumulative fraction for the current steepness.

graph. The result for the measurement described in the previous section is
given in figure 6.7. To gain a better insight in the threshold for interruption
vs. reignition, the steepness plot of figure 6.7 can be presented as a cumulative
fraction plot, showing the value ofthe steepness and whether or not a reignition
has occurred. This information has been given in figure 6.6. In this figure it
can indeed be seen that a threshold, above which thermal reignitions will occur,
exists.
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Figure 6.8: 30 kVrms measurement of a NSDD discharge with LC circuits I, 2

and 3.

6.5 NSDD measurements

Now that is clear that interruption and prestrike discharges can be measured,
it is of course interesting to know whether NSDD measurements can also be
performed. To perform this measurement, the setup of figure 6.1 on page 31 is
used with all three LC circuits. This setup is connected to the NSDD measuring
equipment as described in section 4.3 on page 14.
This test has been performed on both brands of vacuum breakers, each rated
as 10 kVrms breakers. To increase the change of NSDD occurrence, the im
posed circuit voltage is three times the rated voltage, mal<ing it 30 kVrms . The
measurement has been repeated 50 times on both breakers, with different reo
sults. The first breaker tested did not show any NSDD occurrences, while the
second breaker showed 13 NSDDs. Figure 6.8 shows one of these discharges
and figure 6.9 shows the discharge characteristics of the measured NSDDs.
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Chapter 7

Discharge research with
distributed impedances

7.1 Introduction

In practice, a circuit breaker will not be surrounded by lumped capacitances
and inductances, but will be hooked up to power cables or lines. The internal
capacitances and inductances of these components are modelled as distributed
impedances and will prescribe the discharge behaviour of the circuit breaker
under investigation. To compare this real-life situation with the theoretical sim
plified LC circuit described in chapter 6, measurements have been performed
to both a HV coaxial cable as a 10 kV paper/lead cable.
Any cable can be substituted by a distributed model, containing numerous
LC combinations in series. When an arc between the breaker's contacts dis
charges the components of this distributed model, every capacitance will dis
charge trough every inductance on its path, generating an equally number of
frequency components. According to the frequency - time domain conversion
theory, all of these components combined will generate, in an ideal situation, a
rectangular pulse. This process is pictured in figure 7.I(a).
But while coax cables are known to have good conduction on a wide frequency

(a)

~ R'-----;i coax

...L.D_--+-_.....,IlL....._-+-_T'"" GPLK

LJ LJ
(b)

Figure 7.1: (a) Discharge of a distributed cable model, (b) resulting wide band
discharge pulse on a coax cable and a paper/lead cable.
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band, a GPLK is specifically designed for the rated power frequency, making it
act like a low-pass filter. As all the higher frequencies are filtered out, the edges
of the rectangular pulse are rounded off, as can be seen in figure 7.I(b).

7.2 Measurements

7.2.1 10 kV coax cable

To test the assumptions made above, a 10 kV coax cable, type 217, 50 meters
in length, is connected to the vacuum circuit breaker as indicated in the upper
graph of figure 7.2. The shielding is connected to earth at both sides of the
cable, the left side ofthe core is connected to power source, while the right side



is floating. As it is a 10 kV cable, the voltage source will be set to 10 kVrms .

With this test setup, 24 prestrike discharges have been performed, of which
the results can been found in figure 7.5. One examples of a prestrike discharge
can be seen in figure 7.3 and another in the appendices. Interruption measure·
ments have also been performed, but no discharges could be measured. This is
caused by the high capacitance of the coax cable, limiting the rise of the voltage
because of i = C du/dt. As i is reasonably constant, a high value ofC will only
allow for a low value of du/dt. If the rise of the voltage is lower than then the
recovery rate of the vacuum, the electric field will not collapse and no restrike
will occur. Finally, 15 measurements have been performed in order to search
for NSDDs, but no NSDDs have occurred.

7.2.2 10 kV paper/lead cable

The tests on the coax cable have been repeated on a 10 kV GPLK cable, 120

meters in length. The cable is connected as indicated in the lower graph of
figure 7.2. One example of a prestrike discharge can be seen in figure 7-4
and another in the appendices. Only one phase is used, the other phases are
connected to earth, both core and shielding. Again, 24 prestrike measurements
have performed and the results are given in figure 7-5. Both interruption- and
NSDD measurements did not reveal any discharges.

7.3 Conclusions

As can be seen in figures 7.3 and 7.4. the shape of the discharge current is far
from rectangular as was theoretically predicted. So it can be concluded that
the values of frequencies, resulting from the capacitances and inductances of
the distributed model, are not evenly distributed, but only a few of them are
dominant.
Comparison of prestrike characteristics with LC circuits indicate that again the
prestrike duration is rather short, as can be seen in figure 7.5. The maximum
duration is only 12 j..Ls, much short than was expected before the measurements
were performed.
Unfortunately, no NSDDs occurred during the measurements with the cables.
The most probable cause is the low voltage imposed on the vacuum circuit
breaker. While NSDDs could just be measured on the LC oscillation circuits
with 30 kVrms • these tests were performed with a mere 10 kVrms • as this value
is the maximum voltage which can be applied to these cables.
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Chapter 8

NSDD in three phase systems

8.1 Introduction

In chapter 4, the characteristics of a NSDD occurrence are described in great
detail. But the scope of this explanation is limited to single phase circuits. In
that case, the discharge' current paths and the influences on the voltages can
easily be determined, In a multi phase system, the impact of a NSDD becomes
more complicated. This chapter will theoretically discuss the influence of a
NSDD in one phase of a three phase system.

8.2 Discharges in a three phase system

One practical situation which can cause difficulties for a circuit breaker, is to
switch a capacitive load, Switching will cause a step change of the voltage of the
capacitance and for this type of change, the impedance to earth is very small.
As a result, large currents will flow and the grid voltage will suffer serious
voltage dips. This scenario can be simulated by a voltage source connected to
a circuit breaker which again is connected to a large capacitance. Normally, a
circuit breaker is connected with power cables, as it is usually located near the
source, transformer or a substation, while the large capacitor banks will usually
be connected by long power lines. The neutral point of the large capacitance is
usually not grounded directly.
This general reference circuit is modelled in Mathworks Simulink's SimPower,
allowing for numerical simulations ofthe response ofthe three phase system to
opening and closing of the vacuum breaker. The implementation is illustrated
in the diagram of figure 8.1. In this circuit, the three voltage sources, U1 =

U sin (wt), U2 = U sin (wt + 2/37r) and U3 = U sin (wt - 2/37r), are grounded
at their neutral point. The resistance Rsc and inductance Lso are the short
circuit resistance and inductance of the source, for instance a transformer.
The cable, connecting the source with the circuit breaker, is modelled by a
parallel inductance L sp and a series capacitance Cs, both directly related to the
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type and the length of the cable.
The three phase circuit breaker is modelled as three separate one phase (}:
breakers, meaning they are able to close at any time, but can only be opened
at zero crossing. A discharge is modelled by very quickly closing and opening
one ofthese circuit breakers. Across the breaker, a small inductance and capac
itance are in series to simulate the parasitic behaviour of a non ideal breaker.
The cable connected to breaker on the load side is again modelled as a 11"
section, with a parallel inductance L tp and a series capacitance Ct. The cable
connecting to the capacitive load, is modelled by a inductance, which is also
directly related to the type and the length. The neutral point of the capacitance
is kept floating by connecting this point to earth with a small capacitance.
Figure 8.1 also contains four plots, which provide information about the dis
charges that will take place during the NSDD simulation. Oscillogram!. shows
the current on the load side cable, indicated by the encircled I in the circuit.
Oscillogram ~ depicts the derivative of the breaker current at zero crossing.
Oscillogram 3 shows the voltage measured on the capacitive load, indicated by
the encircled-3 in the circuit. Finally, Oscillogram 4 shows the frequency char-
acteristics of the breaker discharge current. -
In a three-phase system, multiple paths are available for a discharge current
of a capacitance. Each discharge path will have it own parameters, such as
frequency, discharge rate and amplitude. These parameters will depend on
the discharging capacitance itself, but also on the resistances, inductances and
other capacitances in its discharge path.
The parameters can be determined by the following set of equations:

1
(8.I)w

VLtCi

211"
(8.2)T

W

Zo = J¥: (8·3)
Ci

with Ci the discharge capacitance, L t the sum of all inductances in the dis
charge current path, w as the frequency in rad/ s. T as the damping coefficient
in sand Zo as the surge impedance in ohms. The last parameter, Zo, deter
mines the amplitude ofthe oscillation current. It work analogous to impedance
in Ohm's Law, so if the impedance will become higher, the oscillation current,
resulting from a capacitance at a initial voltage, will become lower.

8.3 Discharge current paths

Now that the parameters of the discharges paths can be determined, it is time
to take a closer look at all available paths in the reference circuit. The path
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Figure 8.2: Inner circuit breaker oscillation, 5 MHz., 31 Ohm, 20 kA/US

with the highest frequency is the path which discharges the internal parasitic
capacitances and inductances of the circuit breaker (fig. 8.2). The values are
estimated to result in a discharge current frequency of 5 MHz. This frequency
component can be recognised in the frequency plot and is indicated by an ar
row. The amplitude of this current component is quite high because of its low
surge impedance. However, the damping, because of the frequency, will also
be very high, so the influence on the total discharge current will be limited to
the very first microseconds, indicated by the rectangular box in the current os
cillogram. The effect of this influence can be noted by the very high steepness
in the beginning, caused by this high frequency component. After the indi
cated small period of time, the parasitic capacitances will be discharged and
this discharge cycle will end.
The second discharge path is through the source and load capacitances to ground
(fig. 8.3). The frequency is of a lower value (245 kHz), because of larger ca
pacitances (25 nF) and inductances (10 I-lH), resulting in lower current steep
nesses. The amplitude of the current is high, because of the rather low surge
impedance. However, damping is still quite high, resulting in a short influ
ence on the total discharge current. The resulting frequency component can
be identified in the rectangular box in the current oscillogram. This frequency
component is responsible for the small load side voltage oscillation, indicated
by the arrow.
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Figure 8.5: Main circuit oscillation, 50 kHz., 280 Ohm, 26 Alus

The third discharge path again starts at the source capacitance, but now goes
to ground through the load neutral point (fig. 8.4). This will result in a dis
charge path with the source, load and neutral capacitance in series. Placing
capacitances in series will result in the value of the lowest capacitance as new
total value. This can be thought of as the larger value capacitances being to
slow to follow the behaviour of the smaller and thus faster capacitance. So, it is
the smallest capacitance which will determine the frequency behaviour of a set
capacitances in series. Substituting the small neutral capacitance in equations
(8.1) to (8.3), will result in a surge impedance so high, that its influence of this
frequency component can hardly be identified.
So far, all discharge paths where still confined to one single phase, but the next
available path will be a partial three phase oscillation. Now, the current will
flow through the neutral point to the load capacitances to ground (fig. 8.5). The
surge impedance is low enough to result in a large amplitude of the current
frequency component and the damping is low enough to result in a long dom·
inating influence in the total discharge current. This frequency component is
responsible for the larger voltage oscillation, starting by the arrow.
The one before last discharge path covers the entire circuit, including the source
inductance from the transformers to the neutral capacitance to ground (fig.
8.6). The surge impedance is substantial, making the impact of this frequency
component invisible to see.
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name freq (kHz) imp di/dt (A/us) where overvoltages
inner CB 5000 31 20000 local to CB no
two cables 245 32 1000 local? no
TRV-neutral 230 75 410 load and neutral possible
partial3f 100 44 44 load possible
main cicuit 56 280 26 load and source possible
fu1l3 f 20 100 27 load and source possible--

Table 8.1: Summary of oscillations

The last available current path is from the source to the neutral point and back
through the load capacitances of the other two phases and of its own phase
(fig. 8.7). Although the paths through the other two phases include the large
capacitive loads, it will not result in different current oscillation frequencies, as
these two capacitances are to be neglected compared to the much smaller load
capacitances to ground. The impact of this discharge is small because of the
reasonable high surge impedance, but can still be seen as the lowest frequency
component in the current and voltage.

8.4 Resulting overvoltages

So far, only the effects ofthe different oscillation paths on the discharge current
have been examined. But the real practical danger ofNSDDs lays in the possi
ble effects on the phase voltages during a discharge. To illustrate this danger, a
theoretical step by step approach is formulated below.
Figure 8.8 shows again the general reference setup for switching a three phase
capacitive load. The switching event is a close to open command and the voltage
and current response is recorded in figure 8.9. At (a) can be seen that the
first phase is interrupted at the zero crossing of the phase current. Since that
phase is no longer conducting and the neutral point is not grounded, the other
two phases are forced to operate as a two phase system, changing the current
wave patterns. At (b), the two resulting phase current also hit zero and are
terminated.
As the current is leading the voltage with an capacitive load, the voltage is 90
degrees out of phase with the current. So, when the current is zero, the voltage
is at its maximum, in this case, -I per unit (e). The voltages of the other two
phases are I p.u. and 0 p.u. As the remaining currents are forced into a two
phase system with opposite signs, the corresponding voltages are also affected.
This new balance will make the neutral point shift from zero to 0.5 p.u. (c),
raising all phase-to-ground voltages. Indeed, by the time the last two currents
are terminated, the corresponding phase voltages are -0.5 p.u. and I.S p.u (d)
instead of -I p.u. and 1.0 p.u.
After interruption, the last voltages on the capacitances Ct , raised by the neutral
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Figure 8.8: Capacitive load test setup for over voltage theory.

80757065

breaker currents

605550

___ __~ : ~ ~_ __ neutral voltage
I • I • '--~---~,..---_,..--------'

I • • •

------~------~-----~-~------i·---------_i---------~~------~~------~I • ..-- (c) • I I I
I I I • I I I

·~·_·---1-·····.······'······~·····
I • I I I. . . , .

o

-1

0

-1

2

0

2
40 45

o

0,5

O'°r--:-:__k===!===;:~=~~~~~
c r~d~ - - - i---1Ioa~-to-groun~ vOltage~

• • • • •
~······,······Y···_··,······r·····

Figure 8.9: Current and voltage plots for a three phase close to open switching
event with capacitive load.

53



0.5

iI
1.5 1 -1

)I)1 II
= "= '=

-1.5-~---+--l--....--~ f-----

-.!-
Q~---r-------'-I'f-----.

2.5+---+

--

~
0.51 0.5 -1

-

)I)1 IT
- - -

Figure 8.10: Worst case scenario voltage distribution.

1 pu

1 pu

-

L
I

2.5 pu maximum case in first-

I phase-to-clear

voilaQo llCtOIII CB

0.80.80.•

current through CB

0.2

V\ ~ "'"V V '--./ ~

current frequency detennined
by smallest capacitance

2

-2

"'00.80.80.•0.2

o

.~o

-2

~'-v ---I-- -- --

slight voltage change across
source (TRY) capacitance

-2 hardly any voltage change
across load capacitance

0.2 0.• 0.8 0.8 0.2 0.• 0.8 0.8

4pu
-2f----\-jf-----'4---j- «5 pu un-

damped)

neutral aide yolIBg.

0---'

-2f--H+-----\----+l'----+-¥-----''-=f--~

..0'----0."..2,------,OL..•--.:-'0.&,------,OL..
8
----' ...0'----0::':.2,-----=-0L...• ---:"0.6:-----=O'cc.8-~

Figure 8.1I: Circuit response to worst case scenario discharge.

54



point voltages, are trapped on to the phase-to-ground capacitance, as can be
seen in figure 8.10, and will act as DC voltage sources. At the left side of the
system, the source is still imposing a voltage on to the breaker, resulting in
the transient recovery voltage (f). In worst case scenarios, the voltage trapped
on the capacitance of one interrupted phase is 1.5 p.u., the maximum possible
value, and the imposed source voltage is -r p.u. As a result, the total breaker
voltage will be up to 2.5 p.u., making it possible for the internal electric field to
collapse and restrike.
When this restrike does happen, the voltage across the circuit breaker will im
mediately drop to zero, as can be seen in the upper left oscillogram of figure
8.Il, which illustrates the voltages and current on the different components
used. The current through the breaker is shown in the upper right plot and
is determined by the smallest capacitance in the discharge path. The rest of
the voltage distribution is determined by the values of the capacitances in the
system. Under normal conditions, the source capacitance, left ofthe breaker, is
implemented to simulate a cable or a line. As such, this capacitance is moder
ate in value. The capacitance at the right side of the breaker is implemented to
simulate a large capacitive load, such as a capacitance bank. To serve this pur
pose, the value of this capacitance will have to be large. The final capacitance
at the far right is implemented to simulated a floating neutral point. As such,
it will be quite small in value.
It can generally be stated that the larger a capacitance, the slower it will be in
following transients. This is of course determined by,

i = C
du

(8-4)
dt

with i is the same for all capacitances in the discharge path and is plotted in
the upper right plot. So, the the value of C determines the change in voltage,
duo Indeed, in middle left plot in figure 8.Il, it can be seen that the voltage
change on the moderate capacitance is limited. From the right middle plot, it
can be concluded that the voltage change on the large capacitance is nearly non
existent. This means that the change in system voltage distribution, because of
the drop in voltage across the breaker, will rest on the shoulders of the smallest
capacitance, the neutral point capacitance. This change is illustrated in the
lower right plot of figure 8.Il.
In this plot lays the true danger of a NSDD in a multi phase system. It can be
seen that the voltage makes a change with a transient peak of 4 p.u. As such,
the neutral point will change with the same peak, enabling large overvoltages
on the other two phases, also connected to the neutral point. If one of these
overvoltages will generate a reignition in one ofthe other phases ofthe breaker,
a current path is formed through two phases, enabling a large current from the
source to the load.
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Chapter 9

Frequency interaction and
parasitic behaviour

9.1 Comparing measured and calculated frequencies

In order to be sure about the assumptions made about frequencies, prestrike
durations, steepnesses and transient recovery voltages, it is vital to know if the
measured and the theoretically derived frequencies are alike. Especially when
using multiple discharge branches, it is possible that the inductances and ca
pacitances will interact together, changing the resulting discharge frequencies.
For a single LC circuit, the discharge frequency can be determined by,

Ifl
hiCi = 271" VL;C; (9.1)

with i the set of components. For multiple LC circuits, the equation is slightly
different. Each capacitance will oscillate with all inductances in its path to earth,
so, for instance, the second capacitance, C2 will oscillate with both L2 as with
Ll. As these inductances are in series, their value can be added, resulting in
the following equation,

(9.2 )

. h L ~i=3LWIt t = LJi=l i.

The values of the discharge frequencies can be derived from three different
approaches, which makes it easy to compare them to each other. First of all,
the frequencies can be measured from a real discharge, by making a fast fourier
transformation plot of the discharge time frame. Secondly, the frequencies can
be calculated by equations (9.1) and (9.2). Finally, a discharge can be simulated
in Simulink and again processed by a fourier transformation.
To be able to compare the single LC discharge frequency components with
those in a full three LC circuit discharge, the LC circuits are build as described



circuit method frequency
L1C1 measured 1.3 MHz
L1 C1 calculated I.I MHz
L2C2 measured 410 kHz
L2C2 calculated 430 kHz
L3C3 measured 69 kHz
L3C3 calculated 72kHz
(L 1+ L2)C2 measured 430 kHz
(L1 + L2)C2 calculated 410 kHz
(L1 + L2)C2 simulated 412 kHz
(L1 + L2 + L3)C3 measured 64 kHz
(L1 + L2 + L3)C3 calculated 67 kHz
(L1 + L2 + L3)C3 simulated 68kHz

Table 9.1: Summary of frequency comparison.

in equation (9.2) and illustrated in figures 9.1 to 9.3. Figure 9.4 shows a spe
cial measurement in which the largest inductance coil is orientated differently
to investigate the coupling ofthis large inductance to other nearby inductances.
The measurement results and the result in the simulation can be seen in the
appendix on pages 73 to 72. For the inductances, the following values were
chosen, L1 = 8.1 p,H, £2= 51.5 p,H and L3 = 494.6 p,H and C1 = 2.5 nF, C2 = 2.5
nF and C3 = IO nF are chosen for the capacitances. The resulting frequencies
are summarized in table 9.1.

9.2 Parasitic frequency behaviour

While the arc is present in the vacuum chamber, the main circuit capacitance is
being discharged through the main circuit impedance and arc, as can be seen
in figure 9.5. The frequency of this discharge is stated in equation (9.3). The
small parasitic capacitance, Cp , plays no role in this process, since it is short
circuited by the current arc. However, when the arc is extinguished, the current
path through the parasitic capacitance will become the main current path and
the large capacitance will partially discharge through the inductance and this
small capacitance. The frequency of this parasitic discharge can be calculated
by equation (9-4).

!LiCi If£:
271" LiCi

(9·3)

!LiCp l{;f
271" LiCp

(9·4)

-----* i=I,2,3 (9·5)
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Figure 9.1: Circuit for measuring the L1 C1 discharge frequency.
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Figure 9.2: Circuit for measuring the (L1 + L2)C1 discharge frequency.
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~.~ Ie> 1~9 ~_T 0
----~
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Figure 9.3: Circuit for measuring the (L1 + L2 + L3)C1 discharge frequency.
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Figure 9+ Circuit for measuring the (L1 + L2 + L 3)C1 discharge frequency.
L3 is orientated horizontally instead ofvertically, which is standard for all other
tests.
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Cp

Li

fp

(b)

CI

Figure 9.5: Circuit for detennining the (a) main and the (b) parasitic frequency
for a given set of capacitances and inductances, i = 1,2,3.

Equations (9.3) and (9.4) are almost identical except for the replacement of the
value of C. Both equations contain the total circuit capacitance, but in the first
circuit, Cp has no role because it is short circuited by the arc and in the second
circuit, Ci is negligible because of its size in comparison the the Cp parallel to
it, see equation (9.6).

C1Cp C1 Cp
C1 II Cp = ----+ C1 » Cp ----+ -- = Cp (9.6)

C1 +Cp C1

Nonnally however, not the value of the parasitic capacitance, but the frequency
ofthe discharge can be detennined. Looking at the example figure 5.2, it can be
stated that while the arc holds, the current has the frequency given by equation
(9.3). At the moment the arc is extinguished and the current becomes zero, the
voltage will oscillate around the recovery voltage Ui with the frequency deter
mined in equation (9.4).
Measuring these last frequencies for all three sets of capacitances and induc
tances results in:

UHF transient recovery voltage

h1cP = 4.5 MHz

h2Cp = 1.8 MHz

h3Cp = 0.4 MHz

Resulting calculated parasitic capacitances

Cp1 = 154 X 10-12 F

Cp2 = 150 X 10-12 F

Cp3 = 347 X 10-12 F

(9.10)

(9·rr)

(9.12)

It can be seen that the third value ofCp stands out ofthe rest. If this value were
to fit in with Cp1 and Cp2, the value of h3Cp needed to be 0.6 x 106 Hz. But
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after comparing several measurements, it can be concluded that the first value
is indeed the measured one.

9.3 Conclusions

Comparing the measured, calculated and simulated frequencies provides a sat·
isfying result. The simulated results are almost identical to the frequencies
which are calculated with the simplified equation (9.2). The measured fre
quencies are also close to the theoretical ones.
When the measured parasitic discharge frequencies are used to calculate the
parasitic capacitance, the result is ambiguous. Two out of three calculations
provide us with similarly results, but the third calculation differs from the first
two. - From combining the tests with one single LC circuit and the test with
all three LC circuits, it can be concluded that the three oscillation frequencies
have no effect on each other.
It was assumed that coupling between the three inductances would occur in
the test setup used. For that reason the circuit was tested with the largest in
ductance, £3, both horizontally and vertically orientated. From figures B.4 and
B.5 on page 75 in the appendices can be seen that the influence is marginal and
cannot be distinguished from normal deviations in the measurements.
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Chapter 10

Dielectric interruption criteria

10.1 Introduction

In chapter 5, describing single frequency oscillation measurements, it was
concluded that the discharge frequency determines the duration of the dis
charge. The relationship found was that higher frequencies will cause shorter
discharges, which can be explained by the frequency dependent damping ofthe
circuit. As the discharge frequency becomes higher, the damping of the circuit
will also increase, and, as a result, the energy in the oscillation circuit will be
dissipated more quickly than at lower frequencies. Once the steepness of the
current is low enough to interrupt the current, the oscillation circuit may not
have enough internal energy left to build a TRV large enough for a reignition.
Another interesting fact was discovered in chapter 6. Here it was concluded
that the highest discharge frequency component is dominant for the duration
of the discharge. So, when the oscillating components with the highest dis
charge frequency are depleted ofenergy, the discharge will be interrupted. But
as this discharge path is the the first and quickest one to be depleted, the re
maining circuits must still have some energy left in their capacitances and in
ductances. One may wonder why these circuits cannot maintain the current arc
and thus continue the discharge? To find a solution to this question, the mea
surement circuit used in chapter 6 is implemented into simulation software,
allowing close monitoring ofthe voltages and currents in the system.

10.2 Simulation of used measurement circuit

To simulate the measurement setup as described in figure 6.1 on page 31, the
circuit in figure 10.1 has been constructed in Mathworks Simpower Systems.
The discharge components, paths and frequencies are chosen as in table 10.1.

The parasitic capacitance is set to be 0.1 nF. At t = 0, the breaker is open.
While the real measurement setup has a power source with a source resistance
and inductance, the voltage source in the simulation is configured differently
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VCB

Figure 10.1: Simulation of measurement setup with three LC oscillation cir
cuits.

n discharge path in L n Cn

1 LICI I.I MHz 8.1 ILH 2.5 nF
2 (L 1 + L2)C2 430 kHz 51.5 ILH 2.5 nF
3 (L 1 + L2 + L3)C3 67 kHz 496.6 1LH 10 nF

Table 10.1: Ddischarge paths, discharge frequencies and chosen components
of the simulation.

for calculation efficiency reasons. In the real measurements, the discharge
will start at the peak voltage of40 kV. The charging current of the source has a
frequency of 50 Hz, which, at time scale under investigation, can be considered
as DC. So instead ofimplementing the voltage source, all capacitances will have
a pre-charge of 40 kV at t = -0, acting as three DC voltage sources.
To simulate a discharge, the breaker is closed at t = IlLS (see figure 1O.2(a))
and the close command is given at t = lOlLS. After this command, the breaker
will be opened at the first zero crossing of the current (b).
To interrupt an arc, the steepness of the current must be low enough and the
immediate resulting TRV should be of a low enough value, otherwise the arc
will reignite after the zero crossing of the current. In figure 10.2, it can be
seen that by the time the steepness of the discharge current is low enough to
interrupt the arc, both capacitance Cl (c) and capacitance C2 (d) are depleted
(V = 0) because circuit damping. As this damping is directly related to the
current frequency and the frequency is related to the value of the capacitance,
it is of no surprise that Cl will be depleted long before the larger C2.
Capacitance C3, however, still has a substantial residual load, as it has hardly
been discharged. But the reason the TRV cannot cause a immediate reignition,
is that the response of C3 is too slow. The time needed for the energy stored
in C3 to reach the gap is limited by the three inductances in its path. And for
a reignition, speed is imminent, as from the moment the arc is extinguished,
the gap will immediately start to cool down and the residual particles in the
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gap will start to disappear. By the time the energy from C3 will reach the gap
to form a TRV, the vacuum will already be recovered enough to withstand this
newly imposed voltage and, as such, the arc will not reignite even though the
circuit does still contain some energy.



Chapter 11

Conclusions and
recommendations

11.1 Conclusions

I. Prestrikes as a substitute for NSDDs
When the behaviour of a Non Sustained Disruptive Discharge needs to
be examined, it also is possible to do the same investigation on prestrikes.
The first prestrike, resulting from an open to close command, in a non
conditioned environment (vacuum is stabilized and cooled down), shows
the same characteristics as a NSDD in the same circuit. This has been
proven in chapter 4 for interruptions of a low current from capacitive
load.

2. Prestrike duration in relation to a single oscillation frequency
A clear relation has been found between the discharge frequency of the
circuit and the duration of the first prestrike. The duration of this pre
strike will be shorter for higher frequencies and vice versa, due to the
fact that higher frequencies will have a greater damping effect on the dis
charge current.

3. Prestrike duration in relation to multiple frequencies
Measurements have indicated that it is the highest frequency in a dis
charge circuit that will dominate the duration of the first prestrike.

4. NSDD duration in relation to overvoltages
At the end of the section 8.4, it was stated that in a worst case scenario
an voltage jump up to 4 p.u. can occur as response to a NSDD in a
three phase system. In addition to the maximum load-to-ground voltage
of I p.u. already present, this makes an overvoltage of 5 p.u. However,
this statement cannot go without the remark that it takes time to achieve
this overvoltage, as can be seen at I in figure ILL The instant of 5 p.u.



Figure ILl: Current and voltage response to a NSDD in a three phase system.

overvoltage is reached after approximately 37 MS and will again at 100 MS.

Apparently, it takes time for the more distant components to take part in
the overvoltage generation.

But the measurements described in chapters 5and 6 indicate that the LC
circuit with the highest discharge frequency will dominate the duration
of a NSDD. In a power grid HF oscillation circuits will always be present.
The measurements in chapter 7 on the coaxial cable and the paper / lead
cable are two examples of practical components which illustrate HF os
cillation behaviour. As such, it can be seen that the average duration of
the prestikes is about 6 to 8 MS. Looking back at figure 8.4, the corre
sponding maximum overvoltage with this average duration, indicated by
~, is only 3 p.u.

So it can be concluded that although large overvoltages are theoretically
possible, in normal power grids the NSDD will never reach the duration
it takes to achieve this large overvoltage, because the duration is limited
by the HF oscillation circuits present in the grid itself,

5- The occurrence of a NSDD
The occurrence of NSDDs can not just be predicted by investigation the
surrounding grid of a circuit breaker. Measurements have indicated that
also the type of breaker is important, as no NSDD could be measured
with the first breaker with the multiple frequency measurement setup,
while breaker 2 did experience NSDDs with the same tests.

11.2 Recommendations

1. It is recommended to perform more prestrike and NSDD measurements
on breakers ofdifferent manufacturers to gain more research data on the
interacting between different types ofbreakers and different surrounding
systems.

2. With the standard circuit used in this research, NSDDs will not last long
enough to cause large overvoltages. However, systems probably do ex
ist, where this dangerous situation can happen. Identification of these
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Appendix A

Additional graphs

Detennining the Tau damping coefficient: test 3, batch 1
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Figure A.I: (Belonging to chapter 5) Example ofthe Damping curve fitting rou
tine.
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Figure A.2: (Belonging to chapter 5) Example plot of 30 kV prestrike discharge
measurement for breaker 2 with L1C1.
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Figure A.3: (Belonging to chapter 5) Example plot of 30 kV prestrike discharge
measurement for breaker 2 with L2C2.
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Appendix B

Frequency comparison
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Figure 8.1: Simulated output of an NSDD and its frequency spectrum.
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Appendix C

View of measurement setup

Figure C.l: Measurement setup: (a) 100 kV single phase transformer, (b) 90

kn resistance, (c) 10 kV paper / lead cable, (d) 10 kV coax cable, (e) insulator,
(f) vacuum breaker, (g) LC circuits.
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Figure C.2: Measurement setup. (a) spark gap, (b) earth switch, (c) Tektronix
high voltage probe.

Figure C.3: Measurement setup.m(a) vacuum breaker, (b) L1, (c) C1, (d) L2, (e)
C2, (f) L3, (g) C3.



Appendix D

Differential equations of
measurement circuit

L1 L2 L3

~~,
C3

CD 0
C2

0
~ic1 ~ic2 ~ic3

Figure 0.1: Discharge circuit with starting parameters: il(O) = i2(0) = i3(0) =
oand UCi (0) = UC2 (0) = UC3 (0) = E.

Applying the Laws of Kirchoff, the resulting potential in a closed loop, numbers
1 to 3 in figure 0.1, should be zero:

- ULi + URi = 0

- URi - UCi - UL2 + UR2 + UC2 = 0

- UR2 - UC2 - UL:>, + UR:>, + UC3 = 0

(D.l)

(D.2)

(D·3)

Applying the time domain voltage / current relations of inductance, capacitance
and resistance gives:
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1 it di- R2iC - - ic (r)dr - u,c - L3-3
2 C2 0 2 '2,0 dt

1 ft
.. ,+ iC3 R 3 - C3 io iC3(r)dr - UC3,O = 0

(D·S)

(D.G)

Differentiating all equations removes the integrals from the three equations:

d2il dic] 1. dUct
-Ll dt2 + Rl& + C12C] +~ = 0 (D.7)

Reorganizing the equations will result in the following three differential equa
tions:

d2il _ Rl dic1 _ _ l-ic = 0
dt2 L 1 dt LICl]

d2i2 + Rl dic] _ R2 dic2 + _l-ic l-ic = 0
dt2 L 2 dt L 2 dt L2C l 1 L 2C2 2

d2i3 R2 diC2 R 3 dic3 1. 1.
dt2 + L3 &- L 3 & + L 3C2 2C2 - L3C32C3 = 0

(D.lO)

(D.n)

(D.12)

Using the current Law of Kirchoff, which state that the total ofin- and outgoing
current at a node should be zero, gives the following relations:
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(0.13)

(0.14)

(0.15)

(0.16)

(0.17)

(0.18)

Replacing the d/dt operator by the operator ':

(0.19)

(0.21)

Including voltage relations into the current-based differential equations, so the
initial voltage values of the circuit can be included in the calculations:

dUCl ~Cl ~2 - ~l

--
dt Cl Cl

dUC2 ~C2 -~3

-
dt C 2 C2

dUc3 ~C3 -~3

-
dt C3 C3

(0.22)

(0.23)

(0.24)

The initial conditions of the system at t = 0:
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il(O) = i2(0) = i3(0) = 0

UCI (0) = UC2 (0) = UC3 (0) = E

(D.2Sl

(D.26l

The following equations are mare suitable for the differential solver of Maltlab:

(D.27l

(D.28l

(D.29l
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Chapter 1

Graduation project assignment

1.1 Abstract of graduation project

Non-Sustained Disruptive Discharges (NSDD) are late breakdowns in vacuum
circuit breakers, which will occur even long (upto I second) after the switching
event. As a consequence of the breakdown, nearby parasitic capacitances will
discharge and, consequently, currents will start to flow. These currents con
sist of different high frequency components, determined by the surrounding
power grid. The discharge is very short ("non-sustained"), because a vacuum
circuit breaker is usually well equipped to interrupt high frequency currents.
However, ifno interruption will occur, halve a cycle ofa 50 Hz. power current
will flow. From that point on the discharge is no longer non-sustained. In
the light ofgranting quality certificates to power equipment, the phenomenon
NSDD is heavily under debate (allowed or not? how often?), but also in quest
for higher voltage vacuum circuit breakers, NSDD is a tricky subject.

Although the cause of these breakdowns is uncertain, in 30% of the quality
tests (in the range of 100 - 5000 A), NSDDs are measured. But also at switch
ing almost zero current, the phenomenon still occurs.

The assignment of the student will consist of:

• To perform a literature survey on earlier research results (at TV/e).

• To design build and to commence operation of a test setup to study the
high frequency aspects of an NSDD (TV/e).

• To be able to use specialized instrumentation ofKEMA (at KEMA, TV/e).
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• To simulate the high frequency behaviour of a circuit breaker, imple
mented in a powergrid, and to use the MatLab Power Systems Blockset
(at TU/e, KEMA).

• To identify the nearby power grid conditions which could trigger a NSDD
(at TU/e).

• To study safety protections against the occurence ofNSDD in the power
grid (at TU/e).

• To make suggestions in the discussion about the importance of NSDD
in quality control ofcircuit breakers (at TU/e,KEMA).

1.2 Goals for the literature study

The goals for the literature research are:

• To gain a better understanding of the functioning ofa vacuum breaker.

• To search for earlier research results on the topic ofNSDDs in vacuum
circuit breakers, especially about the possible cause and measurement
setups.
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Chapter 2

Concept of table of contents of
graduation report

I. Summary

2. Introduction
History, acknowledgments.

3- Theory ofvacuum circuit breakers
Vacuum circuit breakers, reignitions and interruptions, NSDD in single
phase systems, NSDD in three phase systems.

4- The concept ofprestrikes
NSDD equivalent, assumptions, credibility, steepness, trv.

5. Simulations
Differential equations, simulink models, models, results.

6. Measurements
Discharge research with multiple LC circuits, prestrike behaviour, inter
ruption behaviour, survey on steepness (explanation ofdesigned matlab
program), discharge research with one single LC circuit, measurement
setup / additional theory on frequency, survey on steepness and trv prop
erties (cumulative fractions), comparison of prestrike characteristics be
tween first and second breaker, frequency measurements, parasitic ca
pacitance, discharge research with coax cable, discharge research with
real cables.

7. Conclusions and recommendations
NSDD vs. prestrike, prestrike duration vs. one frequency, prestrike du
ration vs. multiple frequencies, models vs. measurements.
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8. Appendices
Example plots of measurements, a few fft plots, photos of setup, differ
ential equations in full.
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Chapter 3

List of sources, search terms
and found results

3.1 search terms

In the search, the following topic keywords were used, only in English:

• NSDD

• non sustained disruptive discharges

• vacuum circuit breaker

• late breakdown

• capacitive restrike

3.2 Vubis Online TU Eindhoven

• search term: NSDD
o hits

• search term: vacuum circuit breaker
Schellekens, H.
Modelling of the diffuse arc in a vacuum circuit-breaker
Technische Hogeschool Eindhoven, Eindhoven, 1983

• search term: breakdown vacuum
Beukema, G.P.
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Electrical breakdown in vacuum
Rijksuniversiteit Utrecht, Utrecht, 1980

3.3 IEEE-lEE Electronic Library

The IEEE-lEE Electric Library, accessed at ieeexplore.ieee.org, is a large database
of all IEEE and lEE publications. All literature is also immediately available
for download as a portable document file (pdf). The following searches where
performed:

• All databases (1950-present) are accessed.
Search term: NSDD
Output: 17 hits

• All databases (1950-present) are accessed.
Search term: Late breakdown
Output: II hits

• All databases (1950-present) are accessed.
Search term: vacuum circuit breaker
Output: 278 hits

• All databases (1950-present) are accessed.
Search term: capacitive restrike
Output: I hit

After checking all results for relevance, the following papers are selected to
include in the final reference list:

1. Smeets, R.P.P.; Lathouwers, A.G.A.
Non-sustained disruptive discharges: test experiences, standardization
status and network consequences
Dielectrics and Electrical Insulation, IEEE Transactions on [see also Elec
trical Insulation, IEEE Transactions on] , Volume: 9 Issue: 2, April 2002
PP·194-200

2. Schlaug, M.; Falkingham, L.T.
~Nonsustained disruptive discharges (NSDD)T-new investigation method
leading to increased understanding of this phenomenon
Discharges and Electrical Insulation in Vacuum, 2000. Proceedings.
ISDEIV. XIXth International Symposium on, Vol. 2,18-22 Sept. 2000

PP·490-494
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3. Smeets, R.P.P.; Lathouwers, A.G.A.
Non-sustained disruptive discharges: test experiences, standardization
status and network consequences
Discharges and Electrical Insulation in Vacuum, 2000. Proceedings.
ISDEIV. XIXth International Symposium on, VoL 2 , 18-22 Sept. 2000
PP·384-387

4. Gebel, R.; Falkenberg, D.
Triggered discharges with high arc voltages in a vacuum interrupter
Plasma Science, IEEE Transactions on , Volume: 18 Issue: 5, Oct. 1990
PP·766-774

5. Chaly, A.M.; Denisov, LV.; Poluyanov, V.N.; Poluyanova, LN.
Peculiarities ofnonsustained disruptive discharges at interruption ofca
ble/line charging current
Discharges and Electrical Insulation in Vacuum, 2002. 20th Interna
tional Symposium on , I -5 July 2002
pp. 351-354

6. Juttner, B.
Surface migration as a possible cause for late breakdowns [in vacuum
interrupters]
Discharges and Electrical Insulation in Vacuum, 1998. Proceedings IS
DEIY. XVIIIth International Symposium on , VoL 2,17-21 Aug. 1998
PP·488-49 I

7. Zalucki, Z.
Late breakdowns in a vacuum interrupter after switching operations
Discharges and Electrical Insulation in Vacuum, 2002. 20th Interna
tional Symposium on, 1-5 July 2002
pp. 588-591

8. Liu, W.D.; Chaaraoui, J.; Wood, J.K.; Spencer, J.W.; Jones, G.R.
Parasitic arcing in EHV circuit breakers
Science, Measurement and Technology, lEE Proceedings A , Volume:
140 Issue: 6 , Nov. 1993
pp. 524-528

9. Anders, S.; Juttner, B.; Lindmayer, M.; Rusteberg, c.; Pursch, H.; Unger
Weber, F.
Vacuum breakdown with microsecond delay time [interrupters]
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Electrical Insulation, IEEE Transactions on [see also Dielectrics and Elec
trical Insulation, IEEE Transactions on] , Vol. 28 Issue: 4 ' Aug. 1993

PP·461-467

3.4 INSPEC Online

The INSPEC database is accessed via WebSPIRS, available at the library home
page of the University of Eindhoven. The database is more comprehensive
than the IEEE database, but unfortunately, the publications are not immedi
ately available as full text pdf-files. The following searches where performed:

• All databases (1969 -7/2003, week 3) are accessed.
Search term: NSDD
Output: 22 hits

• All databases (1969 - 7/2003, week 3) are accessed.
Search term: Late breakdown
Output: 9 hits

After checking for relevance and overlap with the IEL search results, these
results were selected:

1. Leusenkamp, M.B.}.
Nonsustained disruptive discharges in vacuum interrupters
HOLEC Medium Voltage, Hengelo, Netherlands
Proceedings ISDEIV. 19th International Symposium on Discharges and
Electrical Insulation in Vacuum Cat., No. ooCH37041, VOl.2, 2000

PP·495-8

2. Chaly, A.M.; Denisov, L.Y.; Poluyanov, Y.N.; Poluyanova, LN.
Peculiarities ofnonsustained disruptive discharges at interruption ofca
ble/line charging current
Tavrida Electr., Sevastopol, Ukraine
Proceedings 20th ISDEIV. 20th International Symposium on Discharges
and Electrical Insulation in Vacuum Cat. No. 02CH37331., 2002 pp. 351-

354

3. Ponthenier,} .L.; Giraud, D.; Schellekens, H.
Visualization oflate breakdown in vacuum
Res. Center, Schneider Electr. A2, Grenoble, France
Proceedings ISDEIY. 19th International Symposium on Discharges and
Electrical Insulation in Vacuum Cat. No.ooCH37041., VOl.2., 2000

PP·499-503
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4. Leusenkamp, M.B.J.
Nonsustained disruptive discharges in vacuum interrupters
HOLEC Medium Voltage, Hengelo, Netherlands
Proceedings ISDEIV. 19th International Symposium on Discharges and
Electrical Insulation in Vacuum Cat. No.00CH37041, Vol. 2,2000

PP·495-498

5. Ponthenier, J.L.; Giraud, D.; Schellekens, H.
Visualization oflate breakdown in vacuum by ICCD camera
Research Center 4, Schneider Electr. A2, Grenoble, France
Transactions on Dielectrics and Electrical Insulation, April 2002
pp. 178-81.

6. Chaly, A.M.; Denisov, L.v.; Poluyanov, V.N.; Poluyanova, LN.
Peculiarities ofnonsustained disruptive discharges at interruption ofca
ble/line charging current Tavrida Electr., Sevastopol, Ukraine
Proceedings 20th ISDEIV. 20th International Symposium on Discharges
and Electrical Insulation in Vacuum Cat. No. 02CH37, 2002
pp. 351-354

7- Rowe, S.W.; Schellekens, H.
Post arc breakdown in vacuum circuit breakers
Centre de Recherche A3, Schneider Electr., Grenoble, France
Proceedings 20th ISDEIV. 20th International Symposium on Discharges
and Electrical Insulation in Vacuum Cat. No .02CH37, 2002
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Chapter 4

Results captured in diagrams

4.1 Snowball Method

Figure 4.1 shows the results from the Snowball Method for finding literature
related to a topic described in the 'master' publication. As my first publication,
I have chosen Smeets2[2], as this article was given to me together with my
graduation assignment when I started to project.

• Smeets2
Smeets, R.P.P.; Lathouwers, A.G.A.
Non-sustained disruptive discharges: test experiences, standardization
status and network consequences
Dielectrics and Electrical Insulation, IEEE Transactions on [see also Elec
trical Insulation, IEEE Transactions on], Vo1.9' Iss.2, Apr 2002
pp. 194- 200
---+ This publication is selected for my final reference list, as its main topic cor
responds with my research topic.

• Smeets3
Smeets, R.P.P.; Lathouwers, A.G.A.
Current-interruption testing ofvacuum switching devices
Dielectrics and Electrical Insulation, IEEE Transactions on [see also Elec
trical Insulation, IEEE Transactions on], Vo1.6, ISS.4, Aug 1999
pp. 394-399
---+ This publication is selected for my final reference list, as its main topic cor
responds with my research topic.

• Smeets4
Smeets, R.P.P.; Lathouwers, A.G.A.; te Paske, L.H.
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Testing ofvacuum circuit breakers: specific issues and developments
Trends in Distribution Switchgear: 400V-145kV for Utilities and Private
Networks, 1998. Fifth International Conference on (Conf. Publ. No.
459), Vol., Iss., 10-12 Nov 1998
pp. 149-154
---t This publication is selected for my final reftrence list, as its main topic
corresponds with my research topic.

• Smeets5
Smeets, R.P.P.; Lathouwers, A.G.A.
Switching surges associated with vacuum interrupters in motor circuits
11th Conf. on Elec. Power Supply Ind. (CEPSI), Kuala Lumpur, 1996
---t This publication is selected for my final reftrence list, as its main topic
corresponds with my research topic.

• Smeets6
Smeets, R.P.P.; Even, A.; Habedank, U.; Kertesz, Y.; Neumann, c.;
Scarpa, P.; van der Sluis, L.
Progress towards 'digital testing', a novel additional tool to investigate
the performance of HV circuit breakers for the benefit of utility, manu
facturer and standardizing body
Cigre Conference, 1998
---t This publication is not selected, as it has no direct relation to main search
topic.

• SchlaugI
Schlaug, M.; Falkingham, L.T.
Non-Sustained Disruptive Discharged (NSDD) -A new investigation Method
Leading To Increased Understanding ofthis Phenomenon
XIXth Int. Symp. On Disch. and Elec. Insul in Vac., Xian, china, 2000

PP·490-493
---t This publication is selected for my final reftrence list, as its main topic cor-
responds with my research topic.

• GreenwoodI
Greenwood, A.
Vacuum Switchgear
The Institution of Electrical Engineers
Stevenage, 1994
---t This publication is not selected, as it contains no in depth research on the
main topic.
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• PertsevI
Pertsev, A.A.; Rylskaya, L.A.; Ulkanov, K.N.; Chulkov, v.v.
Calculation of the probability of restrikes in a vacuum chamber
13th Int. Sympos. on Discharges a. Electr. Insul. In Vacuum, Paris,
1988

PP·353f
----+ This publication is selected for my final reftrence list, as its main topic
corresponds with my research topic.

• Gebeh
Gebel, R.; Falkenberg, D.
Mechanical Shocks as Cause ofLate Discharge in Vacuum Circuit Break~
ers
IEEE Trans. Electr. Ins., Vol. 28, 1993

PP·468-472
----+ This publication is selected for my final reftrence list, as its main topic cor-
responds with my research topic.

• Gebeh
Gebel, R.; Pohl, F.
Investigation of pre-breakdown currents in Vacuum Interrupters
IEEE Trans Electr. Insul., Vol. 27, 1992
pp. 174-180
----+ This publication is selected for my final reference list, as its main topic
corresponds with my research topic.

• Juttnen
Juttner, B.; Lindmayer, M.;duning, G.
Instabilities of Pre breakdown Currents in Vacuum I: Late Breakdowns
J. Phys. D: Appl. Phys.. , Vol. 32, 1999
pp. 2537-2543
----+ This publication is selected for my final reference list, as its main topic
corresponds with my research topic.

• Heuveh
Heuvel, W.M.C., van den
Interruption of Small Inductive Currents in AC circuits
Ph.D. thesis, Eindhoven University, The Netherlands, 1966
----+ This publication is not selected, as it has no direct relation to main search
topic.

• Smithl
Smith, R.K.



Tests show ability of vacuum circuit breaker to interrupt fast transient
recovery voltage rates of rise of transformer secondary faults
Power Delivery, IEEE Transactions on, VOl.IO, ISS.l, Jan 1995
pp.266-273
---+ This publication is not selected, as it has no direct relation to main search
topic.

• Bernauen
Bernauer, e.; Knie, E.; Rieder, W.
Restrikes in vacuum circuit breakers within 9 s after current interrup
tion
ETEP, Vol. 4, no. 6,1994
pp. 551-555
---+ This publication is selected for my final reftrence list, as its main topic cor
responds with my research topic.

• DamstraI
Damstra, e.G.; Hooijmans, J.A.A.N.
Influence ofTRV Network on Circuit Breaker Interruption Performance
At Terminal Fault Conditions
CIRED Conference, 1990
---+ This publication is selected for my final reftrence list, as its main topic
corresponds with my research topic.

• Damstra2
Damstra, e.G.; Kertesz, V.
Development and application of a IO MHz. digital system for current
zero measurements
lEE Proc.Sci. Meas. Techn., Vol. 142, No.2, 1995
pp. 125-132

---+ This publication is not selected, as it has no direct relation to main search
topic.

• Damstra2
Legros, W; Marchal, D.; Mortant, M.; Elliker, A.; Lerondeau, A.
Investigation means for the optimizing ofa circuit breaker provided with
vacuum bottles
Proceedings International Conference on large HV electric systems, 1986
pp. 1-7
---+ This publication is not selected, as it has no direct relation to main search
topic.



4.2 Citation Method

The citation method is based on finding one document, which is proven to be
important to all later work, as it is referred to in many later publications by
different authors. Starting from this main publication, all other publications
which refer to this publication are traced and so on. At the end, this method
will provide a clear picture of the history of research under investigation.
Different search engines have been used to try to obtain the desired output.
However, the subject at hand has proven to be too new and too narrow for
this type of research, as will be seen later on in this section. This conclusion
is supported by one of the main authors in the field of NSDD research. The
search for NSDDs started about ten years ago, when it was referred to as late
breakdown or late discharge and was rarely measured. It was not until the year
2000 when the phenomenon was referred to as a Non Sustained Disruptive
Discharge ans larger scale investigation started.

4.2.1 Science Citation Index

first of all, it must be stated that the database of the Science Citation Index is
extremely poorly working at the campus. The access program will not properly
start at most computers at the campus, stating a general error relating to the
printer driver. If the program does start, no more than one year's data can be
accessed at the same time. This is even acknowledged at the library's home
page. Unfortunately, even when only one year is selected, the program will
still run very unstable, resulting in frequent program shutdowns. Secondly,
the database available at the university only covers January 1991 to December
2001, which excludes the most recent work.
As main document for this search method, I have chosen the publication,

DjOg01
djogo, G.; Osmokrovic, P.
Statistical Properties of Electrical Breakdown In Vacuum
IEEE Trans. on Elec. Insulation, Vol. 24, Iss. 6, 1989

PP·949-953

as this was the most relevant to my work with still enough related publica
tions to properly use this method. The following publications citing this main
publication were found.

• Blaise1
Blaise, G.
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Space-Charge Physics and the Breakdown Process
Journal ofapplied Physics, Vol., 77, Iss. 7, I99S
PP·29 I6-2927

• OsmokrovicI
Osmokrovic, P.
Influence of Switching on Dielectric Properties of Vacuum Interrupters
IEEE Trans. on Elec. Insulation, Vol. I, Iss. 2,1994
PP·34o-347

• Osmokrovic2
Osmokrovic, P.; Krivokapic, I.; Krstic, S.
Mechanism of Electrical Breakdown Left of Paschen Minimum
IEEE Trans. on Dielect. and Electrical Insul., Vol. I, Iss. I, 1994

PP·77-8I

• OsmokroviCJ
Osmokrovic, P.
Mechanism of Electrical Breakdown of Gases at Very Low Pressure and
Inter electrode Gab Values
IEEE Trans. on plasma science, Vol. 21, Iss. 6,1994
pp.64S-6S3

• Osmokroviq
Osmokrovic, P.; Arsic, N.; Lazarevic, Z.; Kusic, D.
Numerical and Experimental Design of 3 electrode Spark Gap for Syn
thetic Test Circuits
IEEE Trans. on power delivery, Vol. 9, Iss. 3,1994
PP·I444-I4So

• Osmokrovic5
Osmokrovic, P.; Krstic, S.; Ljevak, M.; Novakoiv, D.
Influence of Gis Parameters on the Topler Constant
IEEE Trans. on Elec. Insulation, Vol. 27, Iss. 2, 1992
pp.2I4-220

• Osmokrovic6
Osmokrovic, P.
The Irreversibility of Dielectric Strength of Vacuum Interrupters after
Short Circuit Current Interruption
IEEE Trans. on power delivery, Vol. 6, Iss. 3, 1991
PP·Io73-I08o



1989

1990

1991

1992

1993

1994

Osmokrovlc3 ~ ""

Osmokrovlc1 Osmokrovlc2 Osmokrovlc4
,

~~5 Blaise1

Figure 4.2: Citation Method

4.2.2 IEEE-lEE Electronic Library

All relevant documents from the IEEE-lEE Electric Library search, described
before, were checked for references by others. Unfortunately, no useful data
could be found.

4.2.3 Elsevier Science Direct

The database was searched for vacuum circuit breaker, NSDD, late breakdown
and zero current. No relevant publications were found.

4.2.4 Citeseer

The database was searched for vacuum circuit breaker, NSDD, late breakdown
and zero current. No relevant publications were found.
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Chapter 5

Relation Matrix

The relation matrix, shown in figure 5.1, maps the relevance of every publica
tion, referred to in the reference list, to the chapters of the final graduation
project.

1 2 3 4 5 8 7 8 8 10 11 12 13 14 15 18 17 18 18 20 21 22
.ummuy x x x x x x x
Introduction x x x x x x x x x x x
Theory of vacuum b...k.... x x x x x x x x x x x x x x x
Th. conceDt of D...trlk.. x x
Simulation. x
.....u..mente x x x x x x x x x x x x
Conclu.loM .nd NC. x x X

Figure 5.1: Relation Matrix



Chapter 6

Conclusions and
recommendations

It can be concluded by literature search and inquiries that the field of research
under investigation is rather new and no real main author exists. It is more a
practical problem then a theoretical research topic. This can also be concluded
from the places where the publications are published. Most publications con
cerning this topic are released at symposia, instead of famous and leading
magazines. One of the most important series of symposia is the Symposia on
Discharge and Electrical Insulation in Vacuum, which are held every two years.
Because of the youth and practical origin of the research, no main authors or
institutes exists. It will however be very likely, that the most research is done by
those institutes involved in testing and granting certificates to manufactured
high voltage equipment.
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