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Abstract

A method is presented for implementing controlled fault interruption, using high voltage,
SFg circuit breakers on three phase high voltage power networks. The main goal of the method is

to synchronize the opening or trip commands to each phase of a circuit breaker with respect to
target current zero times so that each phase will interrupt with a preselected arcing time. Benefits
of this approach include reduction in the electrical wear rate of the circuit breaker, in addition to
providing potential to optimize existing interrupter technologies and facilitate new interruption
techniques.

A generic structure for controlled fault interruption algorithms is proposed, aimed at
utilizing synergies with existing digital power system protection methods. The proposed method
is based on estimating the future behavior of the currents in each phase, using a generic model.
The parameters of the model of the currents are obtained using least mean squares regression.
Novel features of the proposed method include the use of analysis-of- variance tests to validate
the model for targeting instant selection, provision of algorithm failure bypass control,
identification of multiphase fault types and detection of the fault inception instant. A
comprehensive range of future work proposalsis also provided.

Simulations have been made using the proposed method for a range of multiphase fault
cases than may occur on a three phase power network. The results indicate that the method is
capable of discriminating between different fault cases and estimating target current zero times
within £ 0.5 ms, within typical protection system response times of 5 to 20 ms, even with large
random noise distortion of the measured current signals.

High power experiments have also been conducted to investigate the stability of the
minimum arcing times of a high voltage, SFg circuit breaker, operated at 80% of its normal
opening speed, for a wide range of fault current interruption duties. The results of these
experiments confirm the viability of controlled fault interruption from the perspective of
minimum arcing time stability, in addition to indicating significant potential for circuit breaker
optimization by using the controlled fault interruption technique to restrict the required arcing
time window and thereby also the required interrupter operating energy.

Keywords:

circuit breakers, controlled switching, fault interruption, high voltage, hypothesis testing, least
mean sguares regression, power system protection
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Abbreviations

Thefollowing isalist of abbreviations used throughout this thesis:

AC
A/D
ANOVA
ANSI
CB

CFI
CIGRE
CT

DC
DFT
FPTC
GPS
HV

IEC
|EEE
LES
LMS
LC1

Lao

max
min
OoP

RDDS
RRDS
RRRV
SH
SFe
SLF
TRV
T30

T60
T100a
VT

WGN
WLMS

aternating current

analogue-to-digital (conversion)

analysis-of-variance

American National Standards Institute, Inc.

circuit breaker

controlled fault interruption

International Council on Large Electric Systems

current transformer

direct current

discrete Fourier transform

first-pole-to-clear

global positioning system

high voltage

International Electrotechnical Commission

Institute of Electrical and Electronic Engineers

least error squares

least mean squares

line-charging breaking current test duty (circuit no.1) as per IEC 62271-100 (2003)
short-line fault test duty applying 90% of rated symmetrical fault current as per

|EC 62271-100 (2003)

maximum

minimum

out-of-phase fault test duty for 180 degree phase opposition as per
IEC 62271-100 (2003)

rate of decline of dielectric strength

rate of rise of dielectric strength

rate of rise of recovery voltage

sample-and-hold

sulphur hexaflouride

short-line fault;

transient recovery voltage

short-circuit test duty applying 30% of the rated symmetrical fault current as per
IEC 62271-100 (2003)

short-circuit test duty applying 60% of the rated symmetrical fault current as per
IEC 62271-100 (2003)

asymmetrical short-circuit test duty applying 100% of the rated symmetrical fault
current as per |EC 62271-100 (2003)

voltage transformer

white gaussian noise

weighted least mean squares
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Symbols & Nomenclatures

Thefollowing isalist of symbols and nomenclature used throughout this thesis:

fault initiation angle with respect to driving source phase voltage
difference (delta)

source voltage reference angle, relative to reference source phase voltage
fault current phase angle

pi = 3.14159...

standard deviation

time constant of fault current exponentially decaying component

power system angular frequency

e a3de<pPbQ

dx(t)/dt  derivative of x(t) with respect to t

X matrix “X”

X vector “X”

xT transpose of matrix “X”

i transpose of vector “x”

R resistance

L inductance

C capacitance

X reactance

f power system time frequency

i instantaneous current as function of time, i.e. i(t)
u instantiates voltage as function of time, i.e. u(t)
t time

e exponential function
Subscripts:

S source

L load

F fault

PK peak

X phase designations
Superscripts:

a estimated values of variable “a”
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Chapter 1 Introduction

1 Introduction

As described in the licentiate thesis [1], controlled switching of well defined load
applications, such as shunt capacitor and reactor banks, has become awidely accepted practice for
switching transient mitigation on high voltage alternating current (HV AC) power systems [11],
[12], [13], [14], [53]. Controlled switching for fault interruption has only been restricted to a few
theoretical studies [2], [17], or experimental installations e.g. American Electric Power
experimental breaker described by Garzon [3], though there do exist a number of patents directed
within this area, both for conventional arc-based interrupters [55], [56] and power electronic-
based interrupters [54].

1.1 Definition of controlled fault interruption

Controlled fault interruption (CFI) aims to synchronize the trip command(s) to a circuit-
breaker with respect to target instants e.g. future current zero crossings, so asto achieve a selected
(or “optimum”) arcing time for interruption. The primary goal of CFl isto avoid longer arcing
times that add to the stress and wear on a circuit breaker, without necessarily providing a higher
probability of successful interruption.

The concept of CFl isillustrated in Figure 1.1 for a single phase earth fault. In the case of a
direct or “non-CFI” protection trip operation, the protection system will issue its trip command to
the circuit breaker after the protection operation time, tprot. The circuit breaker arcing contacts

will begin to separate at the circuit breaker opening time, topgy, after the trip command. The

current will then be conducted by the arc between the arcing contacts and interrupted at the first
current zero in each phase that occurs after the required minimum arcing time, ty;y_arc: The

minimum arcing time constraint is dictated by the required contact gap and mass flow of
interrupting medium (e.g. SFg gas) in the contact gap region at current zero in order to extinguish

the arc thermally and provide the necessary dielectric withstand against the subsequent transient
recovery voltage that will develop between the open contacts after current extinction.

As can be seen in the example shown in Figure 1.1 the interruption current zero is not
necessarily the first current zero that occurs after arcing contact separation. Thisis due to both the
minimum arcing time constraint and the random, non-synchronized relative timing of arcing
contact separation and current zero occurrence. In the direct tripping case an arcing time,
toirRECT ARCy Occurs that is somewhat longer than the minimum arcing time. This longer arcing

time does not necessarily increase the probability of successful interruption, compared to the
minimum arcing time and at worst only contributes to additional electrical contact wear.

In contrast to direct tripping, CFl control delays the issuing of the trip command after tprot
so that the circuit breaker will open and experience an arcing time, tcy arc, that is close to the

minimum arcing time. The CFl control requires that the target interruption current zero time be
accurately estimated within the protection operation time, tprot, SO that the required waiting time

for the CFI trip command can be calculated and have no delay in the total fault clearing time. The
targeted arcing time, tcp arc, is slightly longer than tyy_arc: The additional arc margin in

tcr_ARc isto cater for minor variations in topen, twin_arc @nd possible errors in the estimation
of the target interruption current zero time.
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It is important to note that the CFI control is complementary to the protection system and
not a replacement. The protection system retainsits critical role of determining whether or not the
circuit breaker must be tripped. The CFI control simply aims to synchronize the eventual trip
command to achieve interruption with a non-excessive and more desirable arcing time. The
functional relationship between the protection system and the CFl control isillustrated in Figure
1.2

BREAKER
CONTACTS
"Direct” Trip

tOPEN

TRIP
COMMAND

1
1
:
1
1
1
1
DIRECT |
1
i
1
1

u(t)

1
1
tPROT :
1

it)

TARGET
CURRENT
ZERO

BREAKER
CONTACTS
"CH” Trip

— = WAITING TIME

FAULT CLEARING TIME (eg. 2...3 cycles)

CH
TRIP
COMMAND

Figure 1.1 : Comparison of direct and controlled fault interruption (single phase)

In the implementation of CFI, as proposed in both the licentiate and this thesis, the
protection and CFI systems process the same voltage and current data, but for different purposes.
The protection system processes the data to determine if the criteria for a protection operation are
met and that operation of the associated circuit breaker(s) is required. The CFl system processes
the data to make an estimation of viable interruption current zero times. Asindicated in Figure
1.2, the proposed CFI method includes a validation check of the target estimations and in the
event of an insufficiently reliable result can force the waiting time to zero and divert the circuit
breaker control to direct tripping. An aternative CFl bypass strategy can be to divert the tripping
to back-up protection and circuit breaker operation. Selection of the preferred bypass strategy is
dependent on whether or not the associated circuit breaker is critically dependent on CFI control
to achieve interruption i.e. can the circuit breaker interrupt with a “full” or only a “restricted”
arcing time window.

10
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A further point to note from Figure 1.2 is that as the protection and CFl systems process the
same voltage and current signal data, they can operate within the same hardware platform. In
other words, a CFl algorithm can be embedded within an existing digital protection relay without
need of additional hardware. This offers both cost and performance benefits. As will be shown
later in this thesis there are significant potential synergies to be gained from the protection and
CFI systems using the same data signal processing platform. In addition it will be shown that
while the functions and objectives of the protection and CFl systems are separate and different,
they share alarge amount of common data e.g. distance protection schemes that make estimation
of the fault current phase angle. This common data link offers potential benefits in the research
and development of both protection and CFl systems.

PROTECTION
> SY STEMNG —> TRIP? \ > TRIP
PROCESY AND
CAMPLE COMMAND
CURRENT
AND
VOLTAGE TARGET

WAITING
TIME
=07

ESTIMATION &
WAITING TIME
CALCULATION

WAITING
TIME=0

Figure 1.2 : Functional relationship between protection and controlled fault interruption
systems

As stated earlier, CFl has yet to reach the same implementation status as controlled load
switching. While both applications fall generally under the umbrella of controlled switching and
have some common aspects, they have substantially different objectives and constraints. A
summary comparison of controlled load switching and CFl is presented in Table 1.1. The
strongest common link between controlled load switching and CFl is reliance on known, stable
and consistent circuit breaker operating times. The most notable differences between the two
applications are the complexity of synchronizing target identification, cal culation time constraints
and the consequences of control system failure.

While there are applications within controlled load switching, e.g. energizing of shunt
compensated lines, that have complex non-periodic targets, the time to reach atarget solution is
typically non-critical, at least compared to the quarter to one cycle time of a protection relay
operation. The consequences of afailure of the controlled switching scheme is also a significant
difference between the load switching and fault interruption applications. The potentially severe
consequences of a CFl system failure should not be under- nor overstated, but considered in the
context of the application. The reliability demands on a CFl scheme should be considered in the

11
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context of protection system operation terms such as dependability and security. Dependability of
a protection system has been defined as the probability that the system will operate correctly for
all cases of its intended application, over given time period, whereas security is considered as the
probability that the system will not operate incorrectly in any case, over agiven time period [4].
CIGRE WG 34.01 provide quantified definitions of these performance indices [8].

Table 1.1: Summary comparison of controlled load switching and controlled fault

interruption
Requirements/ Consequences
Characteristic Controlled L oad Switching Controlled Fault Interruption
1 [Main purpose Switching transient mitigation Arcing time control
2 |Main benefits Reduction in switching overvoltage |Reduction in interrupter electrical
magnitudes wear rate
Avoidance of re-ignitions on Potential for circuit breaker design
inductive current interruption optimization
Increased margin against capacitive [Facilitation of new interruption
current restrike risk technologies
3 |Frequency of use Can be daily for shunt capacitor / | Typically infrequent, dependent on
reactor banks or infrequent for fault occurence rates.
transformers and lines.
4 |Target selection and Mostly simple, periodic targets Target times vary significantly dueto
identification (except for compensated linesand |fault current asymmetry and range of
some transformer applications) fault types
5 |Target and control Relatively simple for periodic Can be as complex as for protection
calculation complexity targets (except for compensated system decisions due to range of
lines and some transformer possible fault type behaviors.
applications)
6 |Calculation time No major constraint. Load Time critical. Ideally must be done

switching is not "time critical”. Can [within protection response time, which
allow several cycles of calculation |can be aslow as0.25 cycle.

time.
7 |Circuit breaker operating |Important. Important.
time consistency Generally aimed at +/- 0.5 ms Generally aimed at +/-0.5 ms
8 |Circuit breaker arcing time [Some importance for interruption of || mportant.
consistency small inductive (or capacitive) Can vary according to fault type.
loads, but +/- 1 mstoleranceis Ideally needs to be known to +/- 1 ms
manageable. tolerance.
9 |Failure consegquences Low to moderate. M oderate to severe.

Power system should be designed to|Worst case failure to interrupt fault,
manage non-controlled switching. [resulting in reliance on back-up
protection and potential wider scale
system interruption than otherwise
necessary.

In summary the critical requirements for a viable CFl scheme include:

1. Ability to identify target interruption current zero times, with reasonable accu-
racy, for a full range of multiphase fault types within the nominal protection
response time;

12
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2. Provision of a“back-up” facility in the event of CFl system failure;
3. Knowledge and stahility of circuit breaker mechanica performance;
4. Knowledge of circuit breaker (minimum) arcing time behavior;

5. Knowledge and appropriate design of data measurement, sampling, processing
and control;

The first demand above has aready been examined in detail for single phase fault currents
in the licentiate thesis with good results. Target current zero times could be identified within +/-
0.5 ms accuracy, even with onerous signal noise. The second requirement was also addressed in
the licentiate thesis with the use of an analysis of variance test to verify the validity of the
synchronizing target and regulate control of the algorithm. This thesis will describe a further
development of the licentiate method to manage the basic range of multiphase fault combinations
that can occur on athree phase HV AC network.

The requirement for known and stable mechanical operating time performance is common
with conventional controlled load switching for transient mitigation and is generally achievable
with most modern HV circuit breakers [50]. The most common applications of controlled load
switching, including shunt capacitor and reactor bank operation tend to involve frequent (e.g.
daily) switching and reference type tests such as the IEC class M2 10,000 operation mechanical
endurance test [5] can provide good base data for assessing the suitability of acircuit breaker to
such controlled load switching applications. Fault switching tends to be significantly less frequent
and in addition the potential variation in fault type and fault current levels may impact
significantly on the minimum arcing time constraints applicable in each case.

1.2 Thesisgoals
Thisthesis has two main goals:

1. Extension of the single phase CFl method outlined in the licentiate thesis to three
phase application with associated simulation analyses of algorithm performance
under arange of system fault conditions.

2. High power experiments to investigate aspects of circuit-breaker performance
related to both the application and potential benefits of controlled fault
interruption.

HV AC fault interruption using circuit breakersis an inherently broad, complex and multi-
disciplinary topic. It has been necessary therefore to limit the scope of this work within a set of
acceptable problem boundaries, that offer sufficient scope for the work to be a useful foundation
for further research to be conducted on this interesting and important topic. The scope limitations
of the CFl solution presented in this thesis are described in more detail later in this chapter.

13
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1.3 Motivationsfor controlled fault interruption research

The licentiate thesis identified several motivations for the study of CFl, including reduction
in the rate of electrical wear of interrupters and as a means to facilitate new interruption
technol ogies such as those based on solid state devices requiring commutation control. The results
of the licentiate work indicated that it is feasible with a simple single phase current model to
predict current zero times within +/- 0.5 ms, under a wide range of asymmetrical current
conditions and in the presence of large signal noise. The challenges set for this thesis work have
been to extend the licentiate CFl method to manage fault cases on a three phase network and
study the minimum arcing time behavior of an HV SFg circuit breaker, in conjunction to

investigating the potential to optimize such a circuit breaker by reduction in its required operating
energy by using CFI.

It shall not be overlooked that HV AC circuit breakers with arc based interrupters have been
successfully used virtually since the advent of electric power systems in the late nineteenth
century. Numerous interrupter designs, using air, oil, vacuum or SFg have been applied and

continue in service around the world today [3], [34], [40]. International and local service
reliability studies have been conducted on HV AC breakers and all have demonstrated that while
the specific reliability and performance of different arc based interrupters, their media and
mechanisms may vary, overall breakers have evolved to be very reliable given the onerous nature
of their primary function of current interruption on command [35], [36], [37].

The vast mgjority of modern HV AC breakers use either vacuum (medium to high voltage
applications) or SF¢ (high to ultra high voltage applications) as the interrupting medium. Such

breakers generally have type test proven ratings to interrupt fault currents within two to three
power frequency cycles. Modern vacuum and SFg breakers are designed, tested and expected to

perform reliably in a wide range of environments, for decades and thousands of operations
without need of major maintenance. Advanced tools exist for optimization of both the electrical
and mechanical design and testing of such breakers [32], [33], [41], [42], [45]. HV AC circuit
breakers work and work well. This poses the important question: Why complicate the control of
HV circuit breakers by implementing CFI?

The easiest potential benefit to recognize is reduction in interrupter wear from avoiding
longer than necessary arcing times [16]. As will be shown, such savings do incur other costs e.g.
longer total fault clearing times in some cases. However this benefit is potentialy the least of all.
As stated earlier, the main benefit of interrupting with a selected arcing time is to avoid longer
arcing times that may place additional stress or wear on an interrupter, without necessarily
contributing to the probability of a successful interruption. An important consequence of the lack
of synchronization of direct trip commands with respect to the eventual interruption current
zeroes is that circuit breakers must be designed and type tested to verify their rated performances
for awide range of possible arcing times.

Interruption of capacitive currents involves alarge number of type test operations down to
near zero arcing time to verify the restrike probability of the circuit breaker. For higher current
interruptions, ranging up to full symmetrical fault current rating the type tests are normally
limited by international standards [5] to verification of the minimum, maximum and medium
arcing times. The typical fault current arcing time range (or “window”) for a modern HV SFg

circuit breaker ranges from 10 ms minimum to 20 ms maximum arcing times. At the same time,

14
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cost optimization constraints require that circuit breakers fulfil their interruption ratings with a
minimum of material and operating energy, while providing their functions reliably over aslong
as possible intervals without need of maintenance. Additional potential benefits of implementing
a CFl scheme may therefore include:

1. Optimization of circuit-breaker design; freedom to design to narrow arcing time
window(s);

2. Prediction of future current zeroes, leading to possibility for improved (faster)
breaker failure detection;

3. Facilitation of new high-voltage interruption technologies e.g. “arc-free” (power
electronic) interrupters, alternative interruption mediato SFg;
The optimization of arc interrupter designs and facilitation of new interruption technologies
may prove to eventually provide far greater overall and long term benefit in terms of cost,
performance, health and environmental terms.

1.4 Scope of work

The primary focus of this work is the development of a method for synchronizing the trip
commands of aHV AC circuit breaker to predicted current zero crossings in order to achieve a
predetermined (“ optimum”) arcing time, within the context of three phase AC networks.

HV AC fault interruption on three phase networks is a broad topic and by necessity the
work described here has been limited in its scope in order to provide a manageable and useful
focus for continued research. The chosen scope limitations for this work are summarized in four
main areas described below:

1.4.1 Power system configuration:

While in principle applicable to three phase AC networks from MV to UHV levels, the
primary focus of this work has been on application within HV to UHV transmission networks
typically operated between 72-800 kV at 50 or 60 Hz. Figure 1.3 illustrates the areas within a
classical, hierarchal power system where the proposed method can be expected to function
without major enhancements and those applications where further work is required to both
determine the requirements and develop a viable method for controlled fault interruption.

Essentially the focus of this work has been on circuit breakers within the transmission and
sub-transmission parts of a classic network. Some specific exceptions indicated in Figure 1.3
include the boxed areas numbered 1, 2 and 3.

Boxed area 1 refersto circuit breakers located close to large generators where sub-transient
reactance effects during faults can result in “missing” current zeros due to the transient
exponential change in fault current magnitude, imposed in addition to the transient exponential
DC offset present in afault current [26], [31]. It can also be noted that HV generator circuit
breakers are governed by a dedicated (ANSI) standard [10].

15
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Figure 1.3 : Classical hierarchal power system

Boxed area 2 refers to series compensated lines, typically found in EHV transmission
systems at 500 to 800 kV over long distances (e.g. 500 km). Faults on series compensated lines
can exhibit both sub-synchronous resonances [51] and missing current zero transient periods[52],
neither of which effects have been included within the scope of the CFl solution presented in this
thesis.
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Boxed area 3 refers to network cases found more typically in the traditional distribution
network, including distributed generation stations or large industrial sites with large motors.
Distributed generation can vary from combined cycle, gas turbine to wind turbine systems that
may each exhibit special behaviors during fault conditions that have not been considered in detall
in thisthesis.

Transmission networks tend to have a meshed network configuration, resulting in that
normally at least two (2) circuit breakers will be required to operate to fully isolate a faulted part
of the network e.g. overhead transmission line. Busbar trip operations are a more extreme
example of parallel circuit breaker operation and current interruption. Such parallel circuit
breaker operation has not been explored in explicit detail in this work, though reference to its
implications for the implementation of the proposed CFl scheme is discussed, in addition to
suggestions for future work in this area.

Most transmission systems are effectively earthed networks, though at lower transmission
and sub-transmission levels non-effectively earthed networks can be in use. The work described
here has considered the implications of phase shifts occurring in the last phases to interrupt dueto
the absence of a zero sequence return path, but only in the context of three phase unearthed faults
on an effectively earthed network. The main assumption applied in this work has been that the
power system is effectively earthed on at least one side of the breaker.

Following from the focus on effectively earthed transmission systems, it has also been
assumed that the system can effectively be modelled as an infinite bus symmetrical source. Such
an assumption is typical in general short-circuit analyses and power system studies, though it
must be recognized that in dealing with “faulted” networks, abnormal, unbalanced system
conditions cannot be ignored. Two critical conditions for this particular research drawn from the
infinite symmetrical bus model are:

1. the driving source voltages maintain their balanced phase relationships during a
fault

2. the breaker to fault impedance is significantly greater than the source to breaker
impedance (e.g. 10:1 ratio) and as such the phase angle difference between the
ideal source voltage and the voltage measured at the breaker is “small” (i.e. less
than 20 electrical degrees)

Even within the “general” network considered for this work different neutral point earthing
arrangements do exist e.g. delta-star transformer winding arrangements. The effects of power
transformer winding arrangements on fault current behavior have not been studied in detail in this
work, asit has been assumed that the currents used for prediction of future current zero times are
those measured directly at the associated circuit breaker location.

While the above cases have been excluded from specific consideration within the scope of
this work, it is by no means to imply that such cases are either unimportant nor unable to be
solved for CFl. Rather it has simply been to provide a manageable scope to the work to focus on
extension of the CFl method from the licentiate to application on basic three phase network
multiphase fault cases. In essence this focus is considered the next logical step before possible
future work to research CFl solutions to the more complex fault scenarios associated with the
excluded network cases described above.
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1.4.2 Fault current behavior:
Fault currents can be classified in many ways and in respect of CFI, three main classifica-
tions can be considered:
1. Bolted terminal or short-circuit faults classed by phase (p) / earth (€) combinations
i.e. p-e, pp-€, ppp-€, pp or ppp

2. Faults classed according to circuit type, influencing circuit breaker interruption
stressesi.e. terminal faults, short-line faults, out-of-phase, high DC components

3. Classification according to the interruption behavior, particularly with respect to
current zero timings, as described in Table 1.2

Table 1.2: Classification of fault currentsaccording to interruption behavior

Fault type Description Interruption behavior

1-, 2-, 3-phase
to earth faults \/\ m
T 2 S
1 Currents behave \/\\ w

" independently” X \: )

phase-to-phase
unearthed faults \/\ /\ \
2 . a

Fault currentsin U

phase opposition

v

3-phase unearthed faults

Last phases to interrupt \/\ { [\

3 | shiftinto phase T
opposition after first y

phase interrupted

v

The first classification grouping, according to multiphase fault combinations is the primary
focus of the CFI method described in this thesis. A method is included to discriminate between
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two phase earthed and unearthed faults. In addition a method for management of phase shift in
last phases to clear in unearthed three phase fault cases will be described and demonstrated.

The second fault classification method, according to circuit type and interruption stressesis
most relevant to the design and arcing time performance limits of the circuit breaker interrupter.
Figure 1.4 provides examples of some of the different interruption stresses that a circuit breaker
must manage. The upper graph in Figure 1.4 shows interruption of asmall capacitive current, with
the characteristic (1-cosine) recovery voltage after current zero interruption. The thermal stress
for small currentsis correspondingly very low, so that an HV circuit breaker can normally achieve
thermal interruption at near zero arcing time. However a near zero arcing time, corresponds to
near zero contact gap at the current zero and in the case of capacitive current interruption, the
peak of the recovery voltage can reach over three times the normal AC peak voltage and thus
places avery high dielectric stress on the interrupter.

The lower three graphs in Figure 1.4 show, from top to bottom, symmetrical fault current,
short-line fault and asymmetrical fault current interruption and associated transient recovery
voltages (TRV), based on IEC standard type test circuits. Each of these interruptions is
characterized by fault level currents and the very fast rising TRV caused by the inductive nature of
the power system. Such interruptions place both high thermal and dielectric stresses on the
interrupter. The short-line fault is a special case, characterized by an especialy severeinitial rate
of rise of recovery voltage (shown expanded in the inset graph) which is caused by travelling
wave reflections between the open circuit breaker and the fault location. The performance of an
SFg HV AC circuit breaker with respect to these interruption duties is examined in greater detail

in Chapter 3, within the high power experiments.

The third fault classification method is a derivative of the first classification method, as
described in Table 1.2, but with particular focus on the order and timing of the interruption current
zeros. Type 1 and 2 faults differ in the configuration of the power system source voltage driving
the fault, but the fault current phase angle and current zero behavior remain consistent as each
phase is interrupted. Type 3 faults represent the case where the driving source voltage and current
zero behavior change after the first phase is interrupted. Due to the absence of a zero sequence
return path, once the first phase is interrupted the remaining two phases shift into phase
opposition - in effect changing into an equivalent phase-to-phase fault. Such behavior presents a
particular challenge to the implementation of CFl on three phase networks.

Thelicentiate included a detailed analysis of the method of using a modelled approximation
of the measured fault current for single phase faults over a complete range of fault inception
voltage phase angles and fault current time constants. The three phase CFl method described here
isbased on avery similar model and will be shown to exhibit similar robustness and versatility for
inception angles and time constants, though the range of time constants actually tested and
presented hereis limited, simply for reasons of practical necessity.

In addition, following from the assumption of an infinite bus transmission network, it is
assumed the fault current magnitude is several times larger than the pre-fault load current
magnitude. Consideration of fault current types influencing circuit breaker interruption
performance has been in part made in the experimental part of the work, but for the algorithm
development it has been assumed that for the simulated fault cases a well defined and consistent
minimum arcing time behavior is known for the applied circuit breaker.
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INTERRUPTION CASE EXAMPLES: CURRENTS AND TRANSIENT RECOVERY VOLTAGES (TRV)
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1.4.3 Circuit breaker behavior:

Understanding of circuit breaker current interruption and mechanical functions and
behavior is of course critical to the development and application of a CFl scheme. Several aspects
of circuit breaker behavior critically affect CFl implementation:

1. Minimum arcing times for different current interruption duties;
2. Mechanical operating time stability;
3. Influence of electrical wear from successive interruption on interrupter materials;

Minimum arcing time behavior will be examined in detail within Chapter 3. Mechanical
operating time stability is a well documented requirement for controlled switching and can be
verified by type tests [11], [50]. The influence of electrical wear of interrupters is an important
consideration that has attracted considerable focus [7], [22], [23], [24], [25], [49] and will be
examined in Chapter 3.

In the transmission system context of this work, focus is placed on modern SFg HV AC

circuit breaker designs and behaviors. In particular the work in this thesis assumes tripping of all
phases for every interruption, though with single phase operation control, common at the higher
transmission voltage levels. At lower transmission voltage levels, circuit breakers are often
mechanically arranged for simultaneous three pole operation (otherwise referred to as “ ganged”
operation). Ganged operation forces additional constraints on the implementation effectiveness
and practicality of CFl due to the wide variation in possible current zero times between phases
during fault conditions.

1.4.4 Protection system performance:

The CFI scheme described here is not proposed as an alternative or replacement power
system protection scheme. Rather it is proposed as a method to augment or optimize the fault
current interruption process. It should however be noted that there can be aspects of the proposed
method that might offer interesting features for inclusion in distance protection schemes e.g. the
use of analysis of variance tests as a parameter or model validation tool and control augmentation
feature.

Line protection schemes in transmission networks are typically equipped with distance
protection relays. Distance protection schemes calculate apparent impedance data which is very
similar information (e.g. X/R ratio) to that used by the proposed CFI scheme to model
asymmetrical fault currents.

While there exist data cal culation synergies between digital distance protection algorithms
and the proposed CFl scheme, the extracted data is applied in different ways and for different
purposes. Distance protection is aimed at determining if the measured apparent current and
impedance are within defined fault criteria, necessitating a circuit breaker operation. The CFl
scheme isfocussed on continually updating its modelling of currentsto predict future current zero
times for synchronizing any eventual trip command to the circuit breaker in order to achieve a
predetermined arcing time. In short, the protection system determines if the measured system
values constitute afault condition and hence is circuit interruption required, while the CFl scheme
aims to optimize the interruption process. The operating time and total fault clearing time
associated with protection operations are major constraints on a CFl algorithm as the use of CFl
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should not result in any (significant) prolongation of the total fault clearing time, in the interests
of maintaining power system transient stability.

Detailed analysis of protection schemes is outside the scope of this work. However
references are made to the similarities in system data extraction and calculations used in modern
distance protection algorithms and the proposed CFl scheme.

1.4.5 Data measurement, processing and control:

Following on from the single phase method described in the licentiate, the CFl method for
three phase network application described in thisthesisis also based on an approach whereby the
algorithm could be embedded directly into existing modern digital protection relays and thereby
utilize the same current and voltage measurements, filters and signal processing hardware.

The implications of the above scope limitations and assumptions are addressed in more
detail where relevant within the body of the thesis.

1.5 Thesisstructure

Thisthesisis a continuation and extension of the CFI scheme described in the licentiate [1].
The licentiate contains substantial background material that is relevant to the work presented
herein. The specialized nature of this research is such that there is little direct comparative
published academic literature dealing with this specific topic. The work involves consideration of
a combination of power system topics including fault current modelling, protection systems,
circuit breakers, data measurements and control systems. Literature has therefore been surveyed
and referenced from each of these areas with consideration of the implications for CFI
development and implementation. Chapters 2, 3 and 4 described below include literature survey
material.

Thethesisis structured in chapters, summarized as follows:

 Chapter 2 - Three phase fault theory: The applied model for fault currents in a three
phase system is described. Three phase system fault combinations are described,
including influence of system earthing configurations on fault and current interruption
behavior. The key parameters affecting the modelled current behavior are defined.

* Chapter 3 - High power experiments. This chapter focuses on high power experiments
conducted to obtain additional data to support both the arcing time selection and
potential benefit motivations for CFl. A summary description of HV AC three phase
interruption process, based on SFg interrupters is provided, with particular focus on
minimum arcing time behaviors for different current interruption duties. A brief
description of the applied high power synthetic testing process is given. The applied
tests and results are described with focus on their particular relevance for CFl
research.

* Chapter 4 - Controlled fault interruption - Overview: An overall description of the CFl
process is provided. Requirements for successful CFl implementation are described.
Comparison, including a literature survey, is presented between distance protection,
previous CFl methods and the proposed method. The boundaries and system assump-
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tions applied to the present work are defined. The novel features introduced by this
research are described.

* Chapter 5 - Three phase controlled fault interruption - Proposed method: This chapter
provides the detailed description of the proposed three phase CFl method, as further
developed from the previous single phase scheme described in the licentiate thesis [1].
Modifications to the least means square method applied for fault current phase angle
estimation are described. In addition, modifications in the application of the analysis
of variance current model check function for fault inception detection and multi-phase
fault type identification are described. Simulation examples are provided for arange of
multi-phase fault cases to illustrate the details of the proposed CFI process.

* Chapter 6 - Three phase controlled fault interruption - Simulation tests: MATLAB sim-
ulations of the proposed scheme are provided covering the range of three phase system
fault combinations for different system earthing configurations. Specific measures of
performance for the CFl scheme are defined. Behavior of the proposed method with
respect system parameter variations are presented.

e Chapter 7 - Future work proposals: This chapter outlines further research topics that
should be undertaken to complement and improve the existing work on CFl for three
phase AC networks.

e Chapter 8 - Conclusions: The main conclusions are summarized with respect to the
undertaken work, including assessment of fulfillment of the goals set for the work.

 Chapter 9 - References: All referencesin the thesis are numbered and listed in this final
section.

e Appendix A - EMTDC model descriptions for three phase network fault cases:
Description of the circuit models used for the simulation of three phase fault cases
described in Chapter 2.

1.6 List of publications

The following conference papers have been presented and published, based on the
Licentiate thesis describing the single phase controlled fault interruption method:

e Thomas R., Daalder J., SOlver C-E., “An Adaptive, Self-Checking Algorithm for Con-
trolled Fault Interruption”, Paper 0134, CIRED 2005, 18th International Conference
on Electricity Distribution, Turin, 6-9, 2005.

e Thomas R., Daalder J., SOlver C-E., “An Adaptive, Self-Checking Algorithm for Con-
trolled Fault Interruption”, Paper IPST05-011, IPST’ 05, 6th International Conference
on Power System Transients, Montreal, June 19-23, 2005.

* Thomas R., Daalder J., SOlver C-E., “An Adaptive, Self-Checking Algorithm for Con-
trolled Fault Interruption”, Paper 419, PSCC 2005, 15th Power Systems Computation
Conference, Liege, 22-26 August, 2005.
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The following conference papers have been presented and published in connection with this
PhD thesis:

* Thomas R., S6lver C-E., “A Method for Controlled Fault Interruption for Use with HV
SFe Circuit Breakers’, IEEE PowerTech 2007 conference, Lausanne, Switzerland,

July 2-5, 2007.

» Thomas R., SOlver C-E., “Application of Controlled Switching for High Voltage Con-
trolled Fault Interruption”, CIGRE SC A3 International Technical Colloquium, Rio de
Janeiro, Brazil, September 12-13, 2007.

The following transaction journal papers and conference abstract submissions have been
submitted in connection with this PhD thesis and are under review:

e Thomas R., Solver C-E., “Experimental Investigations for High Voltage Controlled
Fault Interruption”, submitted to IEEE Transactions on Power Delivery on March 6,
2007.

e ThomasR., Solver C-E., “A Method for Controlled Fault I nterruption Based on Predic-
tive Current Behavior”, abstract submitted to DPSP, Sth International Conference on
Developmentsin Power System Protection, Glasgow, on July 19, 2007.

The following patent applications have been submitted for both the single and three phase
methods of controlled fault interruption described by the Licentiate and PhD theses:

Patent Cooperation Treaty (PCT):

Title: An apparatus and a method for predicting afault current
Applicant: ABB Technology Ltd, Affolternstrasse 44, CH-8050, Zurich.
Inventor: Richard Thomas

International Publication No: WO 2006/043871 A1

Priority date: 22 October, 2004.

Publication date: 27 April, 2006.

European Patent Office:

Title: A method and an apparatus for predicting the future behavior of currentsin current
paths

Applicant: ABB AB, Vasterds, Sweden.
Inventor: Richard Thomas

Application No: 06125262.3-

Filing date: 1 December, 2006.
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2 Three phase fault interruption theory

One of the main goals of this work has been to extend the application of the CFl method
described in the licentiate [1] to application on three phase HV AC networks. It is therefore
necessary to describe and examine fault current and interruption behavior for three phase power
systems. In particular this chapter will focus on presenting a modified form of the fault current
model used in the licentiate, that in turn is used as the basis for the proposed three phase CFI
algorithm.

First it is important to differentiate between fault type classifications relevant to HV AC
power systemsin general, in contrast to the fault type classifications that are used for HV AC
circuit breakers from the perspective of specific interruption stresses. In power systems theory it
is typical to focus on classification of faults according to the number of phases affected and
whether or not the fault case involves an earth (or zero sequence) component. There also specia
fault or power system failure cases, that may require circuit breaker operation and while possibly
abnormal current behavior, not necessarily “classic” fault currents, e.g. load rejection operations
and out-of-phase synchronization failures.

For the study of current interruption, particularly with respect to HV AC circuit breakers,
faults types are more typically classified with respect to current magnitude, level of asymmetry
and other circuit parameters affecting both the current and the transient recovery voltage behavior.
Type testing of HV AC circuit breakers requires such detailed classification and fault type
definitions and will be assessed in greater detail in Chapter 3.

In this chapter the focus is on generic, classical fault behavior according to number of
phases and earth connections involved. Though the CFl method proposed by this thesis
implements interruption for al three phases with single phase contral, it is nevertheless important
for the algorithm to differentiate between different phase and earth fault combinations, primarily
with respect to the frames-of-reference for the applied current model, according to which phases
are faulted and whether or not an earth connection is involved.

It should also be noted that the described system fault behaviors will focus on the voltages
and currents as seen immediately at the circuit breaker associated with fault interruption. The
analysis of fault current interruption behavior is focussed on a specific circuit breaker interrupting
its through current, asindicated by Figure 2.1. In this respect, the fault current analyses presented
in this chapter differ slightly from “conventional” power system or protection system fault study
focus in that the eventual full interruption of the fault current at the fault location is of less
interest. In meshed power systemsit is likely that at least two circuit breakers will operate to
interrupt a fault e.g. the circuit breakers at either end of a faulted line. However in the context of
this thesis, the interest is only on each of these circuit breakersin “isolation”. This approach is
used simply for convenience and should not be mistaken as to mean that parallel circuit breaker
operation is “irrelevant” or without effect in the context of a full implementation of CFI. The
potential consequences of parallel circuit breaker operation, and the use of voltage and current
signals obtained at the circuit breaker location on the applied fault current model will be discussed
at the end of this chapter. Note that in Figure 2.1 the circuit breaker is drawn for single phase
operation, though in al the interruption cases considered here, trip commands are sent to all three
phases.
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The chapter will begin with a description of the general three phase fault current model and
then proceed to analysis of the current and interruption behavior for the basic multiphase fault
cases and conclude with areview of factors and fault conditions not included in the scope of this
work, but require further investigation in the context of CFl.
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Figure 2.1 : Measurement and control scope of study for a specific CFl circuit breaker

2.1 Applied power system model

In order to focus on development of the CFl scheme to manage the fundamental range of
fault cases that can arise in a three phase HV AC network, a simplified power system model has
been used, similar to that described in the licentiate and asillustrated in Figure 2.2. Attention has
been placed on the control of a single, three phase circuit breaker located between a common
source and the fault location. The source for the model is assumed to be ideal (i.e. symmetrical,
earthed, infinite bus). While not dissimilar in its simplicity to models applied for basic fault
theory development, there are obvious limitations to such a model, which will be discussed
briefly later in this chapter. It is assumed that in the case of afault, the fault location impedancein
the faulted phasesis zero i.e. non-arcing faults.

The method of symmetrical components [19], [27] is typically applied to the study of
multiphase faults in three phase networks. An important assumption in the applied model related
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to it being effectively earthed is that the positive and zero sequence impedances are “equal” - the
main consequence of this for CFIl being that for earthed faults, each phase interrupts
independently of the other phases.
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Figure 2.2 : Applied power system model
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The symmetrical components method has not been used for this work and will not be
presented here. Asthe symmetrical components method is phasor based, its most common useis
for the evaluation of the “ steady state” fault levels that might be seen in a power system. For CFI
the focus is on the transient behavior of the fault current and therefore an analytical fault current
model approach has been used here, following on from the same type of model used in the
licentiate.

For the three phase system described by Figure 2.2 the driving source phase-to-earth
(“phase”) and phase-to-phase (“lin€”) voltages can be generically defined by {2.1},

Uyx(t) = Upgx BEN(W O+ ay +yy) {2.1}

where “X” sub-script is the phase designation (e.g. “A”, “B”, “C” or “L1", “L2", “L3" or “R”,
“S’, “T” etc) respectively and ay is the respective source voltage phase angle at which a fault
begins (at atime, t = 0) in any phase. For the case of using “A” phase as the main reference phase
with respect to a common time base and a positive phase rotation of “A-B-C” phases, the
associated yy values for all phase-to-earth and phase-to-phase voltages are as indicated in Figure

2.3. The associated phase-to-earth definitions of ay are shown in Figure 2.4.
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Figure2.3: Referenceyy valuesusing “A” phase asreference voltage
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The fault currents in each phase can be described with respect to their associated driving source
voltages as follows. Let the source-to-fault impedance, Zy, for each phase “X” is defined as,

Zx =Zsx + Zpx = Ry +juwly {22
where Zgy is the normal source-to-fault location impedance and Zgy is the equivalent fault
location impedance, including earth impedances.

Following from {2.1} and {2.2} the generic fault current model can be derived (e.g. from
L aplace transformations - see Greenwood [20]) to { 2.3},

(/75 (-9/71)

where,
Iex = Upkxd 12 {2.4}

Ipex 1S the instantaneous value of the pre-fault load current at the moment of fault inception

@y = tan (oL x/Ry) {2.5}
Ty = Lx/Ry = tan(@y)/w {2.6}

The above model works equally well for ungrounded two phase faults, provided the
appropriate line voltage for the faulted phases is used as the reference driving source voltage with
associated adjustment of yy and ay values as shown in Figure 2.4. It should be easily apparent
that {2.3} takes the same general form as that used for the fault current model used in the
licentiate { 2.7}

(1) = 1oy SN0 I+ 0y — ) = Sin(ay — ) B ™) +lpeg B V™ {27)

The only apparent difference between {2.3} and {2.7} is the inclusion of the voltage
reference angle term, yx. In effect the yx term simply provides the necessary phase angle
adjustment to allow the currentsin all phases to be modelled using a common timebase frame of
reference. As shown in Figure 2.4, the sum (ay + Yy) isthe same for al three phases. However it
should be noted that { 2.3} isonly valid for each phase in the event that the correct respective and
appropriate yy and ay values are used. Thisis particularly evident when modelling the different
fault current behaviors that occur in faulted phases of double phase-to-earth versus phase-to-
phase unearthed faults are considered. The relevance of correct yy and ay value estimation will
become further evident when the proposed three phase CFI algorithm is presented in further detail
in Chapters 4 and 5.

It isimportant to note the potential problems in accurate practical measurement of vy and
oy vaues. Figure 2.1 indicated that the focus of study for this CFl research is on the currents

flowing through a specific CFI circuit breaker with the associated implication that the CFI
solution is based on the currents and voltages measured at the circuit breaker location. The power
system model described by Figure 2.2. and used to derive {2.3} is based on the “ideal” source
voltages i.e. ugx(t). The voltage measured at the circuit breaker, uyx(t), will of course differ in
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both magnitude and phase angle to the ideal source voltage, due to the ideal source-to-breaker
impedance - see Figure 2.5. It is the phase angle differences between these voltages that has the
most bearing on the fault current model. If the source-to-breaker impedance can be assumed to be
reasonably “constant”, then load and fault flow studies could provide an estimation of the ideal
versus actual phase angle differences at each circuit breaker location, which could then be used as
adjustment factors in the estimated yx and ay values are used by the CFI algorithm. For the
purposes of this work the assumption of the infinite bus network behind the circuit breaker is
important in the context of assuming the ideal source and measured-at-breaker voltages have a
negligible phase angle difference.
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Figure 2.4 : Example of phase-to-earth yy and ay relationshipsfor three phase fault

While the power system model described above is extremely simple, the resultant fault
current equation {2.3}, is sufficiently accurate to describe typical fault currents within a
transmission and distribution system, moderately removed from any generators or motors that
may contribute with additional transient and sub-transient reactance effects. However it can also
be noted that there does not exist a single “universal” power system protection solution to cover
all possible fault events. Application-specific protection schemes are necessarily used in all power
systems in order to provide a sufficiently robust and reliable coverage and management of
possible fault events e.g. distance protection for lines, differential protection for transformers,
generators and motors, overcurrent relays, under/overvotlage protection, frequency monitoring
protection etc. In asimilar way it is reasonable to expect that application-specific CFl solutions
are more likely than any single “universal” CFl algorithm that could manage all possible fault
current behaviors.

It should also be noted that the above fault current model neglects mutual inductance effects
between the phases or adjacent circuits, which can be equated to an assumption of perfectly
symmetrical transposed lines. As the model and eventual CFl algorithm are based on phase-
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specific measurements and parameter value estimations, the effects of impedance unbalance
between the phases should be minimal. However as noted in [8], while the positive and negative
sequence mutual coupling terms for parallel lines are normally negligible, this is not necessarily
so for the coupling between positive and zero sequence mutual coupling terms and can be
significant in terms of the influence on the correct function of earth fault protection schemes.
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Figure2.5: Illustration of the relationship between “ideal” and measured sour ce voltages

2.2 Multiphase fault behaviors

The eleven possible fault combinations that can arise in the three phase AC power system
described by Figure 2.2 can be grouped into four main types, according to the general behavior of
the fault currents up to and including interruption, as listed in Table 2.1. Type 1 faults are all
variants of phase-to-earth faults and can essentially be managed by the single phase CFI
algorithm described in the licentiate applied on an independent per phase basis, without
modification (assuming effectively earthed source and negligible mutual coupling between
phases). Type 2 faults are phase-to-phase faults without earth connection. In these cases the single
phase-to-earth current model must be modified as the driving source voltage is the phase-to-phase
voltage. The Type 3 fault is athree phase to earth fault and in effect should behave the same as
Type 1 faults. The reason for its separate classification here is to highlight the similarity of this
fault case to that of Type 4. Type 3 and Type 4 faults only differ in behavior after the first phase
current has been interrupted.
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Table 2.1 also summarizes reported fault type occurrence rate distributions at various rated
voltage levels, as published in Annex A of |EC technical report TR 62271-310 on electrical
endurance testing of high voltage circuit breakers [7]. The reported fault rate distributions are the
results of alimited international survey conducted cooperatively by CIGRE working group WG
13.08 and |EC study committee 17A, working group 29. (See also CIGRE Brochure 140, Chapter
6 [8] for comparative results).

Table 2.1: Summary grouping of three phase network fault types

Reported fault type occurrence rate distributions (IEC
Fault type Fault (7D
group description | 155 200 | 200..300 | 300..500 E50 KV
KV KV KV
A-E
B-E 65% 74% 83% 90%
C-E
1
A-B-E
B-C-E
C-A-E
29% 20% 14% 10%
A-B
) B-C
C-A
3A A-B-C-E
0, 0, 0, 0,
= ABC 6% 6% 3% 0%

The above table clearly shows the predominance of single phase-to-earth faults within
transmission systems, which isintuitively to be expected considering also the predominant use of
overhead lines and the large phase clearances required for such systems. Unfortunately there is
little comprehensive survey information available on the distribution between earthed and
unearthed multiphase faults, however as can be seen in Table 2.1 such faults can comprise
between 10% to 35% of the total number of faults seen on high voltage transmission networks and
are thus necessary to study for the purposes of CFl.

Each of the four fault type groups described in Table 2.1 will now be presented in further
detail by way of simulated case examples. The purpose of these examplesis to present the current
zero behavior of each of the fault types, which has lead consequently to the specific approach
used in the CFI method described later in this thesis. The presented cases are the results of
simulations conducted in EMTDC [48] using a simple single source transmission line model that
Is described in further detail in Appendix A.
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2.2.1 Double phase-to-earth faults

As shown the example two phase to earth fault in Figure 2.6 the currents in each phase
effectively behave independently and thus can be processed and managed on an individual,
independent basis.

2.2.2 Phase-to-phase (unearthed) faults

The currents in the faulted phases are effectively flowing in their own circuit loop and can
be considered as being in phase opposition as shown in the example in Figure 2.7. As the faulted
phases form their own circuit, both phases will interrupt at the same current zero time.

Asmentioned earlier, the phase-to-phase fault currents can be modelled by the same form of
equation { 2.3}, with appropriate values of yyx and oy, based on the associated phase-to-phase
(or “line™) equivalent driving source voltage (double letter subscripts are used to discriminate
from phase-to-earth yy and oy values with single letter subscripts).

2.2.3 Three phase earthed faults

Three phase earth faults, on an earthed source system, behave in the same manner as single
phase or double phase to earth faults, as shown in Figure 2.8. Each current will interrupt at its own
current zero, independent of the other phases and CFI can be implemented on a three-by-single
phase basis. The relevance of illustrating this fault case separately is the similarity of the current
behaviors to that of the three phase unearthed fault, up until the first phase is interrupted, asis
shown in the next section.

2.2.4 Three phase unearthed faults

The fourth fault type, athree phase fault without earth connection, differs from the other
types most particularly with regard to the interruption behavior of the three phases. Figure 2.9
illustrates interruption of both three phase earthed and unearthed faults occurring at the same fault
inception voltage phase angle. Up until the first phase is interrupted, all three currentsin the
unearthed three phase fault behave in the same manner as for a three phase-to-earth fault, as
described by the equivalent circuit shown at the top of Figure 2.10. After the first phase interrupts,
there is no zero sequence path in the unearthed fault case and the remaining currents undergo a
phase shift to come into phase opposition, in to a similar relationship were these two phases
undergoing a phase-to-phase fault, as described by the equivalent circuit shown at the bottom of
Figure 2.10.

This change of current behavior after the first phase interrupts poses particular challengesto
the CFI agorithm, asit is very difficult to discriminate between the three phase unearthed and
three phase earthed fault cases before the first phase is interrupted, but thisis also far too late for
the CFI algorithm to react, as it must make its determination of target current zeroes within the
response time of the associated protection system and ideally achieve interruption within the same
total fault clearing time as would occur for a*“direct”, non-CFl trip operation.
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2.2.5 Multiphase fault type behavior implicationsfor CFl method

There are two main considerations for the implementation of CFl on athree phase network
that can be reasonably modelled as per Figure 2.2 and equation {2.3}. First is the identification
and discrimination between double phase-to-earth and phase-to-phase unearthed faults, so that
appropriate yyx and ay values can be used in applying a model such as described by {2.3} to
estimate fault current phase angle, @y, and time constant, ty. Second is developing a viable
strategy for management of three phase faults, where it can be difficult to reliably discriminate
between earthed and unearthed fault cases, within the normal sampling and required protection
response time following fault inception.

Both of the above aspects emphasize the importance of multiphase fault type identification
to the implementation of a CFl method on a three phase network. Several different methods of
fault type identification exist in conjunction with protective relay designs and could potentially be
applied aso in the CFI context, as will be described further in Chapter 4. The proposed CFl
method, described further in Chapter 5, appliesamodel comparison based method to facilitate the
appropriate targeting and control strategy, expanding on the analysis-of-variance test method
applied in the single phase CFl method described in the licentiate.

2.3 Fault cases and power system configurationsrequiring further investiga-
tion

As stated in the introduction, the scope of power network configuration considered for this
work has been restricted to focus on the more general circuit breaker applications that are to be
found in atypical transmission or sub-transmission earthed network. This has been intentional in
order to first develop the CFI method to basic three phase fault management prior to possible
further development to manage more complicated network configuration and associated fault
cases. Some of the special application cases, particular to higher voltage transmission networks,
requiring future work are briefly described below.

2.3.1 Power transformers

The simple three phase circuit described by Figure 2.2 has no power transformers included,
implying that the source-to-breaker impedance would include the equivalent impedances of any
transformers present in this part of the circuit. It is however important to recognize the additional
effects, such as the magnetic circuit response and phase shifting effects that transformers will
have on fault currents, as potential challenges to the practical implementation of a CFl scheme.

2.3.1.1 Magnetizing inrush currents

Magnetizing inrush currents can be heavy distorted by (mainly 2nd and 3rd) harmonics and
in some cases can cause maloperation of transformer protection relays. The relatively high levels
of current distortion that may occur result in afar from sinusoidal waveform and would present a
significant problem to the CFl methods described by Poltl [2] and in the licentiate [1]. Methods
exist to mitigate the impact of such currents on protection systems (e.g. harmonic current restraint
[21]). It is also possible to mitigate magnetizing currents by using controlled switching for
energization of the transformer [15] and in the context of CFl it is suggested that controlled
energization presents the best strategy to manage such cases.
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2.3.1.2 Winding configurations

It is fundamental to the CFl approach proposed in this thesis that the currents used for fault
current modelling are measured as those flowing through the associated circuit breaker. This
allows power transformer winding configurations (e.g. delta-star or star-delta) to be dealt with as
equivalent series impedances. It is however important to note the effect such winding
configurations have on the through fault behavior. Some examples are shown in Figures 2.11 to
2.14. Each of the cases here can aso be described in terms of symmetrical components, however
the following examples are only provided asillustrations of the changes in fault current behaviors
that can occur due to one typical type of transformer winding configuration.
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Figure 2.11 : Single phase fault on star side of delta-star transformer
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Figure 2.11 shows primary and secondary currents resulting from a single phase-to-earth
fault on the secondary (star) side of a delta-star (dY 11) transformer. The currents on the delta
primary side follow that of a phase-to-phase unearthed fault.

Figure 2.12 shows primary and secondary currents resulting from a three phase-to-earth
fault on the secondary (star) side of a delta-star (dY 11) transformer. The currents on the delta
primary side follow that of three phase unearthed fault.
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Figure2.12 : Three phase-to-earth fault on star side of delta-star transformer
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Figure 2.13 shows primary and secondary currents resulting from a double phase-to-earth
fault on the secondary (star) side of a delta-star (dY 11) transformer. The currents on the delta
primary side follow that of a three phase unearthed fault.

Figure 2.14 shows primary and secondary currents resulting from a phase-to-phase
(unearthed) fault on the secondary (star) side of a delta-star (dY 11) transformer. The currents on
the delta primary side follow that of a phase-to-phase unearthed fault with the currents of two of
the phases shifted and combining to match the third phase.
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Figure 2.13 : Double phase-to-earth fault on star side of delta-start transfor mer
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Various strategies might be used to manage CFI coordination for circuit breakers installed
immediately either side of and protecting the associated power transformer, including
communication between CFl algorithms used on the associated circuit breakers e.g. expected
phase interruption timings and sequences.
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2.3.2 Largegenerators

Problem of sub-transient reactance causing transient (exponential) change in fault current
magnitude (due to change in generator effective source impedance) and thus leading to potential
for atime period of “missing” current zeroes. Poltl proposed “asymmetrical safepoints’ as a CFl
method to manage this problem.

It may also be possible to extend the { 2.3} model to being a higher order equation to model
Xd” effects - but thiswill lead to more degrees of freedom in applying an LMS solution to
estimate the equation parameter values and make this process much more noise sensitive. It
should be noted that for large synchronous generators in base load power stations that the
connections between the generator and step-up transformer are normally constructed using
“phase-isolated busbars’, whereby each phase conductor is housed inside its own earthed
enclosure. Thisis done to avoid the risk of phase-to-phase unearthed or three phase unearthed
faults. As such, a CFl scheme for a circuit breaker in such an installation need only focus on
solving the single phase-to-earth fault cases.

It should also be noted that in the case of generator circuit breakers, directly connected to
large synchronous generators, that additional special interruption stresses exist (e.g. very fast
rates-of -rise-of -recovery voltage) that necessitate specially designed circuit breakers, covered by
their own specific international standard (ANSI/IEEE C37.013-1997 [10]).

2.3.3 Series compensated lines

Faults on series compensated lines can be characterized by the problem of sub-synchronous
resonance, wherein sub-harmonic oscillations can occur in the fault current [51] and this would
present challenging problem in predicting current zero behavior. Also Hydro-Quebéc has reported
cases of “missing” current zero behavior (similar to that seen near large generators) associated
with faults on series compensated lines [52].

2.3.4 Parallel breaking operations

Parallel breaking occurs commonly on transmission systems where typically, where the
system is at least partly meshed and more than one circuit breaker must interrupt to isolate a
faulted section of the system. This can present a challenge to CFl, especially where the
interruption by one circuit breaker may alter the power system configuration significantly enough
to alter the current behavior in other circuit breaker(s) interrupting the same fault. Where circuit
breakers are arranged within well defined protection operation zones it might be possible to use
communication between the CFI controllers of each circuit breaker to co-ordinate the interruption
e.g to share targeting information and aim for common interruption targets and thereby mitigate
the risk for significant changes in the current behaviors of any specific circuit breaker.
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3 High power experiments

Since the main objective of CFl isto achieve interruption with a selected or preferred arcing
time, it is critical to know the arcing time behavior of the circuit breaker to be controlled. This
chapter describes a series of high power experiments conducted to both investigate the stability of
minimum arcing times of an HV Sk circuit breaker, as well as the potential to utilize CFl to

optimize interrupter performance by using a lower opening speed and therefore lower opening
energy.

3.1 Experimental consider ations

Circuit breakers are type tested in accordance with international standards [5], [6], [9], [10]
in order to verify the minimum and maximum range of arcing times for different current
interruption conditions from small capacitive or inductive currents of less than 100 A up to their
full rated asymmetrical fault interruption duty. Partly due to the cost of high power type testing
the applied standards normally require only single verified interruption at the minimum,
maximum and medium arcing times for each fault test duty. As such there is normally only
limited test data on the arcing time performance of a circuit breaker. It is therefore desirable to
obtain further experimental evidence to verify the stability of arcing time behavior over a
succession of interruptions. If the arcing times can be found to be reasonably stable for a number
of interruptions, it provides a sound basis for the potential application of CFl using a restricted,
targeted arcing time or window.

High power testing is a complex and expensive process. By its very nature, involving the
interruption of large currents, it subjects the tested circuit breaker to electrical wear with each
operation and ultimately the interrupter wear limit will be reached. Each test operation (or
“shot”), can cost in the order 3000 USD, though as a minimum for a single series of tests shots
can cost in the order 25 000 USD (excluding the cost of the tested circuit breaker). Both these
factorslimit the amount of test data that can normally be obtained within practical limits. As such,
while the scope of the experiments conducted here is limited, the results provide some valuable
insight to the feasibility of CFI.

As summarized in the introduction, one of the most readily recognized potential benefits of
CFI aimed towards the minimum arcing time is the reduction in the rate of electrical contact wear
of the interrupter. Using such CFI the circuit breaker could interrupt a larger number of faults
before requiring intrusive interrupter maintenance and thereby reducing the overall life cycle cost.

A less obvious potential benefit of CFl is the possibility to optimize the circuit breaker
design. The random nature of faults meansthat circuit breakers designed and tested for a range of
possible arcing times, normally in the range of 0.5 to 1.5 cycles. To this extent circuit breakers
tend to be sub-optimized from a mechanical perspective as they must be designed with sufficient
contact stroke, speed and operating energy to cater for awider range of arcing times than might be
necessary if the trip commands were synchronized with respect to target interruption current
zeroesi.e. through use of CFI.

Circuit breaker design is further complicated by the need to cater for a wide range of
interruption cases, ranging from small capacitive or inductive currents through to full rated
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asymmetrical fault currents. Different interruption duties place different thermal and dielectric
stresses on the circuit breaker.

In respect of HV AC SFg circuit breakers, much of the development focus of the past

decade has been on improvement of interrupter designs such that they shall require mechanical
lower operating energy for the same ratings as earlier designs. Lowering the required mechanical
operating energy for given interruption ratings offers important benefits by the associated
reduction in the mechanical stresses placed on the circuit breaker, which in turn can lead to both
lower maintenance requirements (i.e. longer intervals between maintenance work) and higher
reliability. Industry surveys (e.g. CIGRE [34], [35], [36], CEA [37]) have consistently shown that
mechanical failuresin HV AC circuit breakers are far more common than failures of interrupters.

Two main development steps in SF¢ interrupter energy reduction have been the introduction

of “self-blast” in place of “puffer” interrupters and the more recent use of reciprocal or “double-
motion” interrupters, where the relative speed required on the arcing contacts is obtained by using
a gear system to obtain movement of both arcing contacts from a single common drive linkage.
Though these developments have been shown to be successful through their eventual productifi-
cation by most of the major HV circuit breaker manufacturers [41], [42], it should not be
overlooked that such developments in interrupter design require substantial cross-disciplinary
research and investment. It is not the purpose of this chapter, nor this thesis, to attempt a detailed
analysis of HV AC interrupter design. However it should be noted that successful interrupter
design requires detailed knowledge of gas plasma and arc physics, material science, mechanical
and electrical design [43], [44], [49].

It is possible that CFl may provide a means to extend such development in addition to
facilitating new interruption technologies. In this context, it was considered of interest within the
scope of this thesis to investigate the potential to obtain operating energy savings by the use of
CFl, in conjunction with the investigations on the stability of minimum arcing time behavior.

3.2 Disclaimer

Asindicated in the acknowledgments to thisthesis ABB has generously supported the work
in this thesis financially, in particular with respect to the cost of the high power experiments
described in this chapter. The circuit breaker used in this work is a standard ABB product.
However it must be stressed that the circuit breaker was operated in the following experiments
well outside its designed operating configuration and the results presented here should in no way
be used to infer or extrapolate the performance of the original ABB product. In addition, the
conclusions presented in this thesis are those of the author and do not necessarily reflect the
opinions or policies of ABB as a company. In order to protect ABB intellectual property
associated with the circuit breaker used, only limited data related to the circuit breaker design and
operational values can be presented. Interrupter dimensions, contact travel stroke and speeds have
been normalized and expressed in percentages referred to the original circuit breaker design
nominal values. These restrictions on data publication do not affect the validity of the data of
interest from these experimentsi.e. arcing time behavior in the context of the CFI research.
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3.3 Experiment objectives
As described above, two main objectives were set for the high power experiments:

1. confirm stability of minimum arcing times for arange of interruption duties

2. investigate the minimum arcing time behavior at reduced interrupter operation speed
(=energy)
Figure 3.1 places these objectives together with primary goal of CFI to achieve interruption

with a targeted narrower arcing window in the context of atypical arcing window for a circuit
breaker designed for the conventional “direct trip” arcing window capability.
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Figure 3.1: Comparison of direct and possible CFl arcing time windows for 145 kV SFg
circuit breaker

The type tested “direct trip” arcing time data shown in Figure 3.1 isfor a145kV, 40 kA, 50
Hz, SFg circuit breaker of the same interrupter design as used for the CFI high power
experiments. As can be seen in the graph, the direct trip arcing window is 10 ms wide and the
specific arcing time limits generally tend to increase (slightly) with increased current magnitude.
Thisincrease is to be expected in the context that the larger the current to be interrupted, the
longer contact travel (and thus arcing time) is required for developing the required SFg gas
pressure and gas flow at current zero to achieve interruption. Nevertheless, given the tenfold
range of the symmetrical interrupted currents, the arcing time window limits are very consistent
and stable over the full current range.

The narrow shaded band shows the area of interest for the investigation of arcing time
behavior and stability for CFI, while also operating the circuit breaker at a substantially lower
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than designed opening speed. It was decided to use an opening speed of 0.8 per unit with respect
to the designed nominal opening speed of this circuit breaker. This would result in an operating
energy reduction aso in the range of 20%, allowing for energy required to overcome inherent
losses (e.g. friction) in the mechanical system.

As will be explained in further detail with the test object description, it was expected that
the minimum arcing times at 0.8 p.u. opening speed would be longer than for the 1.0 p.u. speed
minimum arcing times. Thisis due to the dependence of the required SF¢ gas pressure and density
build-up for interruption being linked to a minimum contact travel. The range of arcing times
tested at 0.8 p.u. opening speed was set at a 3 to 4 ms spread in order to verify that there would be
an acceptable margin retained in the circuit breaker performance to cater for other factors that
may affect the targeting and control accuracy of a CFl scheme e.g. spread in circuit breaker
opening times, errorsin target current zero time estimation.

3.4 Test object description

The circuit breaker used for these experimentsis shown in Figure 3.2, asit was set up within
the test cell of the high power laboratory. It was a three pole operated live tank circuit breaker
equipped with so-called “ self-blast”, SFg interrupters housed within porcelain breaking chambers.
The interrupters are each connected by an insulated operating rod housed within the supporting
insulators. The operating rods are in turn connected through a simple shaft mechanism at the base
of each pole to acommon drive shaft that isin turn driven by a motor connected at one end of the
breaker. The motor is operated by adigital control system that is described in further detail later.

When configured with its normal designed operating parameters of contact travel and SFg

gas density, the interrupters on this circuit breaker are rated as indicated in Table 3.1 below,
together with the equivalent rating values applied for the CFl experiments.

Table 3.1: Summary ratings of test circuit breaker

Breaker Opening Rated Symmetri ca SFE? F rstlpol €
type speed voltage breakl_ng Frequency | blocking to clear
capacity level factor
MPa abs

- p.u. kv KA Hz @ 20°C (FPTC)
Normal 1 1.0 145 40 50 0.43 15
Normal 2 10 170 40 50 0.6 15
Test Object 0.8 145 40 50 0.6 15
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Test circuit
| auxiliary breaker

Figure3.2: HV SFgcircuit breaker used for high power experiments
(Photo courtesy of ABB ABL)

The interrupters used have the same contact stroke for 145 kV and 170 kV applications and
only differ in the applied SFg blocking density level and length of the support and breaking

chamber insulators to cater for the higher dielectric stresses associated with 170 kV. The lower
0.43 MPa abs SFg blocking level used at 145 kV also alows the circuit breaker to be used down
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to -40°C with 100% SFg gas, whereas the 0.6 M Pa abs SFg blocking level isrestricted to use down
to -30°C, due the liquefaction properties of SFg. Asthe circuit breaker was going to be tested with

20% lower than designed opening speed, it was considered prudent to use the higher 0.6 MPa abs
SFg blocking level in combination with the 145 kV, FPTC = 1.5 ratings as the additional SFg was

hoped to mitigate the expected increases in minimum arcing times.

The basic design of the self-blast interrupter is shown in Figure 3.3. The moving assembly
of the interrupter consists of a puffer cylinder comprised of a fixed volume, Vg, and a

compression volume, V. As the interrupter opens, the puffer cylinder moves downwards,
compressing the SFg in V¢, which passes through a simple flap valve into Vg As the arcing
contacts separate, the arc blocks the SFg exhaust path from Vg until a current zero, at which time
the pressurized SFg in Vg will be released and will attempt to extinguish the arc and establish

sufficient dielectric strength in the contact gap to withstand the transient recovery voltage (TRV).
During the arcing time, heat from the arc will also contribute to the SFg pressure build-up in Vi

Such designs allow for use of lower interrupter operating energies than "pure puffer" interrupters
that rely more fully on pure mechanical compression to achieve the SFg pressure required for

interruption.
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Figure 3.3: Sketch of self-blast SFginterrupter design
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The self-blast interrupter is self-regulating in regard to pressure build-up. For low
magnitude currents the arc heat contributes little to the pressure build-up in Vg and the main

pressure build up comes via V. At fault current levels, the arc heat is dominant and once the
pressurein Vg exceeds that in V¢, the flap valve closes and any excess pressure in V¢ isreleased
by the lower spring valve.

The moving contact system of the interrupter is driven by the circuit breaker operating
mechanism. In order to easily manage the proposed opening speed reduction and to monitor the
resultant operating energy of the circuit breaker it was decided to use an electric motor drive
operating mechanism, similar to that described in previously published papers from ABB [38],
[39] and by the block diagram shown in Figure 3.4.

The common interphase drive shaft of the circuit breaker is connected directly to the rotor
of the drive motor. The motor is a specially dimensioned permanent magnetic synchronous motor,
designed to deliver very high torque, but for very short total operating times. The motor is only
required to make one half revolution for a close or open operation of the circuit breaker, with total
individual operating times less than 100 ms.

The Motor Drive comprises the motor with an integrated resolver for adaptive feedback
position control and an IGBT bridge fed from an energy buffer made up of abattery of electrolytic
capacitors. The charge on the capacitor bank is maintained via the charging unit connected to the
auxiliary supply. The commands to the drive are regulated through the 1/0O controller to manage
normal circuit breaker logic permissive controls and then passed to the motion controller circuit
board. The motion controller board contains the programmed parameters for open and closing
travel curves and issues the appropriate signalsto the IGBT bridge to provide the required current
to the motor to achieve the desired closing or opening travel, with feedback control implemented
by the continual comparison of the measured travel from the resolver to the stored programmed
travel curve requirements. The result of the feedback control isthat the Motor Drive provides very
stable and consistent travel from operation to operation.

Two additional features of the Motor Drive made it particularly useful for the experiments.
Since the contact travel is digitally controlled, it is very easy to adjust the speed of the circuit
breaker by adjustment of appropriate parameters stored in the motion controller. This allowed
easy and rapid adjustment of the opening speed from 1.0 p.u. to 0.8 p.u. for the experiments. The
operating energy consumed by the drive, Jop can aso be easily measured by the voltage drop on

the capacitor bank, Uprop for each operation (Jop = ¥4* C* Uprop?), Which is registered by the
automatic event log within the drive for every operation. Thus the energy saving from the 20%
reduction in opening speed could be directly checked.
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Figure 3.4: Motor drive operating mechanism

Figure 3.5 shows normalized and linearized representations of the 1.0 and 0.8 p.u. opening
speed travel curves and respective no-load opening times of the test circuit breaker. The contact
stroke data has been normalized to per unit values in order to protect ABB proprietary
information.
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Figure 3.5: Normal (1,0 p.u.) and experimental (0,8 p.u.) speed travel curves

Figure 3.6 shows the calculated consumed operating energy of the Motor Drive on opening
the three phase circuit breaker for different per unit levels of opening speed. While it might be

expected that the operating energy would be equal to ¥2*m*v2 in mechanical terms, there are
electrical losses (e.g. resistive lossesin cables and motor) and mechanical losses (e.g. friction, gas
compression in interrupter, acceleration and braking of moving masses) within the complete
moving system of the circuit breaker. Hence there was an approximate 22% saving in total
consumed operating energy for a 20% reduction in opening speed. The variations in the plotted
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data points about the trend line are due to the fact that they reflect different parameter settings on
the Motor Drive, testing different torque as well as speed settings.
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Figure 3.6: Test circuit breaker reference operating energy vs. speed characteristic for no-
load opening oper ations

3.3 Applied high power interruption test duties

A range of |EC standard test duties was chosen to investigate the minimum arcing time
stability under different thermal and dielectric stress conditions as summarized below:

1. T100a, asymmetrical fault current major loop (X/R = 14; Isym = 40 kA)

2. T100a, asymmetrical fault current minor loop (X/R = 14; Isym = 40 kA)

3. L90, short-line fault current (Isym = 36 kA)

4. T30, symmetrical fault current (Isym =12 kA)

5. LC1, 50 A capacitive current interruption, preceded by T60 symmetrical fault current
pre-conditioning interruption (Isym = 24 kA)
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The |EC standard test requirement parameters are summarized in Table 3.2, including the
transient recovery voltage peak and rate-of-rise-of-recovery-voltage (RRRV) values.

Table 3.2: I[EC 62271-100 standard test parameters

dii/ct
%DC TRV ITRV
Test | oot duty KA (current current peak RRRV | pRRV
No zer0) zero (KV) (kV/ps) (KV/ps)
(A/ps) H
T100a minor 40 30-50% 16,17 249 2 na
1 loop
T100a major 40 30-50% 17,38 249 2 na
2 loop
L90 short-line | <20% 15,99 166 2 74
3 | fault
4 | 160 24 <20% 10,66 266 3 na
5 | T30 12 <20% 5,33 273 5 na

Thefault current test duties primary test the circuit breaker’s thermal interruption capability.
All the fault current tests were conducted on the basis of a 1.5 first-pole-to-clear (FPTC) factor,
corresponding to a non-effectively earthed 145 kV system.

The capacitive current interruption tests were included to verify the circuit breaker
dielectric interruption capability at the reduced opening speed, even allowing for the use of the
0.6 MPa abs SF¢ pressure during the tests. The peak recovery voltage for the capacitive current

interruption tests was 332 kV, corresponding to a voltage factor of 1.4. The LC1 testswere limited
to six interruptions each at arcing times of 4 ms, 5 ms and 6 ms. Normal |1EC capacitive current
interruption tests include tests down to near zero arcing time to verify the restrike withstand
probability of the circuit breaker under the most onerous dielectric conditions with minimal
contact gap after current zero. However the above chosen longer arcing times, centered around a
Y4, 50 Hz cycle time were used on the basis that if the circuit breaker was to be operated with a
CFI scheme, it would be equally viable to apply controlled interruption for capacitive current
interruption also. All the capacitive interruption tests were achieved without re-ignitions or
restrikes.

The remaining sections of this chapter will focus on the tests and results of the fault current
interruption tests.

3.4 Experimental method

While the fault current tests were conducted using |EC standard test circuits and methods,
the particular method of testing differed from “conventional” 1EC type testing in that the arcing
times were restricted to the narrow CFl arcing window of interest to this thesis work. A brief
description of the applied current injection synthetic test method will now be presented, followed
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by a description of the process used to verify the circuit breaker performance within the chosen
CFI arcing window.

3.4.1 Current injection synthetic test method
The high power tests were conducted using the current injection method for synthetic

testing, in accordance with |EC 62271-100 [5] and |EC 604271 [6], at the ABB High Power
Laboratory located in Ludvika, Sweden. A detailed description of the synthetic test method is
beyond the scope of this thesis and further information can be found in the referenced standards
and circuit breaker texts e.g. Flurscheim, Chapter 10 [40], Garzon, Chapter 8 [3]. As mentioned
by Flurscheim, the current injection method was developed nearly simultaneously by Weil and
Dobke in Germany and by the Electrical Research Association in the U.K.

Figures 3.7 and 3.8 show the basic arrangement and operation of a current injection
synthetic test circuit. Effectively the circuit works by first supplying the power frequency short-
circuit current through the circuit breaker under test, TB, and just immediately prior to the
targeted interruption current zero connecting the transient recovery voltage (TRV) circuit via
triggering of the spark gap, SG, so that asthe test circuit breaker interrupts the short circuit current
at current zero it will then experience a TRV across its open contact gap. In this way, the current
and voltage stresses associated with interruption are provided in parallel by two separate circuits,
brought together just before the interruption current zero. This technique provides a similar stress
on the circuit breaker asadirect fault interruption, but with asignificantly lower total short circuit
power requirement on the test laboratory. As the current and voltage stresses are provided by
separate circuits, the method isreferred to as “ synthetic” as opposed to “direct” testing, where the
interruption stresses would be provided by a single source and circuit.

The circuit to the left of the circuit breaker under test in Figures 3.7 and 3.8 is the power
frequency short-circuit current source. The circuit to the right hand side of the test circuit breaker
isthe transient recovery voltage and current injection generation circuit. The test procedure can be
described in five main steps as illustrated in Figure 3.8. The solid lines indicate “active” circuit
parts and the dotted lines indicate “dormant” circuit parts for each step of the test process.

Step 1 isthe charging of capacitor Cy with a DC voltage that will eventually provide the

injection current that will in turn lead to the generation of the TRV at the interruption current zero.
Once Cy, is charged to the required voltage it isisolated from the DC charging source and the AC

power frequency short-circuit current circuit is connected through to the test breaker (Step 2).

Just prior to the targeted interruption current zero (Step 3), the spark gap in the TRV circuit
istriggered, allowing Cy to discharge through the main reactor of the TRV circuit and deliver the

Injection current to the test circuit breaker. Now the combined current through the test circuit
breaker, i1, is the sum of the AC power frequency current, i, from the left hand side circuit and

the injection current, iy, from the right hand TRV circuit. This leads to a modification of the
current through the test circuit breaker as shown in Figure 3.9.

1. IEC 60427 (2000) has since been replaced by IEC 62271-101, published in May, 2006. However the test-
ing made for this thesis was made at the time in accordance with IEC 60427.
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Atinstant (1) in Figure 3.9, the spark gap, SG, istriggered, leading to the injection current to
flow. Instant (2) indicates the time of the undistorted current zero that would occur from the
generator supplied short circuit current. Instant (3) shows the resultant interruption current zero
experienced by the test circuit breaker, immediately after which the TRV develops across the test
circuit breaker (Step 5in Figure 3.8).

SHORT-CIRCUIT TRANSIENT RECOVERY VOLTAGE (TRV)
CURRENT CIRCUIT CURRENT INJECTION CIRCUIT
r A N = —~
TFR AB Ly G

—(0)—0O 288 oJe

@ o1 ™[] &/ - LFé G— {+ >DC
Ce—— °
Ca T
LEGEND
Gl SHORT-CIRCUIT A.C. GENERATOR
TFR TRANSFORMER
AB AUXILIARY CIRCUIT BREAKER
B TEST OBJECT CIRCUIT BREAKER
Cp Cg, Ce CAPACITORS FOR TRV WAVE SHAPE
C, CAPACITOR TO SUPPLY INJECTED CURRENT FOR TRV
LB INDUCTANCE FOR TRV WAVE SHAPE
LH INDUCTANCE OF HV CIRCUIT
LF INDUCTANCE FOR POWER FREQUENCY RECOVERY VOLTAGE
RE, RB RESISTORS FOR TRV WAVESHAPE
RB RESISTOR FOR TRV WAVESHAPE
G SPARK GAP FOR HV CIRCUIT, CURRENT INJECTION
DC DC SUPPLY TO CHARGE C,,

Figure 3.7: Basic current injection synthetic test circuit

In addition to the importance of the correct short circuit current level, TRV peak and rate-of -
rise values for adesignated standard type test, it is also important that the synthetic circuit achieve
the same di/dt at the actual interruption current zero, to that which would have occurred for the
undistorted generator fed short-circuit current.
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In the event the test circuit breaker is unable to interrupt, the auxiliary circuit breaker will
interrupt the generator fed short circuit current and the test circuit breaker will then only required
to complete an interruption of the remaining injection current oscillations.
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Figure 3.8: Basic operation stages of current injection synthetic testing
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Figure 3.9: Example of current injection co-ordination at current zero

3.4.2 CFlI restricted arcing window experimental procedure

Unlike conventional high power type tests, that test the circuit breaker for minimum,
maximum and medium arcing times per fault test duty, the experiments conducted for this thesis
focussed specifically on the stability around minimum arcing times for a succession of
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interruptions. As indicated in the proposed reduced arcing window for CFl shown earlier in
Figure 3.1, the investigated arcing time range was from the determined minimum arcing time and
up to an additional 3 ms margin.

A separate interrupter contact set was used for each test duty, with the exception of applying
both the T60 and L C1 line charging current interruption tests on one contact set. It was proposed
to aim for between 6 to 12 interruptions per test duty depending on the current level being
interrupted and as such testing each contact set towards the limit of its electrical wear. Given the
different magnitudes of currents being tested, different rates of contact and nozzle erosion were to
be expected. Part of the normal high power test procedure includes so-called “no-load” tests,
where the circuit breaker opening time is measured for reference purposes. The measured no-load
opening times are important in programming the targeting and synchronization of the high power
synthetic test circuit to achieve verification of specific targeted arcing times.

Asthe intent was to verify the stability of minimum arcing time behavior with accumulated
interruptions, it was also necessary during the test process to make intermediate tests for
interruption failure at slightly below the minimum arcing time. The basic concept of the
experimental procedure isillustrated in Figure 3.10. The specific order and number of test shots
made was modified according to the results obtained during the testing.

Find minimum No-load

arcing time Check Re-verify contact wear
1 t’\/IlN_ARC + tMARGlN tM|N_ARC Ver|f|cat|0n

A

tMIN ARC

repeat 2...4 times
tvargin = 2...3 mMs (until estimated contact wear limit reached)

Figure 3.10: Experimental procedurefor CFl arc window investigation

Though no-load opening time verification tests were made during each test series, for
practical reasons these were not made after every interruption. As such, the arcing times measured
by the laboratory data acquisition system were based on the last prior no-load opening time prior
to a series of interruptions and the measured current zero time at each subsequent interruption.
With each interruption some arcing contact and nozzle material is burnt off. The accumul ated
nozzle erosion can influence the minimum arcing time due to the modification of gas flow caused
by changes in the nozzle dimensions. The accumulated contact material erosion will result in a
reduction in the opening time of the circuit breaker, asillustrated in Figure 3.11.

It is normally not possible to directly measure the opening time of the circuit breaker while
it isinterrupting a current, (though it could be done if good arcing voltage measurement is
available). Hence during interruption testing the opening time is calculated by reference to the
contact travel that is measured during each opening operation. The travel curve datais calibrated
to the most recent prior no-load opening time to obtain the reference point on the contact travel
where the contacts part.

In order to evaluate the arcing times more precisely for each interruption, the incremental
effect of contact burn-off on the opening times of the circuit breaker was evaluated against the
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summated integral of the absolute value of the arc currents for each test duty as described in
Figure 3.12 below. The integral of the absolute value of the arc current was chosen as the
independent variable affecting the contact burn-off based on the assumption that for fault currents,
the arc voltage is effectively “constant” and the rate of contact burn-off would be proportiona to
the arc energy [49].
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Figure 3.11: Impact of contact burn-off on circuit breaker openingtime
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Figure 3.12: Evaluation of contact burn-off with respect to summated arc integral

This was performed in atwo stage iteration. First the arc integral sums for each test duty
were calculated based on the original estimated arcing times and no-load opening times. The
reductions in no-load opening times were then plotted against the associated arc integral sums
between each of the no-load operations. The plotted data was combined from all the fault current
test duties and a line of best fit interpolation was sought using Microsoft] Excel 2003©. The
resultant trend line equation was then used as the basis for adjusting the opening and arcing times
for each of the current interruption test shots. The results of the no-load opening time change
versus the summated arc integrals is shown in Figure 3.13. The associated adjustment in arcing
times with respect to the arc integrals according to the interpolation obtained from the plot in
Figure 3.13 is shown in Figure 3.14 (for T100a minor and major loop tests only, as these tests

62



Chapter 3 High power experiments

showed the most contact burn-off). The reduction in opening times due to contact burn-off results
in an equivaent increase in the arcing times.
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Figure 3.13: Changein no-load opening time ver sus summated arc integrals

The results of this analysis of the impact of contact burn-off on opening and arcing timesis
relevant for more than just interpretation of the arcing time tests. Establishing a contact wear rate
related to the summated arc integrals is potentially very useful for a CFl algorithm as it would
permit progressive adjustment of the expected opening times and arcing times of the circuit
breaker over its lifetime and enable the CFl algorithm to maintain greater control accuracy and
dependability.

The arcing time results presented in the next section of this chapter are al taken from the
adjusted arcing times derived from the above procedure. All arcing times have been calculated to
0.1 msresolution.
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Figure 3.14: Adjustment in arcing timeswith respect to summated arc integrals

3.5 CFI arcing window results

The calculated CFl arcing window results are summarized below per fault test duty. The
T30, T60 and T100aresults are al from interruptions made with 0.8 p.u. opening speed. For L 90,
results are presented for both 0.8 and 0.9 p.u. opening speed.

Successful interruptions are indicated by alarge dot (= “OK™). Unsuccessful interruptions,
referred to as “misses’ are indicated by “X”. The calculated arcing time values, in milliseconds,
are indicated above or below each data point. The arcing time results are plotted based on the
sequence of test shots per test duty, with all graphs normalized to 14 interruptions, though not this
many interruptions were performed for all test duties.

It must be recognized that it is difficult to establish an “absolute” value for the minimum
arcing time threshold to the same accuracy that can be obtained for no-load circuit breaker
opening times e.g. = 0.1 ms. Establishing the minimum arcing time limit is a process of “hunting”
and the limit is only established by obtaining consecutive successful and unsuccessful
interruptions. As such an accuracy in the order of £ 1 ms for the minimum arcing time limit is
what can be expected, within the constraints of both the cost and destructive nature of interruption
tests, where interrupter contact and nozzle material is burn-off with each operation. The more
important result for these tests is to establish that there is a reasonable 2...3 ms interruption
window at the reduced opening speed, over a succession of interruptions, from which atarget CFl
arcing time could be chosen in the mid-range with margin for other statistical variations in the
control process.



Chapter 3 High power experiments

3.5.1T30results

Figure 3.15 shows the calculated arcing times for the series of T30 interruptions made on a
single contact set. Theinitial minimum arcing timeis approximately 13 ms and after more than 12
interruptions it has decreased to approximately 11 ms, which is a reasonably moderate change in
the minimum arcing time threshold for alarge number of fault interruptions.
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Figure 3.15: T30, 12 kA, 0.8 p.u. opening speed arcing timeresults

Importantly the circuit breaker was also found to interrupt successfully three times at
approximately 16 msover the series of tests. Thisindicates that there is a viable window of arcing
time performance between 13 - 16 msfor this current level. It must be remembered that while CFl
aims towards the minimum arcing time end of the arcing window, the target arcing time used
should include some margin to allow to statistical spread in the arcing time threshold itself, circuit
breaker opening times and errorsin the prediction of the target current zero time.

3.5.2T60results

Figure 3.16 shows the results of the T60, 24 kA symmetrical current interruptions at 0.8 p.u.
opening speed. The number of interruptions for this test was intentionally limited as the LC1
capacitive current interruption tests were subsequently made on the same contact set. Though
limited to six interruptions, the resultsindicated a stable interruption window in the range of 14 to
17 ms.
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Figure 3.16: T60, 24 kA, 0.8 p.u. opening speed arcing timeresults
T100a40 kA, X/R = 14, minor loop (0,8 p.u. opening speed)
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Figure 3.17: T100a, 40 kA minor loop, 0.8 p.u. opening speed arcing timeresults
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3.5.3 T100a minor loop results

Figure 3.17 shows the results of the T100a, 40 kA minor loop current interruptions at 0.8
p.u. opening speed. These results also show a reasonably good level of stability at the minimum
arcing time threshold at approximately 13 ms, even after twelve interruptions. The circuit breaker
was also shown to have a consistent capability at 16 ms level and also continued to manage
interruption at 18 ms at the seventh interruption.

3.5.4 T100a major loop results

Figure 3.18 shows the results of the T100a, 40 kA major loop current interruptions at 0.8
p.u. opening speed. In comparison to the minor loop interruptions the minimum arcing time
threshold showed a gradual increase from 12 to 14 ms over the first ten operations, though the
circuit breaker was still able to interrupt with over 16 ms arcing time at the 12th interruption.
From both the T100a minor and major loop results, a nominal CFI target arcing time of 15 ms
would seem to be reasonable, even for ten or more interruptions at 40 KA.
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25
X miss
® OK
20 f
16,5 16,6
@ 154 ° °
£ ws B0 . we
£ o B4 o X
=4 ® 120 X 14,2
£ ° 129 X
o X : 123
g 10+ T T
5 S
0 T T T T T T
0 2 4 6 8 10 12 14

Interruption No.

Figure 3.18: T100a, 40 kA major loop, 0.8 p.u. opening speed arcing timeresults

3.55L90results

Figures 3.19 and 3.20 show the results of the L90, 36 kA short-line fault interruptions made
at 0.8 p.u. and 0.9 p.u. opening speeds, respectively. It is clearly evident that the short-line fault
presented significantly difficulties to the interrupter at the 20% lower opening speed. Short-line
fault interruption is a particularly onerous thermal interruption duty on acircuit breaker due to the
high initial transient recovery voltage waveshape, which represents travelling wave reflections
between the fault location and the open circuit breaker contacts.
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L90, 36 kA short-line fault (0,8 p.u. opening speed)
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Figure 3.19: L90, 36 kA short-line fault 0.8 p.u. opening speed results
L90, 36 kA short-line fault (0,9 p.u. opening speed)
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Figure 3.20: L 90, 36 kA 0.9 p.u. opening speed results
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Asmentioned earlier, the lower speed was expected to affect the rate of pressure build-up in
the compression volume, V¢, of the interrupter, which in turn feeds SFg to the fixed volume, Vg

until the pressure in Vg seals the intermediate flap valve. The lower speed therefore leads to an

expected increase in the minimum arcing time of the circuit breaker. The impact of opening speed
on the minimum arcing time behavior was verified by the repeat of the L90 interruption tests on a
new contact set adjust to 0.9 p.u. opening speed. Though the arcing times at 0.9 p.u. speed were
also long and not as stable as for the other fault current duties, the lowest successful arcing times
were at least 2 ms shorter than for the tests at 0.8 p.u. opening speed.

Nevertheless, the shortest successful L90 arcing time at 0.8 p.u. at approximately 18msis
still at the upper limit of the verified longer arcing times for T100a and T60. While it is possible
to see a general trend towards longer minimum arcing times with increasing current magnitude
from T30 to T100a, the L9O0 results fall well outside any simple linear trend. As the short-line
fault condition is characterized by the high ITRV travelling wave reflections, it isimpractical to
reliably identify and discriminate between a near normal terminal fault condition and the short-
line fault conditions, until the circuit breaker attempts to interrupt. Hence for the purposes of
utilizing CFI to optimize circuit breaker design, it is necessary that the short-line fault arcing
times fall within the same range asterminal fault arcing times. These L90 results at the lower than
normal opening speed are therefore important in demonstrating that the process of optimizing a
circuit breaker through the use of CFl isnot atrivial task.

3.5.6 Summary comparison of CFI reduced opening speed and normal opening speed mini-
mum arcing times

It is useful to place the reduced opening speed arcing time results in context with respect to
the minimum arcing times obtained in earlier type tests of the same interrupter type, operated at
its nominal 1.0 p.u. opening speed. Figure 3.21 provides such a comparison (based on ABB
proprietary type test reports).

Putting aside the L90 minimum arcing time results, for the other fault current test duties, the
0.8 p.u. average minimum arcing times obtained for T30, T60 and T100a all lie approximately 3
ms above the 1.0 p.u. minimum arcing times. These longer arcing times at the substantially lower
opening speed are still below the nominal medium arcing time level for 1.0 p.u. speed and imply
that the circuit breaker could be operated with the lower speed without compromising the
electrical wear rate of the interrupter. This provides a promising indication that SFg interrupters

could be further optimized with respect to operating energy by the use of CFl targeting arestricted
arcing window in the range of 3...4 ms wide, as opposed to the existing standard requirement to
manage a 10 ms (or half cycle) arcing window.

It must however be stressed that adopting such an optimized design approach introduces the
need for the circuit breaker to be completely dependent on the CFI algorithm to achieve
interruption. As such, the potential savings in operating energy and mechanical stresses on the
circuit breaker must be traded against the added control complexity of CFl. The exceptional L90
arcing time results at 0.8 and 0.9 p.u. opening speed also underscore that there would still be
significant interrupter design work required to achieve consistent and predictable arcing time
behavior at lower interrupter speeds or energies.
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Figure 3.21: Comparison of 1.0 p.u., 0.8 p.u and 0.9 p.u. opening speed minimum arcing
times

3.6 Implicationsfor controlled fault interruption

The presented high power experiments, while limited in their scope, have provided some
useful indications of circuit breaker behavior that can be used in support of the further
development of CFI. In respect of the main goals of these experiments, it was possible to establish
consistent reduced arcing time windows for T30, T60 and T100a test duties in the range of 13...16
ms, which would provide a viable basis for use of anominal CFl target arcing time of 14...15 ms
while still maintaining some margin for statistical variationsin other CFl control times.

The above arcing time ranges were also achieved while operating the circuit breaker at 0.8
p.u. of its normal opening speed, with an resultant saving of over 20% in the opening operation
energy. This result indicates an interesting potential for the exploitation of CFl to optimize SFg
interrupter designs to obtain operational energy savings without necessarily compromising on the
electrical endurance of the interrupter.

The difficulty in achieving energy optimization of an SF¢ circuit breaker by use of a
restricted arcing window is not atrivial task, as evidenced by the substantial increase in minimum
arcing times for L90 short-line fault interruptions. Nevertheless the stability of the arcing window
limits for the other tested fault duties provides sufficient evidence that use of a CFl target arcing
time in the range of 1...2 ms above the type tested minimum arcing time for a specific current
level is potentially viable and can be used as a basis for further testing of CFl algorithms.
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4 Three phase controlled fault interruption - General theory

Application of CFI to three phase networks requires the solution of several problems,
including management of 1-, 2- and 3-phase fault behavior for effectively and non-effectively
earthed networks. This chapter describes overall strategies that can be employed for CFl on a
three phase network, with particular focus on the interaction and synergies with protective relay
systems. The following chapter will describe more specific details of the three phase CFl method
proposed by thisthesis.

4.1 General requirements and constraints on CFl

Before reviewing methods that can be applied for CFl on three phase networks it is worth
reviewing the main requirements and constraints placed on such a technique. Thiswill provide a
context for the later review of possible methods to address particular issues relevant to the CFl
process. The following isarevised summary of similar issues presented and assessed in Chapter 5
in the licentiate thesis[1]. In the licentiate it was proposed that various CFl strategies could be
classified according to their main goals and requirements, as summarized in Table 4.1.

Table 4.1: Classification of CFl strategy types according to requirements

CFl "Type": 1 2 3 4
Arcing time NON-CRITICAL CRITICAL
opmzo) Oe | pre | Cemmvo | e
Accuracy ?g‘_’flerrge Moderate e.g.l-ilioglh ' High
Security e'_\gfjggrsﬁ Moderate eq ': 'gg; 906+ High
S%zrglnfje e.g.S|I§°2|v\\;VGN* Low eg. S||2-(I)‘i3/%iI;INGN* High
Re'??r?]?ase eg. Vflz/izgcycl e* e.lg\;/.l 22:? c?/tg e Fast Moderate

* Note: Examples for "tolerances” shown above are indicative suggestions only.

Non-critical arcing time performance (strategy types 1 and 2) implies that the circuit
breaker can interrupt over anormal “full” half cycle arcing window, in accordance with existing
international standard requirements. Critical arcing time performance (strategy types 3 and 4)
implies that the circuit breaker is designed to interrupt only with a restricted narrow arcing
window that thereforeis critically dependent on correct CFI function in order to achieve an arcing
time within the circuit breaker’s capability. As has been seen from the results of the experiments
in Chapter 3, optimizing a circuit breaker by use of CFl is not trivial and given the extent of
further development work required both on the circuit breaker design and CFI methods it can be
expected that any initial use of CFl would be restricted to non-critical arcing time applications,
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though the potential for use with non-arc based (e.g. power electronic) interrupters also exists
[54].

The primary goal of CFI isinterruption of the currents flowing through a circuit breaker
with a pre-selected arcing time and without undue prolongation of the total interruption or
clearing time. Figure 4.1 shows CFI interruption of a single phase, asymmetrical fault current,
highlighting certain critical aspects of the overall process. Important aspects of this figure are the
fault inception angle, a, the fault current phase angle, ¢ and time constant, 7, the protection
response time, tproT, and the fault clearing time. The fault clearing time and tprot place specific
constraints and demands on a CFI algorithm with respect to its speed of response. The fault
inception angle estimation requires an accurate estimation of the fault inception time. The
estimations of the fault current phase angle and time constant are critical to the eventual accurate
estimation of the target current zero times.
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Figure4.1: CFl on a single phase asymmetrical fault current
For CFI to be of most benefit the target arcing time, tcg arc, Should be as close to the
minimum arcing time, tyn Arc, @S possible, for a given current magnitude taking into
consideration the possibility of the minimum arcing time limit changing with current magnitude,
as indicated by the high power experiments described in Chapter 3. Nevertheless some margin
should be added to the minimum arcing time to accommodate statistical variation in circuit
breaker opening time and errors in the estimation of the target time (e.g. target current zero).
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4.2 CFIl current zero targeting strategies

As described in the scope of work in the introduction, this work has focusses on developing
the CFI method for management of the eleven basic multi-phase and earth short-circuit
combinations that can arise in a three phase network. Chapter 2 described these fault cases in
further detail with particular focus on the current zero and interruption behavior. Table 4.2
presents a summary of the main types of multi-phase fault current interruption behaviors that
were assessed in Chapter 2.

For single or double phase-to-earth faults in effectively earthed network conditions (Fault
type 1 in Table 4.2), the single phase CFI method can be more or less applied directly per phase
without major modification. Assuming single phase control of each phase of the circuit-breaker,
each phase can be managed independently of the others.

In the case of phase-to-phase faults (Fault type 2 in Table 4.2), not involving and earth
connection, the CFl method needs to be enhanced to cater for a different fault current model, that
in principle is the same as for a single phase fault, but referenced to the phase-to-phase voltage of
the faulted phases.

Three phase faults with (Fault type 3A) and without (Fault type 3B) earth connection
present the additional problem of selecting appropriate target current zero times for the last two
phases to interrupt. The behavior of three phase faults involving and not involving earth is, to al
practical purposes, identical up until the current is interrupted in one phase. Only after the first
phase interrupts, does a distinctive difference arise between the currents of the last two phases to
interrupt for three phase earthed and unearthed faults. A CFlI scheme must be capable of
effectively managing both cases.

In the above context, the phase fault current interruption behavior can considered in two (2)
stages:

Stage 1: conduction in each of all three phases prior to first-pole-to-clear
Stage 2: conduction in the last two phases to clear, after the first pole interrupts

The behaviors in each of the above stages is influenced by both the type of fault and the
source-to-fault zero sequence impedance (alt. “ system neutral earthing”). All faults involving
earth connection can effectively be described by single phase equivalent circuits in each phase
during both stages 1 and 2 above. Two phase faults without earth connection need to be described
in terms of an equivalent “common” single phase circuit, driven by the faulted phases’ line
voltage. Three phase faults not involving earth require separate modelling for stage 1 and stage 2
of the interruption process.

As mentioned above, in the event of faults occurring in a completely non-earthed neutral
network, the last phasesto interrupt will seetheir currents shift into phase opposition after the first
pole interrupts. Thisis since there is no zero sequence path (or alternatively the zero sequence
impedance is “infinite”) and in order to maintain Iy = 0, the sum the remaining currents must

therefore also be zero.
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Table 4.2: Summary of multi-phase fault current interruption behaviors
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A key problem for acontrolled fault interruption scheme is selecting the appropriate current
behavior model for interruption stages 1 and 2 above. Even if the network earthing configuration
can assumed to be a known input to the CFI process, the possibility of two and three phase
unearthed faults still needs to be considered (even if the occurrence of such faultsin HV networks
is exceptionally rare).

It is comparatively simple to develop a CFl system to provide target estimation for the
possible combinations of fault behavior during stage 1 of the interruption process. It is more
difficult to develop a robust CFl system to manage possible stage 2 behaviors, as there are cases
where stage 1 behavior is the same (e.g. phase-to-earth faults), but stage 2 behavior can be
different (e.g. three phase unearthed faults).

Stage 1 behavior can be determined directly by the CFI algorithm, prior to it sending thetrip
command to the breaker. Exact stage 2 behavior may only be apparent after the first pole
interrupts, by which timeit isnormally too late for the CFl system to react, particularly in the case
where three phase trip commands are issued and total fault clearing times are to be kept as short as
possible for system transient stability reasons.

One method to manage indeterminate stage 2 interruption behavior is to apply a
compromise targeting solution, asillustrated in Figure 4.2, whereby the two possible behaviors of
the last phases to clear are estimated and the earliest estimated current zero in each phase (e.g.
ZC2 and ZC3) are then used as the targets for each phase. This will result in one of the phases
interrupting at its target, while the remaining phase will see a dightly longer than targeted arcing
time, but normally only with aprolongation in the order of 1-2 mswhich should still be within the
restricted arcing window capability of a CFl circuit breaker.

Table 4.3 provides an overview of CFl targeting solutions that can be applied to a range of
current interruption behaviors, based on the relationship of the current zero crossing timing
relations and for different source and load side neutral earthing arrangements.

The work in this thesis has concentrated on development of a CFl solutions for the
effectively earthed source and load neutral cases (EE_0 to EE_5 in Table 4.3). The current
interruption relations listed in Table 4.3 refer to the order of interruption with respect to the timing
of the current zero crossings. For example in cases EE_0 to EE_2, the currents will interrupt at
successive current zeros, effectively independent of each other, and as such can be managed by a
“direct” CFI targeting solution aiming at the estimated current zero times in each phase. For case
EE 4 for a phase-to-phase fault, an appropriate phase-to-phase modelling should be applied for
estimation of the common interruption current zero time, which can then also be “ direct” targeted.

Cases EE_3 and EE_4 for three phase earthed and unearthed faults, can apply the
“compromise” current zero targeting for the last two phases to interrupt, as described in Figure
4.2, where it is not otherwise possible to reliably discriminate between these cases before the
protection system has determined atrip is required. The first phase to interrupt can be directly
estimated in both these cases and then the two possible interruption scenarios for the last phasesto
interrupt can be calculated and the earliest current zero times selected as targets for each of these
two phases.
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Figure 4.2: Comparison of interrupted currentsfor three phase faults, with and without
earth connection
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Table 4.3: Summary of current interruption behaviorswith respect to fault type, system
earthing and possible CFI targeting solutions

Phaseshiftin| current interruption raions

Cae | L1 L2 L3 FautN | SourceN | LoadN 23 zcl zc2 zc3 CFl sdlution
EEO| load | load | load open eathed | eathed No 1 2 3 direct
EE 1| fait | load | load earth eathed | eathed No 1 2 3 direct
EE 2 | fait | fait | load earth eathed | eathed No 1 2 3 direct
EE 3| fait | falt | fault eath eathed | eathed No 1 2 3 lagt cz compromise
EE 4 | fait | fadt | load open eathed | eathed No 1/2 1/2 2/1 direct

EE 5 | fait | fait | fault open eathed | eathed Yes 1 2 2 legt cz compromise
EOO| load | load | load open earthed open Yes 1 2 2 direct
EO 1| fait | load | load eath earthed open No 1 2 3 direct

EO 2| fadt | fadt | load eath earthed open No 1 2 3 direct
EO 3| falt | fadt | fault eath earthed open No 1 2 3 last cz compromise
EO 4| falt | fadt | load open eathed open No 1/2 1/2 2/1 direct

EO 5| falt | fadt | fault open earthed open Yes 1 2 2 legt cz compromise
000| load | load | load open open open Yes 1 2 2 direct

00 1| falt [ load | load eath open open Yes 1 2 2 direct
00 2| falt [ fadt | load eath open open Yes 1 2 2 direct

00 3| faut | fadt | fault earth open open Yes 1 2 2 direct
00 4| falt [ fadt | load open open open Yes 1 2 2 direct

00 5| falt | fadt | fault open open open Yes 1 2 2 direct

OEO| load | load | load open open earthed Yes 1 2 2 direct

OE 1| falt | load [ load eath open eathed Yes 1 2 2 direct
OCE 2| fait | falt | load earth open earthed Yes 1 2 2 direct
OE 3| fadt [ falt | fault earth open earthed Yes 1 2 2 direct

CE 4| falt | falt | load open open earthed Yes 1 2 2 direct

OE 5| falt | fadt | fault open open earthed Yes 1 2 2 direct

4.3 Prior art and research relevant to CFl

It is not absolutely necessary to implement CFl by seeking to directly estimate and target
the interruption current zero times themselves. While achieving an accurate and reliable targeting
of fault current zero times is a difficult task, it does provide the most optimum solution if
combined with stable and known arcing time behavior.

As described in the licentiate, Poltl and Frohlich [2], proposed an alternative targeting
strategy using so-called “ safepoints’. These safepoints were periodic reference time instants on
the current waveform, calculated from the estimation of the fault current phase angle and had the
common property of occurring prior to a current zero, hence the safepoints had an inherent safety
timing margin built-in, at the expense of being a less optimal overall targeting method. The
difference in time between the safepoint and the successive current zero times would vary with
the level of DC exponentially decaying offset in the fault current (i.e. “symmetrical” safepoints
would eventually converge to the actual current zero times once the DC component had
completely decayed).

Poltl and Frohlich’s Safepoint method [2] remains the most recent comparable CFI method
found in academic literature. There are however a number of patents published that describe
methods for either current behavior prediction, with and without the direct objective of someform
of controlled fault interruption. While patents tend not to present a detailed analysis of the
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performance of their methods and inherently generalized in their descriptions, it is relevant to
summarize them here, partly to present alternative CFl approaches and partly to illustrate the
interest in CFl development.

Larsson et a [54] describe a method to estimate both the DC component and future current
zero-crossing times in order to provide commutation control to a hybrid diode-isolator designed
interrupter. The DC component is estimated by taking the difference of selected points on the
current wave, e.g. current peak values. Current zero times are predicted using the estimated DC
component level.

Niemiraet a [55] describe a method for current zero prediction with one objective being to
synchronize a circuit breaker to attempt interruption close to the estimated current zero time and
thus with a comparatively low level of arcing current. It is not however clear that how the
associated circuit breaker would manage the high rates of rise of recovery voltage that would
occur interrupting typically inductive fault currents.

Sinha et a [56] describe a method, based in part on applying Fast Fourier Transform, to
predict fault current zero-crossing times, including a using residual errors measured between
actual and predicted current zero times as “ correction factors’ to update later current zero time
predictions. The method is in part claimed to be directed towards use on contactors and circuit
breakers that may in some instance risk seeing fault currents larger than their assigned ratings.

4.4 General CFl and protection system process inter actions

As stated in the introduction and the licentiate, CF1 is not proposed as a replacement of
existing protection control systems, but rather as a supplement to achieve a more optimized
interruption process from the perspective of the circuit breaker. As described previously in Figure
1.2 it is proposed that a CFl scheme would operate in parallel with the associated protection
scheme. Figure 4.3 shows a more expanded process flowchart of the parallel operation of
protection and CFl processes, divided into four main stages or sub-processes. Each of these stages
will be briefly described here. Later sections of this chapter will then provide functional and
method comparisons for the execution of these steps for both protection and CFl systems to
identify potentia synergies between the two processes.

Stage 1 refers to the management of current and voltage data sampling, that are the main
inputs to both the protection and CFl processes. Both processes could utilize the same interface
hardware (e.g. filters, analogue-to-digital converters) for the collection of this data.

Stage 2 covers the main data processing carried out by each process. In the case of
protection systems, the critical goal is to establish whether or not a protective trip operation is
required. This may also involve some form of multi-phase fault type identification to discriminate
faulted and healthy phases, particularly where single phase tripping is implemented. For the CFI
process, the data processing is focussed on obtaining viable target instants to which the trip
commands can be synchronized. As seen from the previous sections in this chapter, the CFI
process also requires some form of fault type identification to assist in the target identification
process. Section 4.5 provides a further analysis of published techniques for these functions,
proposed for use in modern digital relays, that could be adapted to CFl algorithms.
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Stage 3 refers to decision validation checks for each process. Specific criteriafor issuing a
trip command will exist depending on the type of protection system, its location and zones of
coverage with respect to the power system.

For the CFI process the decision to issue a trip command is based on two criteria. First is
whether a sufficiently confident targeting solution has been obtained and second, whether the
resultant waiting time has reached zero. In the event of an insufficient confidence in the targeting
solution, the process in Figure 4.3 implements a forced CFl bypass strategy whereby the waiting
timeis forced to zero. Also included in this stage for the CFI process is the possibility to use the
solution validation test as a means of fault inception detection, since when a fault occurs, there
will be a deviation from the previously expected normal load current behavior. Fault inception
detection is critical to CFl in order to provide both an estimate of the fault inception phase angle,
a, aswell as adjustment of the data sampling window to discard pre-fault data.

Stage 4 is where the protection and CFl processes are united with respect to issuing of
synchronized final trip commands to the associated circuit breaker. Only when both the protection
system has determined that atrip is required and the CFI waiting time has reached zero for each
phase, isthe trip command to each phase of the circuit breaker issued.

4.5 CFI and protection system synergies and differences

Having described a general integrated structure for the parallel protection and CFI
processes, it is worth assessing in further detail the potential synergies and important differences
between these processes.

The synergies between protection schemes and CFl provide indications of the methods that
can be adopted by a CFl scheme based on the already extensive research and experience gained
from digital protection relay solutions. In addition, this provides guidance on the viability
boundaries of application of CFI based on the limitations faced in the application of protection
relay techniques.

Though the potential synergies are a valuable resource for CFl development, it is also
essential to take account of the important differences in requirements and functionality between
digital protection scheme and CFl schemes.

These aspects are assessed in the following sections. The first section, 4.5.1, compares
protection and CFI functional requirements and methods with a focus on “algorithm and
modelling” aspects affecting both processes. The second section, 4.5.2, will provide a comparison
focussed on “hardware” or “auxiliary” system aspects such as measurement device usage and
auxiliary component performance. Section 4.6 will present an overall comparison of distance
relay protection methods, the “ Safepoint” CFl method and the proposed CFI method.
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Table 4.4: Functional performance and method comparisons between protection and CFlI
processes - models and algorithms

Characteristic / Feature

Functional performance relevance

Protection systems (e.g.
distance protection)

Controlled fault
interruption

Available methods

1 Fault inception detec-
tion

Data sampling window
management

Data sampling window
management

Comparisonsof expected
and actual current behav-
ior

a-value estimation

Moving and adaptive
data sampling windows

2 Multi-phase fault
type identification

Selective single phase
tripping (where applied)

Identification of
expected current behav-
ior for correct targeting

Phase specific data pro-
cessing, possibly with
hypothesis testing

Symmetrical compo-
nents

Artificia neura net-
works

3 Fault current magni-
tude estimation

Common fault decision
criterion

Desirable but not essen-
tial.

Useful for possibletarget
arcing time selection.
Useful for tracking accu-
mulated interrupter wear.

Direct sampling mea-
surement

Numerical methods e.g.
-L east mean squares
-Kalman filtering
-Discrete Fourier Trans-
form

4 Fault current phase
angle estimation

Distance protection fault
decision criterion

Critical for estimating
expected current zero
behavior

Useful for discriminating
capacitive and inductive
currents for target arcing
time selection

Numerical methods e.g.
-L east mean squares
-Kalman filtering
-Discrete Fourier Trans-
form

5 Fault criteria valida-
tion

Correct selectivity con-
trol critical for both oper-
ational dependability and
security.

Should only trip faulted
zone, when relevant fault
occurs.

Fault decision not rele-
vant to CFlI.

Alternatively can con-
sider current modelling
and target validation
checks.
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Table 4.4: Functional performance and method comparisons between protection and CFlI
processes - models and algorithms

Characteristic / Feature

Functional performance relevance

Protection systems (e.g.
distance protection)

Controlled fault
interruption

Available methods

6 Back-up systems

Provide dependability

Provide dependability

Loca “X” and “Y”
schemes

Complementary meth-
ods on same operation
zone

Remote back-up by over-
lapping zones

Remote back-up by
diverted trip signals

7 Primary harmonic
distortion

Potential source of mal-
operation (e.g. magnetiz-
ing inrush currents)

Potential source of mal-
operation due to signal
distortion

Filtering (analog and
digital)

Duo-hias CT connec-
tions

Normally insignificant
effect on fault currents
with respect to interrup-
tion capability

Controlled closing to
mitigate inrush currents

Sub-synchronous reso-
nances create difficult
targeting problem

Specialized solutions for
cases where harmonic
distortionis“large” (e.g.
> 5-10%)

8 Current zero times

Not normally of direct
importance to protection
relay operation

Critical for correct cir-
cuit breaker and CFI per-
formance

Modelling of estimated
current behavior to pre-
dict current zero times

9 Fault clearing time

Important for system
transient stability

Constraint on total CFl
process operation time

Critical fault clearing
times normally estab-
lished by system studies

4.5.1 Synergies and differencesin modelling and algorithms

Table 4.4 provides a summary comparison of arange of important characteristics or features
pertaining to both protection systems and CFl, together with indications of methods that have
been applied or are available to manage the listed tasks. The items listed in Table 4.4 have been
selected on their relevance to HV power system level impact, though there are of course overlaps
into the secondary data processing level.

The characterization of the fault current behavior and its importance to CFl has already
been extensively described in previous sections. Various methods could be applied to obtain
estimates of key fault current parameters such as the fault inception angle, a, and the phase angle,
@. As stated earlier, it is not within the scope of this present thesis to provide a detailed
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guantitative comparative analysis of published digital protection algorithms, however a brief
summary of some of the schemes commonly references in protection system texts [27], [21] is
presented here, only to provide some indication of the range of possible techniques that have been
proposed for the critical functions of fault inception detection, fault type classification, phase
angle estimation and parameter estimate validation.

4.5.1.1 Fault inception detection methods

Digital protection schemes that involve sampling of voltage and current inherently apply
some form of data sampling window that is time-shifted and in some cases adjusted in length,
depending on the algorithm’s ability or dependence on estimating the fault inception instant [21],
[27]. The importance of accurate fault inception detection for a model-based CFl scheme, as will
be described in Chapter 5, is that in addition to providing data sampling window contral, it also
provides estimation of the value of the fault inception phase angle term, a.

Distance protection schemes that required more accurate estimation of the apparent source-
to-fault impedance for fault identification and discrimination would benefit from a fault inception
detection function to discard pre-fault data and thus provide the impedance estimation function
with less corrupted input data. e.g. Fourier and Kalman filter-based algorithms require some form
of fault inception instant estimation to minimize their parameter estimation errors [65].

Mann and Morrison [71] proposed a scheme by comparing sampled data points that were
one cycle apart and estimating fault inception based on any detected large deviation in the
comparison result. Gilchrest et al. [69] proposed a method more closely based on accumulated
sample-by-sample deviation detection, which has been applied even in more recent methods also
[67]. Gilbert and Morrison [65] propose the use of combination of a median filter, often used in
image processing, and a mean filter, as an alternative to sample-by-sample or cycle-by-cycle
deviation detectors.

Chowdury et a. [66] proposed fault inception detection by means of hypothesis testing in
conjunction with the use of Kalman filtering. 1saksson [29] describes use of the so-called
“Hinkley detector”, based on looking for a change in the (assumed) mean value of the sampled
data beyond a set threshold.

No specific method of fault inception detection was described in the Safepoint method by
Poltl et al. [2], [18]. In the single phase CFI method described in the Licentiate [1], use of the
change behavior in the analysis-of-variance tests applied to the modelled current was used as a
fault inception detector and a similar use of this approach will be described further in the
proposed three phase CFI method in Chapter 5. This use of the analysis-of-variance trend
behavior as a fault detector can be considered as a variation on sample-by-sample testing
combined with hypothesis testing.

4.5.1.2 Fault typeidentification methods

Various methods have also been proposed for multi-phase fault type identification (also
sometimes referred to as “phase selection” in protection literature). Phadke and Thorpe [27]
describe methods following from phase specific fault inception detection e.g. voltage deviation
detection in faulted phases, the use of Clarke components transformation and the use of
symmetrical components. Girgis and Brown [61] proposed a method of fault type identification
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by using Kalman filters to compare the noise variance and co-variance between faulted and
unfaulted phases.

Poltl et al. [18] presented a method using artificial neural networks (ANN) for use in
conjunction with the Safepoint CFl method, which provided good results even in the presence of
large random signal noise. No fault classification method was presented in the Licentiate work [1]
as it only considered single phase CFl cases. In Chapter 5, a method of multi-phase fault type
classification and identification is presented based on comparison of analysis-of-variance results
for phase-to-earth and phase-to-phase frame-of-reference modelling of the fault currents.

4.5.1.3 Phase angle estimation methods

While both the Safepoint [2] and current zero targeting [1] CFI methods have applied least
mean squares (LM S) to obtain phase angle estimates, both methods then have separate methods of
utilizing this information to make their synchronizing target estimates and as such are open to
applying other phase angle estimation methods such as Kalman filtering or Discrete Fourier
Transform (DFT). Distance protection schemes are the most obvious source of phase angle
estimation methods that could also be applied to CFl.

Numerous numerical methods have been proposed for use in phase angle estimation for
distance protection schemes since the advent of digital relaying in the late 1960’s and early
1970’s. Andersen [21] and Phadke and Thorpe [27] describe techniques including (discrete)
Fourier transforms, Kalman filtering, Walsh transforms, least error (or mean) squares,
symmetrical components and general curve fitting techniques. McLaren et a. [57] indicate that
amongst the wide range of algorithms proposed for phasor estimation, the full-cycle Fourier filter
and the cosine filter tended to be the most common applied in industry.

Altuve et al. [64] presented a comparison of Fourier, Walsh, cosine and sine-cosine filtering
techniques and conclude that the latter provided the best overall responses in terms of variable
frequency and DC offset effects.

Mann and Morrison proposed methods based on difference (or derivative) methods and also
peak value estimation methods to estimate the apparent fault impedance magnitude and phase
angle [70], [71]. They reported processing times down to a half-cycle, supporting the possibility
for very fast digital protection solutions.

Girgis and co-workers published a number of papers [58], [59], [60] examining the use of
Kaman filtering to distance protection. Main advantages proposed by Kalman filtering were its
noise robustness and computation efficiency compared to methods such as least error squares
regression and DFT. Drawbacks to the Kalman filter technique include its need for a prior
estimate of the signal noise co-variance and filter gains, though in its recursive form it has shown
ability for afast convergence rate to update its estimators.

Sidhu et al. [68] present aleast error squares (LES) technigue combined with method to
remove the DC component from sampled date from off-line generated data tables. The method is
intended to work with a half-cycle data window for fast protection operation and offered as an
aternative to a half-cycle LES method or DFT method combined with a mimic circuit to counter
DC offset.
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Sachdev and Baribeau [62] proposed use of a LES distance protection algorithm,
incorporating a truncated (three term) Taylor series to cater for the exponentially decaying DC
component of afault current. Later Sachdev and Nagpul [63] proposed a modified approach using
arecursive least error squares (RLES) approach, offering more computational efficiency. 1saksson
also examined and comprehensively investigated the use of RLES [28], [29].

As will be shown in Chapter 5, the proposed three phase CFI method will apply the same
(weighted) least mean squares method as was applied in the Licentiate [1], partly for reasons of
continuity in the development of the CFl method. It is however to be recognized that alternative
and potentially more computationally efficient methods such as RLES could be applied to the
proposed CFl method.

45.1.4 Parameter and decision validation methods

It isimportant for operational dependability and security that the protection system
responds correctly, even with correct estimations of current magnitude and phase angle. This
implies correct operation of the decision process within the protection system based on the
programmed fault identification criteria. For CFl, validation of the target estimation and waiting
time are more critical and as demonstrated in the licentiate can be managed by analysis of
variance between the observed and modelled currents.

Itistypical in protection systemsto apply different levels of redundancy in order to increase
dependability and security. Local back-up methods include the use of “X” and “Y” relay and
tripping circuits and the use of complementary protection systems (e.g. overcurrent and distance
protection or overcurrent and differential protection, in addition to using relays of different design
or make [8]). It istherefore quite feasible to apply similar redundancy approaches to the
application of CFl in order to maximize system dependability.

Harmonic distortion of primary currents can occur under both “normal” load conditions e.g.
magnetizing inrush to a power transformer and under fault conditions e.g series compensated line
faults. Analogue and digital filtering techniques are one method to reduce the impact of such
distortion on relay operations, where the distortion is moderate and the fundamental power
frequency behavior is still of prime significance for both proper relay and circuit breaker
operation. Load induced harmonic distortion can in some cases be mitigated by controlled
closing, such as for power transformers. Cases such as faults on series compensated lines where
complex effects like sub-synchronous resonance occur may require specialized solutions.

Actual current zero times are normally not of direct importance to protection relay function,
though indirectly they are significant in the context of the total fault clearing time, which is a
significant overall operational constraint for the maintenance of power system transient stability.
The timing of current zeroes is of course far more critical to CFl schemes, irrespective of their
targeting method, as it is these times that ultimately dictate when the circuit breaker should
interrupt.

As seen from the above analysis, there are a number of synergies and important differences
between the functions and requirements of protection schemes and CFl. It is possible to utilize
information obtained from existing protection schemes as data sources to a CFl scheme, including
fault inception detection, current magnitude and phase angle estimation. The CFI use of current
modelling with validation checking potentially offers complementary methods for fault inception
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detection and identification security for protection schemes. Both processes require well designed
and understood signal measurement systems.

A potential crossover benefit from CFI to protection systems is the use of CFl current zero
time predictions as a means to make more accurate estimation of when the circuit breaker should
interrupt and thereby link back to circuit breaker failure detection monitoring. In the event that it
is detected that the circuit breaker has failed to interrupt at the predicted current zero time, thereis
the possibility to activate a back-up trip signal to the next higher level of circuit breakers on the
system. This offers the potentia for overall reduction in the co-ordination time settings between
overlapping protection schemes, that are otherwise based on coarse estimates of the overall
expected fault clearing time based on circuit breaker opening and maximum arcing times.

Additional shared benefits could be obtained between the parallel use of CFl with digital
protection schemes. The use of current modelling, combined with analysis of variance tests may
provide complementary means of fault detection and fault state verification to improve protection
system dependability and security.

4.5.2 Synergies and differences at a hardware and auxiliary system level

Figure 4.4 provides a sketch of the overall protection, auxiliary and circuit breaker
components, with the inclusion of an embedded CFI control scheme. This provides an indication
of the secondary system features that are shared by protection and CFl schemes, as summarized in
Table 4.5.

Circuit breaker opening and arcing times are of course critical parameters in achieving
reliable CFI. Modern HV AC circuit breakers generally have very good stability in operating
times, or at least well defined behavior for variation in auxiliary power supply voltages and
ambient temperature. The arcing time experiments described in Chapter 3 provided evidence of
stability in arcing time behavior with atolerable margin for viable CFl implementation.

Distortion of measurements of voltage and current that are the essential data inputs to the
protection and CFI systemsis a well known problem, common to all signal processing systems.
Management of the measuring process, through careful selection and dimensioning of the primary
current and voltage sensors and the interfacing of these devices to the digital signal processing
hardware is essential to mitigating the effects of signal distortion on the respective protection and
CFI functions. Sources of error in current and voltage transformer measurements are well
documented and understood and can mostly be compensated by proper design, testing and
calibration.
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Figure4.4: CFl system embedded in conventional digital protection and circuit breaker
control scheme

Verification of the timing synchronization between primary and secondary signals has
become more critical with the advent of wide area protection schemes (e.g. GPS-based phasor
measurement systems) and the wider use of controlled load switching. It should be recognized
that it is possible to make an accurate measurement of the phase angle between current and
voltage at alocal level and still have atiming error between the primary (HV) and secondary (LV)
systems. Theinherent signal processing delays of analog-to-digital conversion and numerical data
processing will always introduce some level of time delay in the process and need to be well
understood so that they can be compensated for, particularly with respect to the estimation of CFl
synchronization target instants and associated waiting times.
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Table 4.5: Functional performance and method comparisons between protection and CFlI

processes at hardware and auxiliary system level

Characteristic / Feature

Functional performance relevance

Protection systems (e.g.
distance protection)

Controlled fault
interruption

Available methods

1 Circuit breaker open-
ing times

Relevant to remote back-
up zone co-ordination
settings

Relevant to circuit
breaker failureprotection
settings

Critical to have known
and stable opening times
for correct target selec-
tion and waiting time
calculations

Mechanical type testing
of circuit breakers

Knowledge of opening
time variation with
respect to auxiliary volt-
age, temperature, idle
time, interrupter accumu-
lated wear

2 Circuit breaker arcing
times

Relevant to remote back-
up zone co-ordination
settings

Relevant to circuit
breaker failureprotection
settings

Critical to have known
and stable opening times
for correct target selec-
tion and waiting time
calculations

High power type testing
of circuit breakers
- see Chapter 3

Knowledge of opening
time variation with
respect to current magni-
tudes and accumulated
interrupter wear

- see Chapter 3

3 Secondary (measure-
ment signal) har-
monic distortion

Signal distortion that
may |lead to maloperation
or false tripping

Signal distortion that
may lead to maloperation

Filtering

4 Current transformer
saturation

Signal distortion that
may |ead to mal operation
or false tripping

Signal distortion that
may |lead to mal operation

Ultra-fast protection
(i.e.<Y%acycle)
Non-saturating current
Sensors

Large magnetic core CTs

5 Secondary (measure-
ment signal) phase
angle error

Moderate local impact if
small.

Potentially more critical
to Wide Area Protection
schemes.

Significant impact that
should ideally be com-
pensated for.

Cadlibration tests on CTs

Load flow studies for
voltage angle checks

6 Secondary (measure-
ment signal) magni-
tude (ratio) error

May impact on sensitiv-
ity and dependability.
Can be compensated for.

Low impact - potentially
on arcing time selection.
Can be compensated for.

Cadlibration tests on CTs
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Table 4.5: Functional performance and method comparisons between protection and CFlI
processes at hardware and auxiliary system level

Functional performance relevance
Characteristic / Feature Protection sysiems (e.g. Controlled fault Available methods
distance protection) interruption
7 | Timesynchronization | Moderate loca impact if | Critical. Calibration tests

of secondary and pri- | small. Need to compensate dif-

mary systems Potentially more critical | ferencein waiting time
to Wide Area Protection | calculations.
schemes.

4.6 Overall comparison of CFI and distance protection schemes

Distance protection schemes, with their use of phase angle measurement within their
decision making, offer perhaps the closest degree of synergetic potential to CFl schemes. Figure
4.5 presents an overall comparison of distance protection, Safepoint and proposed, current zero
targeting, CFl schemes.

All three schemes require an accurate estimation of the current phase angle, though this
information is utilized in different ways by each scheme. Least means squares (LM S) regression
is one of several methods proposed for use in distance protection schemes. Some protection
schemesintentionally try to eliminate the DC component from the fault signal in order to improve
the processing performance (e.g. use of mimic circuits within CT secondary circuits [27]).

Safepoint used a LM S method for phase angle estimation, with the assumption of a“fixed”
DC component level. This offers advantages in simplicity of the LM S matrix calculation and
restriction in the number of degrees of freedom that would assist in noise robustness, though it
comes at the expense of accuracy for long data windows or rapidly decaying DC components.

The proposed CFl method also utilizes the LM S method, but with afirst order Taylor series
approximation of the DC component, as will be described in greater detail in Chapter 5.

Fault inception detection is generally of interest to protection methods as a means for data
sampling window control in order to discard pre-fault data from the phase angle calculations. For
the proposed CFl method, the fault inception angle has added importance for modelling the fault
current accurately. Fault inception detection was not explicitly described in the Safepoint work,
though it would have similar importance for data window management, particularly where short
data processing response times are required.

Though distance protection and the proposed CFlI method both rely on phase angle
measurement, they utilize the information in different ways. A distance protection scheme uses
the information, combined with current magnitude to decide if the fault threshold criteria are
violated and a protection operation is required. The proposed CFl method and Safepoint utilize
the phase angle for estimating their synchronization target instants, which potentially requires a
higher level of accuracy in phase angle estimation than for protection purposes. Safepoint did not
propose any specific validation check of its phase angle estimation, focussing more on the noise
robustness of the LM S method.
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The proposed CFI method has introduced the use of analysis-of-variance testing (FO test) of
its current model against the measured current in order to provide a validity check for added
dependability. In the event that an insufficiently accurate model of the current can be obtained, the
FO results permit implementation of bypassing of the CFI control, either by forcing the
synchronizing waiting time to zero, or issuing adiversion trip signal to a back-up circuit breaker.
The FO test has additional important uses within the proposed CFI method including fault
Inception detection and multi-phase fault type identification, as described in the next section.

4.7 Proposed CFI process structure for three phase networks

The overall structure of the proposed CFl method for three phase networks is described in
Figure 4.6 and can be compared to the CFl process described earlier on the right hand side of
Figure 4.3. Following from the identified different circuit models for phase-to-earth and phase-to-
phase fault models, the three phase CFl scheme executes parallel processing according to both
phase-to-earth and phase-to-phase parameter estimations of the fault inception angle (a) and
relative voltage phase angles (y). Each of the models is checked by analysis of variance and the
model providesthe more accurate result is then used for the target estimation. If neither model can
provide a sufficiently accurate result, determined by setting an FO acceptance value threshold,
then the bypass control option can be implemented.

Chapter 5 will present detailed descriptions of the proposed methods for the core CFI
process functions of fault inception detection, fault type identification, current model parameter
estimation and validation, and target current zero identification within the context of the structure
described in Figure 4.6.
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5 Three phase controlled fault interruption - Proposed method

The proposed CFI method for three phase networks is based on extension of the method
described in the licentiate and is comprised of four main processing steps:

1. Fault inception detection

2. Modelling of fault based on current magnitude, phase angle and time constant estimation
3. Modd validation

4. Synchronizing target selection

This chapter will describe the details of the above listed four main processing steps. First an
overview of the proposed overall CFl process will be presented. Second the applied current
models and main parameter estimation cal cul ation method will be presented. Third the analysis of
variance method will be presented with focus on its use for fault inception detection and fault type
identification. Fourth the targeting methodology of the three phase CFI method will be presented.
Finally, examples of the operation of the algorithm for different milt-phase fault cases will be
presented.

5.1 Overall proposed CFI process

The proposed CFI method follows from the general approach described in Chapter 4,
whereby the synchronizing of the circuit breaker trip commands in each phase is made with
respect to estimations of viable interruption current zero times by use of a modelling of the
currents.

The model of the current is based on that described in Chapter 2. More generally the
modelling of the current can be described as shown in Figure 5.1. The current is a function of
many variables, each of which can be estimated by a variety of methods. It is important to note
that in the work presented here, a number of the parameters are assumed to remain constant for
the duration of the fault (e.g. w, Upg, L, R).

In redlity, effectively al the parameters will be time varying to different degrees due to the
true dynamic nature of electric power systems. However factoring in complete power system
behavior dramatically complicates the process and potentially detract focus from the primary
goals of this work, which has been to provide a suggested process for the implementation of CFl
on three phase networks. The impact of the respective dynamic parameter behaviors on their
estimation methods and the mode-based CFl approach can then be further investigated in future
work, as described in more detail later in Chapter 7.

The proposed overall CFl processis described in the flowchart shown in Figure 5.2. The
main difference between the single phase and three phase method is the use of two alternative
frame-of-reference models; a phase-to-earth source parameter based model and a phase-to-phase
source parameter based model, as outlined in general form in Chapters 2 and 4. The equivalent
circuits for each model and the associated reference y values for the respective driving source
voltages are summarized in Table 5.1.

93



Chapter 5 Three phase controlled fault interruption scheme - Proposed method

Ix(®) = 1(t, @ a, y,Upc, L, R, (p,_T/) Proposed method makes as much use as possible of FO

analysis of variance results to determine a and y values,
fault type identification and regulating CFI bypass control

¢ and T can each determined by various (and independent) methods (c.f. distance
protection algorithms to estimate @, e.g.Least M eans Squares (LM S), Kalman
filter). Proposed method uses T = tan(@)/w relationship, hence finding @, provides

estimate of T.
UPKX
pl Iy = mmmmemmeeeoeeeeaees ; obtained directly from LM S results
V(WPLy? + Ry?)

o found from fault inception detection; can be determined from an "independent”
fault inception detector (e.g. comparison of deviations between measured and
predicted current values) or from the CFI algorithm (i.e. as per analysis of variance
method presented in the licentiate)

Note finding a also determines setting of "t=0" and clearing data window of pre-
fault data

Y

y determined by fault type which can be determined from an "independent” fault
type detector (e.g. articficial neural network (ANN)) or from the CFl algorithm
(i.e. as per the analysis-of-variance method)

assume w constant for short (< 0,1 s) duration of fault clearing
can track from u(t) voltage sampling (as voltages generally stay periodic during
faultsi.e. do not exhibit same asymmetric transient behavior as fault currents)

\ 4

Figure5.1: Generalized approach to parameter estimation for fault current model
Table 5.1: Proposed method models and associated y reference values

Model type "Equivalent” circuit y values for A-phase reference

A-B-C phase rotation

u(t) i)
” Pha%!!
Ya=0
(phase to Yg = -2103
earth and Yo = 4103
3phase | | il
faults) = =
» LI nen 14D X
uAB(t) 1::: \' iB(t) (yA = O)

([;]hase to ey Yap = TU6
unearthed Vea = -7T06
faults) | A

94



Chapter 5 Three phase controlled fault interruption scheme - Proposed method

Up g.c(t) inpc® Uaggccall)
P Qagc ~~~~""TTT---o-ossso-s 1‘ """"" > Oappcca
YagcC Yag,BC,CA
l Sampling of currents l
Phase current @x, T Line current @xx, TXX
estimation (WLMS) and estimation (WLM S) and
modelling modelling
\ 4 l ¢ \ 4
Phase model Line model
validity test FO1 validity test FO2
FO1 || FO2 >
FOlimit ?
Fault inception —Y
detection Bypass _CFI
FO1 trend eg. Wait
analysis time=0
v v i
;
Zero search using phase Zero search using line current :
current model(s) model(s) i
i
:'T't"""":"' M ‘
o ! 1
(-t _CB_OPEN _, ! | v v i
RV O :
'-_-;-_{’l_'l_“:é_\lf{?-_lr Calculate waiting time(s) i
3 tarc Mo 1 E
]
Y o l
wait time _
AND
I’ . \l I, -------- T \l
! Continue ' o ' Continue :
: processing i Trip signal(s) to : processing i
. ; required poles M ;

Figure 5.2 : Processflowchart for proposed 3-phase CFl method

95



Chapter 5 Three phase controlled fault interruption scheme - Proposed method

Parameters for both models are calculated in parallel and the resultant analysis-of-variance
results from each model (i.e. “FO1” and “F02") are compared to select the most appropriate model
for subsequent estimation of synchronizing target current zero times. The proposed method also
introduces a compromise targeting solution for the last two phases to interrupt on three phase
faults, as a means of overcoming the uncertainty of distinguishing between three phase earth and
unearthed faults before the first phase is interrupted.

5.2 Applied fault current models and parameter estimation method

As described in Chapter 2, fault currents on three phase networks can be generically
described by {5.1} and {5.2},

Uy(t) = Upgx [BIN(0 I+ 0y +vy) {51}
where

X isthe associated phase designation,

w isthe power system angular frequency,

Yy IS the reference angle for each phase-to-earth or phase-to-phase voltage with respect to a

presel ected reference phase,
0y is the respective source voltage phase angle at which a fault begins (at atime, t = 0) in
any phase.
. . . (—t/1y)
ix(t) = lex Osin(w O+ oy + Yy —@y) —Sin(ay +yy—@y) & ]+ {5.2}
| [e((—t)/ T)
PFaX
where,
lex = Upd1Zx] = Upkd U6 Ly + RyD) {5.3}

Ipegx 1S the instantaneous value of the pre-fault load current at the moment of fault
inception.

@y = tan (L y/Ry) {5.4}

Ix = LX/RX = tan((px)/().) {55}

Ly is the source to fault inductance and
Ry isthe source to fault resistance (including any fault arc resistance).

Inasimilar manner to that described in the licentiate, weighted least mean squares (WLMS)
regression has been used as the means to obtain the estimated @y, Tx and Iy values, based on

separately determined ay and yy values.
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The values of ay and yy for the current modelling in each phase are based on determination

of the fault type, using the analysis of variance test results, which will be described later in this
chapter. At start up of the CFI algorithm, the same ay and yy values are used for the phase-to-

earth and phase-to-phase models, based on the assumption of the circuit breaker being closed in
each phase at controlled voltage phase angles. The current model form described by {5.2} isthe
same for both the phase-to-earth source and phase-to-phase source frames of reference, and hence
the WLMS regression method is also the same for both parameter estimations.

Applying the principle of superposition {5.2} can be orthogonally factorized to give { 5.6},
iy (1) = Kyq TBN(w ) + Ky, [00s(0 (1) — Ky T o) {5.6}
where

Kx1 = lpx Hoos(ay +yx — @)

Ky1 = Tex O cos(yy —@y) [os(ay)—sin(yy — @) [Bin(ay)] {5.7}
Kxa = lex DBIN(0y +yy —@y)

= 1 L[ SiN(Yx — @) C50S(0ty) + C0S(yx — @) TN (ary)] {58

A
x
)

|

Kyg = Tpx D8IN(0y + Yy — @) — I pEgx

Kxs = Kx2—lprax {5.9}
and
Ky = 1/1 {5.10}

Applying a 1%order Taylor series approximation for the exponential term, equation {5.6}
can then be approximated to {5.10},

i (1) = Xyq CHN( ) + Xy [20S(w [F) — Xy O + Xy [ {5.11}

The Xy coefficients in {5.11} can then be found by solving the weighted |least means
sguares matrix as described by {5.12}, {5.13} and {5.14},

Xx1 | x(t 1)_
-1 .
el = (14" "ol )T o o 1 (512
X3 .
X ity

n isthe number of current data sample values processed,
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sin(w ) cos(w i) -1 t,]

sn(wlt,) cos(wlt,) -1 t

(A = (wliy) cos(wlty) -1 t, {5.13}
sn(w[1,) cos(w(t,) -1 t,
10..0

[ ] ~01..0 : o : -

wl = , nx n dimension identity matrix; {5.14}
00 1 ..
0.. 01

and [Xyq Xxo Xx3 Xxal | is the vector of unknown coefficients sought.

The key results from the solution of {5.12} are terms Xy, and Xy, which are in the general
forms given by {5.15} and {5.16},

| £ [0S (Yy — @) {5.15}

Xx1
Xxz = —lpx B8n(yx — @) {5.16}

The WLMS computation is an orthogonalization of the sampled current vector. The Xy, and
Xxo terms provide the orthogonal terms of the symmetrical component of the sampled current,
while the X3 and Xy, terms provide a linearized approximation of the asymmetrical (general)
component of the sampled current.

It is of interest to note that the a, term does not seem to appear directly in the WLMS
computation. However since Xy, and Xy, are coefficients for the symmetrical component of the
sampled current are directly related to equations {5.7} and {5.8} for Ky, and Ky, with ay = 102,

which correspondsto the case of afault current inception at a positive driving source voltage peak
and no resultant transient DC component (i.e. sin(ay)=1 and cos(ayx)=0). For the general case,

the actual ay must be applied to equations {5.7} and {5.8} obtain the relevant Ky; and Ky,
coefficients for the particular fault case. Ky, isfound directly by using Xy, and Xy, as per {5.17},

Kx4 =1/ |XX2/XX1| [ w {517}

The Ky terms, yy and I pg 4x can then be applied to { 5.6} (expanded as per {5.18} below) to
obtain an approximation of the sampled currents in each phase.

i (1) = Kyq CBN(00 ) + Kyp CE0S(00 1) — Ky LB ) s 1 1 7O

{5.18}
The approximated currents described by {5.18} are extrapolated in time and hence be used
for estimated future current zero times that can be used as targets for controlled fault interruption.
It isimportant to note that the time vector for the current estimation must be reset for t=0 from the
estimated fault inception time, corresponding to the ay determined for the associated fault case,
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thus maintaining the correct frame of reference to the driving source voltage model being applied
in this method.

It isimportant to recognize what assumptions are made in the applied three phase model.
While it is assumed that the system has balanced driving source phase voltages, the model and
method is sufficiently generic to support unbalance variations in the yy values, provided at |east
one phase voltage is used as a principal reference. Obviously the phase rotation of the system with
respect to the main reference phase voltage must be known - though it is reasonable to assume
that such information can be supplied at system setup and commissioning and would stay “ stable”
during the lifetime of the installation / application.

The ay and Ipg,x Values need also to be known and fed to the algorithm. These are

essential not only to extract the final current estimations, but also for the optimum adjustment of
data sampling windows at fault inception i.e. the correct discarding of pre-fault from fault current
data samples.

5.3 Analysis of variance (FO) tests

In the licentiate stage of this work, the “FO-test” was introduced, not only as a means to
check the validity of the estimated to sampled current, but aso as a means to detect the instant of
fault inception and thereby also the o and | o4, Values. The same analysis of variance “FO” test
Is used in the proposed three phase CFl method, with the additional application of being used for
fault type identification and thereby providing the trigger to update the yy values used in the
WLMS parameter estimation. The FO-test is defined as follows [46],

SSy/k

Fo = 57 (n=p) {5.18}

where SSy, is the regression sum of the squares, SSg is the error sum of the squares, k is

number of coefficients used in regression, n is the number of sampled values tested and p is the
number of terms used in the regression,

n

Sk =Y (yi-9)° (5.19)
i=1

ss = % (v, —9)° {5.20}
i=1

where

9. =thei' estimated mode! value

y = the mean of the sampled values
y; =thei'" sampled value
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Due to the high numerical value of the FO results, the base 10 logarithms of the FO values
are used as the values for data processing. When using full one period data window sampling
under load current conditions, there can be oscillations in the FO values, caused by the numerical
tolerance of the computer and so once the log,(FO) value is above 4, it is simply truncated and

kept at 4.

5.3.1 Fault typeidentification using FO-test

The FO test is performed on both phase-to-earth and phase-to-phase parameter based models
of the currents in each phase, at every iteration of the algorithm. The phase-to-earth FO result is
designated “FO01” and the phase-to-phase result is designated “F02” for each phase current. Due to
the different parameter values used for phase-to-earth and phase-to-phase modelling, each model
will have adifferent FO result for the same sampled current data set.

If the FO1 value is higher than the FO2 value for a given phase, then it is concluded that the
current in this phase isfollowing a phase-to-earth model. Conversely, a higher FO2 than FO1 result
means that the current is best represented by the phase-to-phase “line” model. For two phase
faults, there should be a matching of model type results on the faulted phases. In order to make the
process more robust to signal noise, a discrimination factor (Kgpg) is used in the comparison of

FO1 and FO2 values so that for a phase-to-phase fault case to be determined, FO2 must be greater
than K times the associated FO1 value for each phase.

Simulations were made on double phase-to-earth fault and phase-to-phase fault cases, with
and without noise to ascertain a reasonable value for Krg. In simulations without noise, K=rg

can be set to 1.0 and the algorithm correctly discriminated between the double phase-to-earth and
phase-to-phase fault cases for all fault inception angles.

A set of simulations with 10% magnitude pseudo-white Gaussian noise were conducted on
A-B-E and A-B phase faults for Kgerg values of 1.00, 1.05 and 1.10. For each simulation run,

fifteen different WGN data sets were applied to twelve fault inception angles ranging from 0 to
330 electrical degreesin 30 degree steps, resulting in atotal of 15 x 12 = 180 simulations per run.
The results are summarized in terms of the percentages of respective fault types “identified” by
the algorithm in Figure 5.3. Given the reasonably large noise magnitude applied, the method
appears to work reasonably well for double phase-to-earth faults. The dlightly lower performance
for phase-to-phase fault identification can arise from the applied requirement {5.21} being true
for the algorithm to estimate the fault as being of the phase-to-phase ungrounded type.

FO2 > K g X FOL {5.21}

Though it would be desirable to raise the success of the phase-to-phase fault identification
success rate, these are likely to be less frequent than phase-to-earth faults. Nevertheless there is
scope for improvement in this part of the algorithm, possibly by reverting to aternative fault type
identification methods, for example that utilize a symmetrical components approach. The 0.6% of
cases incorrectly identified as three phase earth fault are believed to be due solely to the applied
level of WGN, resulting a a false fault inception detection on C-phase. However thisis registered
inonly 1 of 180 simulations. Based on the results shown in Figure 5.3 it was decided to make al
further smulations using K e = 1.10.
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A-B-E double phase-to-earth fault type estimation simulation results
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Figure5.3: Simulation resultsto test FO method to discriminate between double phase-to-

earth and phase-to-phase unearthed faults
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5.3.2 Fault inception detection

Asin the single phase CFI method, the FO results are also used in the three phase method for
fault inception detection. In particular, tracking of the trend behavior of the phase-to-earth FO1
results in each phase is used for the fault inception detection. As stated earlier, the same oy and
yx Vvalues are used for the phase-to-earth and phase-to-phase models at the start up of the CFl
process. (The ay start up values can be controlled by synchronized closing of the circuit breaker

phases). The FO1 values are used for fault inception detection as under normal balanced three
phase load conditions the currents in each phase should follow the phase-to-earth model, though
there is no particular obstacle to using the FO2 values for fault inception detection either, as both
FO results will decrease with a change in current behavior, such as afault occurrence.

An empirical study of the FO1 behavior for different fault inception angles was made in
order to establish control parameters for setting the fault inception detection threshold, based on
the rate of decline of the FO1 values with the occurrence of afault. Figure 5.4 shows examples of
the FO1 trend behavior about the fault inception instant on A-phase for a three phase earth fault
and twelve equally spaced fault inception phase angles (o) from 0 to 330 electrical degrees.

Fault type: A-B-C-E. ©= 45 ms. Alle. 5 =6 kHz. WGN: 1 0 %. FOk =098 Fin =2
45

!
Fault inception

1.4

-30 -15 0 18 30 45 B0
Electrical degrees about fault inception instant

Figure 5.4 : Examplesof FO1 trend behavior pre- and post-fault inception
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The circular points on each curve correspond to a data sample point, which at the 6 kHz
simulation rate means that the resolution for fault inception angle estimation is 3 electrical
degrees. The actual fault inception angles are indicated to the right end of each FO1 trend line and
below the arrows that point to the estimated fault inception instant in each case, deduced from the
FO1 trend analysis. The criteriaused for fault inception detection are that once two successive FO1
values are found to have fallen by 2% with respect to the preceding FO1 value, a fault is
determined to have occurred. The fault inception instant is then estimated back to the data
sampling point immediately before the start of the FO1 decline trend that resulted in the fault
detection.

As can be seen in the Figure 5.4 example, the method works well for the majority of fault
inception angles, with O degree error for eight of the twelve simulated angles, 3 degree error on
two of the angles (30 and 210 degrees) and 21 degree error at 0 and 180 degree inception angles.
The somewhat larger error at 0 and 180 degree inception angle, corresponds to the a value that
gives maximum asymmetry of the fault current. Though the fault current will develop maximum
asymmetry in these cases, the initial development of the fault current is relatively slow and
therefore the rate of deviation between the expected (load) current behavior and the fault current
Is slow and more sample points must be taken before the FO1 trend will trigger to the fault
inception. Nevertheless the 21 degree error is still relatively “small”, corresponding to 1.16 ms or
5.8% on 360 degrees. As will be shown in the simulations presented later, even with errorsin a-
estimation of this order, the algorithm is still able to make reasonably good i.e. < = 0.5 ms error,
current zero crossing time estimations.

It should be noted that the error in detection of the fault inception instant affects not just the
a-value estimation, but also the data sampling window size and content. At fault inception
detection the data sampling window is reset to begin at the estimated fault inception instant and
therefore discard all pre-fault data samples.

5.3.3 Validation and “Bypass’ control

In addition to the fault type and fault inception determinations made, the FO results are al'so
important in regulating the overall dependability and security control of the algorithm. Only if at
least FO1 or FO2 values are above a predefined threshold limit will the algorithm proceed with
using the selected current model for current zero target and waiting time estimation. The threshold
for acceptable FO values is set according to the desired tolerance on current zero time estimation
errors. Empirical tests, as shown in the example in Figure 5.5, indicated that a threshold value of
log,o(FO) = 2 provides control within + 0.5 ms error bound for current zero times.

The data pointsin Figure 5.5 are for each time step iteration made post-fault and up to the
protection operation time (20ms), for afull range of a-values ranging from 0 to 330 degreesin 30
degree steps. The “WGN = 0%” in the graph header indicates that these simulations were made
without any added white Gaussian noise.
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Figure5.5: Absolute value zero-crossing time error s ver sus post-fault log,o(FO) values

The estimation accuracy of ¢ and T islimited in the applied WLMS method by the first
order Taylor series approximation of the exponentially decaying DC component. The percentage
ratio of the DC component in the fault current, dependent also on the fault inception angle, will
affect the accuracy of the overall model result and therefore limit the accuracy in predicting the
future current zero times. Figure 5.6 shows the relationship between the target zero crossing time
errors and the percentage errors in the estimation of t for the same sets of data as used in Figure
5.5.

It can be seen in the Figure 5.6 results that afairly large percentage error in T (c. 10%) can
be tolerated, while still achieving alow zero-crossing time error (< 0.2 ms). Thereis no practical
direct link between whether the t-error is positive or negative to whether or not the associated
zero-crossing time error is also positive or negative as this relation will vary depending on which
current zero is being targeted. A positive zero-crossing time error on one current zero will imply a
negative error on the following current zero.

However, as the errors cannot be accurately measured before the trip commands need to be
sent, there is little benefit that can be utilized by this for the execution of the algorithm. It is
however of interest to note the linearity between the zero-crossing time error and percentage t
error.
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Fault type: A-BC-E. g=45ms. Al g WEN=0%5 rate 6 kHz. Prat. time: 200 ms.
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Following from the near linear relationships seen between the zero-crossing time errors and
the percentage T errorsit is also of interest to see the relations between the FO results and the
percentage T errors, as shownin Figure 5.7 (for the same set of data points as Figures 5.5 and 5.6).

As expected, the lower the T error, the higher the FO result, for a given percentage DC
component within the fault current. As such the FO test provides a very useful measure of the
validity of the model of the current and therefore can be used to regulate the control of the entire
CFl process.

If both the FO1 and FO2 results are below the set threshold level, the algorithm can be
structured to implement a “back-up” or “bypass’ strategy. The back-up strategy would involve
blocking the tripping of the circuit breaker most immediately connected to the CFl control and
diverting the trip operation to the next higher level of circuit breakers in the network. Such a
strategy would be required for a circuit breaker that was entirely dependent on correct CFl
operation to achieve interruption. Existing circuit breaker designs are capable of managing
interruption over wide arcing window and so a bypass or “forced trip” strategy, that involves
forcing the CFl waiting time to zero can be used, asis described in Figure 5.2.

5.4 Synchronizing target selections

While the proposed method uses the estimated current zero times as the synchronizing
targets, it is also possible that the method could be combined or used with other target criteriae.g.
safepoints as proposed by Poltl. Asindicated in Chapter 4, Table 4.1, there can also be different
criteria used for target selection, based on either achieving fastest possible clearing time or
maximum saving of the arc current integral (equated to the arc energy). Additional criteria, such
as selection of the preferred current zero target based on the di/dt at the current zero may also be
desirable for some interruption cases.

For the purposes of this work, the chosen targets are the earliest viable interruption current
zero times, after the minimum clearing time of the circuit breaker, allowing for a small margin
(e.g. +1 ms) beyond the minimum arcing time. The search for the target current zero timesis
managed in the same way asfor the single phase CFl method in that a search is made within aone
cycle window beyond the CFl minimum clearing time.

For single and double phase-to-earth faults and phase-to-phase unearthed faults the target
current zeroes can be identified by the direct extrapolation of the current models for each phase.
In the case of three phase faults, earthed or unearthed, the targeting is more difficult due to
possibility of phase shift in the last two phases to interrupt and the difficulty to discriminate
between the earthed and unearthed cases before the first phase has interrupted. In order to manage
this problem, as described in Chapter 4, a“compromise” targeting strategy is applied for the last
two phases to interrupt in three phase fault cases.
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First the algorithm identifies the first phase to interrupt. Up to this point the agorithm will
use the phase-to-earth modelling of the current (i.e. based on FO1 results being higher than FO2
resultsin all of the faulted phases). Then the algorithm uses the fact that for a balanced system the
L/R ratio of a phase-to-earth fault and phase-to-phase fault at the same location will be the same
and therefore the fault current phase angles (each with respect to the correct driving source
voltage). The algorithm can then construct an equivalent phase-to-phase current model for the
remaining last two phases to interrupt, based on the existing ¢ and 1 estimations, and
appropriately adjusted a and y values matching the equivalent phase-to-phase voltage of the
affected phases. The “aternative” a value will be based on the same fault inception time as for the
three phase faullt.

Searches are then made for viable current zero targets for each of the last two phases using
both the phase-to-earth and phase-to-phase models. The earliest current zero time found from
both searches is then used as the target for the respective phase. This will have the result that one
of the phases will interrupt at the selected target and other will target a point slightly before its
actual eventual interruption current zero, as shown in Figure 5.8.

It should be noted that while the scope of this thesis has been focussed on effectively
earthed networks, the compromise targeting solution for the last two phases to clear will work
equally for non-effectively earthed source systems where there is no zero sequence path.

5.5 Simulation examples of proposed method

The overall CFI process has been modelled and simulated in MATLAB [30]. Some
examples of are presented here to demonstrate the process, prior to a more comprehensive
summary of investigative simulations that will be presented in Chapter 6.

The “actual” fault currents generated for the simulations are based on the general fault
current equation described by {5.2}. The A-phase phase-to-earth voltage is used as the base
reference for the y values for B and C phases, assuming a positive A-B-C phase rotation. A 6 kHz
sampling rate has been used, forming also the basic iteration time step of 0.167 ms. For all the
simulations a protection response time of 20 ms was used, as this provides a reasonable window
to observe the algorithm behavior, though shorter protection response times, down to ¥z-cycle, are
possible, as was shown in the licentiate. A circuit breaker opening time of 20 ms was used, asis
typical for modern HV SFg circuit breakers. An absolute minimum arcing time of 10 ms was

used, together with an arc margin time of 1 ms, giving a CFl target arcing time of 11 ms.

The fault current time constant is 45 ms. The simulations shown here are without any
simulated white Gaussian noise.

Figure 5.9 shows an example of a double phase-to-earth fault involving A and B phases.
The top graph shows the phase-to-earth voltages and the currents (ia: O; ig: [1; ic: 4). The grey
shaded areas immediately prior to the current interruptions are the envelopes of the estimated
currents for each phase for the CFI controlled arcing times. The direct protection trip circuit
breaker opening time is shown by the vertical line (c. 0.08 s). The errors in the prediction of the
target current zero times are shown in the upper left hand corner, together with the savings in
arcing time achieved by the CFl operation compared to a direct protection trip operation. At the
upper right hand side the difference in total fault clearing time between the CFl and direct
protection trip operations is shown - in this case there is no difference. The actual and estimated

108



Chapter 5 Three phase controlled fault interruption scheme - Proposed method

fault inception angles (ay) for each phase are shown above the graph. Even with a 21 deg a-error

in A-phase, the resultant A-phase target time error is only 0.15 ms. Though there is no fault in C-
phase, the a-values reflect a synchronized closing of C-phase at the start of the smulation.

The middle graph shows the data window size and the log,q FO1 (phase-to-earth model) and

FO2 (phase-to-phase model) results for each phase. The initial data window is set at 5 ms and
incrementally increased to 20 ms, whereupon it is shifted with each iteration until the fault is
detected. At fault detection the start of the data windows in the fault phases are reset to the
estimated fault inception instant (i.e. nearest associated time step) and then WLMS processing of
the faulted phases is resumed once their data windows have reached the 10 ms minimum. As
described earlier, under normal load conditions the phase-to-earth and phase-to-phase models use
the same a and y values and so the FO1 and FO2 results remain the same until the fault is detected
and the a and y values in the faulted phases updated accordingly. In this case the fault involves
two phases to earth and so the FO1 values are correspondingly higher than the FO2 values for A
and B phases and the target current zero times are predicted based on the phase-to-earth parameter
based models in those phases.

The bottom graph shows the control signals and calculated waiting times for each phase.
Active control signals have avalue of “1” and an inactive value of “0”. At the top of this graph the
common three phase protection trip signal is shown, occurring 20 ms after the fault inception. For
each of the phases thereis a “status’ control signal that is driven by the FO1 and FO2 validation
checks. Statusis“1”, meaning “OK” if at least one of FO1 or FO2 is above the acceptance
thresnold value (i.e. log;(FO) = 2), otherwise it is set to zero and the waiting time is then corre-
spondingly set to zero. It will be noted that once the fault is detected the waiting timesin all three
phases are set to zero, until the statusis “OK” in all three phases. Though it is assumed that there
is single phase operation control of the circuit breaker, it is also assumed that al trip operations
will be three phase, hence even the unfaulted C-phase waiting time is forced to zero in this short
interval of uncertainty.

It can be seen that prior to the fault the waiting times in each phase cycle uniformly from 10
ms to 0 ms, with a 60 degree shift between them, corresponding to the 60 degree difference
between successive current zeroes of the three phases under stable, balanced load conditions. The
final CFl waiting times in each phase after the protection trip goes active are indicated in the test
to the right hand side of the graph.

For comparison, Figure 5.10 shows an unearthed phase-to-phase CFl fault interruption, also
involving A and B phases and with the fault starting at the same simulation time instant (i.e. t =
0.04 s) asfor the example shown in Figure 5.9 for the double phase-to-earth fault.

Two main differences can be observed between the CFl algorithm results for the double
phase-to-earth and phase-to-phase fault cases. First, in the phase-to-phase case, the fault inception
angles for A and B phases are now those referred to the U, g phase-to-phase (or “line”) voltage
and are 180 electrical degrees apart, reflecting the relative polarity of the current flows with
respect to Upp.
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Figure 5.9 : Example A-B-E double phase-to-earth fault CFI interruption
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Figure 5.10 : Example A-B phase-to-phase unearthed fault CFI interruption
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Second, it can be clearly seen that in the post-fault FO results that the FO2 valuesin A and B
phases are higher than their corresponding FO1 values, indicating the algorithm has (correctly)
identified the phase-to-phase unearthed fault type.

Two final examples of the algorithm performance are shown in Figures 5.11 and 5.12 for
three phase earthed and unearthed faults respectively. The essential difference in both casesisthe
actual current zeroes that interruption occurs. C-phase is the first phase to interrupt in each
example. The compromise target current zero times used for the last two phases (A and B) to
interrupt are the same in both cases, but the actual interruption current zeroes differ according to
the earth or lack of earth connection.

The impact of the compromise targeting on the current zero error is significant in only one
of the phases in each case. In the earth fault case, A-phase targets what would otherwise be its
unearthed fault interruption current zero point, but then interrupts in the earth fault case, 1.4 ms
later.

In the unearth fault case, B-phase targets what equates to its earth fault current zero and then
interrupts at the unearthed current zero point, 1.7 ms later. While these errors are significantly
higher than the desired 0.5 ms error limit for all other fault cases, it is still within the anominal 3
ms boundary that was explored in the high power experiments for arestricted CFl arcing window.

It should also be remembered that three phase faults are relatively uncommon on most
transmission systems.

It can also be seen in these simulations how the waiting times are updated and change in
each phase while the CFI algorithm waits for the protection trip signal to go active as the
algorithm continuously updates which phase is expected to interrupt first and thereafter which
phases are required to use the compromise targeting solution.
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Figure5.11 : Example of A-B-C-E three phase earth fault CFI interruption
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Figure5.12 : Example of A-B-C three phase unearthed fault CFI interruption
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6 Three phase controlled fault interruption - Simulation tests

The proposed CFI algorithm has been tested through a wide range of simulations made
using MATLABLI [30]. The purpose of the simulations has been to verify the functionality of the
algorithm for its intended applications and to investigate the sensitivity and robustness of the
algorithm to both changes in power system parameters (e.g. o) and simulated disturbances (e.g.
pseudo-random signal noise). Similar simulations were made for the single phase CFl agorithm
described in the licentiate thesis [1], but then with a focus on the performance of the algorithm
over both a range of time constants and fault inception angles. Naturally the range of possible
simulation conditions grows by nearly an order of magnitude if considering three phase system
fault cases and it is therefore necessary to restrict the scope of the simulations presented in this
thesisto those that provide a sufficiently representative picture of the algorithm’s performance.

First a brief description of how the simulations have been conducted will be given, followed
by a summary of the performance indicators applied to assess the algorithm’s performance. Then
an explanation of which parameters have been varied and to what extent, will be given. Some
single parameter set simulation examples will be presented and discussed, followed by summary
results of larger scale parameter set multiple run ssmulations will be given. The final part of this
chapter presents and discusses aspects not included in the simulations made within this work,
together with recommendations for further ssmulation development.

6.1 Description of simulation program structure

The simulation program is essentially made up of three parts; fault current generation with
an option for addition of random signal noise, CFI calculation, including modelling of the fault
currents with the estimated parameter values (indicated by ‘') and finally results extraction, as
described in Figure 6.1. A common discrete sampling rate of 6 kHz was applied asthisis similar
to higher sampling rates used in modern digital protection relays [27] and provided convenient
application of a and y valuesin steps of 30 electrical degrees.

The modelled system for the fault simulations was quite simple as the intention has been to
verify the basic performance of the algorithm for single specific fault current cases. Essentialy it
was assumed that the system had an effectively earthed, infinite bus source with a specific and
stable source-to-fault inductance and resistance, as described by Figure 6.2. Thisallowed focus on
assessment of the basic “core” performance of algorithm and the effectiveness of the LMS
method for parameter estimation and the FO function for algorithm control, fault inception
detection and fault type identification. The last section of this chapter will discuss the limitations
of this power system model and the impact of the simplifications it involves with respect to
possible “real world” application of the proposed CFl algorithm.

6.2 Performanceindicators used for CFl algorithm assessment

In asimilar approach to that described in the licentiate thesis [1], the performance of the
algorithm for different parameter conditions has been assessed through the use of a set of
performance indicators, each of which is defined below. Some additional performance measures
have been developed for the assessment of the algorithm within the three phase network
application.
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6.2.1 Target current zerotimeerror

One of the most critical measures of performance is the error in the estimation of target
current zero times. This measure, AtczT, is defined as the difference between the estimated

current zero time, tczg, and the actual current zero time, tcz, as stated below:

Mzt =tcze-teza;  (units milliseconds) {6.1}

Fault current generation
I(t) = Ip-(SiN(wt + Y+ a — @) —sin(y + o - @).eCPD) + | e

mean=0 :'._________,,’
0 =#% |l Jrms :

Parameter estimation using WLMS

i (t) = X,.sin(at) + X,.cos(ex) — X, + X, t
[X] = (AT.WT.W.A)L. AT.WT. W [I (0]

i () = 1o (Sin(et +§+ 6 — @) —sin(y + & - §.etD) + 1 et

Results
 Target current zero time estimation & error
* Arcing time saving
* Arcintegral saving
* Clearing time impact
* a-estimation error
* Fault type identification success rate
 CFl operation success rate

Figure6.1: Summary description of main steps applied in CFl simulations
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6.2.2 a-estimation error

Thisisameasure, in electrical degrees, of the error in estimation of the fault inception phase
angle on the associated driving source voltage for a specific fault, as defined below:

Ad = OgsT - OACTS (units: electrical degrees) {6.2}

6.2.3 Fault type identification successrate

The success rate of the algorithm to correctly identify the type of multi-phase fault is
defined as the ratio, SR (in percent) between the number of correctly identified faults, N;, over

the total number of faults simulated for a particular simulation batch run, N+

SRF| =100 x N| / NT% {63}

6.2.4 CFI| operation successrate

As mentioned in the licentiate, this measure could be defined in several ways, depending on
the specific application interest of the CFl technique. Here a very basic definition has been
applied, as the percentage ratio, SRy, between the number of operations executed as CFl, N,

without resort to zero waiting time bypass operation, over the total number of faults simulated for
aparticular ssimulation batch run, N+:

SR|:| =100 x NCFl / NT% {64}

6.2.5 Arcing time saving
The saving in arcing time, Atarc, by using CFl, tcp arc, compared to direct, non-
synchronized tripping, tprecT aRrc, 1S 0ne of the primary goals of CFI and as such forms an

important measure of algorithm performance. The level of saving is dependent on both the
minimum arcing time of the circuit breaker, tyy_arc and the arc margin time, tarc_mon:

applied by the CFl algorithm and as such the savings presented in these ssimulations can only be
taken as“indicative’ of the specific circuit breaker and system parameters applied here.

tcr_Arc = tMIN_ARC T tARC_MGN {6.5}
AtARC = tDlRECT_ARC - tCFI_ARC (Units: ml”lS&OﬂdS) {66}

It should be noted that it is possible for Aty to be negative, up to a duration equal to
tarc_men- Thisoccurs for the cases where the direct tripping of the circuit breaker would result
in interrupti on with an arci ng time between tM|N_ARC and tCFl_ARC'

6.2.6 Arcintegral saving

The energy released by the arc in the interrupter can be evaluated by the integral of the arc
power over the arcing time. If the arc voltage is assumed to be constant, which is generally a
reasonable assumption for high current arcs (Flurscheim, 2.3.11 [40]]), then the integral of the arc
current over the arcing time provides an equivalent relative measure of arc energy. The released
arc energy is an important factor in both interrupter performance and contact wear and as such,
the saving or reduction in the arc integral by restricting the arcing time is an important measure of
the performance and impact of the use of CFl.
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The arc integral saving is defined as described in the licentiate. Let A, denote the arc
integral for non-controlled fault interruption and A, denote the arc integral for controlled fault
interruption:

tIl

i ()] {67}

o1

Al = J

Lz

A, = | ]iarc(t)]dt (6.8}
02

where

to; = Non-CFl breaker opening time
top = CFI breaker opening time

t;1 = Non-CFl fault interruption time
t;» = CFl fault interruption time

Then the arc integral saving, Sy, is defined as the following percentage

A

Provided (A, < Aq) then (Sy > 0), elsefor (A, > Ay), then (S < 0). The most desirable result
from the application of controlled fault interruption is (Sa; > 0), in addition to t;, = t;,

implying that the arc integral value is reduced compared to non-controlled interruption, but
without any prolongation of the total fault clearing time.

6.2.7 Clearing timeimpact

In order to maintain power system transient stability in addition to mitigating the potential
damage they may cause, fault currents must be interrupted quickly. Hence the total fault clearing
time is an important parameter in the design and performance of the protection of the power
system. This places a major constraint on CFl, asideally the total fault clearing time using CFl
should be no greater than for direct protection tripping.

For the single phase CFI method the clearing time impact was simply defined as the
difference between the CFl clearing time, t;1, and the direct trip clearing time, t;,, as per { 6.10},

Atgiear =1 - 12 {6.10}
For three phase network CFl the above definition could be modified to be the differencein
clearing times in the last phases to interrupt for both CFl and direct tripping. Due to the addition
of an error time margin to the minimum arcing time in setting the targeted CFl arcing time, there
will be a certain proportion of clearing times in each phase that will be longer using CFI than
direct tripping. However in the three phase case this proportion will be lower for a given number
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of interruptions as prologations will be spread over the three phases. Provided the CFl error time
margin can be kept small (e.g. 1 ms) with respect to the nominal minimum arcing time (e.g. 10
ms) the overall proportion of prolonged clearing times can be expected to be also small (e.g. less
than 10%) and can be factored into protection co-ordination settings to minimize the impact on
contingency planning for maintaining power system transient stability.

6.3 Parameter valuesused for CFl smulations

There are over a dozen main parameters, some with considerable ranges of values, that
could be varied within the structure of the CFl simulation program and for practical reasons the
range and combinations of applied values must be restricted. Selection of the parameter values
tested was made with a view towards using values representative of “typical” HV circuit breakers,
HV protection systems and faults. A minimum set of combinations was applied to provide
verification of the most important features of the proposed algorithm. A brief description of the
values used in the simulations for the most significant parametersis given below.

6.3.1 Fault types

There are eleven (11) main combinations faults involving the three phases and earth, as
described in Chapter 2 earlier. Simulations are possible for all of these fault types, however the
results presented here have been limited to selected examples of four fault cases that illustrate key
features of the extension of the CFl algorithm from the single phase version described in the
licentiate to the three phase version presented in this thesis. The presented fault cases here
include:

1. A-B phases-to-earth

2. A-B phase-to-phase fault, without earth connection
3. A-B-C phases-to-earth

4. A-B-C three phase fault, without earth connection

Single phase earth faults are not included in the results here, though are possible to smulate,
as the performance of the CFl algorithm for such faults has aready been extensively described in
the licentiate thesis. Simulation of the two phase fault cases, involving and not involving earth
provide a means of illustrating the performance of the algorithm to discriminate between these
two cases using comparison of the FO ANOVA results for both the phase-to-earth and phase-to-
phase parameter models.

The three phase fault simulation cases will show how it is not possible for the proposed
algorithm to discriminate between the earthed and non-earthed fault case due to the similarity in
fault current behavior prior to the interruption in current in one phase. As such it will be shown
how the algorithm implements its “compromise” targeting solution for the last two phases to
interrupt and the impact of this strategy on the algorithm performance indicators.

Though in reality there is a non-uniform probability distribution of different fault types (see
Table 2.1), it has been assumed for these simulations that all faults have an equal probability of
occurrence.
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6.3.2 Fault and load current magnitudes, | and || oap

Though the proposed algorithm is primarily directed towards application on HV and EHV
systems and has been developed with HV SFg circuit breakers in mind, no consideration of

specific fault current levels has been made. Rather the simulations have been conducted using per
unit values of current, with 1 per unit being defined as the r.m.s. (symmetrical) fault current
magnitude.

Typically there is approximately a 10:1 ratio between the fault current interruption rating of
acircuit breaker and its normal load current rating [5], [9]. As such a similar ratio has been
applied here, with the pre-fault smulated load current having a 0.1 p.u. r.m.s. magnitude. This
reflects the simulation of the algorithm within a “strong” (infinite bus), effectively earthed
network, typical for HV and EHV transmission systems worldwide. Aswill be discussed later, the
performance of the algorithm in weaker or non-effectively earthed networks, where the ratio
between fault and load current magnitudesis closer to 1:1, needsto be further examined.

6.3.3 Power system frequency, f

While there is no inherent limitation to the power frequency to which the proposed CFl
algorithm can be applied, subject to an appropriate sampling rate, al the presented simulations
have been made using 50 Hz, as this is the most common power frequency used.

It is worth noting that one of the interesting potential applications of the proposed CFl
method for circuit breaker performance enhancement, is “railway” applications, where 16 2/3 or
25 Hz systems exist. The maority of modern (SFg) HV AC circuit breakers are designed for use

on 50 or 60Hz systems. In order to use such circuit breakers on lower frequency systems, it is
necessary to slow down their contact separation speed in order to ensure at least one current zero
can be encountered before contact travel has ceased. This slowing down of the circuit breaker
contact (and puffer) system, results in a reduction in the interrupting capability of the circuit
breaker and therefore the circuit breakers must typically be correspondingly de-rated for use on
lower than 50Hz systems. As the CFl algorithm can predict current zero times, it should be
possible to apply the CFI algorithm to the control 50 / 60 Hz circuit breakers used on 16 2/3 and
25 Hz systems to target arcing times at “normal” (i.e. 50 / 60 Hz) opening speeds and thus avoid
reduction in the circuit breaker current interruption rating.

6.3.4 3-phase voltage reference angles, yy

On the basis of the simulated power system being a “strong”, infinite bus, it has been also
assumed that the driving source voltages maintain their relative phase differences, even during
fault conditions.It should be noted that the simulated system assumes the measured voltage
references supplied to the algorithm are the “idea” references from the source and do not reflect
the angular difference between voltages measured and “ideal” (zero impedance) source at the
circuit breaker i.e. the impact of the angular difference in the voltages due to the ideal source to
circuit breaker impedance is neglected. The possible impact of this assumption is discussed |ater
in the last section of this chapter.

For the presented simulations an A-B-C positive sequence phase rotation has been used,
with A-phase-to-earth voltage used as the reference phase. The resultant phase-to-earth and
phase-to-phase y values are therefore as shown in Figure 6.3 below.
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Figure 6.3 : Values of yusing A-phase reference voltage for A-B-C phaserotation

6.3.5 Fault inception voltage angles, ax

As faults are random, they can theoretically occur at any angle, a, with respect to the
associated driving source voltage. The main impact of the a-value is the level and polarity of the
transient asymmetry exhibited by the fault current. In order to limit the number of simulations, yet
provide a comprehensive picture of algorithm performance over afull cycle range of a-values, a
range of 0 to 330 electrical degreesin 30 degree steps has been used.

6.3.6 Fault phase angle, @, and time constant, T

A comprehensive range of time constants were tested and presented in the licentiate work,
examining among other things, the effectiveness of the first order taylor series approximation of
the exponential components used in the WLMS parameter estimation. As the algorithm presented
here uses the approximation method, it was decided to limited smulations only to T = 45msand @
= 86 deg for 50Hz as this value of time constant corresponds to the basic standard values used for
asymmetrical fault interruption type testing of HV AC circuit breakers in accordance with IEC
standards[5].
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6.3.7 Protection response time, tprot

In the licentiate work, protection response times of 5 ms and 20 ms were used in the
simulations (See Chapter 7 in[1]), in order to see the response of the algorithm to “ ultra-fast” and
“nominal” protection system response times. For the purposes of investigating the effectiveness
of the FO-based fault type identification method under a prolonged period, only a20 ms protection
response time has been used in the three phase network simulations. The “ status” control flag that
is set by either of the FO1 and FO2 values being above the FO threshold provides an indication of
how quickly the algorithm can achieve viable target current zero estimations and the simulations
have shown, even under “noisy” signal conditions, that the three phase agorithm can perform
well down to at least a 10 ms“fast” protection response time. Without signal noise, the algorithm
can perform well even down to 5 ms or quarter cycle protection response times. For such short
protection response times the performance of the algorithm could be made more noise robust by

reverting to the O-order approximation of the exponential component (i.e. €D = 1) as used by
Poltl, however it should be noted that this lower order approximation will not work as well for
longer data sampling windows or rapidly decaying DC components.

6.3.8 Circuit breaker openingtime, tcg open

A fixed circuit breaker opening of 20 ms has been used, comparable to typical opening
times of modern HV SFg circuit breakers, as described in the licentiate (2.3.2) [1].

6.3.9 Circuit breaker minimum arcing time, tyy_arc

A fixed circuit breaker minimum arcing time of 10 ms has been used. As seen from the data
presented in Chapter 3, this corresponds to atypical minimum arcing time for a modern HV SFg

circuit breaker, interrupting at its full symmetrical current rating.

6.3.10 Target CFl arcing time, tcr arc, @nd arc margin, tarc McN

In order to simulate nominal variations that may occur in practice for circuit breaker
opening times, minimum arcing times and errors in the estimation of target current zero times by
the CFI agorithm, atarget arcing time margin of 1 ms has been used, resulting in a total target
arcing time of 11 ms.

6.3.11 Pseudo-White Gaussian Noise (WGN)

In order to investigate the robustness of the proposed method to signal distortion, smulated
pseudo-random noise vectors, mimicing White Gaussian Noise, were generated using the
MATLAB “randn” function. The nominal intended characteristics of each noise vector were a
normal probability distribution with a zero mean and 1 per unit standard deviation (o). An
example of one of the noise vectors and a histogram of its valuesis shown in Figure 6.4.

The noise vectors were only applied from the time of fault inception and scaled in percent
with respect to the 1 per unit nominal fault current magnitude i.e. “10%” noise would have a
nominal 0.1 per unit standard deviation.

6.3.12 Samplerate

A 6 kHz sampling and time step rate was used in all the smulations presented here. Thisis
consistent with typical sampling rates used in modern digital protection relays [21],[27] and
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provided convenience both in implementing a range of a values from 0 to 330 degreesin 30
degree steps, as well as 3 degrees resolution in estimation of a estimation errors.
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Figure 6.4 : Example of pseudo-random noise vector and associated histogram
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6.4 Single parameter set CFl simulation examples

Examples of single a-value CFl simulations will now be presented for two and three phase
fault cases, with and without earth connection. The purpose of these examplesisto illustrate how
the algorithm manages multiple phase faults, with the addition of the simulated WGN, as a
prelude to multiple run CFI results that focus on the robustness of the algorithm when tested with
the pseudo-random WGN. The single parameter simulations are in the same format and present
the same fault cases without WGN, as were shown at the end of Chapter 5.

6.4.1 Double phase-to-earth fault

Figure 6.5 shows a fault between A and B phases and earth, starting at a5 = 0 deg at time't
= 0.04 s. This simulation includes pseudo-WGN (mean = 0, o = 0.1 p.u.) signal noise applied
from the fault inception instant, until the protection trip is active, corresponding to the main data
processing time for updated parameter estimation. The top plot shows the phase voltages (dotted)
and currents for all three phases. The shaded areas prior to current interruption indicate the CFl
arcing times. The vertical line at t = 0.08 s, indicates the opening time of the circuit breaker for
non-controlled, direct protection tripping.

The middle plot shows, for each of the three phases, the size of the data sampling windows
and the results of the FO tests made for the phase-to-earth (FO1) and phase-to-phase (F02)
parameter estimation current models. Note that the minimum data window sizeis set at 5 ms. As
this fault case involves earth, the phase-to-earth parameter estimations provide the more accurate
model and therefore the FO1 values are higher than the FO2 values during the fault and the
algorithm therefore uses the phase-to-earth parameter model to estimate the target current zero
times for implementing CFI.

The bottom plot shows the protection trip signal, the calculated waiting times for the CFI
trip signals for each phase, together the eventual per phase CFl trip signals and the status control
signals for each phase. It can be seen that the WGN affects the WLMS process and status signals
in the faulted phases are not able to consistently return to the “OK” status before approximately 8
ms after fault inception. However, this would still permit the algorithm to function with aa
protection response time down to a 10 mslevel.

There is not a significant difference in the target current zero estimation times between the
simulation shown in Figure 6.5 and the same simulation without WGN shown earlier in Figure
5.9. There are differencesin the errorsin the a estimation values for the faulted phases, though in
the case of the signal noise it actually results in a reduction in the error as the FO1 value drops
faster due to the signal distortion - such atrend may not be the same in the event of pre- and post-
fault inception signal distortion.
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Fault type: 4, A-B-E. T1=45ms. Srate =6 kHz. WGN = 10 %.
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Figure 6.5: A-B-E double phase-to-earth fault smulation with 10% WGN
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PhDCFIFOvers17F at: 06-May-2007 16:51:16. Fault type: 7; A-B T.= 45 ms. Siae=6 kHz. WGN = 10 %.
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Figure 6.6 : A-B phase-to-phase fault smulation with 10% WGN
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6.4.2 Phase-to-phase fault without earth

Figure 6.6 shows a phase-to-phase fault without earth for the same phases (A and B), fault
inception time and equivalent a, = 0 deg fault inception angle as smulated in 6.4.1 and for the

simulation without WGN shown earlier in Figure 5.10.

Again there are only small differences in the eventual target current zero time errors
between the simulation with and without 10% WGN, and only minor differences in the a value
estimation. The minimum response time of the CFI algorithm, after fault inception and when
“stable” results are obtained above the FO threshold is aso approximately 8 msin the faulted
phases, supporting the case that the algorithm could be used in conjunction with a “fast” half
cycle protection system, even under “noisy” signal conditions.

6.4.3 Three phase fault with and without earth connection

Figures 6.7 and 6.8 show simulations of the three phase to earth and three phase without
earth fault cases, with 10% WGN, respectively. Both have similar (6 deg) errorsin a estimation
for al three phases and the minimum CFI response time is approximately 8 ms as for the earlier
simulations. Thetarget current zero crossing time errors are consistent with the earlier smulations
of the same type without WGN, shown in Figures 5.11 and 5.12.

Overall the algorithm shows good performance under noisy signal conditions for the
WLMS stage of the CFl process, though the results suggest that the performance is limited for
applications with a protection response time down to 10 ms or half a power frequency cycle. The
final section of this chapter will present results of multiple run simulations, over a complete
period range of fault inception a angles, conducted for a consistent set of WGN simulated noise
Vectors.

The WLM S method can be noise and data window size sensitive and it should not be
overlooked that other numerical methods may provide a more robust estimation of the fault phase
angle with a larger noise tolerance. Further studies of the noise withstand robustness of the
algorithm could be made, considering pre- and post- fault inception noise and developing asignal
noise model more representative of that observed from field fault recordings.
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PhDCFIFOvers17F at: 06-May-2007 16:53:43. Fault type: 10; A-B-C-E.= 45 ms. Srate =6 kHz. WGN =10 %.
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Figure 6.7 : A-B-C-E three phase-to-earth fault smulation with 10% WGN
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PhDCFIFOvers17F at: 06-May-2007 16:56:08. Fault type: 11; A-B-G.= 45 ms. Sae=6 kHz. WGN = 10 %.
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Figure 6.8 : A-B-C three phase fault without earth ssimulation with 10% WGN
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6.5 Basdine“ideal” CFl smulation results

Prior to presenting the summarized performance of the proposed CFl algorithm for multiple
combinations of fault type, fault inception angle and signal noise, it is of interest to summarize the
potentia “baseling” results that could be obtained from an “ideal” CFI algorithm. The ideal CFI
method is defined as a control scheme that could predict the target current zero instants exactly for
phase-to-earth and phase-to-phase faults, but only implement a compromise targeting solution for
three phase faults.

The assessment of the ideal CFl method performance has been focussed on the arcing time
and arc integral savings that can be obtained for all eleven multi-phase faults types, based on a
range of fault inception angles (0 to 330 electrical degrees in 30 degree steps), but restricted to a
nominal 45 mstime constant, 20 ms protection response time, 20 ms circuit breaker open time, 10
ms minimum arcing time and 1 ms CFl arc margin. These results also provide a basis for
comparison and assessment of the performance of the proposed CFI method when subjected to
random signal noise, presented in the next section.

Figure 6.9 shows the average arcing time and arc integral savings for all multiphase fault
cases. The single and double phase-to-earth cases show comparable results for the faulted and
healthy phases, as should be expected, given the single phase processing approach applied. The
minor differencesin the faulted phase savings for the phase-to-phase unearthed faultsis due to the
impact of the pre-fault load current on the respective faulted phase currents. Both of the three
phase fault case average results are affected by the compromise targeting solution applied to the
last two phases to interrupt, which results in an inherent “error” in the targeting for one of the
phases. The differences in the savings results for each of the three phase fault casesis due to the
combination of the compromise targeting method and the difference in the current behaviors of
the last two phases to interrupt between the earthed and unearthed fault cases.

Figure 6.10 and Figure 6.11 show provide more detail of the arcing time and arc integral
savings for four selected fault cases; A-B-E, A-B, A-B-C-E and A-B-C. The results are presented
as histograms for each fault case, for which twelve evenly spread fault inception angles have been
used. The savingsin arcing time and arc integrals can be seen to be reasonably uniformly spread,
consistent with the uniform distribution of fault inception angles. The deviations from complete
uniformity in the savings can be attributed to the transient asymmetry inherent in the ssimulated
fault current, which causes the current zero times to be non-periodic.

A comparison of the Figure 6.9 to 6.11 results to those arising from multiple noise case
simulations will be presented in section 6.6.7.
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Three phase fault cases. ©=45.0 ms. a-range: 0-330 deqg (30 deg steps).
Frot: 2000 ms. CB open: 2000 ms. Min Arc: 100 ms. Arc margin: 1.0 ms.
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Figure6.9: Average arc integral and arcing time savingsusing “ideal” CFI for given
operational parameters
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6.6 Multiplerun parameter set CFl ssimulation results - with signal noise

The following section presents the results of multiple simulation runs, made with twenty-
five (25), 10% WGN vectors applied to the same four fault type cases shown previoudly, over the
range of a values from 0 to 330 degrees in 30 degrees steps (Figures 6.12 to 6.19). In total this
amounts to 300 simulations for each fault case. All other simulation parameter values are as
described earlier in this chapter.

The purpose of these simulations has been to obtain measures of the general performance of
the proposed algorithm, wither respect to the performance measures described at the start of this
chapter, in the presence of signal noise applied during the main WLMS data processing period
from fault inception until the protection system trip signal is active.

The results are mostly presented in the form of histogram or percentage counts, depending
on the characteristic of the algorithm performance that is measured. Six performance results have
been collated, in two groups of three graphs, for each of the four fault cases:

1. Errorsin targeted zero-crossing times, per phase
2. Savingsin arcing time using CFl, per phase

3. Savingsin arc current time integral, per phase
4. Fault inception angle, a, errors, per phase

5. Fault type detection percentage rate

6. CFl operation success rate in percent, per phase

Observations on each of the above performance results, relative to the different fault cases
are summarized in the sub-sections below. It should be noted that the following results are valid
for the particular combination of time constant, protection and circuit breaker operating and
arcing times used in the simulations. Different values of the aforementioned parameterswill affect
the specific values, and potentially also the distributions of the results shown. For further details
of the affects of variation in these parameters, the single phase simulations presented in the
licentiate provide a comprehensive summary.

6.6.1 Target zero-crossingtimeerrors

Recalling that the simulated WGN is based on a normal probability distribution with zero
mean, it can be seen that the zero-crossing error histograms generally fall into a norm-like pattern,
with an approximate 3-o0 boundary of 0.5 ms. This consistency between the zero-crossing error
distribution and the WGN distribution reflects the impact of the noise on the WLMS estimation of
¢ and t, which in turn influence the eventual error in the estimation of the zero-crossing times.

There seems at first to be an exception to this trend for the three phase fault cases, with a
“tail” of zero-crossing time errors grouped around -1.5 ms; this however is slightly misleading
from the perspective of ng the accuracy of the WLMS results. The errors grouped near -1.5
ms, reflect the impact of the “compromise” targeting method used for the last phases to interrupt
in the case of three phase faults, whereby one of the phases will interrupt at its targeted current
zero time, while the other phase will be targeting a dlightly earlier estimated current zero time,
based on the algorithm’s estimations for the three phase fault being either earthed or unearthed.
As these errors are “negative’, it implies the algorithm is making an “early” estimation of the
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current zero target, which is“safe”, provided that the circuit breaker has an arcing window margin
in the order of 2...3 ms, and so can tolerate the occasional -1.5 ms target estimation error in any
phase.

6.6.2 Arcing time savings

The arcing time savings generaly follow a uniform distribution, which while allowing the
the residual fault current asymmetries in each phase at the interruption current zero times, isto be
expected given that the simulations cover a complete periodic range of fault inception angles.

Notably there are cases of negative arcing time savings, principally on the non-faulted
phase for the two phase fault cases. This reflects the effect of the 1 ms arc margin included in the
CFI target arcing time, where in some cases the direct tripping of the circuit breaker would be
achieved in the minimum arcing time.

6.6.3 Arc current timeintegral savings

The arc integral results also generally follow uniform distributions, allowing for the
asymmetrical effects of the fault current. It is clear from both the arcing time and arc integral
saving results that there is considerable potential for benefits to be gained in both contact wear
and arc energy savings from the application of CFl, using single phase operated circuit breakers.

6.6.4 Fault inception angle, a, errors

The fault inception angle errors follow a similar pattern for each of the simulated fault
types, with the errors generally linearly increasing from -9 to + 6 degrees, with very few outlying
exceptions. The “ramped” pattern of these errors is a characteristic of the applied FO1 trend
analysis method that is used in the proposed algorithm for fault inception detection. The position
of the ramp about the zero error point can, to some extent, be adjusted by altering the time step
offset used in conjunction with the fault inception triggering criteria. However the overall
simulation results, coupled to analysis of the single parameter set simulations shown earlier,
suggest that the applied fault inception and a estimation control parameters provide a good
overall performance of the algorithm. Even with up to a 20 degree a estimation error, the
algorithm is capable of still making target zero crossing time estimations within = 0.5 ms.

6.6.5 Fault type detection percentage rates

These results reflect the algorithm’s ability to correctly identify the faulted phases and
classify the fault type. The specific results summarized here are those taken at the time the
protection system trip signal goes active. It should be recalled that the main discrimination criteria
applied in the proposed method is based on comparison of the FO1 (phase-to-earth parameter
based model) and FO2 (phase-to-phase parameter based model) results. If FO2 is greater than 1.1
times the FO1 value, the algorithm will classify the fault in the associated phase as being of the
phase-to-phase type, otherwise it will apply the phase-to-earth parameter values. The 1.1 factor
was applied to provide some additional discrimination margin under noisy signal conditions
between the FO1 and FO2 results.

For the double phase-to-earth case, the algorithm identifies the fault case correctly for all
300 simulations. For the phase-to-phase fault case, the performance is less ideal, with the
algorithm mistaking the phase-to-phase fault for a double phase-to-earth fault. However the
identification of the phases identified in the fault is correct in all cases. Closer examination of
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individual cases of this type indicated that at certain fault inception angles the phase-to-earth fault
behavior is sufficiently similar to the phase-to-phase fault behavior that the algorithm is unable to
clearly discriminate between them. However as can be seen also by the zero-crossing error and
CFI success rate results, the algorithm was still able to execute a reasonably accurate CFl
operation in the 17% of cases of fault type mis-identification. Inclusion of a zero sequence
detection function in conjunction with the proposed FO comparison method may improve the two
phase fault discrimination performance of the algorithm.

In the three phase fault casesit can be clearly seen that the algorithm is unable to distinguish
between the earthed and unearthed cases, due to the identical behavior of the currents in both
cases, up until the first phase interrupts. This confirms the requirement to implement the
compromise targeting solution for the last two phases to interrupt for three phase faults.
Nevertheless the algorithm was capabl e of identifying the faults as being of a general three phase
typein all smulations made.

6.6.6 CFI operation successrates

For al the simulations conducted for the four fault types the algorithm was able to execute
CFI operations for all phases. This is an excellent result given the relatively high level of
simulated noise applied to the processed current signals.

6.6.7 Comparison to “ideal” CFl baselineresults

In section 6.5, Figures 6.9 to 6.11, baseline results were presented for an “ideal” CFl, ableto
predict current zero times without error, while still applying the “compromise” targeting solution
for the last two phases to interrupt on three phase faults. Table 6.1 presents a summary
comparison of these baseline results to those of the simulations with the proposed algorithm with
random signal noise.

Table 6.1: Comparison of “ideal” baseline CFl to proposed CFl with WGN

Mean arcing time saving (ms) Mean arc integral saving (%)
Proposed CFl Proposed CFl
"Ided” CFl | (with|10%| | Difference | "lIded” CFl | (with|10%| | Difference

Fault typg Phase WGN) WGN)

A 5.2 49 -0.3 215 21.1 -04
A-B-E |B 5.2 49 -0.3 215 21.1 -04

C 35 3.2 -0.3 24.3 23.8 -0.5

A 5.2 49 -0.3 21.6 215 -0.1
A-B B 5.2 49 -0.3 21.0 20.7 -0.3

C 35 3.2 -0.3 24.3 23.8 -0.5

A 4.7 4.5 -0.2 20.0 19.6 -04
A-B-C-E |B 4.7 45 -0.2 20.0 19.6 -04

C 4.7 44 -0.3 20.0 194 -0.6

A 4.7 4.5 -0.2 21.4 21.0 -04
A-B-C |B 4.7 45 -0.2 214 21.0 -04

C 4.7 4.4 -0.3 21.4 20.8 -0.6
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Figure6.12: A-B-E fault; 25 x 10% WGN multi-run simulation result histograms-
zero-crossing time errors, arcing time savings and ar c current integral savings
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Figure6.13: A-B-E fault; 25x 10% WGN multi-run ssmulation result histograms -
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Figure6.14: A-B fault; 25x 10% WGN multi-run ssimulation result histograms -
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Figure6.15: A-B fault; 25x 10% WGN multi-run simulation result histograms -
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Figure6.16: A-B-C-E fault; 25x 10% WGN multi-run ssmulation result histograms -
zero-crossing time errors, arcing time savings and ar c current integral savings
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Figure6.17: A-B-C-Efault; 25x 10% WGN multi-run simulation result histograms -
a estimation errors, fault type identification and CFl successrates
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The results in Table 6.1 suggest that the proposed algorithm performs very well in
comparison to an “ideal” CFl, able to predict target current zero times without error. However it
must be observed that the fault type discrimination between double phase-to-earth and phase-to-
phase faults is less than might be desired, allowing for the relatively high level of signal noise
applied in the simulations. There remains scope for improvement in the detailed processes used
for both the fault inception detection and fault type identification. It must also be recognized that
both the “ideal” baseline and the proposed method simulations are made using a fault generator
that is based on the same basic fault current model. As presented earlier this model does have
limitations in its potential scope applicability and the performance of the proposed algorithm
under “real world” conditions needs to be further investigated. This aspect and othersis outlined
in greater detail in the following chapter of future work proposals.
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7 Future work proposals

As there has only been limited previous published work focussed on controlled fault
interruption, there remains significant scope for further work in this area. This chapter outlines
proposals for possible future research areas grouped into five main areas, though not in any
specific order of importance:

1. Fault current model and parameter estimation development and comparison studies
2. Parameter variation sengitivity analyses

3. CFl implementation and simulation testing in large scale power system models

4. Field trialing of current prediction method

5. Investigation of current interruption technologies based on CFl

While grouped in the above manner, these future work suggestions could of course be
combined in various ways. The grouping has only be made in order to provide some clarity of
specific issues of importance with respect to the further research and development of viable CFl
methods. Summaries of prior work, the contributions of this thesis and proposals for future work
in each of the topic areas are included in each of the sub-sections of this chapter, for comparative
reference and to provide some context to the continuation of work in this area.

Depending on the intended application of the current behavior prediction method, either as
amethod for circuit breaker control or as an augmentation to protection schemes, there would also
remain substantial work to be done in terms of defining standardized performance and testing
requirements. However, in order for any such productification work to be made, it remains
necessary to complete the background concept research in order to establish the viabilities and
limitations of different potential implementation techniques.

One additional important subject areais that of the cost-benefit analysis of applying CFl.
The high power experiments included in this thesis indicated that there is possibly scope for the
optimization of circuit breaker design through the use of CFI to restrict the required arcing
window for different interruption duties. There also remains the potential application of the CFl
method in conjunction with alternative interrupter technologies such as power electronic devices.
While these aspects provide motivations to further study CFl, any such benefits must be weighed
against the various costs of implementing CFl. As stated in the Introduction, modern HV SFg and

vacuum circuit breakers are very reliable devices.

7.1 Fault current model and parameter estimation technique comparisons

Table 7.1 provides a summary of the main items presented in this and the following sub-
section, relating to past, present and future work on the application of fault current models,
parameter estimation and algorithm robustness.

As summarized in Chapter 4 there are a number of synergies to be found between the
parameter estimations required for CFl and for protection schemes such as distance protection.
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Table 7.1: Summary of CFl algorithm development proposals

Work packages Prior CFI methods Proposed CFI method [Future work proposals
(e.g. Poltl "Safepoint"
method)
CFI M odels of Single time constant, |Single time constant, |Faults with sub-transient reactance effectsi.e.
Algorithm current classical fault model, |classical fault model, [exponential changing current magnitude and
no pre-fault current including pre-fault missing current zero periods
current Out-of-phase currents
Parameter LMS, "constant" DC |(W)LMS with 1st WLMS with weight estimation functions
estimation  |component order Taylor series Recursive LMS
exponential Kalman filters
approximation
Parameter Phase angle Phase angle (and time |Dynamic phase angle sensitivity (de/dt)
sensitivies constant)
Pseudo-white gaussian [Fault inception angle |Dynamic frequency sensitivity (df/dt)
noise Pseudo-white gaussian|High load-to-fault magnitude ratio
noise
Harmonic distortion (primary and secondary)
Current and voltage phase angle error
Current signal saturation
Application |Eleven (11) "classical" |Eleven (11) "classical" |Currents with missing current zero periods
scope multiphase fault types. [multiphase fault types. |(e.g. sub-transient reactance effects, series
compensated lines)
Also out-of-phase interruption cases.
Asymmetrical fault Management of special load cases e.g.
currents with missing capacitive or inductive |oad interruption,
current zero periods integrated to CFl algorithm.
Integration of protection parameter estimation
methods to CFI process. Also use of ANOVA
in protection applications.
Computation |Implied, not Implied, not Quantification of processing times with
efficiency quantified. 10 kHz quantified. 2...6 kHz [respect to processor speed, memory and
nominal sampling nomina sampling sampling rates for different core parameter
rates, down to 1/4 rates, down to 1/4 estimation methods
cycleresponsetime. |cycle response time.
Comparisons of algorithm accuracy,
robustness and processing time versus
sampling rate and minimum response time
Fault Not specified Use of analysis of Investigate use of existing alternative
inception variance (ANOVA) |methods
detection trend behavior
Fault type Artificia neural Useof ANOVA in Investigate use of existing alternative
identification [network (ANN) conjunction with methods. Include symmetrical components
comparison of phase- [analysisto improve discrimination between
to-earth and phase-to- |earthed and unearthed faults.
phase driving source
voltages frames of
reference
Robustness  |No specific self- Use of ANOVA to Investigate alternative ANOV A methods
control checking. Implied verify suitability of
robustness from noise |modelled current
sensitivity simulations
Inclusion of "bypass" |Utilize ANOVA or residual analysisto
control in event of provide iterative improvement to model or
unacceptable ANOVA |esitmated parameter valuesi.e. "feedback
result control" modelling
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While the proposed method described in this thesis applied least mean squares regression
for estimation of the fault current phase angle, awide range of other numerical techniquesexist in
the literature and in principle could also be applied to the general CFl method. In addition there
exist various techniques for fault inception detection and fault type identification that could be
investigated in the same context.

The implementation of the online analysis-of-variance check in the proposed CFl method is
somewhat novel in the context of HV power systems control and protection, though the applied
test is based on only one of many that exist in the area of regression analysis. It is possible that
other feedback control techniques could also be applied to facilitate a level of both continuos
parameter estimation improvement as well as regulatory control to maintain system dependability
and security (e.g. the “bypass’ control option included in the proposed method).

A comparison of methods for each of four main CFl method tasks including, parameter
estimation, fault inception detection, fault type identification and (online) result validation would
provide a useful reference for the further research and development. It can also be considered that
the use of the analysis-of-variance test within the CFl algorithm could be further investigated for
use within other power system on-line control processes, including protection algorithmse.g. asa
means of validating operational decisions and increasing dependability and security.

7.1.1 Mutual coupling

Mutual coupling not considered in the modelled current or simulations, but as the algorithm
processes and estimates parameters based on individua phase current measurements, the effects
of mutual coupling on the parameter estimation should be minimal. However a more detailed
investigation of the potential impact of mutual coupling, in addition to parallel circuit lines (such
as where two or more circuits share common towers) should be investigated.

7.1.2 Out-of-phase current interruption

The main IEC standard [5] requires that circuit breakers be type tested for out-of-phase
making and interruption for “worst case” conditions with the voltage across the open circuit
breaker being 180 degrees out-of-phase. However during cases of power system transient
instability, circuit breakers might be required to interrupt and reclose while parts of the system are
“separating”, giving rise to a (dynamic) range of possible angles between the voltages on either
side of acircuit breaker. This would pose a particular problem to the proposed CFI method and
current model that is based on having relatively stable and known reference voltage
measurements (effectively only one single phase voltage required from one side of the circuit
breaker) in order to provide both the a and y term values to the least means squares regression
calculation. In the worst case, the algorithm may revert to the zero waiting time “ bypass’ solution,
assuming no viable result is determined within the protection response time. Alternatively to
manage such cases, possibly a dynamic model is required that could estimate the current behavior
based on an estimation of the rate of voltage angle change between either side of the circuit
breaker.

7.1.3 Sub-transient reactance effects - “missing” current zeros

The effects of sub-transient reactance in large synchronous generators leading to high fault
current asymmetries and periods of “missing” current zeroes is awell known and documented
phenomenon [26]. It could be possible to adapt the proposed fault current model to incorporate
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additional terms to estimate such effects, though at the cost of the degrees of freedom and
increased signal noise sensitivity if using the least means sgquares regression method.

Though specially designed generator circuit breakers are normally used for the direct
protection of large generators [10], including management of missing current zeros, it can remain
of interest to have an algorithm that could predict the duration of missing current zero periods, or
even estimate “near” current zero times, for improved synchronized interruption control in such
cases.

7.1.4 Series-compensated lines - Sub-synchronous resonance (SSR) cases

Series-compensated lines can give rise to quite complex fault current behaviors,
characterized by sub-synchronous oscillation modes and even missing current zero periods [52].
Such behavior appears to be analogous in some respects to that seen with sub-transient reactance
of large synchronous generators and there could be synergies in development of a current model
for CFI targeting estimation to manage both of these cases, possibly with development application
specific solutions.

One interesting potentia benefit of CFl in conjunction with SSR is the possibility to select
the current loop for interruption in order to mitigate the SSR mechanical torsional stress seen by
generators affected by afault on series compensated ling[51].

7.1.5 Impact of system earthing and zer o-sequence equivalent circuit on proposed algorithm

While the proposed CFl method presented in this thesis assumed a solidly earth system, the
method included the compromise targeting solution to manage the phase shift in last phases to
clear on unearthed three phase faults. Such phase shift behavior during three phase interruptionsis
also to be seen in non-effectively earthed networks due to the nature of the zero sequence path.
Further investigation of the behavior of the algorithm for different system earthing arrangements
would be beneficial. System earthing will effect not only the interruption behavior of the last two
phases to clear, but also limits the prospective fault current magnitude on earth faults. As such the
behavior of fault inception detection methods would also be of significance in connection to the
application of the CFl method to non-effectively earthed systems and a comparative evaluation of
existing techniques e.g. including symmetrical components, may be of interest in this context.

7.1.6 Processing time requirements

CFl has critical and limited operating time constraints, similar to that for protection
systems. As described in Chapters 1, 4 and 5 the proposed CFl method has been developed with a
view to utilize potential synergies with modern digital distance protection schemes in data
sampling and parameter estimation and as such be a system that could be embedded in the same
hardware platform as a distance protection algorithm. In this respect the simulations of the
algorithm, both in the Licentiate and this thesis have been made using data sampling rates
between 2 to 6 kHz, consistent with those found in modern digital relays.

There are a number of trade offs to be evaluated between algorithm speed, accuracy,
security, sampling rates and data conditioning. The proposed method assumes that each iteration
of the CFI process, including parameter estimation, analysis of variance testing, model
extrapolation, target identification and waiting time cal culations can be made within the time of
each acquired data sample. This requires careful thought with respect to selection of the most
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appropriate cal culation methods that provide the required combination of efficiency, accuracy and
reliability. Applying ahigh sample rate may permit obtaining an accurate solution within a shorter
data window, but in order to capitalize on the short total sampling time the iteration processing
must be correspondingly fast(er).

It is possible to adapt the least mean squares (LM S) method applied in this thesis to a
recursive form and include a large degree of pre-calculation of the regression matrices, provided
the processing platform is equipped with sufficient memory. Other methods for estimation of the
fault current parameters, as for example applied or proposed for distance protection could be
comparatively assessed for their efficiency, accuracy and reliability or robustnessin the context of
CFI application. Such comparisons would also benefit from inclusion of any numerical data pre-
conditioning or filtering techniques being similarly assessed.

7.1.7 Data sampling and filtering delays and distortions

In addition to the overall data processing time constraint, CFl is critically dependent on an
accurate understanding of the time synchronization between the primary and secondary voltage
and current waveforms - possibly to an even more critical extent than for protection system
applications. There will be inherent, cumulative and unavoidable delays between the primary and
secondary waveforms due to measurement and filtering. Similarly there is inherent waveform
distortion errors between the primary and secondary levels. A detailed mapping of the primary to
secondary signal process will permit identification, modelling, quantification and management of
these effects - see Figure 4.4.

Delays and distortion caused by the measurement sensors used can normally be managed
through the correct specification of voltage and current transformers with reference to relevant
international standards (e.g. IEC 60044 [74], [75], [76], [77]) that specify measurement accuracy
classes based on limits for ratio and phase angle errors. A particular problem for current
measurement can be distortion due to core saturation, which can be exacerbated in some cases by
residual flux in CT cores, e.g. during rapid auto-reclosing onto a permanently faulted line. Non-
magnetic core current sensors (e.g. Rogowski coils) can avoid this problem.

Delays and distortion caused by digital hardware sampling can also normally be well
modelled and correlated by experimentation. Nevertheless, effects caused by cable connections
between the primary sensors and the relay can be more difficult to generically model as they may
vary from installation to installation.

The performance of the measurement and filtering system should also be tested for its
performance under transient asymmetrical fault conditions. Ultimately it is important to the CFI
application that the total expected time delay between the primary and secondary waveforms can
be quantified to a value of acceptable confidence and error margin. Such a delay can then be
incorporated into the waiting time calculation for the trip commands issued by the CFl process.

7.2 Parameter variation sensitivity analyses

The performance of the proposed method has been tested in simulations for a complete
range of fault inception, a, angles and a comprehensive range of DC component time constants, T.
However there can exist additional fault current model parameter variations that can arise under
both normal and faulted power system conditions that should be investigated in respect of their
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effects on the algorithm performance. This can provide an additional quantitative assessment of
algorithm robustness, beyond the generic pseudo-random noise tests presented thus far.

7.2.1 dw/dt changes during faults

Changes in network frequency (and therefore also network angular frequency) are typical
during faults. Maintaining system frequency within defined limits (e.g. 49.5 to 50.5) is of course
critical to many aspects of power system operation and electrical equipment use. Extreme swings,
outside the prescribed normal operation tolerances, in large, strong and interconnected networks
tend to be “slow” by comparison to the typical expected and planned interruption times for faults.
However it cannot be ignored that frequency changes are inherent to fault situations and the effect
of such changes should be investigated, possibly on the basis of applying different smulating df/
dt rates (e.g. 0.5 Hz/sto 2 Hz/s) and observing the impact on the CFl algorithm success rate and
zero crossing errors. It should also be considered that non-zero df/dt rates will impact on the value
of the current phase angle and magnitude (due to dependence on wL).

7.2.2 dg/dt changes pre-fault

The potential problems (e.g. for distance protection) arising from gradual changesin current
phase angle due to swings in the power flow on a network are well known and documented,
leading to mitigation methods such as power swing detection. Current phase angles will change
continuously during normal system operation simply due to the dynamic supply and demand
nature of the power system. It is therefore important to investigate the sensitivity of the proposed
method to dg/dt changes, possibly in similar manner to that proposed above for df/dt change
sensitivity.

7.2.3 Load-to-Fault current magnitude and load magnitude fluctuations

As mentioned above in 7.1.5, earth faults in non-effectively earthed systems will have
limited fault current magnitude which can make fault detection difficult. In addition, normal
power system operation will see continuos changes in current magnitude as loads are connected
and disconnected. Both these effects may cause difficulties for the fault inception detection
method based on analysis-of-variance testing, as the proposed method effectively reacts to any
“significant” changes in current behavior. A large change in load may trigger the fault inception
detection, causing the algorithm to update its a values. This is not necessarily a problem,
provided that the load change is also characterized by a (significant) change in current phase
angle(s), the algorithm will nevertheless need to adjust its @ estimation in order to maintain
accurate prediction of potential current zero target times. Nevertheless the sensitivity of the
algorithm to current magnitude changes should be further investigated.

7.2.4 Harmonics

Harmonics in power systems and their impact on protection and control is complex issue
and the subject of much literature and research, not least within the area of power quality
monitoring and control. Two main areas could be considered for the study of the impact of
harmonics in the context of CFl; primary and secondary level harmonics.

“Primary” system harmonics refersto “rea” harmonic distortion of the primary currents to
be interrupted. Observation of fault recordings (see licentiate Chapter 8) seemsto indicate that the
level of obvious harmonic distortion is not normally a problem and certainly not to alevel where
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the current zero behavior is altered to an extent that may result in “premature” interruptions (e.g.
by introducing very short current loops). In extreme distortion cases there may exist arisk for
current chopping. Transformer magnetizing inrush currents can exhibit extreme harmonic
distortion and present a challenge for effective interruption without reignition by an HV circuit
breaker. However inrush currents are not a fault case and the level of the inrush can be mitigated
through correct use of controlled switching for the energization of atransformer [14].

Primary harmonic distortion can be difficult to simulate, especialy if relying on accurate
models of magnetic devices as a source of the distortion. There are several consequentia effects
of harmonics that need to be considered based on their associate effect on the angular frequency
of the system and thus inductive and capacitive reactance values. The time constant of a switched
or fault current should not be affected as it is defined by the L/R ratio which is independent of
frequency, f. Thisis relevant to the presently applied method for time constant estimation based
on the phase angle, ¢, and the angular frequency, w.

“Secondary” system harmonics is distortion introduced by the data measurement and
sampling systems e.g. CT saturation effects. These effects can normally be more easily modelled
based on analysis of the behavior of specific devicesin the data processing system. Such an
analysis can lead to specifying requirements for signal processing and CT core characteristics
needed for CFI to work acceptably.

7.2.5 Current transfor mer issues: saturation, remanence, phase angleerror, ratio error

As mentioned several times previously in this thesis and in the licentiate the current
measurement device plays a major role in the accuracy and overall performance of the CFl
algorithm. So far in this work, only a completely ideal current measurement system has been
assumed, though with the background consideration that the current sensor used would be
adequately designed according to relevant standards(e.g. IEC 60044 [74], [77]) for faithful
representation of asymmetrical fault currents within the rated requirements relevant at any
specific installation. The IEEE Working Group C-5 has produced a useful paper describing
possible software models for instrument transformers that might be considered in this context
[72],[73].

It is however important that the potential sources for error due to the current measurement
process be adequately defined and investigated for their impact on the performance of the CFl
algorithm. Two critical aspects of the current sensor performance are phase angle error (time syn-
chronization between primary and secondary currents) and exponential DC component transfor-
mation. Though the above aspects of current sensor performance are generically relevant to power
system control and protection applications, the importance for CFl performance is especially
critical given the narrow margins of timing error tolerance desired to achieve maximum benefit
from the process.

Such a study should not be limited to any particular type of current sensor. Though non-
saturating designs exist (e.g. Rogowski coils or optical Faraday effect type sensors), the majority
of in service and still manufactured current sensors are the traditional magnetic core, wound
current transformer type.
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7.2.6 Impact of error in voltage phase angle measurement

As described in Chapter 2 the fault current model applied in the proposed system is based
on an “ideal”, driving source voltage, whereas the actual measured source voltage at or near to the
circuit breaker location will have an inherently different relative phase angle. The impact of
voltage phase angle error has not been studied in detail in this work so far. Such an error will
affect the accuracy of the fault inception angle, phase angle and time constant estimations, when
applying the method as described in this thesis. The impact of errors in the estimation of these
parameter values has been described in more general terms, specifically in regard to current zero-
crossing time estimation errors, based on simulations made with pseudo-random noise. It would
however be beneficial to investigate and quantify independently the impact of the voltage
reference angle error on the CFI algorithm performance, together with possible error mitigation
methods, such as inclusion of estimated voltage angle error based on system load flow and fault
studies.

7.2.7 Satistical variation of CB opening and arcing times
Most HV SFg circuit breakers in production today are equipped with spring operating

mechanisms that have been shown to be very consistent in their operating times, with 3o valuesin
the order of 0.5 ms seen during extensive mechanical endurance tests[1], [53]. However such
tests are normally based on frequent operation, whereas most circuit breakers are infrequently
operated and in connection with fault interruption the idle times between operation of a circuit
breaker can be substantial (e.g. months or even years) and varied. 1to [53] reports for spring
operated circuit breakers of variation ranges due to idle time in the order of +/- 1.0 ms. Variation
in circuit breaker opening times with respect to variations in operating control voltage and
ambient temperature are also well documented (see Table 11 in [11]).

As described in Chapter 3, (published) data on the stability of the minimum arcing time
behavior HV circuit breakers tends to be inherently limited, in part due to the cost of high power
testing and the minimum requirements laid down by the relevant international circuit breaker
standards. Though the Chapter 3 results are limited and made operating a circuit breaker well
below its designed opening speed, it was shown that there is a general relationship between
interrupted current magnitude and minimum arcing time duration and that a manageable level of
stability in minimum arcing time behavior can be found, even for an accumulation of
interruptions. Nevertheless, it must be assumed that there will be certain level of statistical spread
in minimum arcing time durations, even on the same circuit breaker, as well as within a
population of circuit breakers of the same design.

The simulations of the proposed algorithm have so far used fixed values of both the circuit
breaker opening time and minimum arcing times for simplicity, in order to provide a clearer
indication of the base performance of the proposed algorithm, without too many concurrent
variabilities. Now having presented such an analysis, it would be of interest to expand the
simulation modédl to include selective variations in both the opening and minimum arcing times.
In addition the algorithm could be tested with a more sophisticated (and “independent”) power
system model in order to test performance with different fault current magnitudes, including a
functional relation between detected current magnitude and targeted arcing time.
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7.3 CFl implementation and simulation on large scale power system models

Table 7.2 below summarizes the existing and proposed power system models applied for the
development of CFl methods. The proposed CFl method has only been developed and tested
using avery simple power system model, intentionally chosen as a starting point for the research.
However, any practical application of CFI requires that the algorithm be developed and tested
with power system models that reflect both the scale and dynamics of large scale power systems.

Table 7.2: Summary of power system modelsfor CFI development

Work packages Prior CH methods Proposed CH method | Future work proposals
(eg. "Safepoint"
method)
Power sysemmodelling |"Sple’, sngle "Snpl€e’, sngle Multi-source, multipleline modd, for

(infinitebus) source. | (infinitebus) source.  |investigation of pardld bresker operations.
Sebleimpedances, Sableimpedances, Modd in EMTDC, PSSor EMTP and embed
voltages and frequency |voltages and frequency |dgorithmfor direct simulaion testing.
(EMTP) (MATLAB) Specific modelling for "spedid” casese.g. near
large generators/ mechines, series compensated
lines, distributed generation

Moddling of mutud line coupling, frequency
and voltage changes during faullts, dynamic
current phase angle behaviar, "ided" versus
"actud messured” reference voltages for fault
current moddling

The following sub-sections expand upon particular challenges for CFl implementation that
can be more adquately addressed by more comprehensive power system models than have
hitherto been applied in the CFl research.

7.3.1 Evolving faults

Evolving faults are those where the magnitude and behavior of the fault current changes,
other than following the basic transient asymmetry, due to changes in the overall source to fault
impedance, driving source voltage, or even number of phases or earth connection involved.
Typically the evolving fault interest has focussed its occurrence at or just after a circuit breaker’s
contacts have parted, but not yet interrupted the arc (pp 481-482 [40]). The concern was based on
the impact of the altered stress placed on the interrupter due to a change in arc current behavior as
the circuit breaker attempts to interrupt e.g. a sudden increase in current magnitude would place
additional thermal stress on the interrupter and could, theoretically at least, lead to the circuit
breaker requiring alonger arcing time (or later current zero) to interrupt.

From the perspective of CFl, the evolving fault problem can be more complex, as the very
nature of the phenomenon means that the fault current behavior is not stable and therefore more
difficult to predict. In the extreme, one can argue that any fault can take on “evolving” and non-
predictive characteristics and therefore make CFI based on predictive current behavior non-
viable. However, it should be taken into consideration that most modern HV circuit breakers are
capable of interrupting evolving faults, due in part to the consistency and stability of their arcing
time behaviors over the wide range of current duties for which they are tested.
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It would however be useful to test the performance of a CFl algorithm to manage a range of
evolving fault cases e.g. single phase faults evolving to double or triple phase faults within the
first power frequency cycle or impact on change in source-to-fault impedance to target current
zero accuracy, as can occur with parallel breaking described below.

7.3.2 Parallel breaking

Typically al lines, or protected equipment are connected directly to two or more circuit
breakers, which are not necessarily of same type or design and therefore can exhibit different
opening and minimum arcing time behaviors. All the circuit breakers directly connected to a
faulted section of a network, particularly a meshed network, would be expected to open and
interrupt their respective currents that are contributing to the overall current at the fault location.
Such operations of multiple breakersinterrupting the same fault isreferred to as parallel breaking.

It is possible, again in meshed or partly meshed networks that as each circuit breaker
interrupts, particularly if they do not interrupt at the same current zero, the currents being
conducted by the yet to interrupt circuit breakers will change, due to the change in network
configuration due to each circuit breaker interrupting. Parallel breaking is a “special case” of
“evolving fault”, as seen from the perspective of changesin current behavior flowing through the
circuit breaker. Using large, meshed, multi-source power system models will allow simulation of
parallel breaking for CFl.

7.3.3 Current magnitude dependent minimum arcing times
The results in Chapter 3 show evidence that HV AC SFg circuit breakers can exhibit a

general relationship between current magnitude and minimum arcing time, at least for inductive
current interruption from nominal load current level up to 100% fault interruption rating i.e. the
larger the current the longer the arcing time and since the proposed algorithm also estimates the
current magnitude the target arcing times could be adjusted according to the determined current
magnitudes. This permits scope for a more comprehensive range of ssmulations of the algorithm,
in particular for studies that ook to the accumulated arc integral savings for a given combination
of interruptions occurring on a specific circuit breaker with an associated probabilistic mix of
fault cases over a defined, simulated service time interval. In this respect, studies such as [25],
provide useful guidance as to the percentage mix of fault current magnitudes that could be
modelled statistically for such studies.

7.3.4 Fault type probabilities

Thework published so far on CFl has tended to assume a uniform probability distribution of
all fault types. Surveys, such asthat conducted for the IEC 62271-310 electrical endurance testing
technical report [7], indicate that the probability of different faults types is understandably not
uniform. The combination of fault types varies with system voltage level and may also be
expected to vary with network topology and construction (e.g. proportion of overhead to cable
network, rural versus urban network concentrations), as such factors can influence the type of
faults that might be caused by natural (external) causes, system age and stress or externally caused
damage to the network.

Lesswell known is the distribution of fault cases described in terms of interruption stresses
(e.g. terminal, short-line, out-of-phase conditions). In some cases certain assumptions could be
made on the probability of certain faults types not occurring in certain locations e.g. no short-line
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fault conditions on cable connected circuit breakers, capacitor banks or transformer bays. Some
surveys do provide useful guidance to the probability of fault current magnitudes with respect to
circuit breaker ratings [25], however such surveys must be taken in the context of the network(s)
from which the data has been obtained.

The available statistics on fault type probabilities could be combined within large scale
power system simulations to provide a more “realistic” assessment of the benefits and
performance of a CFl algorithm in terms of arc integral savings and reliability of operation versus
fault types.

7.3.4 Circuit breaker and interrupter modelsused in power system ssimulators

The circuit breaker models found in power system simulation software (e.g. EMTDC/
PSCAD) tend to be extremely simple, without inclusion of arc models or arcing time limitations
within the circuit breakers. This is understandable in the context that first, power systems are
typically populated by awide variety of circuit breaker types and makes and second, it is difficult
to find atruly “generic” interruption arcing model valid for al interruption cases. The most
commonly referred basic arc models of Cassie and Mayr were based on different base
assumptions and are best only applied to certain extremes of arc magnitude and behavior (e.g.
constant arc resistance or constant arc voltage) [40].

It should however be possible to create comparatively “simple” circuit breaker models
within power system simulators that are programmed to react with certain minimum arcing times
for given current magnitudes and possible current phase angles (e.g. for discrimination between
capacitive and inductive current interruption behaviors). Such models might also be adapted to
simulate ssimple arc voltage models for given current levelsaso. The use of such modelswould be
restricted to assessing the effect on CFI predictive current models and efficacy of an algorithm
adapting to different current levels with different arcing windows. As such they should not
necessarily be used assess circuit breaker performance, per se. The circuit breaker models could
also be enhanced to provide simulation of the statistical variation in both opening and arcing time
behaviors, and thus provide a basis for CFl agorithm performance as described earlier in 7.2.7.

7.4 Field trialing of current prediction method

Despite the range of issues to be further investigated for the development of CFI, the
proposed method has been proven through the simulations to operate with a good level of
robustness for extensive ranges of fault asymmetry and onerous signal noise. However simulation
testing is limited by the inherent approximations used in the power system and component
modelling and as such it isimportant to also gain information on the performance of the method
under “real world” conditions. Table 7.3 presents a summary of proposals for the progressive
implementation of CFI algorithm(s) through staged field trial approaches.

7.4.1 Smulation testing using fault recor dings

Chapter 8 of the licentiate thesis provided single phase examples of the algorithm
performance using fault recordings provided by power utilities and demonstrated that the
algorithm was able to perform adequately, even for arange of sampling rates from 1 to 6 kHz.

While fault recordings are a useful alternative source for simulation testing, it is difficult to
obtain a comprehensive set of such data for all possible fault cases. In addition, sampling rates
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and methods used by different fault recorders can vary widely and in order to conduct an efficient
and comprehensive testing using fault recordings can involve a substantial amount of preparatory
work to survey and collate the recordings into formats that can be then readily used for simulation
purposes. In addition, there can often be the problem that not all the operational datarelating to a
fault case and its interruption are readily available from the one data source e.g. circuit breaker
and protection system data may not be always directly included in recordings focussed only on
current and voltage waveform recording. Consideration should aso be made of the phase angle
and measurement ratio errors that are inherent in the recording system.

Table 7.3: Summary of staged field trialing for CFl development

Work packages Prior CFl methods Proposed CHl method | Future work proposals
(eg. "SAepoint”
method)
Fed Smuldions [None Single phase Build "referencelibrary” of actud fidd fault
tridling  [with fault smulationswith recordings for usein smulation testing and
recordings selected fault recordingg comparison to artificid power sysemfault
moddling performance
Passve None None Embed agorithmin digital (distance) protection
tridling relay and observe current zero prediction
accuracy and overd| agorithm robustness.
Active None None Embed algorithmin digital (distance) protection
tridling rday and st-up for actud CB contral for

mitigation of eectrica wear, using "bypass'
control for CH dgorithm“failure’.

Alternatively embed dgorithmasa
supplementary bresker failure protection tool.

However the increasing importance of post fault investigation in the operation of liberalized
power networks, coupled with the increasing inclusion of fault recording facilities within digital
relay platforms should mean that an increasingly comprehensive set of “real world” fault data
exists and could be harnessed to provide a useful comparative analysis of the performance of the
CFI agorithm.

7.4.2 Passivereal-timefield trialing

As the method has been devel oped with the view of being able to be embedded in the same
hardware platform as an existing digital distance protection relay, it is possible that the method
could be trialed in such devices, without actually executing any direct control commands. The
proposed objective of such an implementation would be to test the algorithm “on-line” for its
ability to detect and correctly identify fault cases, in addition to checking its accuracy for current
zero time predictions. It would aso be possible to verify the ability of the algorithm to execute its
designated processing steps within the response time of the associated protection algorithm(s).

While proposed as a “passive” trialing, meaning that the algorithm is excluded from any
control of trip commands to a circuit breaker, consideration would need to be made as to the
correct selection of digital relay platform within which the algorithm was embedded (e.qg.
processor speed and memory) so that implementation of the algorithm does not lead to any
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unacceptable degradation of the protection system performance. An alternative (though more
expensive) approach would be to simply embed the algorithm in such arelay, installed as an
additional (passive) device within a bay.

Due to the random (and hopefully infrequent) nature of fault occurrences, in order for such
passive trialling to provide a useful and credible amount of data, it would be ideal if the algorithm
could be easily embedded in a number of digital relays on the same network and operated over a
two to three year period, with periodic review of events. Such an implementation may also
provide a useful means to test and compare alternative data processing methods on-line e.g. for
fault inception detection, fault type identification, phase angle estimation. The observed
performance of the CFI method from such trials would provide a valuable reference for further
assessment of the viability of CFl control both in general and for any possible application of such
atechnigue for use with “optimized” circuit breaker designs that would be critically dependent on
the correct function of the CFl agorithm.

7.4.3 Activereal-timefield trialling

Assuming reasonable accuracy and robustness is found from passive trialling of a CFl
algorithm as described in 7.4.2, the next logical step in the introduction of CFlI would be to
proceed to selective active trialing, where by the CFl algorithm is permitted to interact directly in
the control and protection system. A first step in such active trialling could be the use of the CFI
algorithm as a tool to improve circuit breaker interruption failure detection, whereby the
algorithm predicts the current zero that the circuit breaker should interrupt and could issue a back-
up trip command signal if current was still observed to flow within a defined time error margin
after the predicted interruption time. This may provide for shorter margins in protection system
time grading between “primary” and “back-up” protection, which is typically based today on
conservative estimates of the “worst case” clearing time for the given circuit breaker type.

7.5 Current interruption technologies based on CFlI

Table 7.4 provides a summary of possible research threads directed towards the
development of interruption technologies based on integrated dependent use of CFI in such
designs.

Work packages Prior CFl methods Proposed CFl method |Future work proposals
(e.g. Poltl "Safepoint™
method)
Interrupter  |Arc-based  |Noinvestigation Someinvestigation on |Investigate benefits (or limitations) in
development |interrupters minimum arcing time  {designing interrupter for a"restricted” arcing
research behavior operatinga  {window for full range of standardized
20% lower than interruption duties.
designed opening
speed.
Power No investigation Noinvestigation Some work aready published.
electronic Investigate application of CFl algorithm as
interrupters toal to facilitate commutation control of
power e ectronic based interrupter for high
voltage application.

Table 7.4: Summary of interruption technology research areas based on CFlI
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The experiments presented in Chapter 3 of this thesis aimed to provide both information on
the stability minimum arcing times of HV SF circuit breakers in addition to exploring the effect

of reducing the opening energy used by such a circuit breaker on the minimum arcing time
boundary. While the results were promising in both respects, there remains significant scope for
further work in the area of interrupter design to quantify the viable benefits that might be obtained
in arc-based interrupter design using CFl, including possibly the use of aternative, more environ-
mentally friendly interrupting media than SFg. As aso stated earlier in the thesis, interrupters not

based on an arc design, such as power electronic interrupters [54], could be developed to high
voltage levels through the use of CFI.

Development of a CFl-dependent interrupter raises a number of critical issues, not least in
terms of the reliability of such a design compared to today’s non-CFl dependent circuit breakers.
This places a high demand on the benefits to be proven using a CFI-dependent design so as to
judtify either the possibly reliability limitations or the additional measures required to maintain an
acceptable level of reliability in such a device. Interrupter design itself normally involves
disciplines outside of electrical power engineering, such as plasma physics, but in the broader
context of CFl should involve a multidisciplinary approach. Such work also normally involves a
level of investment, laboratory and computer resources that requires the support if not direct
involvement of amajor circuit breaker manufacturer.

It would be nevertheless beneficial for further research in this particular potential for the
utilization of CFI in order to establish a more comprehensive understanding of the risks and
benefits arising from the pursuit of CFl.

160



Chapter 8 Conclusions

8 Conclusions

A method for implementation of controlled fault interruption has been presented, based on
synchronizing the trip commands to each phase of a three phase circuit breaker with respect to
selected current zero times that are estimated from amodel of the sampled currentsin each phase.
The presented work has shown that while there are significant challenges in implementing a
viable CFl scheme, there are interesting potential benefits, not only for reduction in the interrupter
wear rate or optimization of circuit breaker design, but also possibly vicarious benefits for the
further development of protection algorithms and circuit breaker failure detection.

8.1 Fulfilment of thesis goals
Asdeclared in Chapter 1, two main goals were set for this thesis work:

1. Extension of the single phase CFlI method outlined in the licentiate thesis to three
phase application with associated simulation analyses of algorithm performance
under arange of system fault conditions.

2. High power experiments to investigate aspects of circuit-breaker performance
related to both the application and potential benefits of controlled fault
interruption.

The proposed CFlI method has been shown to reliably predict the target current zero times
for a wide range of multi-phase fault cases within a three phase network, within +/- 0.5 ms, even
in the presence of large ssimulated signal noise and without prolongation of the total fault clearing
time. The analysis of variance tests have been applied to facilitate fault type identification in
addition to their roles for fault inception detection and CFl solution validation control. Further
work isrequired to develop and test the proposed method for more specialized fault cases such as
those near large generators or on series compensated lines.

The high power experiments conducted as part of thisthesis have provided valuable insight
into the minimum arcing time behavior of an HV SF¢ circuit breaker, in addition to showing the

potential for circuit breaker optimization through the use of CFI to allow a restricted arcing
window. While the results covered only alimited range of interruption duties, in general the
arcing times were found to be sufficiently consistent to suggest that CFl is viable using a target
arcing time based on a type tested minimum arcing time with an added 1 ms arcing time margin.
The results were obtained operating the circuit breaker at 20% below its designed opening speed.
While the observed arcing times were correspondingly slightly longer than for the normal
opening speed, the changes were moderate (within 3 ms) and the consistency in the accumul ated
interruption minimum arcing time limits were good. Exception results were obtained on the short-
line fault tests, but this provides avalid indication that the need to fully optimize an interrupter if
operational energy savings are to be effectively gained from the use of CFl. It was also shown that
it is possible obtain a useful model of the interrupter wear rate and thereby provide a CFl
algorithm with a means to update its expected opening and arcing times with accumulated
interruptions.
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8.2 Novd contributions of the work

While prior methods for CFl have been proposed, the work contained in the Licentiate and
thisthesis has sought to augment the area of CFl research in anumber of important ways. Thefive
main novel contributions of thiswork, within the context of CFl, include:

1. Proposed structurefor CFI strategy classification

First outlined in Chapter 5 of the Licentiate thesis [1], the structural classification of
CFI application strategy types, presented in Table 8.1 (see also Table 4.1 in this
thesis), is considered an important contribution to guiding the continued devel opment
of CFl methods, both in terms of defining objectives and assessment of performance.

Table 8.1: Classification structurefor CFl strategy types (asper Table4.1)

CFl "Type": 1 2 3 4

Arcing time NON-CRITICAL CRITICAL

opimzaion) IE09 | A | O | A
Accuracy ?g?ffge Moderate e.g:lioglh ' High
Security e'_\g_ogg5%£(,e* Moderate eq. :'is;];g%* High
oianes |easbuwon| LW g padhgy|  Hich
R??r?%se eg. vff cycle* e.g/.l 3Sfr c?/télee Fast Moderate

* Note: Examples for "tolerances’ shown above are indicative suggestions only.

2. Generic structurefor CFl implementation

A generic structure has also been proposed for the integration of CFl into the existing
control and protection systems used in modern power systems with digital relay
platforms, as shown in Figure 8.1 (originally as per Figure 4.6). Importantly the CFI
algorithm has been used as a complement to the protection system and provided with
ameans of self-checking and by-pass control in order to maintain robustness of the
overall current interruption process.

The proposed method offers a generic structure for the development of CFlI,
independent of specific methods for the prediction of the current behavior or methods
to estimate current parameters, fault inception or fault type and thus is open to
utilizing alternative methods for all of these parts of the process and maximizing the
synergiesto be gained from existing digital protection scheme methods.
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Figure 8.1: Proposed three phase CFI algorithm structure (as per Figure 4.6)
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3. Defined measuresfor assessng CFI method perfor mance

A number of important CFl performance measures have been defined and applied
during the course of this work in order to provide a quantified basis for assessing
various aspects of the proposed method. The measures have been defined with afocus
on the CFI method performance with respect to the critical functions and objectives of
the algorithm and included:

a. error in predicted current zero times
b. savingsin arc integral using CFl compared to direct tripping
c. impact on total fault clearing time (compared to direct tripping)
d. error in estimation of fault inception instant
e. fault type identification success rate
f. overall CFI operation success rate
4. Use of analysis-of-variance test

The introduction of the analysis-of-variance (ANOVA) test to the CFl algorithm is
novel in the context of power system control and protection. It isacritical part of the
proposed method in terms of maintaining operational security and facilitating
bypassing of the algorithm in the event of its inability to achieve an acceptable
modelling of the current. This application of ANOVA may aso have potential in the
wider context of protection system robustness control if applied for verification of
phase angle and other parametric estimations. The ANOVA test has also been shown
to be ameans for fault inception detection and fault type identification.

5. Information on minimum arcing time behavior of an HV SFg circuit breaker

The particular high power tests made for this thesis work were conducted on a circuit
breaker operated at 20% below its normal opening speed, representing a significant
reduction in the operating energy of the circuit breaker. While the measured arcing
times were slightly longer compared to those obtained during type tests at 100%
normal opening speed, the difference was reasonably small (2-3 ms) and the stability
of the minimum arcing times, even after 6 to 12 interruptions provides encouraging
evidence that the minimum arcing time of an HV SFg circuit breaker is sufficiently

stable to support CFI.

Nevertheless it was found that for short-line fault interruptions, the minimum arcing
time at reduced opening speed was significantly longer than for the other fault
interruption duties. While this difference was not unexpected, due to the high thermal
stress associated with short-line fault interruption, it is a noteworthy reminder that
optimization of acircuit breaker by lowering of operating energy, in conjunction with
use of CFI, will involve modification to the overall interrupter design in order to
provide the necessary arcing time predictability and consistency required for CFl im-
plementation.
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Each of the above contributions are extensions in the structure and implementation of CFl
beyond the Safepoint method presented by Poltl. Nevertheless, Poltl’s concept of the Safepoint
approach still provides a useful approach to the CFI problem and it is feasible that the additional
features presented above could be incorporated with the Safepoint approach to provide an even
more robust CFl solution.

8.3 Results summary

The proposed algorithm has been shown to perform well according to its intended
functions, within the modelled framework that it has so far been tested. Current zero-crossing
times were predicted with errors less than +/- 0.5 ms, within 10...20ms protection response times,
even for comparatively large (10% magnitude) random signal noise.

The FO, ANOVA test, introduced in the licentiate was shown again to be an effective means
for fault inception detection. The use of FO trend analysis provided fault inception instant
detection within six electrical degrees, even for 10% magnitude random signal noise simulations.
In some cases the error in fault instant detection ranged up to 20 electrical degrees, but the
algorithm was still able to provide target current zero time predictions within +/- 0.5 msin such
cases.

The combined use of the phase-to-earth and phase-to-phase source voltage parameter
model s, together with the ANOVA tests were able to effectively discriminate between earthed and
unearthed multiphase faults for all cases, except for three phase earthed and unearthed faults,
where the behavior of the fault currentsis identical until the first phase is interrupted. However
the compromise targeting solution for the last two phases to interrupt in three phase fault cases
was shown to be reasonably effective, resulting in atargeting error in only one of the phasesin the
order of -1.5 ms. Though larger than the general error range of +/- 0.5 ms, the -1.5 mserror is
acceptable, provided the circuit breaker can interrupt with an arcing window in the order of 3 ms
wide. The negative zero crossing error means that the CFI algorithm uses an “early” targeting
point, and thus avoids the risk of a*“late” target estimation that may result in afailure to interrupt
at the desired current zero and lead to an additional forced current loop before interruption can be
attempted.

The arc integral savings observed during the simulations were consistent with those seen for
the single phase CFI simulations presented in the licentiate for the same values of protection
response time, circuit breaker operating times, time constant and fault inception angle values,
being in the range of 0 to 50%.

8.4 Areasfor further development

In addition to the future work proposals described in Chapter 7, there remain aspects of the
algorithm performance that can be improved. While the FO ANOVA test has been usefully applied
for algorithm control, fault inception detection and fault type identification, its performancein the
last two functions could be improved. The FO trend analysis method for fault inception detection
has been shown to be somewhat sensitive to the fault inception angle, particularly for angles near
nrt(n: 0,1,2), where while the asymmetry is maximum, the rate of change of the current from the
load to fault state is gradual and therefore leads to alonger data sampling set required before the
FO trend method reacts to the state change.
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Chapter 8 Conclusions

It should also be noted, as described in Chapter 7, that alternative ANOVA methods may
prove more robust or suitable to a CFl algorithm. Consideration could also be given to utilizing
ANOVA results, e.g. residuals analysis, in a more active way for improvement of the
characteristic parameter estimations, in particular the phase angle, time constant and fault current
magnitude estimates. In this respect the incorporation of some form of feedback control integrated
to the CFl algorithm may prove useful, particularly with respect to its performance under more
realistic dynamic system operating conditions with continuous changes in phase angle and current
magnitude.

While using the ANOVA tests for several functions within the algorithm offers some
advantage in terms of maximizing return on the computational investment and maintain some
inherent simplicity in the structure of the algorithm, this should not preclude using separate
methods for fault inception detection or fault type classification. The presented method of
computing both phase-to-earth and phase-to-phase frame-of-reference parameter valuesis
somewhat inefficient and given that the phase-to-phase model case should only arise in
connection with a phase-to-phase unearthed fault, the calculation of this case could be
“suppressed” until afault is detected. Equally, alternative methods for fault type identification
could be used to reduce the need for parallel parameter set cal culations and so reduce the
computational effort required.

8.5 Closing remarks

The idea to being able to control the operation of a circuit breaker to coincide with a
targeted current zero for interruption has existed virtually since the start of circuit breaker
development. The concept itself appears at first, almost obvious, if not simple, but the reality of
achieving such a control has been often considered too difficult to be viable. The past century has
seen development of awide range of ingenious and reliable arc-based interrupters that have been
designed to circumvent the difficulty of achieving CFl with acceptable reliability and cost. While
arc-based interrupters have served the power industry very well over time, the advancesin digital
control schemes now allow us to revisit the possibility of achieving CFl, equipped with new and
powerful tools.

While potential direct benefits to circuit breaker operation and development have been
identified from the application of CFl, it is possible that continued research in this area may
provide additional benefits in associated areas. The best measure of this thesis will be if it
stimulates further research in this area to lead not only to better solutions, but also an improved
body of reference material with respect to current interruption and circuit breaker control in
support of reliable, cost effective and sustainable electrical power utilization.
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Appendix A EMTDC model description

Appendix A - EMTDC/PSCAD fault model description

This appendix describes the EMTDC/PSCAD [48] model used for modelling various fault
cases as described in Chapter 2 of the thesis. The primary purpose of the model was to illustrate
the different fault current behaviors, particularly with respect to current interruption. The model
was also used to verify the fault current modelling and interruption behaviors modelled in
MATLABUO [30] for the simulation testing of the CFI algorithm.

The model is intentionally simple, consistent with structure of the power system model
described in Figure 2.2 of Chapter 2, but with the inclusion of three phase transformers, as shown
in Figure A.1. The winding configurations and neutral earthing connections of the transformers
were adjusted from those shown here to provide the simulation results shown in Figures 2.11 to
2.14. Figure A.2 provides detail s of the cross-section used for the transmission line sectionsin the

model. Details of the main components used in the model and simulation settings are summarized
below.
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Figure A.1: EMTDC/PSCAD network model for fault smulations
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Appendix A EMTDC model description

Project settings.

Characteristic Vaue Units
Solution time step 50 VS
Channel plot time step 50 [V
Sour ce:
Characteristic Value Units
Base voltage 24 kV
Base MVA (3-phase) 10 000 MVA
Base frequency 50 Hz
Source control Fixed -
Specified parameters At the terminals -
Voltage input time constant 0.001 S
Zero sequence differs from positive Yes -
sequence
Positive sequence series resistance 0.1 Q
Positive sequence parallel resistance 0.2 Q
Positive sequence parallel inductance 0.5 H
Zero sequence parallel resistance 4.0 Q
Zero sequence parallel inductance 0.15 H
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Appendix A EMTDC model description

Sour ce Transformer:

Characteristic Value Units
Primary / Secondary voltages 24 | 420 kV
Power rating 2 000 MVA
Frequency 50 Hz
Ideal transformer model No -
Positive sequence leakage reactance 0.01 p.u.
No load losses 0.01 p.u.
Copper losses 0.00 p.u.

Load Transformer:

Characteristic Value Units
Primary / Secondary voltages 420/ 24 kV
Power rating 750 MVA
Frequency 50 Hz
Ideal transformer model No -
Positive sequence |eakage reactance 0.05 p.u.
No load losses 0.02 p.u.
Copper losses 0.00 p.u.
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Appendix A EMTDC model description

Circuit breaker:
Characteristic Value Units
Open resistance 106 Q
Closed resistance 0.005 Q
Open possible on any current? No -
Current chopping limit 0.00 KA

Load (per phase):

Characteristic Vaue Units
Voltage 245 kV
Frequency 50 Hz
Rated active power 350 MW
Rated reactive power 40 MVAr

dP/dV (index) 2
dQ/dV (index) 2
dP/df (index) 0 -
dQ/df (index) 0
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EMTDC model description

Transmission lines:

Frequency Dependent (Phase) Model Options
Travel Time Interpolation: On
A® Gl Y Curve Fitting Starting Frequency: 0.5 [Hz]
12[m]- - - C---=-2 Curve Fitting End Frequency: 1.0E6 [HZ]
: CZ. 12 [m] Total Number of Frequency Increments: 100
| AN Maximum Order of Fitting for YSurge: 20
| . o
Cl, N g[W'EL B 7E3>. Maximum Order of Fitting for Prop. Func.: 20
‘ . Maximum Fitting Error for YSurge: 2 [%)]
: 4[m] Maximum Fitting Error for Prop. Func.: 2 [%]
|
|
! Tower: 3H5
25 [m]
| Conductors: chukar
| . _—
| Ground_Wires: 1/2"HighStrengthSteel
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Figure A.2: EMTDC/PSCAD transmission line section details

Transmission line“TLinel” - circuit breaker to fault location:

Characteristic Vaue

Units

Voltage

420

kV

Frequency 50

Hz

Length

50

km

Conductors per phase 1

Transmission line“Tline2” - fault location to load:

Characteristic Value

Units

Voltage

420

kV

Frequency 50

Hz

Length

150

km

Conductors per phase 1
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EMTDC model description

Multi-phase fault generator:

Characteristic Vaue Units
Fault on resistance 0.01 Q
Fault off resistance 106 Q
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