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Abstract

Fault currents are identified as the reason for the poor quality of supply in a power system. The
circuit breakers are the most dynamic and transient equipment in transmission and distribution
power systems and they are the main interrupter for the clearing of faults. In the power system,
95% of faults occur in the medium voltage network. If a faults occurs and is not interrupted
timeously by the circuit breaker, the entire system ages faster.

It was identified that the arcing temperature during fault interruption is most responsible for the
wearing of the circuit breaker arcing contacts, thus, leading to the reduced breaker lifespan. The
useful life improvement was dependant on the reduction of the arcing current and power of the
arc which is proportional to the arcing energy and temperature. The vacuum circuit breaker was
investigated for the controlled switching technologies. A predicted controlled trip time logic
equation was derived using the controlled switching methodology with the addition of using
input parameter variables relevant to the circuit breaker environment to predict early current zero
tripping. The environmental conditions comprised of the ambient temperature, idle time and
standard circuit breaker operation time. The advanced controlled circuit breaker logic was also
developed using electromagnetic transient simulation software called PSCAD to predict the
earlier current zero tripping times based on the vacuum circuit breakers environmental
conditions. The software uses the black box modules to mimic operation of each environmental
condition namely the idle time logic controller, temperature delay logic controller and predicted
current zero controller. The results for the predicted controlled trip time equation was compared
to the results obtained using the simulated results on PSCAD.

The results from the predicted controlled trip equation versus the simulated advanced controlled
simulated module proved to be within a 0.1% tolerance. The PSCAD software also facilitated
the analysis of results for the various interruption phenomena namely the namely arc voltage,
arc current, transient recovery voltage, re-ignition, restrikes, dynamism and temperature of arc
that occur during the circuit breaker fault interruption. The abovementioned interruption had
seen a reduction when compared to the conventional circuit breaker during fault interruption
with the average arc current being reduced by 10%. The advanced controlled simulated results
obtained for the interruption phenomena was thereafter benchmarked against the simulated
conventional vacuum circuit breaker using the Arrhenius equation to determine its impact on the
circuit breaker useful life.

The results for the advanced controlled switching circuit breaker had proven an average of 7%
improvement in useful life when compared to a conventional circuit breaker. The 7%

improvement proved to increase the circuit breaker lifespan for an average of 20 years to 21.4

iv



years. This is a 1.4-year improvement in the circuit breaker lifespan. Thus, the cost of
replacement of the circuit breaker may be deferred by 1.4 years but this has a significant impact
on the total annual capital expenditure budget due to the number of circuit breakers used.
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Chapter 1

Introduction

1.1 General Background

The increase in demand for power is making it more difficult for power utilities to maintain the
efficiency of power system generation and distribution, which ranges from the large to the
medium industrial users, municipalities, commercial and domestic users. Power utilities are
continuously facing challenges of remunerating funds for their capital expenditure (CAPEX)
which is required for the upgrading and installing of additional infrastructure to cater for the
additional power demand. Another challenge experienced by power utilities is the recuperating
of funds for the operational expenditure (OPEX) which is used for maintaining the existing
infrastructure, vital for maintaining the existing power demand.

The OPEX is increased when the power system experiences fault currents and power losses.
This results in low power quality on the lines which directly impacts the revenue generated by
the power utilities. This impact of power quality eventually leads to equipment failure which
results in the increase in the CAPEX. In essence both the CAPEX and the OPEX are directly
affected by the poor quality of supply.

The supply of power to all aspects of the nation is fundamental and it vital that the consumptions
of power is delivered without interruption hence, the quality of power supply needs to be
maintained. Quality of power supply parameters within the South Africa electrical network are
governed and made to operate within a regulation or standards set by the National Energy
Regulator of South Africa (NERSA). However, these standards cannot be achieved when
equipment lifespan is reached prematurely due to it not being able to withstand temporary
anomalies or surges. Equipment installed on the power system needs to be able to withstand
temporary surges in deviation from the power quality parameters so that the equipment
replacement is prolonged. This help in mitigating the CAPEX deficits for the power utilises.
The inability of protection systems and circuit breaker to clear faults on time is mostly
responsible for power equipment failures such as the transformers failure. This also causes the
circuit breakers to fail over time due to effects of inrush currents and arcing. The concept of
controlled switching systems (CSS) is a method used in controlling the timing of the pre-strike
(for close operations) or contact separation (for open operations) for each pole of a circuit
breaker. This is with respect to the phase angle of the system voltage or the current in order to

minimize stresses on the components of the power system. In high voltage application,
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controlled breaker switching has been developed to control the operation of the circuit breaker,
such that it closes the breaker at the earliest currents zero point. This occurrence takes into
account the effects of the breaker idle time and temperature when energizing the breaker. This
is to ensure that the circuit breaker is energized at a time with the least effects of arcing and
inrush currents. Controlled switching technology was also developed with the capability of only
energizing at the earliest currents zero without the intelligence to take into account the effects
of idle time and temperature when energizing a circuit breaker. In addition, the controlled
breaker switching can also be implemented on circuit breaker opening with the combination
that it trips quickly and at the earliest currents zero time with the intelligence of taking into
account the effects of idle time and temperature. This is to prevent damage to the major
electrical equipment and the circuit breakers. The implementation of this concepts are rarely
applied on medium voltage applications for fault interruption and this is rarely done using the

vacuum circuit breaker.

1.2 Problem Statement

Research indicates that short circuit faults account for 95 % of the electrical faults that occur on
a power system [1]. The survey conducted by CIGRE QG A3.06 across 21 countries power
systems on the reliability of high voltage equipment, indicated that 36.7 % of circuit breakers
on a power system are located on voltages that are more than or equal to 60 kV. The survey also
indicates that 54 % of the circuit breakers are used for protecting the overhead power lines [2].
This effectively indicates that the majority of the power systems are located at the voltages
below or equal to 60 kV where majority of the faults occur on power lines. The voltage below
60 kV are regarded as the distribution network in South Africa’s power system. Thus, Eskom,
Municipalities and independent power producers, the voltages such as 33 kV, 22 kV and 11 kV
are categorized as the medium voltage systems. Hence, majority of faults in South Africa’s
power system are located in the medium voltage (MV) power lines. The MV network forms the
largest part of the power system and it is considered as the heart of the power system [3].

The application of high voltage circuit breaker protection using controlled switching is a
common practice and it is well established in the field of electrical engineering. High voltage
circuit breaker applications are where most of the controlled switching research is at an
advanced stage. However,the application of controlled switching on medium voltages is not
well established as compared to the high voltage switching [4]. This poses a fundamentally
challenge as majority of power utilities assets are located in the medium voltage networks.
Most research that are available for the controlled switching applications for the medium

voltage circuit are more focused on circuit breaker closing rather than circuit breaker opening
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(tripping) for fault interruption. Closing the circuit breaker to an unloaded transformer results
in arcing phenomenon that can negatively affects the lifecycle of the circuit breaker. This arcing
phenomenon is also present when opening a circuit breaker during fault interruption. The
presence of this arcing phenomenon, requires the implementation of the controlled switching
technology for fault interruption which is also essential in protecting the circuit breaker [5].
Thus, due to the limited research on medium voltage circuit breaker opening, this investigation
explores the implementation of the controlled switching technology for the MV networks using

the indoor vacuum circuit breaker.

1.3 Motivation

This research was necessitated by the realization of the common challenge experienced by
power utilities where insufficient capital is available for maintenance, upgrades or the
replacement of the aged equipment. In an effort to alleviate this challenge, the research was
focused on improving equipment useful life and to extend power utilities budget for equipment
replacement. In addition, allowing them with adequate time to attend to other network
maintenance. The major part of the power grids is the medium voltage networks which accounts
for 56 % of the network size and it is prone to faults. The common faults that was identified in
the medium voltage network is the line-to-earth faults which account for an average of 95 % of
its faults occurrence [2]. These findings have motivated this study and this research is in the
direction of the medium voltage vacuum circuit breaker protection which forms an integral part
in maintaining the power grid quality of supply. Subsequently, this has led to the investigation
on how to improve the lifespan of a vacuum medium voltage circuit breaker for fault
interruption. This will be achieved by adopting a protection device using the controlled
switching techniques to control the breakers and the circuit switchers more accurately.
Consequently, this will protect the circuit breakers which directly help the power utilities to
improve their power system and the quality of power supplied. This study investigation,
employs both analytical and numerically tools. The goal being, to lower the impact of faults on
the MV network by improving its protective system. In conclusion, protecting the circuit
breakers from the effects of arcing led by faults, contribute positively in improving the useful

life of the equipment in the medium voltage networks.

1.4 Research Aims and Objectives

The aim of this research is to design, develop and model an advanced controlled switching
(ACS) 11 kV indoor circuit breaker and simulate it using the electromagnetic transient program

(EMTP) in order to improve the circuit breaker useful life. The aim is to model the ACS circuit
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breaker while connected to a medium voltage power line during fault interruption. This is to
analyze the arcing phenomena in its relation to the equipment useful life, in order to reduce the
CAPEX and the OPEX costs for power utilities.

In relations to the aims of the project, the objective of this study will entail the following:

e Modelling the non-controlled or conventional vacuum breaker for fault interruption
using an electromagnetic transient simulation program to ascertain the circuit breaker
tripping times and interruption phenomena at several fault angles.

e Derive a functional predicted controlled trip logic equation for fault interruption time
on the medium voltage circuit breaker to achieve current zero interruption [6].

e Modelling the controlled vacuum breaker for fault interruption by using the
electromagnetic transient simulation program using the black box modules to simulate
the circuit breaker environmental conditions in order to achieve the current zero
tripping.

e Use the controlled simulated model to simulate the vacuum circuit breaker interruption
phenomena and analyze its results at several fault angles.

e Implement a comparative study for results from the interruption phenomena. The results
extrapolated from simulation of the non-controlled vacuum breaker which will be used
as the baseline in comparison to the controlled vacuum circuit breaker results for fault
interruption will be used to analyze the circuit breaker useful life and then determine
the improvements. The results will subsequently be compared with the predicted
controlled trip logic equation to verify its accuracy.

The implementation of the above-mentioned controlled switching logic for the MV indoor
vacuum circuit breaker on the MV power line during a fault current will ideally trip the circuit
breaker at the earliest current zero. This will be accomplished by using the advanced controlled
logic which factors in the environmental conditions of the circuit breaker to provide the least
arc energy impact, thereby improving the circuit breaker operations and conversely the

downstream equipment lifecycle.

1.5 Research Methodology

The research methodologies employed is this study is both analytical and the numerical coupled
with the computer simulations. The functionality of the non-controlled and controlled vacuum
circuit breaker tripping times under fault conditions was investigated, to develop the
philosophies for the advanced controlled switching implementations on a vacuum circuit
breaker. The advanced controlled simulated model, operating on the principles of the advanced

controlled logic developed, was simulated using the electromagnetic transient software called
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the Power System Computer Aided Design (PSCAD). This software uses the input parameters
that are in form of the black box model controllers with embedded logic to calculate the relevant
trip time and its impact based on the fault current magnitude and angle changes. A numerical
model was developed and implemented for the non-controlled circuit breaker switching for
fault interruption using the electromagnetic transient simulation program. This model provided
the basis to obtain results which was then used in this study to compare controlled switching
applications against the advanced controlled switching technology results in order to ascertain
if the advanced controlled switching for fault interruption improves the circuit breaker useful
life.

The analytical model of the advanced controlled switching technology for the vacuum circuit
breaker fault interruption was completed using a predicted controlled trip logic equation. This
equation incorporates the environment factors that influence the circuit breaker current zero
tripping abilities. The advanced controlled switching model was developed by modifying the
non-controlled switching vacuum circuit breaker model using the electromagnetic transient
software to incorporate the currents zero logic, temperature logic and idle time logic for fault
interruption. The results from the derived predicted controlled trip equation was compared to
the results from simulated advanced controlled switching model of the electromagnetic
transient simulation program in order to verify its accuracy.

The overcurrent and earth faults in the simulated model for both the non-controlled and
controlled logic circuits was implemented using the instantaneous overcurrent relay pick up,
with currents rating which is in line with the simulated fault currents applied. The analysis for
fault interruption for all simulations was only tested against phase-to-phase faults with the
synchronized breaker pole tripping, operating at no more than half a cycle apart in the Red,
yellow, Blue (RYB) sequence.

The measurements of both the non-controlled and controlled logic vacuum circuit breaker
simulated model were implemented using the voltage and current transformers. This was
completed by the interconnection between the simulated switching circuitry model to provide
the processed output measurements of the arcing phenomena at several fault current tripping
angles. These results obtained was used to analyze the impact of the interruption phenomena
on the circuit breaker for both non-controlled and advanced controlled switching. The energy
and temperature of the arc was also calculated with the results transposed into the Arrhenius
equation to determine lifecycle improvements of the advanced controlled circuit breaker as

compared to the conventional control switching.



1.6 Hypothesis

The operation of a circuit breaker during fault interruption causes electrical discharges within
the circuit breaker chamber that result in arcing phenomenon. This phenomenon negatively
affects the circuit breaker contact material leading to reduction in the circuit breaker lifecycle.
The controlled switching technology is a predetermined control strategy for operating the circuit
breaker pole in order to reduce switching transients, prevent equipment failures, and improve
power quality.

The medium voltage circuit breaker which accounts for the majority of the power grid’s circuits
breakers are mostly affected by this phenomenon. Hence, the hypothesis for this study:

“The viability to develop advanced controlled switching for medium voltage alternating
current (MVAC) circuit-breakers, in particular for the 11 kV network”

1.7 Structure of Dissertation

Chapter 1 discusses the rationale for this study which includes the background, problem
statement, motivation, research aims and objectives and the hypothesis.

In Chapter 2, the faults on a power system and its adverse effects coupled with the reasons for
the implementation of protection systems are discussed. The initial focus is on the investigation
of a conventional circuit breaker and subsequently shift to the more advanced protection
systems available namely the advanced controlled switching technology.

Chapter 3 entails the concepts of modelling and simulation of logical flow for the advanced
controlled switching. This chapter presents both the electromagnetic transient MV model for
both the non-controlled circuit breaker and the advanced controlled circuit breaker together
with its related logic flow charts.

Chapter 4 presents the results and analysis of results from the computer simulations. The results
from the MV modelled non-controlled vacuum circuit breaker was compared to the advanced
controlled vacuum circuit breaker. The results are presented numerically and displayed
graphically. This aids in establishing the basis for analysing the effects of the controlled
switching technology with relevant to the lifecycle improvements. This analysis subsequently
provides an in-depth view of how the circuit breakers are impacted by the faults, which then
help to determine if the lifespan of the circuit breaker has improved with the advanced
controlled switching technology.

Chapter 5 is dedicated to the conclusion of this study and recommendations for future areas of
investigation. Thus, the chapter summarises the research carried out in this study and provides

the recommendations for prospect of areas of future study based on the outcomes of this work.



Chapter 2

Literature Review

2.1 Introduction

Power system consist of the network architecture that is designed to transfer power from
generations station to distribution network over several kilometers. Thus, the power system
from the point of generation to the load centres is split into three areas namely generation,
transmission and distribution as shown in Figure 2.1. This division is determined by the
electrical characteristics as a function of the level of voltage and current. The effectiveness of
the electrical power system is measured by ability of the components in the power system to

maintain continuous supply of power.
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Figure 2.1: The Power Systems Layout [7]
The purpose of the generation network is to generate the power at a lower voltage at

approximate 22 kV, to reduce cost of the stator winding insulation which increases as the voltage
is increased [8]. The lower voltage is stepped up by a transformer in order to transmit the power
through the transmission network. The reason for the voltage stepped-up in the transmission
grid is to reduce heat losses and the size of the line conductor, thereby making it more
economical. The stepped-up voltage also mitigates voltage drop so the power is transported
over a long distance. The power is subsequently stepped-down and supply to the distribution
network to allow for higher current flow at the medium voltage for the reticulation networks.
For the consumption of power by consumers, the distribution voltage is then stepped down
further to a lower voltage by a local transformer for domestic customers. The focus of this
research was on the distribution power system network configuration at a voltage of 11 kV.

The distribution power system configuration incorporates several characteristics that are each

important for its functionality. These characteristics consist of the distribution Power system
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typology which may be connected in a form of radial network or ring network. The phasing of
the power system which forms an important part of the power system configuration can either
be connected using the star or delta connection. The medium voltage bus-bar configuration and
the supply voltage and frequency are other important characteristics of the network

configuration.

2.2 Bus-bar Configuration

Bus-bar are used in generating stations, substations and switch stations as a common coupling
point for the feeders which operate at constant voltage [9]. Bus-bars are used in both indoor and
outdoor power systems. The indoor medium voltage switchgear which is applicable to this
dissertation uses the flat copper bus-bars as a common voltage source to receive power from
the incoming feeders and supply power to the outgoing feeders.

The bus-bars configuration may be in a form of a single bus-bar, double bus-bar system or
breaker-and-a half. The breaker-and-a-half configuration is usually used in high voltage
networks. The single and double bus-bar systems are implemented in both high voltage and
medium voltage applications.

The single or straight bus as shown in Figure 2.2 is the most common medium voltage bus-bar
configuration used by power unities in both indoor and outdoor bus-bar systems. The
configuration is such that the common copper flat bus-bar is divided or sectionalized into two
sections using bus-section circuit breakers or a bus section isolator. If a fault occurs on one side
of the bus-bar, the other side of the bus-bar is not affected by the fault. The impedance is
increased as a result of the bus-bar sectionalizing from the normally opened position resulting
from the principles of Ohms law of a parallel circuit, this lowers the fault currents on the bus-
bar. This configuration also aids with maintenance where one side of the bus-bar may be
isolated for maintenance while the other side is energized, thus, ensuring continuity of supply
to consumers. In term of safety during load transfer and uncoupling of the bus-bar, its preferred
to use a circuit breaker for sectioning rather than an isolator switch. Single bus-bar systems, as
a result of its limited supply flexibility, are implemented when two or less incoming feeders or
transformers are supplying power to the medium distribution board [9, 10].
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Figure 2.2: Configuration of the Single Bus-bar System [9]
The double bus-bar system is used at supply substations or switch stations where breakdown or

interference should have minimal impact on the continuity of supply. The configuration of the
double bus-bar consists of two bus bars namely the main bus-bar and the spare bus-bar where
the main bus-bar is positioned above the spare bus-bar as shown in Figure 2.3. The main and
spare bus-bar are coupled together using a bus-coupler breaker or an isolator similar to the bus
section in the single bus-bar configuration. Each incoming feeder or transformer and outgoing
feeder is connected to the main and spare bus-bar via isolator switches. The configuration is
such that it allows for individual feeders to be continually fed irrespective of the physical
position of the feeder on the indoor bus-bar unlike the single bus-bar system which can only
feed the feeders on the un-faulted side of the bus-bar [9, 10].

The double bus-bar system, due to its flexibility are applied where three or more incoming
feeders or transformers are being used. This is to ensure that any of the incoming feeders or

transformers are able to supply any of the outgoing feeders. The costs attributed to installing a



double bus-bar system is high hence the implementation of this configuration needs to be
weighted on the criticality of the type of power consumers on the network. This configuration
is suited for main substations or switching stations where the power consumers are the large
industrial users or a hospital. In areas where space is constrained, the implementation of double

bus-bar systems will prove to be difficult.
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Figure 2.3: Configuration of the Double Bus-bar System [10]
The circuit breakers in the abovementioned bus-bar configurations of both single and double

bus-bar systems are the key components to ensure that the system is protected by isolating the
fault. In this study, flexibility of incoming feeders to outgoing feeders will not be required as a
result of the limited number of incoming and outgoing feeders. The fault currents in this
investigation will be limited to the upstream by the neutral earthing resistor, hence, the single
bus-bar system configuration will be implemented. The selected system architecture for this
dissertation will consist of two incoming feeders, a bus-section breaker and two outgoing

feeders as shown in Figure 2.4.

10



Incomer Feeder 1 Incomer Feeder 2

Circuit Breaker Circuit Breaker

Scction Breaker

Circuit Breaker Circuit Breaker

Thesis - Selected area of research

Outgoing Feeder 1 v Y Outgoing Feeder 2
1
1
1
1
1
1

Ring Main Unit

11kV Overhead line 11kV Overhead line

1
To Residential Area

Figure 2.4: Architecture of Single Bus-bar Selected [9]
Reliable power supply is obtained by connecting both the outgoing feeders to the residential
area via a ring main unit which will normally be in the open position. In the event that one of
the feeders fail, the alternate feeder will be able to provide a back-up supply to the consumers
thus, allowing the flexibility of supply to the residential area from both the incomers without
the implementation of the double bus-bar system. However only one of the outgoing feeders,
namely the outgoing feeder number 2 will be analysed during this dissertation as the results
obtained from the circuit breaker specifications and operation of all the circuit breakers in the

single-bus-bar configuration will be the same for the current ratings.

2.3 Bus-bar Parameters

The physical characteristics of a bus-bar in terms of the cross sectional area increases as the
currents carrying capacity requirements are increased at a specific ambient temperature. This is

to allow the bus-bar to withstand both the nominal currents being carried and the short circuit
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fault currents. In countries where the ambient temperature is higher, the cross sectional area
requirements is higher as a result of the bus-bars thermal rating for the same rated current
carrying capacity. The bus-bar during operation dissipates heat from the energy transfer due to
the bus-bar resistance which opposes the flow of currents. Hence, this form some of the
electrical energy loss by the system in the form of heat and the dissipated heat is absorbed by
the surrounding air. The maximum allowed temperature rise the copper bus-bar can operate is
at 105°C and aluminium temperature for bus-bar is at 90°C. The maximum permissible

temperature for the bus-bar is calculated using equation (2.1) [11]:

M. =

T

(aT +T,) (2.1)

Where AT = the temperature-rise on the bus-bar and T, = the ambient temperature of the

switch-room. The ambient temperature inside the switch-board used for this study will not
exceed 35°C while the outside temperature of the switchboard which is in the switch-room will
not exceed 40°C . This ambient temperature of the switch-room at 40°C is applicable to the
South African temperature conditions. In essence, the copper bus-bar used is able to withstand
a temperature rise of 70°C [11].

The parameters of bus-bar are defined in terms of resistance, reactance and impedance
characteristics. The physical characteristic measurements of resistance, reactance and
impedance for a630 A, 1250 A and 2000 A currents rated bus-bar at a rated ambient temperature
of 40°C used for modelling and the link performance analysis is tabulated below in Table 2.1:

Table 2.1: Bus-bar Physical Parameters [11]

Currents Fault Resistance |Reactance [Impedance | Weight | Conductor
levels [ A] |currents [kKA] | [mQ/m] | [mQ/m] |[mQ/m] |[kg/m] size
[mm x mm]
630 25 0.121 0.027 0.124 7.9 6.3 x40
1250 315 0.044 0.013 0.046 13.9 6.3x 110
2000 315 0.026 0.008 0.027 21.7 6.3 x 200

The selected bus-bar conductor size for the purpose of this study was the 630 A bus-bar using
a 6.3 mm x 40 mm flat copper bar per phase. This bus-bar within the switchboard will be able
to provide the currents carrying capacity, with the ability to dissipate the heat adequately
thereby preventing any thermal breakdown. The short circuit fault currents rating emanating
from the power system on the 11 kV board will not exceed 25 kV therefore specifying that the
fault current rating which is greater than 25 kV will not be required. Specifying the equipment
with ratings more than the requirements increases the price which is not economically viable

hence, 25 kA short circuit current rating will suffice.
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2.4 Frequency and Quality of Supply

2.4.1 Frequency

The power generated in any of the power system should be equal to or greater than the power
demand on the system. If the power demand increase, the power supply available or generated
is less, this will cause the frequency to decrease. Frequency deviations can also occur when
there are electrical faults on power systems or the disconnection of large loads, this affect the
power supply quality.

The effects of frequency deviation during an electrical fault such as the short circuit fault causes
an increase in currents which is as a result of the reduction in the inductance on that faulted line
that forms part of the system resulting in a voltage drop. During this fault, the protection
equipment of that related subsystem of the electrical power system react, causing the protection
to operate and the circuit breakers to trip, consequently isolating the fault from the remaining
part of the electrical system.

The interrelated voltage, current and impedance deviations will affect the quality of supply
power to the consumers due to the decline in power, as a result, there will be a decrease in
power that will result in the frequency of the system to drop [12]. Power systems operate at
either 50 Hz or 60 Hz which is dependent on a country’s national standard. Frequency is the
rate of which current changes over a period of time, the higher the frequency, the longer it takes
the cycle to complete a current sinusoidal waveform. The South African national frequency is
50 Hz. In a 60 Hz power system, a single current waveform cycle is completed in 0.016 s
compared to a 50 Hz supply which completes a current waveform cycle in 0.02 s. When a fault
occurs on a system in South Africa, the 50 Hz system allows the protection equipment a few
milliseconds more to reach the current zero as compared to the 60 Hz supply. This determines
the grading and protection relay response coupled with the use of controlled switching
technologies, the protection relays will have more time to react to a fault with little impact on
the power system equipment [13]. The heat generated from the 50 Hz supply is also slightly
lower as compared to the 60 Hz supply and this also affects the lifespan of the equipment [13].
The advantages of the 50 Hz supply are evident from the abovementioned parameters hence the
power supply and equipment used for this investigation will be rated to operate at a frequency
of 50 Hz. To ensure compliance to the National Energy Regulator of South Africa (NERSA) ,
the frequency of the system connection will not exceed 2% or 1 Hz of the national regulated
frequency of 50 Hz [14].
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2.4.2 Quality of Supply

Voltage levels and frequency are parameters that affects the power system configuration which
have a direct impact on the quality of power supply in a power system.
The quality of supply in distribution system is measured by the sustained interruption indices
which are defined as follows [15]:
e The system average interruption frequency indices (SAIFI) which is expressed by the
number of customer interruptions per annum over the total number of customers served.
e The system average interruption duration index (SAIDI) is expressed by the number of
customer interruption durations per annum over the number of customers served.
The SAIFI and SAIDI calculations for power systems are completed in accordance to NRS-
047-1 by power utilities to determine the supply quality. When a medium voltage interruption
occurs in the form of a fault on the network for a period greater than 120's, the power utility is
penalized by NERSA as a result of its impact on the network reliability indices. This effectively
necessitates equipment reliability to ensure quality of supply indices are maintained and
penalties are subsequently avoided.
The reliability of protection system is important and the implementation of controlled switching
technology to protect the power system equipment from deteriorating, coupled with clearing
the fault timeously is equally important. Equipment failure affects the SAFI and SAIDI
parameters hence the implementation of technology to assist in reducing the interruptions on

the network will effectively improve the overall quality of supply.

2.5 Faults in Power Systems

Faults in power systems are caused due to abnormal conditions that results in energy being
wasted. The abnormal conditions may be categorized as either shunt faults or series faults.
Shunt faults are primarily caused by short-circuit conditions while series faults are caused by
open circuit conditions. The open circuit and short circuit fault conditions are caused by adverse
weather conditions, human error, equipment failure etc. The impact of the abnormal conditions
result in a deviation from the nominal voltage, frequency and current ratings of equipment or
system. These higher current and voltage values create an imbalanced system that causes
insulation breakdown of power system apparatus resulting in loss of power flow to consumers,

damage to equipment within the power system and even danger to human and animal life [16].
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2.5.1 Types of Faults

Faults types are categorized by its fault condition. These fault conditions are either caused by
an open or short circuit. Open circuit faults occur when one or more conductor phases are
broken or out of circuit therefore increasing the voltage, frequency and decreasing the current.
The open circuit fault occurs in series with the line, this is why this type of fault is also called
series fault. Short-circuit faults occur due to the insulation failure between phase conductors or
between earth and phase conductors or both [17]. The short-circuit fault causes the circuit
voltage to decrease while increasing the current. Short circuit faults are further divided into
symmetrical and asymmetrical faults. Symmetrical faults are very severe faults but occur less
frequently in power systems. The faults are balanced and occur either across all phases only or
between all phases and ground.

Asymmetrical faults occur frequently but are less severe and do not involve the entire three
phases. These faults occur as a result of single line to ground faults, line to line faults or double
line to ground faults. The fundamentals explanations for the open and the short circuit faults
are as follows:

e Open circuit: Open circuit faults are the least common faults which include joint failures
of cables and overhead lines, and failure of one or more phases of a circuit breakers.
The faults also occur due to melting of conductors in one or more phases. Open circuit
faults account for 5 % of the electrical faults in a three-phase power system. These are
unsymmetrical or unbalanced type of faults except for three phase open fault.

e Short circuit : Short circuit faults are defined as an abnormal connection of very low
impedance between two points of different potential [17]. The short circuit fault current
in a three phase power systems is divided into three periods namely the initial sub-
transient period, middle transient period and the steady state period. The initial sub-
transient period lasts for the first few cycles with a very rapid decrement and a high
magnitude of short circuit current hence this is the period where most damage is caused.
The middle transient period is relatively longer in time with a moderate decrement and
the steady state period is where the current reaches a steady value [18].

Short circuit faults are also called shunt faults and accounts for 95% of the electrical faults on
a three-phase power system. These faults are caused due to the insulation failure between phase
conductors or between earth and phase conductors or both [17]. These faults may be
symmetrical (balanced) or Unsymmetrical (unbalanced) type of faults depending on the fault
condition namely three-phase clear of earth, three-phase to earth or phase to phase as shown
below in Figure 2.5.
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Figure 2.5: Short Circuit Fault Current Types [17]

2.5.2 Analysis of Short Circuit Faults

Short circuit faults are the most common and severe kind of faults, resulting in the flow of
abnormal high currents through the equipment or transmission lines. Failure to isolate short
circuit faults timeously can lead to an extensive damage of the equipment. It is imperative that
the protection equipment that is capable of clearing faults swiftly are required to reduce the risk
of equipment damage and maintain the quality of power supplied.

In 1905, ASEA produced one of the first protection equipment which was the relay that picked-
up the unsymmetrical faults in the power system by the negative-sequence voltages and the
currents that the unsymmetrical faults produce. This protection relays operate such that, after
picking up the fault on the system, it subsequently sends a trip signal to the circuit breaker to
isolate the unsymmetrical fault.

In [19], Ali et al. describes the nature of the short circuit fault currents having a mixture of
symmetrical and unsymmetrical currents, the fault is unsymmetrical during the first few cycles
and subsequent to the short circuit, it gradually becomes symmetrical after a few cycles. The
unsymmetrical portion of the fault has a direct currents and alternating currents component. The
direct currents are short lived and disappears after a few cycles. The decaying nature rate which
is known as the “decrement “of the short circuit currents is attributed to the direct currents
characteristics.

The short circuit fault currents may be calculated using the impedance method, composition

method or conventional method.
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The study will focus on implementing the impedance method which is explained as follows:

Short circuit fault currents of a power system are calculated using Equations (2.2) — (2.8):

_y, (2.2)

Where, Ik = the fault currents, Un = the applied voltage and Z = the summarised impedance

[20]. The fault currents equation above may be manipulated to suite the type of faults on the
power system namely, phase to phase, 3 phase and phase to earth [20]. This dissertation will

focus on phase to earth faults using the equation (2.3):

— \/§ULN

= 27 (2.3)

Where, Ik = the fault currents, U.n = the applied line to neutral voltage and Z = the impedance.

The impedance (Z) is the sum from the source of supply to the point at which the fault occurs
[21]. In this dissertation, the sum of the transformer, the cable to the MV breaker and the MV

overhead line impedance will add up to obtain the impedance (Z). The impedance of the

transformer is calculated using the sum of equation (2.4) — (2.5) [19]:

5
Resistance : RT:(]B—E)). % (2.4)

Where, Ur is the percentage resistance, Un is the applied voltage and s_ is the apparent power.

&)
Reactance : XT:(U—XJ. \S ) (2.5)
100 Sn

Where, Uy is the percentage reactance, Un is the applied voltage and Sy is the apparent power.
The impedance of the MV line or cable is calculated using the sum of equation (2.6) — (2.7)
[19]:

Rr=p (26)

Where, | = the length in km, A =the areainmm? and P =1.7 x 10® Q is for copper and

P =2.6x10%Q is for aluminium.

x k! (2.7)

17



Where, | = the length in km and k = 0.4 for copper and aluminium.

The total magnitude of impedance for the above transformer, line resistance and reactance is
calculated using the equation (2.8):

Z =,/(R* +X?) (2.8)
The fault currents are limited by the impedance in the power system and the impedance limiting
the fault currents are largely attributed to the reactive components of the power system such as
transformers and reactors. During the faults, the reactance of the power system is low hence the
low fault conditions here may lead to high currents faults. The circuit breaker specified is to be
able to withstand the maximum possible fault currents [9].

The results from the above-mentioned fault currents equations are used for the selection of
specification for the circuit breaker and related equipment to prevent equipment failure and
possible risk of personnel’s safety. The equipment rating for medium voltage 11 kV circuit

breakers must be specified to accommodate short circuit fault currents of 25 kA and 31.5 KA.

2.6 Three Phase Network Fault Analysis

The 3-phase faults namely symmetrical faults and the unsymmetrical faults are investigated
using quantitative analysis to determine the effects it has on the power system. The analysis of
these 3-phases faults on a power system is an important step to ensuring a safe operation of
each power apparatus and to accurately determine the settings of the protection devices hence

ensuring a swift operation of circuit breakers to clear a fault under each condition applied [22].

2.6.1 Symmetrical Faults Analysis

Symmetrical or balanced faults on a power system results in a short circuit condition due to the
fault currents occurring across the entire three phases. The phase currents are equal in
magnitude with a 120° phase displacement among them hence, no mutual coupling exists
between them. The 120° apart balanced three phase vectors consist of a positive-sequence,
negative-sequence and zero sequence of vectors as shown in Figure 2.6. Research indicates that
symmetrical faults account for only 5% of the fault occurrence on a power system which is the

least occurring fault [19].
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Figure 2.6: Balanced Three Phase Vectors [9]
Symmetrical faults currents on three phase systems is calculated using Thevenins equivalent

circuit theorem or short circuit apparent power method as shown in equation (2.10). The fault
current calculation only needs to be completed for one phase as the remaining two phases has
the equivalent magnitude [23].

Faults in a power system will have a value that is limited to the total impedance in a power
system. The impedance is therefore an important part of the equation in determining the
symmetrical fault currents. The impedances are largely attributed to the reactive components in
the power system namely the generator, transformer and the line. The positive phase sequence
impedance is identical to the sum of the impedance in the system namely the conductor,
overhead lines and transformer [24]. The faults in the symmetrical three phase system will
therefore load the entire network symmetrical with only the positive phase sequence element
hence only the positive phase sequence is required to analyze the fault. The impedance may be

expressed in a percentage and calculated using equation (2.9):

%X = 'sf/'x 100 (2.9)

Where, 1. = the full load current, V= the phase voltage, and X = the reactance in ohms per

phase. The reactance of each component will need to be calculated to determine the total
reactance in the circuit based on a common apparent power rating. The equation (2.9) is
applicable for applications where only the line impedance is considered while in applications
where transformers and generators also form part of the circuit being calculated, the percentage
with base KVA using per unit system applications is preferred [9].

The short circuit current for a symmetrical fault is determined using equation (2.10):

o= |- |[ 22 2.10
s = % [\ oex (2.10)
Where, | = the short circuit current, V= the phase voltage, and X = the reactance in ohms

per phase. The rare occurrence of these faults negates the implementation of symmetrical faults
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on a power system for controlled circuit breaker tripping hence the symmetrical faults will not

be calculated nor simulated for this dissertation.

2.6.2 Unsymmetrical Faults Analysis

Unsymmetrical faults do not involve the entire three phases, these faults occur as a result of
single line to ground faults, line to line faults or double line to ground faults [25]. The
unsymmetrical faults are such that the currents in the three lines become unequal with a phase
displacement between them. The unsymmetrical components are only referred to the fault and
line current with phase angles since the source voltage and impedance of the power system
always remain symmetrical. The unsymmetrical fault also has a positive, negative and zero
phase sequence component similarly to the symmetrical fault. However, it loads the network
unsymmetrical.

When an unsymmetrical three phase fault occurs the positive sequence voltage continues to
drive the positive sequence currents during the fault while the remaining un-faulted phases
continue to maintain the air-gap flux. When the most common fault namely single line to ground
fault occurs, the magnetic flux in the air gap is maintained by the remaining un-faulted lines
which is smaller than normal and unbalanced. The short circuit fault current in the single line
to ground fault will continue to flow until the circuit breaker removes the fault from the circuit.
Similarly, line-to-line and line-to-line-to-ground faults also maintains the air gap flux during
the fault thus allowing the short circuit current to flow until the circuit breaker removes the fault
[26]. This illustrates the reliance of the power systems protection on the correctly selected
circuit breaker parameters. Single pole tripping circuits are more responsive than three pole
circuit breakers thus the single pole tripping circuit breaker will be applied to this dissertation
as a preferred option to ensure that a fault current, is picked up early and trips the faulted phase
in an attempt to clear the fault before affecting the related phases and subsequently damage the
interconnected electrical equipment

The method to calculate the unsymmetrical faults called symmetrical components of the
original unbalanced system was proposed by Dr. D.L. Fortescue in 1918. The principles to the
methodology of symmetrical components functions such that any unbalanced system of
currents, voltage or other sinusoidal quantities is resolve into their balanced system of phasors
and subsequently transferred to its unbalanced system of actual circuit condition by super

position of these quantities [25].

Iy . 1 1 1 Ig
L|=zx|: a a’|x|ly (2.12)
12 1 CI,2 a IB
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The symmetrical current components may be expressed in a matrix form as shown in equation

(2.11) for the three phases namely, | and |, with an operator ‘a’ that represents 120°

R’ IY
phase shift between phases and operator “a,’ that represents a 240° phase shift between
phases, where the red phase 1 is taken as the reference phase. 1, represents the zero phase
sequence, 1, represents the positive phase sequence while 1, represents the negative phase

sequence of the unsymmetrical fault currents in symmetrical components [27]. When the fault

does not include the ground or earth phase namely any line to line, the current | is always

taken as zero thus only negative and positive phase sequence are calculated during non-
grounded fault occurrences.

The unbalanced phasors of the system are represented in the terms of its symmetrical
components of zero, negative and positive phase currents as a result of the phase relationship
which exists between these sequences. The phasor relationship permits the current components
of the zero, negative and positive sequences to be transposed in a matrix’s form as shown in
equation (2.11) to derive the equations for fault currents of each unsymmetrical component to

its symmetrical form as shown in equation (2.12 to 2.14):
|O:%.(|R+|Y+|B) (2-12)

Where, 1= Zero sequence currents, |, = the zero sequence current in the red phase, 1, =the

zero sequence current in the yellow phase and 1, = the zero sequence current in the blue phase.

|1=1.(|R+alv+a2|3) (2.13)
3

Where, 1, = Positive sequence currents, 1, = the positive sequence current in the red phase

I, = the positive sequence current in the yellow phase is flowing 120° out of phase with the

red phase, 1, = the positive sequence current in the blue phase is flowing 240° out of phase

with the red phase.
|2=%.(|R+az|Y+a|B) (2.14)

Where, 1,= Negative sequence currents, 1, = the negative sequence current in the red phase
I, = the negative sequence current in the yellow phase is flowing 240° out of phase with the

red phase, 1, = the negative sequence current in the blue phase is flowing 120° out of phase

with the red phase.

An unsymmetrical short circuit fault current not exceeding 25kA will be simulated for this

dissertation using the symmetrical component logic in the electromagnetic transient simulation
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program derived from the equations (2.12 to 2.14). This fault will allow for the testing of the 3-
phase single pole circuit breaker using both the controlled and non-controlled logic sequence
technology.

In [26], Gevorgian et al. investigates the short circuit fault current behavior for both
symmetrical and unsymmetrical fault using both PSCAD and Cyme software while a more
detailed investigation was concluded on the differentiation between the different types of
unsymmetrical fault currents. The results for both transient software packages produced was
very close to the approximation. The faults were simulated in a system where the impedance
was the same for all tests, this enabled the research of the various types of faults to be completed
on the same parameters since it is known that impedance limits the fault in any power system.
The symmetrical fault current for each phase was as a result of the time of the fault which occurs
at different phase angle for each phase. The variation for each sequence component was
negligible yet not exactly the same as the theory proves. The unsymmetrical single line-to-
ground fault when compared line-to-line fault proved to have a major differentiation, the zero
sequence current was zero for the line-to-line while it had high current reading for the line-to-
line-to-ground fault. The negative sequence current had a higher current leading for the line-to-
line fault when compared to the line-to-line-to-ground fault and the positive sequence current
had a higher current reading for the line-to-line fault when compared to the line-to-line-to-
ground fault [27].

In [25],V. Ogboh, and T. Madueme, state that the analysis of faults in the unsymmetrical
systems of each phase is completed by taking the unbalanced voltages and currents of each
phase and analyzing it as three separate set of composed balanced vectors namely the balanced
three phase sequence currents of the positive , negative and zero sequence. The symmetrical
component methodology is integrated with the artificial neural network algorithm which learns
the network operation patterns therefore assisting in diagnosing the network faults. The
artificial neural network was implemented on the Nigerian power system transmission line.
This technology picked up the type of faults experienced in each protection zone namely zonel,
zone 2 and zone 3 of the transmission line thus providing the utility with a better understanding
of the faults on the network [22].
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2.7 Interruption Phenomena Associated with Faults

2.7.1 Arcing

When a short circuit fault current occurs on a power system, an interruption by the circuit
breaker leads to an arc that is formed between the circuit breaker fixed electrode and movable
electrode as they are separated. The arcing is a result of the high impedance dielectric medium
of the circuit breaker being ionized by the fault current thus allowing a path of conductivity for
the formation of the arc. The short circuit fault is classed as a parallel arc fault as its initiated
by bringing two phases together or a phase and ground. The arc has a resistive, current and
voltage characteristic which determines the arcing intensity. The main effects from an arc is the
heat level and pressure produced from the arc power characteristics thus making it hazardous if
not contained [28].

The arcing times are longer in larger air gap therefore resulting in thermal stress while the arcing
times are shorter in smaller air gap but results in restrikes. Its therefore important that the
interruption optimum point for current interruption must be applied to prevent both of the
extreme conditions namely restrikes and thermal stress [29]. The average arcing time for a 11
KV vacuum circuit breaker is in the region of 5 ms to 10 ms [27]. The circuit breaker selected
for this dissertation will be able to withstand an arcing time of 15 ms.

The detailed research on arcing and its characteristics are covered in the latter part of this

chapter.

2.7.2 Re-ignition

Re-ignition occurs when a circuit breaker with a low dielectric strength trips near a current zero
point due to a short circuit fault current or normal interruption of a capacitor bank thus causing
the current to re-ignite and re-establish within one-eight of the power frequency cycle. Re-
ignition as a result of the over voltage over a period of time can damage electrical equipment
connected to the circuit breaker.

Re-ignition only occurs if the transient’s recovery voltage exceeds the dielectric strength of the
circuit breaker such that there is a breakdown in the air gap which emanates from the cooling
of the hot gases between the two contacts of the vacuum circuit breaker. This subsequently
leads to high frequency currents which exceed the magnitude of the power frequency currents
thus breaking down the dielectric medium of the circuit breaker resulting in re-ignition.

When the changing rate of high frequency current in the zero point is smaller than the high

frequency current quenching capability of a circuit breaker, the high frequency current will be
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extinguished thus preventing re-ignition from occurring. The changing rate of high frequency

in the current zero point is calculated using is the equation (2.15) [30]:

i
d—lz C(t—tye) + D (2.15)

Where, % = the changing rate of current ,C = the rate of rise of breaker high frequency

quenching capability, D = the breaker quenching capability just before its contact separation,
t = the internal time of software (Duration of open time), and, topen = the opening time of the

breaker (At contact separation).

The abovementioned standard rated values of C and D for the vacuum circuit breaker is
provided by the vacuum circuit breaker manufacturer, the changing rate of the current is
subsequently calculated using the equation (2.15) and it varied depending on the circuit breaker
internal time (t) and opening time (topen).

The 17.5 kV rated voltage vacuum circuit breaker with an applied voltage of 11 kV selected for
this dissertation requires a high frequency current quenching capacity in the range of 600

A/ us and a rate of rise of vacuum breaker high frequency quenching capability of 0 A/ us

to ensure the circuit breaker has the ability to quench the high frequency at current zero. Surge
arresters connected line to neutral are recommend to suppress the re-ignition voltage levels and
protect the connected system [31] .

There are other elements which affect the re-ignition in a circuit breaker. In [32] ,Bennendijk
etal. concluded from their experiment that the value of re-ignition voltages increase in a smaller
gap length between contacts while in larger air gap lengths, the re-ignition voltages are lower.
However, the arcing duration is longer. In [33], Yan et al. conducted an experiment to determine
the parameters that effects re-ignition in a vacuum circuit breaker, it was revealed that the
contact type of material, electrode structure type, and the separation distance of the electrode
has an impact the value of the re-ignition. The common copper-chromium (CuCr) material
found in vacuum circuit breaker contact materials was tested using three different copper-
chromium element compositions namely CuCr50/50, CuCr50/25 and CuCr75/25. The
CuCr75/25 element composition proved to have the lowest re-ignition probability. The two
structure types namely the half coil and the cup-shaped axial magnetic structure was tested
under the same supply voltage, current and an applied short circuit fault current of 25 kA where
the half coil structure proved to offer a lower re-ignition value. The recommended electrode
separation after the experiments to increase field strength hence lower re-ignition was proven

to be in the range of 5 to 10 mm for a 17.5 KA rated breaker rated at a short circuit fault current
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of 25 kA [34]. The electrode gap spacing for the vacuum circuit breaker selected for this
dissertation is 10mm, this selection of electrode gap distance will ensure an adequate field

strength is available and to prevent arcing time extension.

2.7.3 Prestrikes

The prestrikes phenomena occur when the electric filed strength exceeds the dielectric strength
between the contacts of the circuit breaker during the closing operation. Prestrikes tend to
produce a current and voltage which flows to the load and the reflected waves of the current
and voltage returns to the circuit breaker terminals. The reflected current returns as a high
frequency current flow arc across the closing gap while the reflected voltage across the contacts
will breakdown the dielectric strength of the decreasing gap during closing operation thus
leading to a prestrike. The adverse effects of inrush current arcs within a circuit breaker also
has a negative impact on the circuit breaker contact surface condition such that as the contact
resistance increases from the effects of arcing, so does the probability of prestrikes.

In [35], Wang et al. indicates that prestrikes are more likely when circuit breakers are used for
the purpose of switching capacitor banks because of the modification to the contact surface.
The research further indicates that phase controlled switching has the ability to effectively
reduce the pre-arcing times and the magnitude of inrush current therefore improving the
condition of the contact surface hence reducing the probability of restrikes. However, the phase
controlled switching is dependent on the prestrike electric field characteristics. Tests results for
arc gaps that are greater than 12 mm in a 12 kV vacuum circuit breaker proved that the prestrike
electric filed characteristic is proportional to the type of material used and the gap distance
which effectively has an impact on the prestrike voltage infiltration ability. Arc gaps greater
than 12 mm with the contact surface material of copper-chromium greater than CuCr5050
proved to provide adequate prestrike voltage infiltration results. The results also proved that the
type of contact materials doesn’t not have any effect on the voltage infiltration when the arc
gap is lower than 12 mm.

The vacuum circuit breaker used for this dissertation will be a single pole operated circuit
breaker which operates on the principles of phase controlled switching. The contact gap will
remain at 10mm with the contact material of CuCr75/25. The aim of this dissertation is to
provide circuit breaker interruption rather than closing hence the effects of prestrikes on the

simulation will not form part of this research.
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2.7.4 Current Chopping

Current chopping occurs when the magnetizing currents causes the current to come to zero
before the natural current zero during circuit breaker interruption. The instantaneous current is
a few amperes at this point of interruption prior to the current zero point which results in the
arc becoming unstable as a result of the current being interrupted abruptly and prematurely. The
initial stages of the abrupt current behavior for the chopping current commences at the point of
interruption. The probability of the chopping phenomena increases when interrupting an
unloaded transformer or high rapturing fuse before current zero which is effectively due to the
small inductive currents such has transformer magnetizing currents which is completed just
before current zero. This is a result of the stored energy from the inductance that triggers
additional voltage transient at the circuit breaker [30].

In [36], Lanen et al. indicates in his research that current chopping in vacuum circuit breakers
are generally higher than other types of circuit breakers. The simulated results from Lanen et al
also indicates that the probability of current chopping is decreased coupled with the arc
remaining in an unstable situation for less time when high current interruption is achieved at
steep current slopes at current zero. This dissertation aims to achieve tripping at the current zero
point using advanced controlled switching technology which aims to reduce the current
chopping effects on a circuit breaker. The default current chopping current will be set to not

exceed 5A as recommend by circuit breaker manufacturer during simulations [37].

2.7.5 Transient Recovery Voltage

When the circuit breaker interrupts a fault prior to the current zero point, the phenomena
succeeding current chopping is termed the transient recovery voltage. The increased current
spike after the 1% current chopping waveform leads to the reduction in the following cycles
current therefore increasing the voltage which is known as the transient recovery voltage [38].
In [39] , A.H. Soloot and H.K. Hoidalen, indicates from their experiment that the transient
recovery value is dependent on the type of load connected to the power system. In a power
system where there are highly inductive loads such as transformers and induction motors, the
transient recovery voltage is higher. The experiment also revealed that the shape of the transient
recovery voltage has an impact on the circuit breakers ability to successfully interrupt. The
higher steepness in the shape of the transient recovery voltage had reduced the arcing times and
prevented restrikes during short circuit current interruptions by the vacuum circuit breaker.

In [40] , the authors, research indicates that in existing modern power systems, the high rate of

rise in transient recovery voltage of up to a few kilovolts per second tend to occur more
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frequently when compared to older power systems. The major change in the power system
which have given rise to the transient recovery voltage is attributed in the implementation of
local generations. An example of this is gas/fuel operated peaking plants which are
implemented by independent power producers. The transformers in the local generation stations
constructed by independent power producers are installed in close vicinity to the generators
which are coupling it to the power network therefore reducing the capacitance in the power
system thus leading to high-frequency transient recovery voltage. Another case of high values
of transient’s recovery voltages are from the short circuit faults that occur on shorter lines that
are a few hundred meters from the circuit breaker where the traveling waves from the faulted
section of the faulted line results in a very high rise in the transient’s recovery voltage. Surge
arresters are applied between the line and the neutral to limit the transient recovery voltage but
they do not have the ability to limit the rate of rise of recovery voltage. However, the limiting
of restrikes can limit the rate of rise of recovery voltage requirements of the circuit breaker.
The 17.5 kV rated vacuum circuit breaker selected for this dissertation will comply to IEEE
C37.04-199 standard, the peak voltage will not exceed 30 kV while the rate of rise of recovery
voltage(RRRV) will be below 0.43kV / us.

2.7.6 Restrikes

Restrikes is a an extreme phenomenon that occurs when the current is interrupted at current
zero and its re-established after 1 quarter or longer of the cycle followed by the transient
recovery voltage [29].The origin of restrikes is the negatively charged macro-particles that are
formed between the contacts within the interrupter medium if the transient recovery voltage
exceeds the dielectric strength of the circuit breaker. The increased negatively charged particles
are not an adequate condition for restrikes as a result of the increased ability of the spark
discharge between the macro-particles and the negative contact thus leading to fires. Research
on the gquantitative characteristics of occurrence in medium and high voltage vacuum circuit
breakers have revealed that no less than 95% of possible restrikes occurs in time 0.3 s from
the moment of arc starvation [41].

The shorter arcing times give way for restrikes to occur due to the shorter gap distances between
the contacts. The larger gaps reduce the ability for restrikes to occur but extends the arcing time
thus resulting in thermal stresses hence it is concluded that the re-ignition of a vacuum circuit
breaker occurring is directly proportional to the probability of restrikes which is affected by the
gap distance between the electrode [29]. The optimum gap distance of 10 mm for a 17.5 kV
rated vacuum circuit breaker as outlined in the research from [34] to ensure minimal or no re-

ignition and restrikes will be applied to this dissertation.
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The institute of electrical and electronic engineer’s standard and the international electro
technical commission standard recommends reducing of the restrikes by using a stray
capacitance connected between the vacuum circuit breaker and the overhead line to facilitate a

time delay (1, yof 0.2 uSin the interruption time which allows for the arcing gap recovery before

the onset of the restrikes and subsequently transient recovery voltage. The value of the required

stray capacitor is determined based on the load impedance on the line (z, ). The value of the

capacitor is calculated using equation (2.16) [40]:

Co=—- (2.16)

Where, CdL = the stray capacitance delay in pf , I, = the time delay for the circuit breaker

psand, ZL = the load impedance of the line in €2. The capacitor value between the vacuum

circuit breaker and overhead line for this dissertation to limit the probability of restrikes will be
calculated using equation (2.16) and will integrated into the simulated model [37].

The energy produced by the restrike is defined by the voltage step of the load side which lasts
for some microseconds. The energy produced by the restrike is the difference in energy stored
by the magnetic field of the inductive load prior to the restrike occurring from the energy stored
by the electrical field of the stray capacitance. The equivalent circuit representative of the
restrike circuit is shown in Figure 2.7 [42].

Circuit breaker

] /)‘E _)
L | 1
—_— > I
1
1
1

Zy ; —1 U
(‘Stray
Feeder Up : Lioad

1
1
1
1
1
A

Figure 2.7: Equivalent Circuit Diagram of Restrike Circuit [42]

This restrike energy is calculated using equation (2.17) — (2.19) [42]:

W, =%.L 12 (2.17)

Where, W = the energy from chopping the load current, L = the inductance of the load, and

| =the load current (<1).
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1
WC = E Cstray- U 2Load (218)

Where, w, = the energy stored from the electrical field of stray capacitance, Cstray = the stray

capacitance, and UzLoad = the peak ignition voltage. The energy stored from the electrical
field(w, ) from equation (2.18) is calculated for each restrike that occurs namely from restrike

“n” to restrike (n-1) where “n” is the total number of restrikes occurred hence the total energy

stored from the electrical field of stray capacitance for the total restrikes is represented by Wcsum

[42]. The total oscillating energy of the restrike W, is the difference in the inductive energy

W\, from the stray capacitance of the circuit as shown in equation (2.19):

Wosc = WL - Weam (2.19)

Where, WosC = the restrike energy produced.

The electromagnetic transient simulation software used in this dissertation uses the
implemented logic from equation (2.17) — (2.19) to determine the total oscillating energy

produced from the entire arc including which includes the energy attributed to the restrikes.

2.8 Electrical Contact Resistance

Fault interruption is achieved by the separation of contacts found in a circuit breaker which
breaks the continuity of current flow in a power system. During the separation, an arc is formed
as a result of the ionized particulars that forms after fault currents has occurred, the current
tracks through air via the ionized air particulars thus causing an arc across the contact points
namely anode and cathode which generates heat energy that causes thermal expansion of the
contacts within a circuit breaker [43].

The contacts are manufactured with a specific resistance which varies from medium to high
voltage circuit breakers depending on their voltage and current carrying capacity. Medium

voltage circuit breaker contact resistance range from 10 £Q to 350 Q) .

When arcing occurs across the contacts, the phenomena of fretting corrosion occurs on the
circuit breaker contacts. Fretting corrosion on circuit breaker contacts is the friction of the
circuit breaker contacts when exposed to electrodynamic forces or thermal expansion that
emanate from short circuit fault currents during fault interruption of a circuit breaker. The
effects of fretting corrosion results in the formation of an oxidation layer which increases the
contacts thickness after being exposed to the heat energy from the arc. The fretting corrosion
also causes micro-displacement from the effects of thermal expansion of the copper or silver

plated copper contact material. The effects of fretting therefore increase the contact size and
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reduces the contacts conductive properties hence opposing the flow of current thus increasing

the resistance of the contact materials [44].

2.9 Contact Resistance Measurement Methods

The practical measurement of the contact resistance to ascertain the circuit breakers reliability
of the circuit breaker is accomplished using either the static, dynamic test method or black

model.

2.9.1 Static Measurement Method

The Static resistance measurement is completed while the circuit breaker contacts are closed at
an instantaneous point which is effectively the average of the contact resistance. Static

measurement is done using either the 2-wire, 3-wire or 4-wire method. The 2-wire method is

applied using a Multimeter which provides accurate measurement between 10 Q2 to 10 MQ2.

The 3-wire method is applied on higher voltage breakers where the resistance is more than 10

MQ. The 4-wire method is the most accurate method where the resistance is below 10€2.
The 4-wire is applicable to medium voltage circuit breaker since the resistance values are in
micro-ohms. The 4-wire method uses two current leads and two sensing leads which eliminates

the voltage drop in the leads further by injecting current greater than 10 A [45].

2.9.2 Dynamic Measurement Method

The dynamic test resistance measurement is completed while the breaker is in the open position
such that current is injected for a few milliseconds before the close command is given to move
the contacts into the closed position. The current and voltage feed, divided, will provide a
dynamic resistance through the circuit breaker operation at every millisecond of the circuit
breaker close operation. The dynamic resistance measurement unlike the static resistance
measurement has the ability to provide further insight into the arcing contact and the eroded

parts of the contacts [45].

2.9.3 Contact Resistance Measurement Method

The conventional approach to measuring the contact resistance using either the static or
dynamics method requires a DC current injected in across the circuit breaker contacts either
from batteries, a capacitive bank or a DC power supply which is usually from 100 A for a
medium voltage breaker or 10 % of the rated current as per IEC 60494. The DC injected and
voltage is used to determine the resistance of the contacts by connecting a Multi-meter through

test leads that operates using the principles of ohms’ law [46].
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The 1939, the 1% unorthodox approach in simulating the arc dynamics was introduced which
led to an era of black model simulations to calculate various arc parameters including the arc
resistance. The details of the varies arc conductance models will be discussed in the later part
of this chapter. The unorthodox approach in simulating the arc dynamics lead to the introduction
of the Mayr model in 1943. The Mayr model measures the dynamic resistance of the arc during
the simulated operation using an electromagnetic transient software [47]. It is eminent that the
heat effects of the arcing on a circuit breaker results in the contact resistance being increased
due to fretting as mentioned earlier [44]. The Mayr model determines the arc resistance
measurement using the arc voltage and arc current similar to the conventional measurement of
contact resistance which uses the principle of ohms’ law. When applying the Mayr arc model,
the power of the arc in watts can also be calculated using the baseline values of voltage, current
and time of the arc that’s available [47]. This power of the arc relative to the energy of the arc
during the circuit breaker operation is calculated from the equation (2.20) — (2.21) [48]:

E =RI%t (2.20)
Where, U = the time duration of I, R = the resistance, | = the current.

The energy of the arc is also represented as:

E=AT (2.22)
Where, A = a function of heat dissipation rate I°t also known as hysteresis losses, T = the
temperature.

The above equations (2.20) — (2.21) demonstrates that for a constant current, if the resistance
increases then the energy output will increases thus leading to an increase in temperature.
Therefore, the energy in relation to the power is presented as:

E =Pt (2.22)
Where, P = the power flow, t = the time duration.

The relationship from the above energy equation (2.22) also proves that the power flow is
directly proportional to the amount of energy dissipated [48].

In this research, the active and reactive power of the arc will be measured using the
electromagnetic transient simulation software. It is also eminent from the law of physics that
for every 1 J of energy produced per second, 1 W of energy is created hence the amount of
power produced by an arc during a fault will assist in determining the amount of energy the arc
produced [49]. Research also indicates that the more energy produced for longer duration will
negatively impact the circuit breaker by increasing its contacts resistance as a result of thermal

displacement and fretting [50].
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One can safely conclude that to determine the effects of the circuit breaker arc during a fault
current, the Mayr model in conjunction with the integration of the power in relation to energy
of arc during the opening operation of the circuit breaker will facilitate in determining the arc’s
impact on the circuit breaker during operation over a period of time. This will subsequently

assist in determining if the circuit breaker contact points resistance will increase.

2.10 Electrical Arc Phenomenon

An electrical arc is a thermal source which generates energy. Electrical arcing requires a
potential difference between two conductors to form. Unlike a spark which is only momentary,
the electrical arc discharge is continuous since it is fed from a continuous electrical current
source. The electrical arc is extinguished when the electrical current source is removed.

The electrical arc in power systems are formed generally on a transmission line or a bus-bars
when short circuiting of the phase to phase or phase to earth connections occur, leading to an
electrical fault. Electrical arcing is also formed in direct current systems such as photovoltaic
panel systems which are used in the generation of power [51]. The electrical arc in the direct
current system which is commonly known as DC arcing does not form part of this research
scope. The electrical arc phenomena also occur within the circuit breaker chamber during
opening or closing of a circuit breaker during normal operation while much larger arc are
formed in the circuit breaker chamber during fault interruption.

The electrical arc intensity is dependent on several factors, some of which are the system
voltage, fault duration, fault current magnitude, arc length and gap distance. The selected
specification by the engineer during manufacturing of the circuit breaker in relation to its power
system application is therefore important since the circuit breaker appropriate ratings assist in
mitigating arc explosion.

The electrical arc produces heat between 7000°C and 35000°C and an intense light lux level
between 108000 lux to 249000 lux at 3 m. The pressure produced by an electrical arc is in the
region of 2711.64 N.m while the sound produced by the arc is around 150 d.b . The above
mentioned arc characteristics are not tolerant by personnel or any object is its vicinity. The
electrical arc flash over may lead to blindness of personnel’s as a result of the bright luminosity
emitted and the heat produced from the arc can result in severe injury or death to personnel’s
who are in close vicinity to the arc. Damage to equipment and property is another compromising
situation faced when arching leads to explosions hence responsive protection equipment is
required to disintegrate the arcing effects swiftly [52].

Taking the above into consideration, it is evident that electrical arcing when created in an

uncontrolled environment can lead to extremely dangerous situations. However, when the
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electrical arc is harnessed correctly and created in a controlled environmental, the electrical arc
can be beneficial. The electrical arc has facilitated the development of modern day technologies
such as the arc in the camera flashes which produce the light that enables the image to be
captured in surroundings with sufficient lighting. Electrical arc is also used for spotlights and
in fluorescent lightning to assist producing a desired lux level of lighting when no natural light
is available. Electrical arc in cutting is also used where the compressed air is combined with a
power electrical arc and converted into a plasma that have the ability to cut through steel.

2.10.1 Arc Characteristic

The electrical arc has a resistance which is inversely proportional to the currents that flows
through the arc. The arc resistance is dependent on three high level characteristic which is
inversely proportional to the arc intensity. These characteristics are as follows [53]:

e The degree of ionization: This is effetely the amount of ionized particles present
between the contacts. The lower the ionized particles will result in a decrease in current
flow thus forming a high arc resistance. The ionized particles are also responsible for
maintaining the arc since it provides a conductor current path flow.

e Length of the arc: The greater the length between the contacts during separation will
increase the arc resistance. The length of the arc is inversely proportional to the potential
difference between the contacts since the elimination of the voltage potential across the
contacts is of a higher magnitude when the contacts are in close proximity.

e Cross-section of arc:  The smaller the medium of which the arc travels through, results
in the current flow in the medium being restricted hence increasing the resistance of the
arc. The cross sectional area during manufacturing of a circuit breaker may be
manipulated to suite the reduction in the arcing.

The electrical arc resistance is inversely proportional to the current flow as outlined above. It
also is eminent that the thermal energy of the arc is increased with the increase in current of the
arc hence we can conclude that the resistance of the arc is inversely proportional to the thermal
energy of the arc [53, 54]. The heat intensity of the arc is determined by the thermal energy
produced which in relation is the amount of heat flux produced. The heat flux of the arc is
broken up into predominately radiant or predominately convective which can be generalized
into four type as follows:

e Moving high heat flux which occurs in open air overhead lines

e Stationary directional high heat flux which occurs at transformer bushings

e Directional hot air exhaust from low heat flux which occurs on low voltage

switchboards.
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e Ejected directional high heat flux arc which occurs in medium voltage switchgear

breakers
This research will be limited to the arc effects of the ejected directional heat flux arc in medium
voltage switchgear. The ejected directional heat flux arc is dependent on the time of the
exposure. The time of the exposure directly related to the fault clearing time. The arc dissipates
the heat energy outwards through opening, radiant and convective heat with superheated air.
Several of the ejected directional high heat flux arc characteristics which determines the arc
intensity is as follows [54]:

e Fault current level : The arc thermal energy is represented in the form of electrical
energy (E = V xI xt). Increase in current will effetely increase the energy out hence
reduction in the fault current will increase the arc resistance. In [54] the behavior of the
arc in relation to the increase in fault current was investigated using high speed video
analysis. The results of the findings over a period of 0.02 s using 50 Hz frequency proved
that the arc accelerates and decelerates as the fault currents are increasing and
decreasing for every cycle that being in a sinusoidal manner. The arc is extinguished at
every instant of the fault current reaching the current zero point on the cycle.

e Duration of the arc: The duration of the arc is increased as the fault current increases or
as the fault current angle changes. This indicates that the high fault currents will make
extinguishing of the arc more difficult hence increasing the duration of the arc. The
delay in fault interruption by the protective equipment also results in the arc duration

increasing. The relationship between current and time is expressed as % where di is
t

the current differential and dt is the time differential. The increase in the % will result

in the fault current interruption ability decreasing. Timeously tripping using reliable
protection systems to interrupt the fault current is therefore essential to avoid the
increased fault current magnitudes.
The relation of the circuit breaker arc characteristics from above, forms a basis of our
investigation on the extinguishing of a circuit breaker arc, both timeously and with the least

impact using controlled switching technology.
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2.10.2 The Electric Arc Initiation

The nature of an arc is like that of a lightning strike. Arc may be initiated in several ways. Some
of the arc initiation formations include the touch method, exposing conductors to air and “Glow
to arc” transitions. The “glow to arc” transition is formed in medium-low voltage power systems
which is the arc initiation formation which forms part of this research investigation.

The “Glow to arc” forms such that the first stage encompasses a “Townsend discharge” where
the free electrons are accelerated by an electric field between two separated conductors of
opposite electrical charge in a gases area with relatively low potential difference thus resulting
in ionization. The ionization causes the current to rise rapidly for a very little increase in voltage
which results in a discharge process thus emitting a glow formation. This discharge glow results
in a dramatic step change increased voltage which accompanies an incremental current. This
subsequently triggers a release of large number of electrons from the cathode that leads to a
continuous breakdown of air. The fault currents on the system or the nominal operating currents
travel through the ionized conductive path between the conductors which transitions the glow
into an arc [50].

The arc phenomena explained above describes the physics of the arc in general that occurs in
transmission lines or bus-bar etc. The circuit breaker arc which is based on the arc principles
explained above is initiated when the fixed electrode and movable cathode, is separated
resulting in the contact area being reduced. This reduction in contact area increases the electron
density which subsequently increases the temperature of the medium near the contacts within
the circuit such has oil, air or gas therefore forcing the heated medium to ionize and act as a
conductor layer to allow for electron flow. This ionization of the medium particulars
phenomenon is called the plasma effect. The heated conductive layer with electrons allow for
the current to flow from the fixed electrode to the movable cathode thus creating an electrical
spark also known as the plasma arc [52]. The technical term “plasma arc” within a circuit
breaker is referred to “arc” throughout this dissertation.

The arc within a MV vacuum breaker is concentrated about 2 ms after contact separation around
the point where the ignition occurs; the arc luminosity is the most when the arc reaches its
concentration points. The concentration levels near the anode area is more in comparison to the
cathode surface. Once the peak of the arc is reached, the luminosity of the arc decreases together

with the decrease in arc concretion thus leading to the extinguishing of the arc.
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2.10.3 Arc Interruption

The arc resistance factors responsible for maintaining the arc is the focal point in ensuring

successfully arc interruption in a circuit breaker. Arc extinction is broken up into two methods

namely the high resistance method and zero current method.

The high resistance method which entails increasing the arcing resistance to provide arc

extinction by manipulating the arc characteristics. The several characteristics that can increase

the arc resistance thus providing arc extinction is as follows:

Increasing the length of the arc: Increasing in the contact points distance, results in an
increased arc resistance to an extent where the arc is extinct. The circuit breaker trip
command which will open the circuit breaker which will effectively increase the spacing
of the contract points during a fault.

Geometry of the cathode and electrode: The electrode gap separation length increase
results in an increase in the arc voltage and an increase in noise amplitude. However,
the potential difference of the arc between the electrode and cathode after contact
separation exceeds a specified distance, prevents the arc to persist. The appearance of
the arc tends to distort with an increase in arc gap and results in the arc peak current
reducing. The specified gap separation during the open state of the circuit breaker
between the electrode and cathode contacts for a 11 kV circuit breaker that will be
applied for this dissertation is 10 mm [55].

Medium of the arc: This refers to the dielectric medium the arc is surrounded by in the
circuit breaker chamber. The arc resistance increases with an increase in the dielectric
strength of the medium. The medium is dependent on the type of circuit breaker used
namely air, oil, Sf6 and vacuum. Each circuit breaker chamber medium possesses
different dielectric strengths which assist in extinguishing the arc by de-ionizing the
charged particles. The air medium emits radiant heat energy in all direction which
hampers its ability to extinguish the arc from the plasma effect thus making it a weak
dielectric medium. The oil medium quenches the arc yet the risk of a fire as a results of
the arc igniting the oil makes this medium unsafe. The vacuum and Sf6 has good
dielectric properties which can reduce the arc plasma effect more efficiently. However,
Sf6 gas is not environmental friendly and has less dielectric strength when compared to
the vacuum medium, hence the vacuum medium is a more suitable option for

extinguishing an arc which will be adopted in this dissertation [54].

The high resistivity characteristics described above is implemented by circuit breaker

manufacturers to increase the gap of the contact and use a deionizing Sf6 gas to ensure the ions
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are de-ionized to facilitate arc extinction [53]. However, the speed in the clearing time using
this method is slower and the extinguishing point of the arc is at a higher current hence causing
the lengthy existence of a high current arc that impacts the circuit lifespan as a result of
increased contact resistance.

The current zero method operates such that it extinguishes the arc naturally at the point when
the fault current reaches the zero point on the current cycle. In spite of the potential rising
voltage across the circuit breaker contacts with a small dielectric strength which can lead to
voltage breakdown known as restriking voltage, the current zero method eliminates restriking
voltage provided that the current is extinguished exactly on current zero point. The
extinguishing of the arc at current zero neutralizes the ions in the contact chamber hence
increasing the dielectric strength of the medium. The current zero method as a result of circuit
breaker idle time and ambient temperature fails to trip the circuit breaker at the exact current
zero but rather near current zero hence this method also impacts the circuit breaker lifespans as
a result of high current arcing effects [54, 56].

Modern day circuit breakers have adopted both the current zero method and high resistance
method which complement each other to reduce the arc impacts on the circuit breaker.
However, the circuit breaker idle time coupled with the temperature within the circuit breaker
medium together with the protection tripping delays prevents the circuit breaker from tripping
at the exact current zero point. Tripping at the exact current zero point rather than the near
current zero point has a difference in arc fault current. This will impact the circuit breaker
lifespan [50, 53].

This research will focus on implementation of the arc resistance and current zero method that
trips the circuit breaker exactly at current zero point by using a circuit breaker technology which
will predict the future current zero times to prevent tripping delays. The extinguishing of the
arc will be accomplished quicker with a lower arc fault current magnitude and duration
therefore, preventing incremental damage to the circuit breaker contacts and related equipment.
This will be achieved by using a technology that will have the ability to take into account the
idle time, temperature of the circuit breaker to allow for circuit breaker tripping lag time
compensation. The implementation of this method with the ability to compensate for the circuit
breaker lag times is called controlled switching. The controlled switching technology will
compliment a vacuum chamber that has a higher natural dielectric medium hence the rate of
de-ionization is higher [56]. The controlled switching will allow the circuit breaker to trip at
the exact current zero point therefore lowering the impact duration of the arc fault current thus
preventing circuit breaker contact damage. The principles and methodology of the control

switching technology will be explained in the latter part of this chapter.
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2.11 Power System Protection

The protection of major power equipment together with the maintaining of quality of supply is
crucial in any power system. However, it is also important that circuit breakers are also
protected in the process since circuit breakers are the key protection component in a power
system which is required to interrupt a fault current, overvoltage or to merely isolate a network
from the entire power system. Circuit breakers generally fail over a period of time from the
effects of arcing from switching operations which causes contact erosion therefore putting the
entire power system protection under risk.

Circuit breakers coupled with protection relays increases the power system supply reliability as
a result of the intelligent logic embedded into the protection relays. However, the logic of the
protection relays is designed to protect the holistic power system by isolating the fault swiftly
to improve the quality of the supply. This protection relays logic neglects the effects of the fault
onto the circuit breaker during the fault switching applications, hence the focus should be aimed
at developing different technologies to improve the circuit breaker reliability. An evaluation of
the various circuit breaker interrupting mediums with ancillaries coupled with the controlled
switching protection technologies and testing methodologies for controlled switching of a
circuit breaker during fault interruption will be reviewed in this chapter in an effort to improve

on circuit breaker reliability.

2.12 Circuit breaker Operation

Indoor circuit breakers are designed to interrupt the continuity of current flow in an electrical
circuit. The indoor vacuum circuit breaker which is applicable to this dissertation consists of
several components which individually contributes to the circuit breaker functionality. The
components and its operation that will be covered are as follows:

e Operating Mechanism

e Main current components

e Closing shaft and connecting links

e Breaker Springs

e Racking Mechanism

2.12.1 Operating Mechanism

The operation of the circuit breaker is achieved manually or electrically. The manual operation

is primarily for maintenance or when the there is no power available to perform the close
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operation of the circuit breaker electrically. The manual operation is achieved by compressing
the closing spring with a manual closing spring charging device such as a charging rod.

The circuit breaker is operated electrically by either a closing solenoid or stored energy
mechanism. The circuit breaker can also be operated using hydraulic, magnetic and pneumatic
mechanism which are primarily used in high voltage circuits which does not form part of the
dissertation scope.

The solenoid design is operated using a closing coil where the coil is energised therefore
actuating the closing mechanism of the circuit breaker thus achieving a circuit breaker closing
operation. The solenoid is an older method which has been replaced by the stored energy
method.

The stored energy design operates such that the circuit breaker utilizes a spring rewind motor
to charge a closing spring to the closed position of the circuit breaker. The close button
energizes the closing coil thus unlatching the closing spring holding latch, which discharged
the spring closing the breaker contracts.

In 2005, CIGRE CB survey results indicates that the major failures on power systems are a
result of circuit breakers and the major failures in circuit breakers which account for more than
70 % of the faults are from operating mechanism failure [57]. Survey results in [2] indicate
that the failures have reduced between 1984 to 2003. The results also depict an increased
implementation in stored energy mechanism from 18 % to 29 % hence the implementation of
stored energy mechanism designs using a spring rewind motor has proved to be more reliable
than the other operating mechanism methods. The more reliable and current stored energy

design will be implemented in this dissertation.

2.12.2 Main Current Components

The main current carrying components are the phase or pole of the indoor circuit breaker which
varies in thickness depending on the carrying requirements of the application. The phase or pole
consist of primary disconnects, primary bushings, moving contact arm and contacts which
operate as follows:

e Primary disconnects: The primary disconnects are a set of silver plated copper fingers
held together with a spring on each phase of the circuit breaker which are permanently
mounted to the breaker bushings that forms the point of contact between the circuit
breaker and the switchboard bus-bar. When the circuit breaker is racked into the
switchboard, the fingers expands thus causing the springs to exert pressure on both the
breaker and cubicle pole thus making a closed circuit between the circuit breaker and

switchboard bus-bar.
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e Primary bushings: The bushings are a solid copper bus-bar with a silver plating at both
ends of the breaker. Each phase will have a supply side and load side of the bushing.
The load side is coupled to the moving contact arm while the supply side is connected
to the stationary contact.

e Moving contact Arm: The moving arm is silver plated copper conductor which is held
by a contact spring that exerts pressure on the bus-bar for a good connection to the
primary pivot point on the load side of the primary bushings. The moving arm is
connected to one end of the contact and the other end is connected to an insulated push
link that connects the moving arm to the operating mechanism.

e Contacts: The contacts vary from air, vacuum and Sf6 circuit breakers. The air and Sfé
circuit breaker has an arcing contact which makes contact first when the circuit breaker
is closed and breaks last when the circuit breaker is opened thus is a sacrificial contact
that is exposed to the arc to protect the main contracts. The main contacts consist of a
silver plated copper body with a silver cadmium oxide material that is attached at the
connection point of the moving and stationary contact which carry the circuit breaker
load. The vacuum circuit breaker consists of only main contacts that are made from
either copper-bismuth or copper chrome allows within a vacuum sealed bottle that’s in
the shape of a cupped axial magnetic design or slotted design. The vacuum circuit
breaker using the copper chrome will be adopted for this dissertation as it assures for
lower chopping currents than with a designs employing copper-bismuth. The shape will
be an axial magnetic field design, which will be used in this dissertation since it offers
a high interrupting current rating as the current flows create magnetic field along the
longitudinal axis of the vacuum interrupter which constrict the arc and forces it to
remain in diffuse mode thus preventing overheating and contract erosion [58].

2.12.3 Closing Shaft and Connecting Links

The operating mechanism is connected to the insulated links via the closing shaft which operate
the moving contacts. The names of the closing shaft vary from suppliers, some of the names
are Crank shaft, Main shaft and Jack shaft. When the circuit breaker is closed, the closing shaft
is turned by the drive lever which is actuated by the cam disc of the charging shaft that is
engaged by the closing spring when the circuit is closing. The opening sequence of the circuit
breaker operates in the same sequence as the closing except for the jack shaft which is turned

by the opening spring.
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2.12.4 Breaker Springs

The circuit breaker has four springs namely the closing spring, opening spring, contract spring
and the mechanism springs. Each of the springs function serves as an important part of the
circuit breaker operation with details as follows [59]:

e Closing spring: The closing spring is the largest spring on the circuit breaker which is
mechanical charged by the spring rewind motor such that it provides energy to close the
circuit breaker.

e Opening spring: The opening spring assist the breaker when a trip signal is issued to
open the circuit breaker. The operating time of the circuit breaker is reduced in
milliseconds when the stiffness coefficient of the opening spring is increased

e Contact springs: The contact springs make the necessary compression to provide a tight
connection between the moving and stationary contacts.

e Mechanism springs: The mechanism springs consist of several springs which facilitate
the latch actuation and resetting operations that are found in the trip latch, close latch

and prop latch.

2.12.5 Racking Mechanism

The circuit breaker is removed from the switchboard compartment by racking it out, the racking
out position also signifies that the specific feeder is isolated form the network. In switchboards,
there are no isolator so the racking out facilitates is a safety mechanism for maintenance. The
racking out of the circuit breaker always allows for easy accessing of the circuit breaker for the
required repairs on the circuit breaker to be carried out. The racking is facilitated by a leveler
which is turned to either racking the circuit breaker in or out. A more modern system used is
called the racking truck system which allows for the circuit breaker to be racked in and out
while the door of the cubicle is closed unlike the conventional racking system. This effectively
reduces the risk of personnel’s being directly exposed to arcing explosion and incorporates an
interlock such that the earthing switch is to be on prior to racking out the circuit breaker [60].
The circuit breaker chosen for this dissertation will have a truck system rack out mechanism.

2.13 Circuit-breaker Classification

The classification of circuit breakers may be categorized into several criteria’s. The method of
classification is dependent on the criteria chosen [61]. The criteria for the classification of
circuit breakers is detailed as follows [61]:

e Voltage Class: In South Africa’s power systems, circuit breakers with voltages up to

41



1kV is classified as low voltage circuit breakers, while circuit breakers with voltages from
11 kV up to 33 kV are classified as medium voltage circuit breakers and voltages above 33
kV are classified as high voltage circuit breakers [62]. The medium voltage circuit breaker
voltage class will be applied for the purpose of this dissertation.

Interrupting medium: The circuit breaker interrupting medium is classified as a vacuum,
air blast, gas or oil. The medium refers to the arcing quenching medium used to extinguish
the arc [63]. The interrupting medium applied for this dissertation will be vacuum.
According to service : The circuit breaker service is classified as an indoor or outdoor
circuit breaker [62]. The service applied for the purpose of this dissertation will be an
indoor circuit breaker.

Type of current: The circuit breaker current type is classified as direct current or alternating
current. The application of the circuit breaker in a power system aids in the classification
of the circuit breaker current type. In traction substations, namely rail applications, direct
current is mainly used while power grids for the purpose of transmitting and distributing
power to consumers makes use of alternating current. There are instances where
transmitting of power is completed using direct current. However, this forms a minimal
part of the power grid. The alternating current circuit breaker will be applied for in this
dissertation.

Way of operation: The circuit breaker way of operation is the methodology used to design
the circuit breaker opening and closing. The way of operation is classified into gravity
open, gravity close or horizontal breaker [63]. The indoor circuit breaker chosen for the
application of this dissertation will make use of a loaded spring which is open by gravity
hence the methodology of gravity open will be applied.

Method of control: The circuit breaker method of control is the method used to open or
close the circuit breaker which may be classified as either locally or remotely [62]. The
indoor circuit breaker for this dissertation will make use of both the local and remote circuit
breaker control method.

Way of mounting: The way of mounting is the mounting position of the circuit which is
classified into front panel mounted, rear of panel or remote panel mounted. The front panel
mounted will be applicable to this dissertation.

Tank construction: The arcing medium is embedded within the tank chamber of the circuit
breaker. The tank construction is classified into a separate tank for each pole or one tank
for all 3 poles of the circuit breaker. In single pole tripping circuit breakers, the tanks are

separated while the 3-pole tripping circuit breakers makes use of one tank. The tank
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construction in the outdoor circuit breakers are also termed either dead or live tank. The
dead illustrates that the current carrying components are covered while a live tank
illustrates are current carrying components are visible. The single pole with 3 individual
tanks will be the classified tank construction applied to this dissertation.

e Arcing medium: The method used to extinguish the arc that is formed during the circuit
breaker opening or closing operation is generally the common classification referred to
when classifying this type of circuit breakers. The arcing medium of a circuit breaker is
classified has oil, air, vacuum or Sf6 [63]. The vacuum arcing medium circuit breaker will
be applied to this dissertation. The arcing medium also assist in identifying the type of

circuit breaker.

2.14 Types of Circuit-breakers

The quality of supply is affected when fault currents occur on a power system which effectively
affects the ability the power utility has to deliver power to consumes continuously. The fault
currents that occur on a power line or electrical equipment such as a generator or transformer
has an ability to damage electrical equipment such as transmission lines, substation and
subsequently switch-station, resulting in poor quality of supply and risk of personnel’s safety.
It is for this reason that protective systems are an important component of an electrical network
to ensure that quality of supply is maintained and electrical equipment are protected. One of the
key components to any protective system is the circuit breaker. This is required to break a power
circuit in an event of a short circuit fault currents, overvoltage or to merely isolate the circuit
from the holistic power system.

Circuit breakers are found in low voltage systems (400 V) to high voltage systems (up to 800
kV). Circuit breakers coupled with protection relays, provide safer switching (opening or
closing) to allow protection of major power equipment such as a shunt capacitor bank, shunt
reactor, transmission line and transformer [6]. Circuit breakers with only the standard protection
relays which are used to pick up on system faults that lead to overcurrent, earth-faults and Under

voltage etc. are labeled as conventional circuit breakers which have no integrated intelligence.

2.14.1 Air Circuit-breakers

Air breaker circuit breakers are indoor type circuit breakers which use the atmospheric pressure

air as an air interrupting medium. The length of the arc is increased using an arc runner which

increases the resistance of the arc as the circuit breaker main contacts are separated. The

increase in arc resistance, increases the voltage drop of the arc making it larger than the supply

voltage therefore extinguishing the arc. The air circuit breakers are used in both alternating
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current and direct current applications ranging from 3.3 kV to 12 kV with a current range of 400
A to 3500 A. The air circuit breaker has two sets of contacts namely the main contacts which
consist of the fixed and moving contact that is made from a low resistance silver plating and
the arcing contacts which are made from copper alloy that is very hard and heat resistance [61].
The principle operation during a fault current is such that the arc is drawn between the main
contacts while the air gets ionized, the arc is cooled to reduce the diameter of the arc while the
main contacts are separated. The current is then shifted to the arcing contacts where arc between
them are forced upwards by the electromagnetic forces provided by the blow out coils and
thermal stroke thus allowing it to travel through the arc runners which increases the arc
resistance and subsequently the splitter plate which cools the arc therefore extinguishing the arc
by deionization with removal of the heat. The disadvantage of the air circuit breaker is the
interrupting medium used is air which has low arc extinguishing properties and the operating
voltages are limited to 12 kV [61].

2.14.2 Vacuum Circuit-breaker

In [29], J. Kaumanns investigates the interruption of the vacuum circuit breaker at different
arcing times. The longer arcing times increases the thermal overload hence increasing the ion
density at current zero therefore leading to a slower extinguishing of the ion. The results also
proved that the voltage shape determines the probability of the restrike which may be related to
the metal particles in the gap which react to both the voltage integral and steepness. The higher
transient recovery voltage steepness had reduced post arc currents during the simulation. The
vacuum circuit breaker will be adopted for this dissertation with the implementation controlled
switching technologies which aims to reduce the effects of current chopping within the circuit

breaker on unloaded networks [61].

2.14.3 Sulphur Hexafluoride Gas Breakers

Sulphur hexafluoride (Sf6) gas is an electronegative gas which has the ability to absorb free
electronics. The properties of the non-inflammable Sulphur hexafluoride gas is such that it
remains in the gaseous state up to 9 kV and liquefies during low temperatures and is five times
denser than air. The principles of operation for the Sf6 gas breaker is such that the moving and
fixed contacts of the breaker are open to a high pressure flow of Sf6 gas when the arc is struck
between them, the gas captures the electrons from the arc to form immobile negative ions which
increases the dielectric strength of the medium thus extinguishing the arc. The Sf6 breaker is
suited for high power and voltage applications ranging from 33 kV to 760 kV [64].
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The Sf6 gas breaker has two construction types namely the non-puffer type and pressure puffer
type. The only circuit breaker that comes close to the effectiveness of a vacuum circuit breaker
in switching applications is the Sf6 gas breaker but its limitation is the greenhouse gas released
during operation [65]. A comparison outlying the vacuum circuit to the Sf6 in switching
applications is tabulated in Table 2.2. The comparison indicates the vacuum to be the preferred

interrupting medium over Sf6 [66,67].

Table 2.2: Vacuum Vs Sf6 Switching Application Comparison [66]

Criteria (Switching) Sf6 Circuit Breaker Vacuum Circuit Breaker
Short circuit current with High DC Suitable Suitable
component
Short circuit current with High Suitable under certain conditions Very Suitable
RRV (RRV>1-2 kV/ms
Transformers Suitable Suitable
Reactors Suitable Suitable. Steps to be taken when

current <600 A to avoid over voltage
due to current chopping

Capacitors Suitable. Re-strike free Suitable. Re-strike free

Capacitors back to back Suitable. In some cases current Suitable. In some cases current
limiting reactors required to limit limiting reactors required to limit
inrush current inrush current

Arc furnace Suitable for limited operation Suitable. Steps to be taken to limit

over voltage.

2.15 Concepts of Switching

The high voltage switching operations for shunt reactors, capacitor bank, transformer and a
power line encapsulate the two types of operations namely “open state” for de-energization and
“close state” for energization [68]. The switching operation is either triggered manually or via
a relay trip signal. This dissertations scope will focus on switching the circuit to an open state
during fault interruption. The interruption of current flow through a power system requires a
break in the power circuit which is completed using the older fuse technology which has
limitation. The fuse interrupts with increased temperature, that is triggered by the increased
power driven by increased current flow from the fault current. The superseding technology for
current interruption is the circuit breaker which is a safer alternative to perform switching
known as non-controlled switching. Non-controlled or conventional circuit breaker switching
has no intelligence and rely upon manual operation or a protection relay signal input to the
circuit breaker trip coil to interrupt a fault in a power system. The protection relay in the system
uses secondary current and voltage inputs to determine overcurrent and earth faults thereby

initiating a trip signal to the circuit breaker. The limitation of conventional circuit breaker
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switching is its inability to achieve interruption at current zero. Hence, a technology called
controlled switching was later developed. Controlled switching functions such that when a fault
is detected by the protection relay, the controlled switching device through a continuous
monitoring of current and voltage input from the connected system together with previous
interruption time data logs aids the controlled switching device in deriving a logical algorithm
to intercept the trip signal to the trip coil with a time delay that enables the circuit breaker to
achieve near current zero interruption. Another technology was later developed called
synchronized switching. It works on the principles of conventional controlled switching.
However, the difference is that the circuit breaker connected can vary the speeds of the contacts
opening or closing to achieve the required tripping time near the current zero crossing [69]. The
pitfall of this technology is that it causes contact bouncing which causes wear on the circuit
breaker contacts that increases the resistance of the contacts thus reducing the reliability and
lifespan of the circuit breaker [70]. A recent switching technology improvement to controlled
switching was introduced called advanced controlled switching. It uses the principles of the
conventional controlled switching technology with the addition of sensors within the circuit
breaker which monitor the ambient temperature, idle time and control voltage to enable it to
factor these values into the logical calculation for the tripping compensation times of the circuit

breaker during fault interruption to achieve accurate current zero interruption [71, 72].

2.15.1 Non-controlled Switching

The non-controlled circuit breakers have only one characteristic for switching a circuit breaker
which limits its ability to achieve tripping near current zero crossing, hence hampering its
ability to mitigate transient in some switching applications therefore impacting the circuit
breakers lifespan.-The switching applications where these various transients occur is as follows
[72, 73]:

e Inrush currents and voltage transient are a result of energizing reactive loads at the
incorrect instant while restrikes occur when de-energizing shunt reactors with
inadequate arcing times thereby affecting the reliability of the equipment.

¢ Intransformers, during energization, the inrush current leading to the arc current within
the circuit breaker is caused by residual flux which is the sum of the voltage component
caused by the flux plus the nominal voltage input to the transformer.

e During capacitor bank energization in large power networks where active power
compensation is required, the unsystematic switching of the capacitor banks generate
transients caused by the potential difference between the capacitor and the power system

voltage also resulting in an arc displacement within the circuit breaker.
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¢ In shunt reactors which are used for reactive compensation on large power networks,
during de-energizing, the inductive characteristics of the reactor causes opposition to
the sudden current adjustment therefore leading to circuit breaker arcing and
subsequently restrikes as a result of the load current deceasing.

When the de-energization of a line occurs as a result of fault current interruption at an instant
deviating from the current zero point, the fault current produces high inrush currents within the
circuit breaker which produces an arc current with high thermal stress followed by a voltage
restrike after current interruption. The high inrush current and the voltage restrike causes wear
on the breaker contacts which impacts the circuit breaker reliability and lifespan [6].

In aid of mitigating the above transient effects and stresses on the power system electrical
equipment, power utilities have realized various switching technologies such as synchronized
switching, controlled switching(point-on-wave) which all aims to reduce premature circuit
breaker wear by taking into account the transients parameters and some also the environment

conditions therefore tripping the circuit breaker near current zero [72].

2.15.2 Controlled Switching

In 1995, a survey conducted in CIGRE TF 13.00.01 indicates that controlled switching have
been the accepted technology by power utilities for shunt capacitor, shunt reactor, power lines
and transformer applications. However, research indicates that circuit breakers using controlled
switching technology in power lines are the least from the other applications used and only
account for 2% of the power line circuit breakers installed [74].

In the last 30 years, since the initial development of controlled switching technology in circuit
breakers, there have been extensive research which investigates the use of controlled switching
in high voltage applications that are greater than 200 KV yet the amount of circuit breakers at
power utilities in high voltage systems greater than 200 A only account for 26.7% as per
CIGRE WG A3.06 survey completed in 2007 [75].

The survey by CIGRE WG A3.06 also indicates that the circuit breaker failures since the
previous survey have reduced marginally. The is attributed to majority of the research being
aimed at controlled switching of high voltage networks and it being aimed at shunt capacitor,
shunt reactor and transformer applications. This only accounts for less than 36.7 % of circuit
breakers installed on power systems rather than medium voltage networks on overhead power
lines which account for majority of circuit breakers on a power system [75]. In the recent years,
an improvement incorporating additional logic processing to the conventional controlled

switching technology was introduced called advanced controlled switching. It uses the
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principles of the conventional controlled switching technology with the addition of sensors. The
sensors within the circuit breaker monitor the ambient temperature, idle time and control
voltage to enable it to factor these values into the logical calculation for the tripping
compensation times of the circuit breaker during fault interruption. The controls initiate the trip
for the faulted phase rather than the entire three phases therefore current is interrupted at a target
instant. The tripping at current zero prediction times are improved therefore reducing the
transients caused during switching and also improving the quality of supply and reducing
electrical and mechanical stresses on the circuit breaker and related electrical equipment [71,
72]. Should the zero crossing not occur within a pre-set time, the circuit breaker will trip
conventionally provided no failures are detected. This modern advancement to the controlled
switching technology will be implemented in this dissertations. The parameters embedded into
logic of the advanced controlled switching technology namely the ambient temperature and
circuit breaker idle time will provide an advancement to the controlled switching technology
are detailed as follows:

e Ambient temperature: The circuit breaker ambient temperature is the measure of the
temperature accumulated within in the circuit breaker from the thermal stress during
operations which is a transformation of electromagnetic energy to heat coupled with the
natural ambient temperature outside of the circuit breaker. The temperature accumulated
impacts the coil resistance which influences the coil current thus leading to the change
in the operating characteristics of the circuit breaker hence increasing the switching
time. The temperature of the circuit breaker will be factored into the logic of the
controlled switching logic to ensure the operating characteristics of the circuit breaker
is adapted to the next tripping operation [71]. The ambient time will be implemented in
this dissertation using a mathematical logic that will assist in determining the controlled
switching device compensation to achieve current zero tripping.

e Idle time: The idle time in circuit breakers which uses hydraulic operated mechanism
rather than spring or electromagnetic mechanism showed a distinct differentiation in
idle times greater than 72 hours, this saturates the circuit breaker therefore increases its
opening times by 2 s as a result of air bubbles dissolved in the hydraulic fluid which
influences the speed of the hydraulic pistons. In addition, mechanical fatigue of the
metal components of the breaker due to insufficient lubrication is also a contributing
factor to the lag. The idle time logic also factors in the delays from historic switching
and incorporates a compensating variable in the pre-set time which continuously
changes as the breaker idle times lapses [71, 72]. The spring operating mechanism for

the vacuum circuit breaker applied to this dissertation will be used to ensure the idle
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times are minimal. The idle time will be implemented in this dissertation using a
mathematical logic that will assist in determining the controlled switching device
compensation time to achieve current zero tripping.

e Control voltage: The control voltage which effectively influences the current through
the coil is only applicable to the closing operation of the circuit breaker since the
operating times from simulations in [71] proved that the times remain the same
irrespective of the applied control voltage hence this will not be incorporated into the
logics of this dissertation.

The protection relay preforming the overcurrent, earth fault or differential protection logic
operations for fault interruption is embedded in the LV compartment of the switchboard that is
completely isolated from the circuit breaker compartment. The same LV compartment where
the protection relay is embedded is where the controlled switching device is installed which has
sensors connected to the controlled switching device to form the advanced controlled switching
device. The logic and pre-set parameters are loading onto the controlled switching device
which uses arithmetic processing logics operations to predict pre-set operating times during
faults taking into account the temperature, idle time and the natural current zero point.

The advantages of controlled switching are improvement in the power quality on the power
network, decrease in electrical and mechanical stresses, therefore decreasing equipment
failures. Controlled switching technology for circuit breakers are mainly found in high voltage
applications that exceeds 132 kV and are commonly used with Sf6 Gas, oil and Air type breakers
[6].The evolving controlled switching technology have been proven to decrease the risk of
electrical equipment failure, improve quality of supply and reduce maintenance costs on high
voltage networks hence the benefits of this have been realized and subsequently implemented
onto medium voltage application. However, advanced controlled switching was never

implemented with a medium voltage vacuum circuit breaker.

2.15.3 Principle of Controlled Switching

Conventional controlled switching uses logical algorithms which determine the time that the
circuit breaker requires to interrupt or switch on a power system to achieve near current zero
tripping. The principles of operation of conventional controlled switching are that the
logarithms are dependent on the electrical inputs to the controlled switching device such as
current and voltage parameters. The current input to the controlled switching device is
transmitted via a current transformer and the voltage input is transmitted via a voltage
transformer. The input current and voltage per phase enables it to calculate the opening time
and compensation time to determine the optimum tripping or switching on time based on the
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connected network parameters. The opening time is the time between input instant of the
tripping command from the protection relay and the instant of opening. The compensation time
is difference between the target opening time and the earliest zero-crossing point. When a fault
is detected by the protection relay, to achieve fault interruption, the protection relay sends the
trip signal to the controlled switching device. The controlled switching device then starts a timer
when the earliest zero-point crossing is detected based on its analyses of the input electrical
parameters and phase angles, once the time has lapsed, the opening command is sent to the
circuit breaker from the controlled switching device to start opening the circuit breaker. The
current phase angle is measured for opening while the voltage phase angle is measured for
closing for controlled switching applications. The opening time is stored within the controlled
switching device as a predicted time to assist in predicting the next tripping time [4]. The
conventional controlled switching proved to be a major improvement to the non-controlled
circuit breaker operations. However, the accuracy of the predicted times is low since the circuit
breakers previous closing time would have been performed at a different environmental
conditions to that of the next tripping time hence the predicted times would differ for each

interruption.

2.16 Rate of Change

The Arrhenius equation is used to measure the rate of change relevant to the circuit breaker
lifespan with reference to the temperature and energy of the arc [76, 77]. The equation is a
formula for temperature dependence of reaction rates. The Arrhenius equation is commonly
used in the evaluation of the thermal endurance of electrical insulating materials within circuit
breakers as recommend by IEC 60216-8 [78].

K =e% (2.23)

Where, E,= the energy produce by the arc in kJ mol™, R = Constant at 8.31J K *mol ™.,

T = Temperature of the Arc in k and K = Kinetic Rate constantin M .S,
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2.17 Reasons for Choosing Advanced Controlled Switching for Fault
Interruption

Majority of the research conducted focuses on the high voltage closing applications with the
use of Sf6 Gas circuit breakers using conventional controlled switching to reduce inrush
currents and transients during energizing (breaker closing) of transformers, shunt reactors and
shunt capacitors. The most recent research on medium voltage applications was published in
the year 2015 by M. Andre et al. in [74]. However, the research conducted doesn’t describe the
type of circuit breakers used in the medium voltage closing applications and only controlled
switching is implemented rather than the advanced controlled switching technology. The
research also did not evaluate fault interruption. The most recent research focusing on circuit
breaker opening for fault interruption was published in the year 2007 by R. Thomas in [79] who
presents fault interruption implementation on a 420 kV high voltage network power line using
a Sf6 gas circuit breaker. Thomas develops an algorithm to clear the simulated faults on an
EMTP namely phase-to-Phase and phase-to-Earth faults with and without earth connection by
synchronizing the trip commands of each phase of a 3-phase breaker with its respective currents

zero times. However, the research did not evaluate medium voltage fault interruption using a

vacuum circuit breaker. Thomas applies the R—L model using the conventional controlled
switching equation (2.24) which is based on Laplace transforms that is applied when calculating
the instantaneous fault time for a high voltage power line.

AT (t) 1. [sin (@t + a — @) —sin (a — ¢)-e™ 7] (2.24)
Where, ATr = the fault current logic instantaneous time, I = the fault current time, t = the time,
o = the power system frequency, o = the phase angle of the phase voltage when the fault is
initiated and t = the time constant of the symmetrical transient component of fault current.
The equation (2.24) illustrates the voltage phase angle has more influence on the fault current
zero trip times during the transient stage than the time constant(t). The equation provides insight
to the current zero tripping times which serves has one of the input parameters to the controlled
switching device to predict the holistic compensation times of the circuit breaker.

The literature reviews on the controlled switching of a 11 kV vacuum circuit breaker
switchboard for fault interruption was challenging due to previous studies not investigating
fault interruption using advanced controlled switching on a medium voltage indoor vacuum
breakers. Each literature source. However, provided an insight into the individual components
of the research which aided with direction on this research topic. Currently there is no published
research on implementation of advanced controlled switching on Medium voltage power lines

using a single phase indoor vacuum circuit breaker for fault interruption. This leaves one with
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unanswered question on the impact the vacuum breaker technology coupled with the advanced
controlled switching technology will have, on Medium voltage power lines for fault
interruption. The arc extinguishing times and inrush currents effects may possibly be reduced
further by using this technological combination. The benefits of this implementation may
increase the lifespan of equipment and improve the quality of supply of the power network.
This dissertation will focus on implementation and analysis of an advanced controlled switching
technology on a 11 kV switchboard vacuum breaker of a medium voltage power lines for fault

interruptions to find the results in this uncharted area.
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Chapter 3

Modelling and Simulation

3.1 Introduction

Circuit breakers used in industries and power utilities are subjected on a daily basis to the effects
of arcing during energizing and circuit breaker interruption. The effects of the circuit breaker
arcing, reduce the lifespan of the circuit breaker and related power system equipment. If the
magnitude or duration of the arc is reduced, this reduces the impact on the circuit breaker and
subsequently improves the circuit breaker and related equipment’s lifespan. The ways of
reducing the effects of arcing are investigated in this study using the advanced controlled
switching technology on a circuit breaker. Documented in this Chapter, the tools, components
with specifications, the simulated model and its process workflow used to achieve the advanced
controlled switching. The 3-phase Line-to-Earth fault interruption was explored using the
conventional controlled switching as defined by equation (2.24). The results obtained was
compared with the results from the PSCAD electromagnetic transient simulation software
simulated model to determine how well the results agrees. The impact of the non-controlled
circuit breaker during a fault interruption relevant to the interruption phenomena were obtained
using the PSCAD electromagnetic transient simulation results only.

The non-controlled switching simulated results was subsequently used as the basis of comparison
for the exploration of the advanced controlled switching circuit breaker results when exposed to
the 3-phase Line-to-earth fault. The advanced controlled switching 3-phase Line-to-Earth fault
interruption time results were obtained using the predicted time, controlled switching logic
equation which takes into account the effects of near current zero timing, ambient temperature,
and idle time. The 3-phase Line-to-Earth fault interruption time results as presented in this next
Chapter for the advanced controlled switching circuit breaker and this was firstly compared with
the non-controlled circuit breaker, then subsequently compared with the results from the PSCAD
simulated model for verification. The interruption phenomena result for the faulted phase for
both the advanced controlled and non-controlled were obtained using the PSCAD

electromagnetic transient simulation.
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3.2 Analytical Modelling

3.2.1 Arc Models

Arc models are used for the modelling the arc fault current and the arc conductance. The arc
models are classified into different models based on graphics, physical models and the black box
models. These models can incorporate equations with design parameters as attributed to the
expression to obtain the arcing characteristics. The physical form is the actual testing of the
circuit breaker in real time under laboratory conditions [80]. The black box model is a simulation
model using the electromagnetic transient software which describes the relationship between the
input and output signals. The logic of the arc is described by differential equations as related to
the arc characteristics. The arc model types available are the Cassie arc model, the Mayr arc
model and the Schavemaker arc model.

The Cassie arc model has a fixed temperature parameter that is cooled by forced convention. This
implies that the cross-section area of the arc is proportional to the current with the arc voltage
constant. This model is only suitable for high current time intervals when the plasma temperature

of the arc is more than 7726.25°C [81]. The Cassie model equation for arc conductance is defined

as:

2
1.dg:£ us (3.1)
gdt 7 \Uc?

Where, g = the arc conductance, T = the arc time constant, Uc?® = single phase voltage constant

and U = the arc voltage across the breaker.

The Mayr model, the time constant and cooling power can either be a constant function of
electrical quantities namely conductance, current or voltage. The Mayr model is suited for arc
modelling near the current zero point when the plasma temperature is less than 7726.25 °C [82].
Hence, based on this characteristic, this is the preferred model for this study. The time and
cooling power was kept constant during the simulations. This was completed to limit the
interference of the arc characteristics by varying the manufacturers rating. This model provided
the basis of comparison between the controlled and non-controlled switching. The Mayr arc
model equation is defined as:

1dg _ding _1( u* (3.2)
gdt dt 7 (Uc?

Where g = the arc conductance, 7 = the arc time constant, U = the arc voltage across the breaker

and 1= the arc currents.
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The Schavemaker model is based on the Mayr model but modified with the addition of the total
cooling. The power constant used is split into two parameters namely the cooling power constant
and the cooling constant [81].

P=F+R (3.3)

Where, P = total cooling power constant, Po = the cooling power constant in Watt and P = the
cooling constant. The cooling constant Po is the cooling power of the circuit breaker. The cooling
constant Py represents the regulation of influence of the electrical power inputs on the circuit
breaker cooling power therefore, it also represents the pressure built-up in the breaker caused by
ohmic heating of the extinguishing medium by the arc. The cooling constant and cooling power
constant in this study was not varied during simulations but rather kept at the specified rating

predetermined by the manufacturer. The Schavemaker arc model is presented as [83]:

1dg _ding _1f ui (3.4)
g.dt dt T \ R +R]i

Where g = the arc conductance, 7 = the arc time constant, p, = the cooling power constant in

Watt, P1 = the cooling constant, U = the arc voltage across the breaker and 1 = the arc currents.

The goal of this study with reference to the power characteristic is to ascertain the energy output
of the arc during the non-controlled circuit breaker switching fault operation and the controlled
circuit breaker switching operation under the same cooling power constant and cooling constants.
Thus, varying the cooling power constant and cooling constant was not favourable as it will result
in multiple variables with inconstancies in the simulated results. Hence, the additional splitting
of the total power constant in the Schavemaker model proved to be unsuitable for the purpose of

this study.

3.2.2 Arc Voltage Model

The flashing and dynamic behaviour of the arcing is attributed to the voltage characteristic of the
arc [50]. The sustenance of the arc in a medium voltage system is dependent on a large voltage
drop across the contact points since the voltage potential increases the ionizing potential of the
air near the contacts. The higher ionizing potential at the contact points results in a large part of
the voltage appearing across the contact points region. The gap length and the cross sectional
area between the contact points also has an impact on the voltage drop, the larger the gap, the
lower the potential difference across the gap hence reducing the ionization potential thus
increasing the arc resistance [50]. It is evident from the abovementioned characteristics which
depicts that the voltage and resistance are dependent on the length of arc. The representation of

the Mayr arc model of the arc voltage is mathematical represented using equation (3.5) [84]:
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wolla )

Where, G = L = the arc conductance, P = the cooling power constant, U = the arc voltage
13

across the breaker and 1 = the arc currents. The arc voltage is calculated using equation (3.5)

which is further broken into the anode and cathode total fall voltage The increase in the arc

voltage (Uarc) is defined as follows:

Uarc =U06+UOS (36)

Where, an = the total fall voltage and UOS = the increase in arc voltage.

In [85], the authors, inferred from their research that the arc voltage produced during a short
circuit fault current is dependent on the arrangement of the electrodes and is directly proportional
to the arc power produced. The research also indicates that the arc voltage is dependent on the
initial pressure in the electrical installation. Thus, installation of arc pressure chutes on indoor
switchboards are recommend to decrease the gas density thereby reducing the effects of arcing.
The medium voltage arc behaviour magnitude is dependent on the relationship between the
electric input power and the power lost through heat dissipation of the arc. Using the parameters

from the Mayr arc model, the power loss to the arc is calculated using:

I:)Arc = (UO + rO'|iarc)|'iarc (37)
Where, PArC = the power lost to the arc, UO = the contact voltage per arc length, I, = the resistive

component per arc length, iarc = the instantaneous arc current and | = the time-dependant arc

length. The power loss of the arc which transposes to heat energy impacts the contact points
resistivity as a result of the heat flux therefore leading to inefficient equipment which
subsequently results in equipment failure.

It’s evident that the initiation of any arc is highly dependent on the potential difference between
contacts points and the length of the arc hence circuit breakers are used to assist in maximizing
the contact distances thus reducing the potential difference. The disadvantage of using the circuit
breaker only for contact separation is its limitation on contact distance and its lengthy time
required to reach contact separation hence additional methodologies in conjunction with the

circuit breaker are required to extinguish arcing.
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3.2.3 Arc Fault Current Model

The electrical arc fault current produced in a circuit breaker chamber when exposed to a short
circuit fault current is determined using IEEE 1584 arc evaluation method as defined by
equation (3.8) [86] :

Ig(la) = 0.00402 +0.983Ig(1B) (3.8)
Where, Ig(la) = the arc fault current and I1g(1B) = the short circuit fault current.

The short circuit fault current of the power system increases over a period of time as the power
system network expands with additional equipment being installed. The short circuit rating of
the circuit breaker is specified based on a 20-year forecasted period which is the average
lifespan of a circuit breaker. This is to ensure that the short circuit rating of the circuit breaker
is adequate to withstand the increased short circuit fault currents on the power system as the
grid expansion occurs [87].

The calculation of Ig(la) using the forecasted 20-year short circuit fault current value is
therefore important to ensure that the circuit breaker arc fault current of 20 years ‘may be
endured by the circuit breaker. The short circuit fault current is obtained from the circuit breaker
manufactures rated short circuit fault current data. This ensures the short circuit current rating
of the circuit breaker used was adequate to withstand the initial arc fault current and future arc
fault currents. This prevents protection failure and subsequent damage to equipment. Hence,
the arc fault current was calculated using equation (3.8) for this study.

3.3 Component specifications

3.3.1 Circuit-breaker Specification

The MV vacuum circuit model 3AH373 was selected for this dissertation. The specification
of the MV vacuum circuit breaker is tabulated in Table 3.1 which complies with the IEC
62271-100(2012) standard.

57



Table 3.1: Circuit Breaker Specifications

Chapter 3

Circuit breaker Characteristic Description Rated Simulated
Rated voltage 17.5 kV 11 kv
Asymmetrical breaking currents 73 kA 25 kA
Chopping Currents - 5 kA
Rated operating currents 4000 A 211 A
Short circuit currents rating for 3 seconds (ls): 50 kA 25 kA
Rated short duration currents (1) 3s 0.05s
I Segregated pole -
Pole tripping tripping
Breaker open resistance 1.60 -
Breaker closed resistance 1e-60 -
Frequency 50/60 Hz 50 Hz
Rated lighting impulse within voltage (Up) 110 kV -
Rated short-duration power frequency within voltage 50 kV -
Short circuit breaker currents operation sequence CO-30min-CO -
Temperature Operating range 5°C to +40°C 5°C to40°C
Rated Supply Voltage for coil 110V 110V
Closing time 75 ms N/A
Opening time 30.01°C 30.0 ms
Arcing time 10.5ms 10.05 ms
Idle time Not specified Variable
Clear fault without opening breaker Not specified N/A
Electrode spacing 10 mm 10 mm
Capacitance connected between breaker and line value 2.9¢8 2.9¢8
Vacuum Pressure p<10°Pa p<10°Pa

The breaker timings are explained as follows:

e The closing time of the breaker is the period between the command of the closing and the

point of contact of all the poles

e The opening time refers to the period between the command and the opening of the last

pole.

e Arching time is the period from the start of the first arc to extinction of all the arc.

e Break time refers to the opening time plus the arcing time.

The chopping current of the selected MV vacuum circuit breaker is in the region of 5 A which

is the maximum rated chopping current specified by vacuum circuit breaker manufacturer

[37]. The simulated model on PSCAD allows for 5 A chopping current cycle to occur.
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3.3.2 Power Supply (Source) Specification
The simulated power source chosen comprises of the source feed from the power utilities

using a YNd1 88/11 kV transformer, hence, the phase angle shifts HV/MV winding

configuration of the source is 30°. The power factor chosen is 1 pf which is taken to be an
ideal source which means no reactive component exist:

Table 3.2: Power Supply Specifications

Source Description Specification Applied
Source Voltage 11 kv 11 kv
Power Factor (p.f) 1 1
True Power (P) 4000 kw 4000 kw
Apparent Power (S) 4000 kVA 4000 kVA
Reactive Power (Q) 0 kVAr 0 kVAr
Frequency 50 Hz 50 Hz
Vector Group YNd1 -
Voltage Ramp Up 0s Os
Voltage phase angle 30° 30°

3.3.3 Conductor Specification

The feeder network from the outgoing tested circuit breaker to the loaded area is via an
overhead network. The cable network has a better aesthetics and requires less maintenance
when compared to the overhead line. However, the overhead line has a cheaper installation
when compared to the cable network due to the area of the conductor being smaller hence less
copper is being used. Cable networks are recommended for the urban areas while overhead
networks are preferred for rural areas. This dissertation result on the circuit breaker is
applicable to the cable and overhead network as this does not have a significant effect on the
simulation parameters and results. However, for the purpose of testing, the overhead line is
selected. The MV line conductor code name HARE is selected for the conventional and

controlled PSCAD simulation process with characteristics shown in Table 3.3.
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Table 3.3: Conductor Specifications

Conductor Characteristics Specification Applied
Overall area 122.48 mm? 122.48 mm?
Conductor outer radius 0,00708 m 0,00708 m
Conductor thickness 0.00 003342 m 0.00 003342 m
Ultimate tensile strength 36000 N <36000 N
DC resistance at 20°C 0.2733Q2/ km 0.27332/ km
DC Resistance at 50°C 0.3063 2/ km 0.3063 €2/ km
Conductor Relative Permeability 1.0 -
Currents rating 360 A 300 A
Currents rating at 50°C (Normal) 292 A <292 A
Currents rating at 50°C (Emergency) 380 A <380 A
Conductor type ACSR -
Voltage 33 kV 11 kv
Length of line N/A 25 km
Cores Single Core 3x single cores

The outgoing feeder network selected for the purpose of this dissertation, is a 3-phase hare
conductor that connects at the circuit breaker on the source end, and subsequently connect at

the ring main unit on the load end.

3.3.4 Stray Capacitance

The stray capacitor is connected between the vacuum circuit breaker and the overhead line to
facilitate a time delay of 0.2 s in the interruption time which allows for the arcing gap recovery
therefore reducing the effects of transient recovery voltage. The stray capacitance is only used
on the advanced controlled switching circuit breaker circuit in efforts to reduce the probability
of restrikes due to the current zero tripping. The value of the capacitor selected for this
dissertation is calculated using equation (3.9) — (3.10):

Line Impedance is:
Z =Pll (3.9)
Where, z, = Impedance of the line, Pl = Resistivity of the line and | = Length of the line.
Z, =0.27337°x25

=6.8325Q

Stray Capacitance is:

c, -l

, 3.10
- (3.10)

_ 0.2s
6.8325Q
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= 29255.65 uF

Where, C; = the stray capacitance delay , t; = the time delay for the circuit breaker and z,_ = the

load impedance of the line .

3.3.5 MV Structure Specification

The MV H-Pole structure assist in stringing the hare conductor of the outgoing feeder to the

load areas. The structure chosen is shown in Figure 3.1.

A - 2
B & EEb R R O

: 11 [m]

E i Bus: B3H
i E 0 [m]

: : N

Figure 3.1: MV H-Pole Line Structure

The MV H-Pole structure selected as per SANS:754 AND SANS:457-3 for the conventional

Chapter 3

and controlled PSCAD simulation possess the characteristics shown in Table 3.4.

Table 3.4: MV H-Pole Line Structure Specification

Line Structure Characteristics Specification Applied
Pole Material Wood (Creosote) -
Impregnation treatment Creosote -
Bus Height above ground(Pole) 0m -
Horizontal spacing between phases 1.6m -
Relative X centre of bus centre on right of way om -
No. of Structures used - 84
Curve Fitting Starting Frequency 0.5 Hz -
Curve Fitting End Frequency 1.0e6 Hz -
Maximum Fitting Error for Prop. Func 20 -
Cross arm 45m -
No. of cross arms 2 -

Modulus of Elasticity

11000 N / mm?

3.3.6 Protection Relay Specification

The protection relay selected to provide protection against over current and earth faults for
this dissertation is the Schneider electric Micom P145 relay. The Micom P145 relay possesses
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the functionality required to protect the protection system coupled with it being reliable and
economical viable. The Micom P145 relay model selected from the Cortec tables ordering
schedule is 323A2BMO0B38M. Each letter on the model number comprises of the options
chosen [88]. The specification of the protection relay utilized is shown in Table 3.5.

Table 3.5: Protection Relay Specification

Relay Characteristics Specification Applied
Relay DC Input 110-250 Vdc 110 vdc
Logic input/outputs 16 -
Communication Protocol Modbus/DNP3 Modbus
Protection Functionality OC/EF, SEF, REF OC/EF
Mounting Flash panel mount -
Protection Time characteristics IDMT/DT DT
Nominal current (In) 1/5 A 1A
Operating temperature range -25°C to +55°C 5°C to +40°C

3.3.7 Current Transformer

The current transformer(CT) applied in this study is for the purpose of both protection and
measurement. The selected current transformer comprises of two cores of which one is
allocated for the protection and the other for measurement. The protection core provides a
current input to the protection relay while the measurement core assists in reading the level of
current passing through the simulated model. The current transformer specifications applied
is documented in Table 3.6.

Table 3.6: Current Transformer Specifications

CT Characteristics Specification Applied
Voltage 22 kV 11 kv
Primary Turns 1 -
Secondary turns 300 -
Secondary Resistance 050 -
Secondary Inductance 0.0008 H :
Frequency 50 Hz )
Area 0.0065m’ -
Remnant Flux 00T -
Flux density at Knee point 1.0T -
Eddy Current loss 01w -
Hysteresis loss coefficient 01w -
Burden Resistance 050 -
Burden inductance 0.0008 H -
Core 1 Class Protection ( PX) -
Core 2 Class Measurement (Class 0.2) -
Core 1 Ratio and Core 2 Ratio 800/400/200/1 A MR 400/1 A
BIL 150 kV -
Isc 25 kA/ 3 Sec -
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3.4 Summary of PSCAD Power Circuit Components

Table 3.7: Summary of PSCAD Power Circuit Components

PSCAD Power circuit component description

Power Circuit Breaker | MV Line Load
Specification Source Breaker Arc
Rated Voltage - 17.5 kv 33 kV
Frequency 50 Hz 50 Hz 50 Hz 50 Hz
Source Voltage 11 kv 11 kv 11 kv 11 kv
Source Currents 292 A 292 A 292 A 292 A
Rated Short circuit - 31.5kA - -
Rated Currents - 4000 A 360 A -
Name (Type) Indoor Hare Residential

Vacuum Aluminium
Conductor

Power Supply 4 MW 4 MW
Load - 4 MW - 4 MW
Pole Tripping - Single Pole - -
Distance - - 25 km 25 km
Breaker open resistance - 1.90 - -
Breaker closed - 1e-90 1e-9Q - -
resistance
Rated lighting impulse - 110 kv - -
within voltage (Up)
Arc model - - Mayr - -
Arc time constant - - 0.3 US - -
Arc cooling Power - - 35 kW - -

3.5 Modelling Concept for Temperature Controller

The temperature measurement in a real time advanced controlled switching circuit breaker
operates such that it has a temperature sensor that provides the function similar to a
thermometer also known as a resistance temperature detector (RTD). The temperature sensor
measures the hotness or coolness of the surrounding temperature using a variable resistor that
changes the resistance indirectly proportional to the change in temperature. The sensor
measures the temperature of the object on the principle that if the voltage difference between
the transistor terminal and the emitter increases, then a signal is generated to increase the
temperature.

The temperature of the circuit breaker changes with the environment the circuit breaker is
within, which is a combination of the electrical heat energy produced through the electrical
system together with the ambient temperature. The selected infrared radiation sensor for this
dissertation is connected to the advanced controlled switching circuit where the temperature
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increase or decrease is directly related to a millisecond delay or compensation of time to
ascertain the circuit breaker tripping time during fault currents.

The temperature measurement on the controlled switching circuit breaker measures the
temperature of the electrical system heat energy produced in relation to its operating current
within the circuit and the ambient temperature relevant to the circuit breakers housed
environment. The logical measurement of the electrical system temperature works on the
principal of heat energy dissipation using equation (3.11). We have the relationship between
Heat with Voltage and Current first:

H=I12Rt (3.11)
Where, H = Heat Energy, | = Current, R = Resistance, t = Time of simulation.

The temperature from the heat energy generated in the circuit is calculated on the principal of
1 joule being equivalent to 5,271e3°C hence the above equation (3.11) for heat energy was

modified to calculate the temperature generated using equation (3.12):
T =1°R1.(5,271e7) (3.12)

Where, T = Temperature, | = Current, R = Resistance and t = Time of simulation.

In a medium where two source temperatures are present, these temperatures do not have a
linear relationship. The higher temperature in the medium dictates the overall temperature
within the medium [89]. The logic circuitry using PSCAD incorporates the two temperatures
and automatically defaults to the selection of the higher temperature.

The ambient temperature which is referred to the air space around the circuit relating to its
environmental. This ambient temperature for the purpose of the simulation may be set by the
user at various temperatures from -5°C to 40°C. Both temperatures are subsequently
processed to depict the time delay in relation to the temperature.

The delay times will be calculated for each degree in the positive and negative directions of
the ambient temperature range to provide the circuit breaker controller with continuous loop
feedback on the pre-calculated timings inputs based on its existing temperature. The logic of
the temperature in the simulation will mimic the real time application of an infrared
temperature sensor.

In [6], the relationship between the time delay in opening and closing a circuit breaker for
every increase in degrees Celsius was established. In a circuit breaker where the temperature

ranged from -40°C to 40°C , the circuit breaker opening time was delayed for 30 us/°C when

using a spring rewind circuit breaker at base temperature of 40 °C . The temperature logic

at an ambient temperature of -5°C to 40°C will be implemented as indicated in Table 3.8.
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Vacuum - Spring Rewind - Temperature Delay

Temperature (-5°C to 17°C)

Temperature (18°C to 40°C)

Temperature Opening Closing | Temperature | Opening Closing

(°C) Circuit Circuit (°C) Circuit Circuit

Breaker Breaker Breaker Breaker

Delay (ms) | Delay (ms) Delay (ms) | Delay
(ms)
-5 1.38 3.22 18 0.69 1.61
-4 1.35 3.15 19 0.66 1.54
-3 1.32 3.08 20 0.63 1.47
-2 1.29 3.01 21 0.6 1.4
-1 1.26 2.94 22 0.57 1.33
0 1.23 2.87 23 0.54 1.26
1 1.2 2.8 24 0.51 1.19
2 1.17 2.73 25 0.48 1.12
3 1.14 2.66 26 0.45 1.05
4 1.11 2.59 27 0.42 0.98
5 1.08 2.52 28 0.39 0.91
6 1.05 2.45 29 0.36 0.84
7 1.02 2.38 30 0.33 0.77
8 0.99 2.31 31 0.3 0.7

9 0.96 2.24 32 0.27 0.63
10 0.93 2.17 33 0.24 0.56
11 0.9 2.1 34 0.21 0.49
12 0.87 2.03 35 0.18 0.42
13 0.84 1.96 36 0.15 0.35
14 0.81 1.89 37 0.12 0.28
15 0.78 1.82 38 0.09 0.21
16 0.75 1.75 39 0.06 0.14
17 0.72 1.68 40 0.03 0.07

using the arc voltage and arc current similar to the conventional measurement of contact

is also eminent that the thermal energy of the arc is increased with the increase in current of

energy produced which is in relation to the amount of heat flux produced which in essence

resistance which uses the principle of ohms’ law.

determines the impact of the circuit breaker.
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The temperature controller uses the Mayr model logic which determines the arc resistance

The electrical arc resistance is inversely proportional to the current flow as outlined above. It

the arc hence we can conclude that the resistance of the arc is inversely proportional to the
thermal energy of the arc [59, 60]. The heat intensity of the arc is determined by the thermal
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3.6 Modelling Concept for Idle Time Controller

The idle time of a circuit breaker is difficult to quantify without the influence of the ambient
temperature in the room. Research in [6] indicates that there is not sufficient research data
available to quantify the effects of idle time on a circuit breaker. The data which is available
represents the idle time of a spring operated circuit breaker. The spring circuit breaker data
indicates delays during opening operation over a 65-day test period which does not provide
sufficient sampling data logs to obtain an accurate idle time delay estimate. Extensive funding
is required to carry out these idle time tests to produce more accurate statistics on idle time.
This in essence limits the accuracy of our idle time logic controlled circuit when simulating
using PSCAD. However, the data in set produced in [90] even with its sampling period
limitation had proven to be consistent over a period of 50 days.

Research indicates that the general medium voltage line circuit breaker operates at an average
of between 4 to 40 times a year [91]. If we abstract the average of this data, a MV line circuit
breaker trips almost every 10 days which in effect validates the use of programming the logic
for the idle circuitry over a period of 50 days rather than over an annual circle. The idle time
delay over a 65-day period does not exceed 0.2 ms hence the effects are minimal. However,
when the controlled logic circuit is programmed to trip at the current zero crossing, the 0.2 ms
impacts the current zero tripping instant significantly [90]. The controlled logic idle time will

process a delay of 3.1 s/ day the circuit breaker is idle for the purpose of this dissertation. In

essence for a period of 50 days, the idle time will be incorporated into the PSCAD simulated

logic as per the Table 3.9.
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Table 3.9: Circuit Breaker Idle Time Delay Logic

Vacuum - Spring Rewind - Idle Time Delay
Idle Days ( 1 to 25) Idle Days (26 to 50)
Idle Days Idle Time (us) Idle Days Idle Time (us)
1 3,1 26 80,6
2 6,2 27 83,7
3 9,3 28 86,8
4 12,4 29 89,9
5 15,5 30 93,0
6 18,6 31 96,1
7 21,7 32 99,2
8 24,8 33 102,3
9 27,9 34 105,4
10 31,0 35 108,5
11 34,1 36 111,6
12 37,2 37 114,7
13 40,3 38 117,8
14 43,4 39 120,9
15 46,5 40 124,0
16 49,6 41 127,1
17 52,7 42 130,2
18 55,8 43 133,3
19 58,9 44 136,4
20 62,0 45 139,5
21 65,1 46 142,6
22 68,2 47 145,7
23 71,3 48 148,8
24 74,4 49 151,9
25 77,5 50 155,0

3.7 Modelling Concept for Fault Current Logic Controller

Single pole circuit breaker tripping is applied to this dissertation hence the fault trips the
faulted circuit breaker pole, wait for 3 ms and subsequently return the circuit breaker to its
normal state if the fault is cleared successfully on that faulted phase. This technology prevents
the remaining circuit breaker poles from completing opening therefore maintaining the power
supply to the consumers. The fault current logic controller for this dissertation, therefore only
measure the phase angle on the faulted phase rather than entire 3-phases simultaneously.

The fault phase angle and its related parameters are used as inputs to the fault current logic
controller using the logic derived from equation (3.13) to determine the fault current time

instant in relation to the system frequency [6].
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T =l [sinfo-t + a — p)-sin (a — ¢)-e" 7] (3.13)
Where, T, = Fault current logic instantaneous time, {= time, @ = 2xf; f = power system

(fundamental) frequency, @ = phase angle on phase voltage when fault initiated, |- = fault

current magnitude, L = source-to-fault inductance, R= source-to-fault resistance,

tan(p) = (%L) and T:%; time constant of the asymmetrical transient component of fault

current. The fault angle time instant signal that is processed using the logic from equation 3.13
in relation to the current waveform is subsequently sent as an input signal to the predicted
current zero controller to provide a basis for its logical processing.

3.8 Predicted Current Zero Controller

This advanced controlled switching integrated logic uses the principals of summation and
comparator logic to provide swift fault clearing times coupled with reduction in arcing effects
and inrush currents [4]. The predicted controlled trip time is formulated using equation (3.14)
which forms part of the advanced controlled switching logic:

To= [(T0)) + (ATuy+ ATt Tl [(Ta)) + (AT + ATy + Ty J]+001  (3.14)

Where, T, = Predicted current zero trip time, T, = Fault current logic instantaneous time,

AT =Compensation time based on temperature times, AT, = Compensation time based on

temp
idle time and Ty, = Standard Vacuum breaker opening time. The predicted current zero

controller module determines the future current zero trip time with the use of the fault current
time as reference point coupled with the summation of the idle, temperature and standard time
delays. The circuit breaker delays in conjunction with the fault time instant is processed to
ascertain the trip time. The trip time results are rounded to the nearest 10" of a millisecond to
facilitate only current zero tripping.

The predicted current zero controlled logic developed is tested against phase-to-Earth faults
with earth connection by synchronizing it to the trip commands of phase 1(Phase A) of the 3-
phase 11KV indoor vacuum breaker using PSCAD simulation software. The remaining

breaker poles operates at no more than half a cycle apart in a RYB/ABC sequence.

3.9 Single Line Diagram

The single line diagram representation in Figure 3.2 reflects the real time network
configuration from the point of supply up to the load namely the 2-way ring main unit which
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is the consumers point of power supply. This single line diagram configuration is adopted for
analysis in this dissertation using both the vacuum circuit breaker for advanced controlled

switching and conventional circuit breaker interruption.
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Figure 3.2 : Single Line Diagram of Simulated Network Model
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3.10 Modelling Concept: Conventional PSCAD Model

3.10.1 Flow Block Representation
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Figure 3.3 : Conventional Logically Flow Diagram
The conventional logically flow diagram in Figure 3.3 is a typical circuit breaker with

overcurrent and earth fault protection. The start flow is followed by a fault initiation which is
measured by the current transformer. The current transformer transmutes the fault current to
its secondary side so its safety measurable by the protection relay. The protection relay picks
up the fault and subsequently sends a trip signal to the circuit breaker trip coil to initiate a trip

and interrupt the fault.
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3.10.2 Input Output Signals and Controllers

The simulation software has two forms of inputs namely, the inputs signals which are derived
from multiple output signals that are calculated during simulation or inputs that are inserted
manually through controllers. The output signals are transposed through output channels in
two forms namely the graph which is graphically representation such as waveform and a
polymeter which is a digital metered reading. The input output signals and controllers used in
the simulation are shown Table 3.10.

The control slider in Figure 3.4 is used to vary the circuit breaker standard operating time

based on the manufacturers specification. This standard breaker time includes the arcing time.

CEETD O
==
&

-
~o
30 01

Figure 3.4 : Standard Breaker Operating time Control Slider
The switches in Figure 3.5 comprise of the fault current angle switch controllers which is used
to alter the input fault current angle at 30°, 60° and 90°. This signal is subsequently sent as an
input to the power circuit to change the fault current angle. This feature is to provide a

comparative analysis at different fault current angles during simulations.

Main ... = Main ... = Main ... =
30 degs ph ...| 60 degs ph ...| 90 degs ph ...
OFF 30 OFF 80 OFF 90

N N N

Figure 3.5 : Fault current angle switches
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Table 3.10: Input/output Signals

Inputs/Output Signals
Description of signal Prefix Code SI Units
Circuit Breaker Voltage (3-Phase) VbrkX kV
Source Input Current (3-Phase) lbrkX A
Circuit Breaker Current ( Red Phase) IbrkAX A
Circuit Breaker Current ( White Phase) IbrkBX A
Circuit Breaker Current ( Blue Phase) IbrkCX A
Circuit Breaker Voltage ( Red Phase) EaX kv
Circuit Breaker Current (3 — phase) IspX A
System Active Power PsX kw
System Reactive Power QsX kVar
Circuit Breaker Post Arc Active Power BrkPsX kw
Circuit Breaker Post Arc reactive Power BrkQsX kVar
System Current input to Current Source (3-phase) IsX A
Secondary Current input to RMS Meter IsecAX A
Circuit breaker Arc Active Power ArcPX kW
Circuit breaker Arc Reactive Power ArcQX kVar
Fault Current Phase Angle PhAX °
Fault current time instant FlinstX S
Circuit Breaker Idle Time delay IdleX S
Source input current (3-phase) IbrkAAX A
Average System Temperature TempTX °C
Resistance of Arc RarcX O
Average Temperature time delay TempX S
Total circuit breaker time delay tdelayX S
Circuit Breaker Trip time instant TripTX S
Fault current angle PHSW °
Circuit Breaker Arc Voltage VaX kV
Restrike Voltage ResX kv

Simulated Output Graphs

The following graphs are simulated to display the results graphically in Chapter 4 which is
used to measure the results produced during the current Interruption Phenomena:

e Circuit Breaker Arc Voltage

e Circuit Breaker Arc Current

e Arc Power (Active, Reactive)

e Post Arc Power

e Chopping Current

e Transient Recovery Voltage
73



Chapter 3

e Restrike

e Arc Temperature

Simulated Output Polymeter’s

The following Output Polymeter’s are used as a system visual dashboard to confirm the status
of the power system during simulations:

e Total circuit breaker time delay

e Circuit Breaker Trip time instant

e Fault Phase angle

e Fault Trip time

3.10.3 Power Circuit
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Figure 3.6 : Conventional Power Circuit Logic Diagram
The conventional PSCAD model was built using a 3-phase 50 Hz 11 kV power supply with a
4000 KW power capacity and a 11 kV vacuum circuit breaker that is protecting a MV feeder
as shown in Figure 3.6. The 11 kV vacuum circuit breaker is connected to a 25km overhead
medium voltage power line using H-Pole structures which is subsequently connected to a load
on the remote end with line surge protection. The power line electrical properties namely the
capacitance of the line, inductance and resistance is represented by their subjective
components on the model. To ensure that the electrical parameters are measured at the relevant
positions on the simulated model in Figure 3.6, multi-meters are strategically positioned to

measure the outputs of the model which subsequently feeds into the logic circuitry as shown
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in Figure 3.7 to facilitate the circuit breaker protection. A resistor of 12 is used in series to
the multi meter that is parallel to the arc resistor to facilitate more accurate current measures
as recommend in [92]. In parallel to the circuit breaker on the power circuit model is an arc
resistor and a single line to 3-phase splitter converter on the model. This splitter assists in
splitting the single line representation into a 3-phase system presentation in efforts to allow
for measurement of the red phase parameters and the circuit is subsequently returned to a

single line presentation the by using a 3-phase to single line splitter.

3.10.4 Conventional Breaker Time Delay Logic
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Figure 3.7 : Conventional Breaker Time Logic Diagram
The simulated circuit breaker model in PSCAD doesn’t possess the capability of factoring the

real time delays namely the arcing time delays and standard circuit breaker operating time
delays. Hence the conventional breaker time delays attributed to the circuit breaker are
summated using a conventional time delay circuit which operates using logic such that it
processes the summated results through a logic divider that transposes the total delay time
from millisecond to seconds. The total circuit breaker delays based on the circuit breaker
manufacturer data are inputted from the logic delayed simulation circuit as a signal named t-
delay to the sequencer module to facilitate a simulation closer to real time.

The outputs of the power circuit simulated model in Figure 3.7 are used as inputs to other
parts of the circuit namely the protection relay circuit and the conventional time delay circuit
and vice versa. The effective input output signal communication between modules assist the
model to produce a calculated response thus out putting the results through the output
channels. The conventional breaker time delay circuit is being used for both the conventional

and controller circuit breaker simulation.
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3.10.5 Restrike Measurement Module
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Figure 3.8 : Restrike Module
The restrike module in Figure 3.8 is an added component which relies on the circuit breaker

arc current to simulate the restrike occurrences if present, the frequency and phase angle
between the current are variable on the module [93]. However, it is set in synchronization with
the simulated power circuit to achieve its results. The results of the restrike is subsequently
displaced by using an output channel to measure the analysis the restrike occurrences. The

restrike component is being used for both the conventional and controller circuit breaker
simulation.

3.10.6 Chopping Reignition Measurement Module
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Figure 3.9 : Chopping Reignition Module
The chopping reignition module in Figure 3.9 is also is an added component which facilitates
the chopping current analysis of the circuit breaker during closing of the circuit breaker when
present [93]. It used the circuit breaker current and the transient recovery voltage as an input
to the module. The output waveform is dependent on the angle of the fault current and is
displayed using an output channel. The chopping reignition module has several parameters of
the circuit breaker that may be set to simulate a close to real time chopping current. The

selected parameters are shown in Table 3.11 below are set has per the circuit breaker
manufacture data.
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Table 3.11: Chopping Current Module Parameters

Parameter Description SI Unit Breaker Set Value
Current chopping level kA 5A
Rate of rise of dielectric strength kA/s 1e5
Rate of rise of quenching capability KA/ s? 1e5

3.10.7 Overcurrent Relay Protection Logic
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Figure 3.10 : Conventional Overcurrent Relay Protection Logic Diagram
The overcurrent protection relay as shown in Figure 3.10 is fed via a current meter module

which operates as a current transformer that steps the current down on its secondary side to 1
A. The 1 A signal from the current meter module is an analogue signal which is converted to
a digital signal using a route mean square (RMS) module thus making possible for the over
current protection relay to receive the 1 A input and monitor the current on the system similar
to the real time connections at substations. The overcurrent protection relay is equipped to
operate using the single pole circuit breaker tripping, to pick up on over current between lines
and also between line and earth. The phase-to-earth fault simulated on the power circuit model
is achieved by a 3-phase fault module and the fault time duration that is timed by the
conventional circuit breaker logic module as shown in Figure 3.10.

The protection relay logic circuit output trip signal is processed through a JK flip-flop module
to ensure that the relay trip high signal is latched for a circuit breaker trip command when
succumbed by a circuit breaker trip delay inputted by the conventional time delay logic circuit
shown in Figure 3.10. In real time relays and on the simulated model, the trip command high

output from an over current protection relay is issued for a short time duration and is then
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reverted to a low if the circuit breaker trip signal is not received during this short trip duration
and the trip signal from the protection relay is lost hence the use of a JK- flip flop to preserve
the signal by latching it on the high signal command. The circuit breaker 3-pole tripping
capability was achieved using a Binary delay module which was place on each of the three
phases which allowed for a half cycle delay on tripping between circuit breaker poles. The
circuit breaker arcing dynamics are simulated using the resistance of the Arc namely RarcX
which is connected in parallel to the vacuum circuit breaker as shown in Figure 3.10. The
variable resistive parameters are obtained using a Breaker arc module outputs which are
calculated using the Mayr modelling algorithms that is reliant on the inputs of the system

voltage and current together with the trip output of the circuit breaker.
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3.11 Modeling Concept: Advanced Controlled Switching PSCAD Model

3.11.1 Flow Block Representation
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Figure 3.11 : Controlled Switching Logically Flow Diagram
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Chapter 5
The controlled switching logic in Figure 3.11 is initiated by a start. When a fault is initiated,
the current transformer transmutes the fault current to an output secondary current that feeds as
an input to the protection relay and controlled switching controller. When the fault signal is
received at the protection relay, the protection relay outputs a trip signal to the JK flip flop to
latch the signal on a high. Consequently, the trip signal to the circuit breaker initiator which
processes the input awaits the trip signal from the controlled switching controller prior to
sending a trip signal to the circuit breaker to interrupt the fault. The input received from the
current transformer to the controlled switching controller determines the circuit breaker
predicted time output by processing the various delays the circuit breaker inhabits. The delays
are subsequently sent as an input to the controlled switching controller which processes the
delay and sends it to the comparator where the delays are compared to the fault current time
instant in relation to the system frequency to determine the conventional trip time. The
conventional trip time output from the comparator is sent as an input to the predicted current
zero-time processor where the total delay required to achieve the optimum current zero trip is
predicted and subsequently send as an input to the circuit breaker trip time instant processor
where the delay is initiated. Once the delay time has lapsed, a trip signal is sent to the circuit
breaker initiator. The circuit breaker initiator processes the trip signal to the circuit breaker now
that it received two trip signals which allows the circuit breaker to trip at current zero. In an
event that the breaker failed to trip at current zero using the time delay by the controlled
switching logic, the protection relay signal is then allowed to trip the break after the time delay

has lapsed which is a failsafe logic embedded.

3.11.2 Input Qutput and Controller Signals

The secondary current and voltage output signals from the power circuit in Figure 3.6 are used
as inputs to the protection relay, predicted current zero controller circuit, temperature and idle
time logic time controller circuits. These inputs assist the relay and controllers to provide a

calculated response to determine the ideal trip time of the circuit breaker.
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Figure 3.12 : Advanced Control Sliders Inputs
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The advanced input control sliders in Figure 3.12 are used to vary the input parameters
comprising of the standard breaker operating time, the circuit breaker idle time and the ambient

temperature to provide a comparative simulation analyses for advanced controlled switching.

Simulated Output Graphs

The following graphs are simulated to display the results graphically in Chapter 4 which is used
to measure the results produced during the current Interruption Phenomena:

e Circuit Breaker Arc Current

e Circuit Breaker Arc Voltage

e Arc Power (Active, Reactive)

e Post Arc Power (Active, Reactive)

e Chopping Current

e Transient Recovery Voltage

e Restrike

e Arc Temperature

Simulated Output Polvmeter’s

The following Output Polymeter’s are used as a system visual dashboard to confirm the status
of the power system during simulations:

e Average System Temperature

e Circuit Breaker Idle Time delay

e Total circuit breaker time delay

e Circuit Breaker Trip time instant

e Fault Phase angle
The Multimeter and current transformers in the power circuit coupled with the integrated input
output signals position at various points on the simulated models allows for calculated outputs
based on the input parameters. The outputs are sent via output channels to display the output
graphs and the Polymeter’s listed which provides the results in both graphical and metered form

to allow integrating and detailed analyse which forms part of chapter 4.
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3.11.3 Power Circuit
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Figure 3.13: Advanced Controlled Switching Power Circuit
The advanced controlled switching circuit in Figure 3.13 is built using the same power circuit
model circuitry and relay protection logic circuitry as per the conventional PSCAD model as
shown in Figure 3.6. with the addition of a stray capacitor and multiple controlled logic black
box models to provide the advanced controlled switching functionality as shown in Figure 3.14
to Figure 3.16. The input models that forms part of the advanced controlled switching logic is
the fault current logic controller, idle time controller, temperature controller and predicted

current zero-time controller.

3.11.4 Fault Time Instant Logic Controller Diagram

ﬁ o Fault
Fha Time E
FlZerz Fault Time (s)
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Figure 3.14: Fault Time Instant Black Box Model
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The fault time instant logic controller represented by a black box model in Figure 3.14 consists
of a Divider module(N/D) which converts the phased angle fault (PhA) into a fault time instant
(Fl1Zero) on the current cycle in relation to the frequency. The logic continuously processes
time instants based on the position of the current phase angle per cycle in efforts to process
possible fault instant times prior to the fault occurring. This effectively provides the controller
with a data continuously therefore reducing the effects of delays in processing. The output from
the divider modules are processed through an absolute value module to ensure the fault time
output is always represented by a positive value. Negative outputs cause the trip breaker
protection relay to malfunction thus failing to trip on command hence the absolute value module
forms part of a protective measure to prevent tripping failure. The output fault time instant
(FlZero) signal is subsequently processed as an input to the predicted current zero controller

circuit.

3.11.5 Idle Time Logic Controller Diagram

t

[dle Time Delay

Figure 3.15: Idle Time Logic Controller Black Box Model
The ideal time logic controller represented by a black box model in Figure 3.15 has a manual

controlled input slider which is where the idle time in days are inputted to the logic. The idle
controller is limited to 50 days as per the research indicated in [6]. The idle time black box
model operates such that the idle time is processed through a rate limiter which ensures that the
logical output is limited to an increase or decrease of 1 unit per day. This effectively enables
the logic processing output signal to the multiplier within the idle time black box to be processed
in days rather than hours. The output signal from the multiplier in relation to the average per
day as indicated in [91] produces an idle time from the idle time logic controller black box
model that is subsequently processed through as an input signal to the predicted current zero

controller circuit.
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3.11.6 Temperature Delay Time Controller Logic Controller Diagram
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Figure 3.16: Temperature Delay Time Logic Controller Diagram
The temperature logic controller is represented by a black box model shown in Figure 3.16

which is formed with the integration of two temperature sub modules of which both operate
with the manual input for the ambient temperature from the manual slider that is controlled by
the user. The manual temperature is limited to a range of -5 °C to 40 °C as this is in line with
the circuit breaker withstand temperatures outlined by the circuit breaker manufacturer. The
output temperature signal from the slider is processed through the rate limiter within the
temperature controller model to ensures that the logically output is limited to a change in
temperature by increments of 1°C .

The 2" part of the model namely the average temperature uses logic to calculate the temperature
within the electrical system based on the systems electrical heat energy produced from the
operating current during the simulation. This is achieved by the input circuit breaker current of
the system being processed through a divider module which is used to convert from kilo amps
to amps in efforts to convert to the international system of units. The signal is subsequently
processed through a square module and several multiplier modules within the average
temperature summation sensor model. The multiplier modules have been designed to produce
processing logic that is in line with the research logic in [94]. The system resistance is
represented by the input R to the 1% batch of multipliers modules and the output is subsequently
processed through the 2" batch of multiplier modules within the temperature summation sensor
model with an input time that represents the time duration of the simulation during circuit
breaker interruption. The temperature outputs of both logic processors are processed to output
the average temperature of the system. This average temperature is subsequently processed to
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obtain a time delay relevant to the average temperature of the system which is finally processed

through the predicted current zero controller circuit.

3.11.7 Summation Module Controller
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Figure 3.17: Predicted Current Zero Controller Switching Logic Diagram
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Figure 3.18: Predicted Current Zero Module
The summation module controller comprised of the predicted current zero controller and the

predicted current zero model. The output results from the idle(idle), temperature(Temp) and
fault current instant (Flinst) zero logic controllers are summated together with the standard
circuit breaker time in the predicted current zero controller in Figure 3.17. to produce an inputs
to the predicted current zero controller switching circuit shown in Figure 3.18. Each of the
above logic controllers have a sider input to them which can vary its parameters for integrative
analyses as shown in Figure 3.17 to 3.18. The total delay time is processed through a divider
module to covert the output results from milliseconds to seconds. The time delay signal (tdelay)
in seconds is subsequently processed through a sampler module to capture the instantaneous
time in order to prevent continuous processing delays which hampers the protection relay from
operating timeously. The signal that is processed through a predicted current zero module as
shown in Figure 3.18 adds the shortfall time to the total delay time calculated to achieve the
current zero tripping instant. The time delay (tdelay) is subsequently sent as a delayed input to
the overcurrent protection relay logic circuit. The combination of the black box models in this

section effectively forms the advanced controlled switching circuitry.
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Figure 3.19: Overcurrent Protection Relay Logic

The controlled overcurrent protection relay logic in Figure 3.19 works on the same principals

as the conventional overcurrent protection relay shown in Figure 3.10 with the exception that

the input (tdelay) to the delay binary module on the phase A is from the predicted current zero

controller switching logic. The time delay signal (tdelay) for the tripping of phase A at current

zero is followed by the tripping of the remaining un-faulted phases namely B and C at half cycle

apart.
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Chapter 4

Analysis and Results

4.1 Introduction

The modelling of the circuit breaker was achieved using the EMTP in order analyse the arcing
phenomenon. In addition, the PSCAD software is utilised to perform the simulation and testing
of the controlled circuit breaker for fault interruption. Black box models were built to represent
several components in this design in an effort to provide an advanced switching controller
(ACS). Several of the controllers are built from black box models that provided measurements
capabilities that did not feature as a standard in the EMTP software. These black box models
have integrated logical circuits which have been constructed to provide the required results that
was subsequently compared to the predicted controlled trip time equation to verify the

consistency of the results.

4.2 Simulation Methodology

Advanced controlled switching integrated logic was created within the EMTP. This program
uses the principals of summation and comparator logic to provide swift fault clearing times
coupled with reduction in arcing effects and inrush currents [95]. The model comprises of
several black box models. One of the black box models developed, is the predicted controlled
trip time logic module which extrapolates the fault time instant results using the logic derived
from equation (3.6). These fault time results are obtained from equation (3.8) and are used as
the input variables into equation (3.7) to obtain the overall predicted current zero trip time that
was derived to form part of the advanced controlled switching logic. The predicted current zero
controller is the core black box module which determines the future current zero trip time
considering the fault current time as a reference point. This summation black box model which
summates the idle, temperature and standard time delays as shown in Figures 3.19 and 3.20.
The circuit breaker delays in conjunction with the fault time instant is processed to ascertain
the earliest current zero trip time. The trip time results use the logic to facilitate only current
zero tripping. The predicted current zero controlled logic was implemented on a Phase-to-Earth
faults with earth connection by synchronizing it to the trip commands of phase A of the 3-phase
11 kV indoor vacuum breaker using EMTP. The remaining breaker poles operate at no more

than half a cycle apart in a RYB/ABC sequence.

87



Chapter 5
The circuit breaker interruption phenomena result’s from both the advanced controlled
switching and conventional fault interruption were compared and analysed using the EMTP to
obtain the thermal rise and energy results. The thermal and energy results were transposed into
the Arrhenius equation (2.23) to measure the rate of change in relation to the circuit breaker
lifespan, with reference to the temperature and energy of the arc [76, 77]. The comparison of
these results provided the indication of the effectiveness of the predicted controlled trip logic
equation. The remaining results from the advanced controlled switching then allowed the
comparison of results from simulated advanced controlled switching to the conventional
switching to ascertain the impact using the advanced controlled switching over conventional

circuit breaker switching for fault interruption.

4.3 Power Circuit Analysis

The power circuit in the conventional and the advanced controlled switching logic, provides
the source of analysis in this chapter for all results in this dissertation. The supply voltage of 11
kV is simulated for the circuit at 50 Hz . The instantaneous short circuit fault current of 25 kA
was injected into the circuit at several fault angles of 30°, 60° and 90° in efforts to analyse the
impact on the output results. The simulated fault angle range was limited in this dissertation
due to the substantial data variables which will not invariably differ from the final output results.
Each fault current angle selected varied the time instant of the fault. It was established that in
all simulated models, the selected fault currents produced trip times as indicated in Table 4.1.

where the current lags the voltage.

Table 4.1: Fault Current Interruption Time

Fault Current Simulated Interruption Time

Short Circuit Fault Current Angle | Current Interruption Trip Time Instant
30° 0.0187s
60° 0.0084 s
90° 0.0273s

The interruption time of the vacuum circuit breaker via the overcurrent protection relay resulted
in an instantaneous trip at the instant of trip signal input. The PSCAD software did not factor
in any mechanical delays of the circuit breaker when simulating the power circuit for the
conventional and advanced controlled switching circuits, this deviates from the results obtained
in real time. The deviation was picked up when it was compared with typical circuit breaker
trip time outlined by the circuit breaker manufacturers specification. These delays were
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integrated into the design using the slider controller that was subsequently incorporated into the
power circuit to ensure the simulated results are aligned to the real-time results. A mechanical
delay of 35.05ms was inserted comprising of the standard circuit breaker time of 25ms and an
arcing time of 10.05ms. A slider controller allows for varying the circuit breaker delays in

accordance with the circuit breaker manufactures data.

4.4 Analysis and Results

The abbreviation SN denotes “Simulation Number”. The simulations SN1 to SN3 as
implemented for conventional switching and subsequently compared to the simulations SN1 to
SNa3 for the advanced controlled switching, is used to benchmark improvements when advanced
controlled switching is applied. Thereafter, the results of SN1 to SN3 of the advanced controlled
were compared to SN4 to SN6 to analyse the impact on the circuit breaker when idle time and

temperature varied.

Table 4.2: Conventional Breaker Standard Electrical Input Parameters

Conventional Breaker Inputs
Simulation No. (SN) | Faultangle (°) | ldle Time (days) | Temperature (°C)

SN1 30 N/A N/A
SN 2 60 N/A N/A
SN 3 90 N/A N/A

The conventional model was analysed based on varying the fault angle to measure the impact
on the circuit breaker results and subsequently use it as a baseline comparison to the advanced
controlled switching results. The inputs in Table 4.2 were used for the simulation and

calculations for the conventional analysis.

Table 4.3: Advanced Controlled Breaker Electrical Input Parameters

Advanced Controlled Breaker Inputs
Simulation o+ | 1dle time Temperature Breaker
No. (sNy | FaultAngle () | ave) C) Standard
Operating (ms)
SN 1 30 1 23 35.05
SN2 60 1 23 35.05
SN 3 90 1 23 35.05
SN 4 30 1 25 35.05
SN 5 60 25 23 35.05
SN 6 90 50 -5 35.05
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The inputs in Table 4.3 was used for the advanced controlled switching simulations. The
advanced controlled simulated analysis is based on varying the fault angle, idle time and
temperature of the circuit breaker with a constant input voltage of 11 kV and a constant fault
current of 25 kV to measure the impact on the vacuum circuit breaker results for advanced
controlled switching interruption. The detailed comparison of the results is outlined in this
section to guide on the overall outcome of the advanced controlled switching technology in
comparison to the conventional vacuum circuit breaker for fault interruption. The high level
comparison of the conventional to the advanced controlled switching results is relevant to the
power of the arc, temperature of the arc and arc energy for all simulations are summarized in

Appendix C.

4.4.1 Interruption Time

The interruption time for the conventional and advanced controlled switching simulation SN1
to SN3 was implemented by varying the fault current angle, with an additional variation of idle
time and temperature being implemented for advanced controlled switching, for simulation
SN4 to SN6. The instantaneous time for fault interruption of the conventional and advanced
controlled switching was completed using the standard protection relay operation time and
circuit breaker opening time. The interruption output results for the simulations are shown in
Figure 4.1 to 4.6, where IspX represents the conventional switching graph and Isp represents

the advanced controlled switching
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Figure 4.1: SN1 Controlled Switching Vs Conventional Interruption time
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Figure 4.5: SN5 Controlled Switching Vs Conventional Interruption Time
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Figure 4.6: SN6 Controlled Switching Vs Conventional Interruption Time

4.4.1.1 Conventional Switching Case

The interruption time instant results changes as the fault phase angle is varied for each
simulation as shown in Figure 4.7. These results as documented in Table 4.4 indicate that the
fault phase angle is a catalyst for the instantaneous trip time when conventional switching is
independently applied.

92



Chapter 5

Instantaneous Trip Time

100 90
90
80
70 60
60
50
40 30
30
20
10
0
0,000 0,010 0,020 0,030 0,040 0,050 0,060 0,070

Fault Angle (°)

Interruption time instant (s)

Figure 4.7: Instantaneous Simulation Graphs

Table 4.4: Conventional Switching Instantaneous Trip Time Results

Conventional Switching Trip Time Results
Simulation No. (SN) Fault angle (°) Current Interruption Time (s)
SN'1 30 0.057
SN 2 60 0.049
SN 3 90 0.039

4.4.1.2 Advanced Controlled Switching Case

The calculated and simulated results was analysed in this advanced controlled switching case
for interruption time. The fault current equation (3.13) had limitations as it does not take into
account the reduction from the implementation of idle time and temperature controlled time
logic. Hence the equation (3.14) was derived which accounts for the predicted operating time.
This was based on the input variables namely compensation time based on fault current,
temperature, idle time and standard breaker operating time. The fault current instantaneous time
results (Ti) taken from equation (3.13) as shown in Appendix A for all simulations are used as
an input to equation (3.14) to determine future current zero times. The detailed future current
zero calculated results using equation (3.14) shown in Appendix B are compared to the actual
simulated results to ascertain the accuracy of the results. A summary of the findings is found in
Table 4.5.
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Table 4.5: Advanced Controlled Switching Trip Times Summary — Calculated vs Simulated

Advanced Controlled Interruption Time Results — Calculated vs Simulated

CB .
CB Idle | Calculated Simulated Current
) . Fault | Temp . . )
Simulation anale | Time time Current Current Interruption | Figure
No. (SN) ? delay Interruption | Interruption Difference No.
) Delay : .
(s) (s) Time (s) Time (s) (s)
SN 1 30 0.00054 | 0.000031 0.071 0.071 0.000 4.1
SN2 60 0.00054 | 0.000031 0.060 0.060 0.000 4.2
SN 3 90 0.00054 | 0.000031 0.049 0.048 0.001 4.3
SN 4 30 0.00048 | 0.000031 0.070 0.071 0.001 4.4
SN5 60 0.00054 | 0.000077 0.059 0.060 0.001 4.5
SN 6 90 0.00138 [ 0.000155 0.049 0.049 0.000 4.6

In Table 4.5, the interruption time calculated vs simulated variance is zero amongst SN1, SN2
and SN6 while for SN3, SN4 and SN5 the variance is -1 ms. The input standard circuit breaker
operating time was 35.05ms for all simulations.The deviation of 1 ms for SN3 to SN5 in real
time is within a 1% tolerance while the remaining results have a 0% deviation. This
effectively confirms that the equation (3.14) is in line with the controlled implemented logic for
fault interruption. The energy, power and temperature parameters produced based on the trip
time results for advanced controlled switching will be discussed in the remaining parts of this
chapter.

Its visibly noted that the change in fault angle impacts the current interruption time in both
calculated and simulated results as shown in SN1, SN2 and SN3 which yield the same results.
However, when the same fault angles are applied with a change in the input parameters relevant
to the circuit breakers environment, for SN4, SN5 and SN6, the current interruption time only
deviates by 1 ms for SN3 and SN5 in the simulated results which is considered negligible. In
essence, it’s found that the current interruption time was highly impacted for the simulations

where the fault angle was changed as shown in Figure 4.8.
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Current Interuption time Vs Fault Angle
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Figure 4.8: Advanced Controlled Switching Current Interruption Time vs Fault Current

The results of current interruptions at fault angle 30°, 60° and 90° for the simulations SN1 to
SN6 for the simulations in the Figures 4.1 to 4.6 above produced the current interruption time
at zero yet the input parameters relevant to its environment was changed. This effectively
confirms that the advanced controlled switching logic functions compensates for circuit breaker
interruption trips at current zero times, irrespective of the circuit breaker environment namely
the variable input delays such as temperature and idle to provide a current zero interruption

time.

4.4.1.3 Case Comparison

The advanced controlled circuit breaker interruption time deviates from the conventional circuit
breaker at current interruption. The advanced controlled switching interruption time as shown
in Figure 4.1 to 4.6 all achieve current zero interruption. The conventional circuit breaker
reflects tripping at current peak for SN1 and SN4, and near current zero tripping for the
remaining simulations. The advanced controlled switching current interruption throughout the
simulations SN1 to SN6 in Figure 4.1 to 4.6 reflect a delay by three quarters of a cycle for a 30
° fault current angle, half a cycle for a 60 °and less than half a cycle for 90 ° when compared
to the conventional circuit breaker. It’s also noted that current interruption at current zero
crossing for all simulations are prevalent for advanced controlled switching while fault current
interruption for the conventional circuit breaker switching occurs at any instant. The fault trip
angles between simulations have proven to have an impact on the current interruption angle and
current interruption trip time for non-controlled switching. However, for the controlled circuit
breaker, the current interruption time is the only parameter impacted due to the fault trip angle

with all the simulated interruptions occurring at current zero [6]. The advanced controlled
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circuit breaker simulation in SN1 to SN6 all trip later than the conventional circuit breakers due

to the incorporation of the time delays to achieve the nearest current zero tripping.

4.4.2 Arc Voltage and Arc Fault Current

The Arc Voltage and Arc fault current for the conventional and advanced controlled switching
simulation SN1 to SN3 was completed by varying the fault current angle, with an additional
variation of idle time and temperature being implemented for advanced controlled switching,
for simulation SN4 to SN6. The Arc Voltage and Arc fault current output simulation results for
the simulations are jointly shown where VVaX the arc voltage and IspX the arc current, represents
the conventional graphs while Va the arc voltage and Isp the arc current, represents the

advanced controlled switching graph results in Figure 4.9 to 4.14.

Main : Arc Voltage and Current

= Va (KV) tprot teBo(are-T)

d—>» d »
TP »

= VVax (kV) tprot tCBO(Arc-Tx)
< —
I I

= [sp (kA) w/\/\/\
= IspX (kA ——N‘L Current Interruption

Time(s) 0030 0040 0050 0060 0070 0080 0090 0.100

Figure 4.9: SN1 Controlled Switching Vs Conventional Arc Voltage and Current
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Figure 4.10: SN2 Controlled Switching Vs Conventional Arc Voltage and Current
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Main : Arc VVoltage and Qurrent
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Figure 4.11 : SN3 Controlled Switching Vs Conventional Arc VVoltage and Current
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Figure 4.12: SN4 Controlled Switching Vs Conventional Arc Voltage and Current
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Figure 4.13: SN5 Controlled Switching Vs Conventional Arc Voltage and Current
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Figure 4.14: SN6 Controlled Switching Vs Conventional Arc Voltage and Current

The combined simulation output of Arc voltage and current are represented together in Figure
4.9 to 4.14 above.

4.4.2.1 Conventional Switching Case

Arc Voltage Vs Arc Current

30
25
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10 ® ® ®

0 0,5 1 1,5 2 2,5 3 3,5

Arc Fault | (kA) —@=— Arc Voltage (kV)

Figure 4.15: Calculated Output Arc Voltage Vs Current

Table 4.6: Conventional Circuit Breaker Output results for Arc Current and Voltage

Simulated Output Results
Simulation | Simulated Arc | Arc Voltage | Arc Quenching Fi N
No. (SN) | Fault1(kA) (KV ) (Al us) 'gure 0.
SN'1 24.76 9.95 2.476 4.9
SN 2 24.64 9.97 2.464 4.10
SN 3 24.89 9.93 2.489 4.11
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The plotting of the simulated results on Figure 4.9 to 4.14 indicate a negligible change in arc
voltage and current with the change in fault phase angle. The negligible change in the circuit
breaker arc fault current and arc voltage may not have any impact on the system power for one
tripping event. However, the accumulative change is what impacts the lifespan of the circuit

breaker and the interconnected power system.
Arc Current

The calculated Arc fault current for SN1 to SN3 is 24.58KkA. These calculated results from
conventional calculation using equation (3.5) and (3.8) vary by 0.06kA to 0.31kA when
compared to the simulated arc fault current results shown in Table 4.6. The difference in the
calculated arc fault current to the simulated arc fault current in Table 4.6 is less than 1% for
SN1 to SN3 . The deviation is due to the calculated method that had not taken into account the
standard circuit breaker delays namely circuit breaker opening times and arcing time. The
simulated results have accounted for the standard circuit breaker delays with the assistance of
the breaker time logic circuit in Figure 3.7. The observation during simulation indicated that
the circuit breaker arc current is lower than the bolted fault current of 25kV injected to the
simulation. This is due to the impedance properties the arc fault retains [96]. In Figure 4.9 to

4.11 the current interruption occurs prior to current zero with the time for protection operation
indicated as t . While the actual circuit breaker opening is represented by teso Which is

effectively the arcing time.. The vacuum circuit breaker arc quenching capability for these

simulations was calculated using equation (2.15). The results were in the range of 2.47 A/ us
for all simulations which proved to be in the range of the circuit breaker high frequency current
quenching capacity of 600 A/ us therefore the conventional circuit breaker is suited for normal

operation. However, the effects of the phenomena after point of interruption needs to be

investigated.

Arc Voltage

The circuit breaker arc voltage is chopped during the simulation of the circuit breaker
interruption reflecting a square wave due to the cut in power frequency during the circuit
breaker opening time as shown in Figure 4.9 to 4.11. The simulated arc voltage when compared
to the calculated arc voltage for SN1 to SN3 was 1% higher which is negligible. The transient
voltage post circuit breaker current interruption is analysed in the latter part of this chapter. It
is visible that the fault phase angle had negligible impact on the arc fault current and arc voltage

peak values between the simulations. However, the 1% peak arc voltage and current cycle occurs
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at different times as the phase angle is changed in the simulations as shown in Figure 4.9 to
Figure 4.11. The fault phase angle was found to change the time of which the arc current peaks
which effectively impacted the current interruption process of the arc [4]. In an everyday power
system, faults can occur at any phase angle instant hence all the fault current parameters need

to be accounted for, while maintaining a regulated trip time.

4.4.2.2 Advanced Controlled Switching Case

Table 4.7: Advanced Controlled Switching Arc Voltage and Current Outputs

Advanced Controlled Arc Voltage and Current Output
: Simulated
_ . Simulated Arc Arc i
Simulation Vs Calculated : Figure

Arc Fault Voltage | Quenching

No. (SN) | (KA) Arc Current (KV) (Al s) No.
Difference (%) #

SN 1 22.25 9 8.82 2.225 4.9
SN2 22.11 10 8.74 2.211 4.10
SN 3 22.45 9 8.93 2.245 4.11
SN 4 22.34 9 8.82 2.234 4.12
SN5 22.11 10 8.89 2.211 4.13
SN 6 22.28 9 8.95 2.228 4.14

Arc Fault Current

In Figure 4.9 to 4.14, the circuit breaker current arcing duration represented by t.;, varies with

the fault current angle. However, the magnitude of the fault current is relatively constant at an
average of 22kA with a negligible deviation between the simulations SN1 to SN6. It is also
noted that the changes between simulations SN3 to SN6 relevant to the environment of the
circuit breaker has no significant impact on the circuit breaker arc fault current results due to
the advanced controlled switching technology using logic to ensure current zero interruption is
achieved irrespective of the delays attributed to the input parameters relative to the circuit
breakers environment. The vacuum breaker arc quenching capability for these simulations was

calculated using equation (2.15). The results shown in Table 4.7 were in the range of 2.2 A/ us

for all simulations which proved to be in the range of the circuit breaker high frequency current
quenching capacity of 600 A/ us .

In each simulation, the graphs in Figure 4.9 to 4.14 indicate that the arc current and voltage
peaks are synchronised during the breaker opening operation. The breaker interruption occurs
when the arc current is extinguished at the current zero crossing as logically programmed by

the advanced controlled switching circuit breaker. The calculated Arc fault current for SN1 to
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SN6 is 24.57 kA .When comparing the calculated results to the simulated arc fault current in
Table 4.7, its shown that the arc fault current deviates from the simulated arc fault current by
approximately 2kA between simulations. The deviation of an average of 9% is due to the
calculated fault using equation (3.8) which does not factor in the advanced controlled switching

technologies, this logical input parameters is relevant to the breakers environment.

Arc Voltage

The results for the breaker arc voltage for SN1 to SN6 in Figure 4.9 to 4.14 above have no
significant change with the change in fault current angle or change in input parameters relevant
to its environment hence its relatively constant between simulations. The arc voltage is an
average of 2000 V less than the supply voltage for breaker interruption and is found to be
extinguished at current interruption. The lower arc voltage is due to its inverse nature to that of

current emanating from rinciples.
t ting f 1t I

Arc Current Vs Arc VVoltage

The overall findings reflect a negligible impact on the arc fault current and arc voltage peak
values between the simulations. Its further noticed that the varying in fault phase angles from
SN1 to SN3 had a sinusoidal time shift relevant to the supply frequency with trip times varying
but occurring all at current zero. When the inputs relevant to the environmental conditions
changed for each various fault angle in SN3 to SNG, the interruption still occurred at current
zero due to the advanced controlled switching logic. The fault phase angle changes the time at
which the arc current peaks thus impacting the current interruption process of the arc yet still

achieving current zero interruption [4].

4.4.2.3 Case Comparison

Table 4.8: Conventional Arc VVoltage and Current Output Results

Conventional Vs Advanced Controlled Output Results

. . . Conventional | ACS Arc Arc | Conventional | (ACS) ArcV
Simulation Figure Arc Fault | Fault | Diff ArcV ArcV | Difference
ifference

R (KA) (KA) (%) ) | kv) | ()
SN 1 481 24.76 22.25 8.25 9.95 8.82 11.36
SN 2 4.82 24.64 22.11 10.27 9.97 8.74 12.34
SN 3 4.83 24.89 22.45 9.80 9.93 8.93 10.07
SN 4 4.84 n/a 22.34 8.22 n/a 8.82 11.36
SN 5 4.85 n/a 22.11 10.27 n/a 8.89 10.83
SN 6 4.86 n/a 22.28 10.49 n/a 8.95 9.87
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Arc Current

In Table 4.8, the conventional vs controlled circuit breaker arc voltage and fault current for SN1
to SN6 commences at the same time. This is for its related fault current and fault angle which
IS as per the expected outcome shown in Figure 4.9 to 4.14. However, the magnitude of the arc
voltage and fault is what differs between all simulations when comparing the conventional to
the controlled circuit breaker. The simulated output arc fault current for SN1, SN2 and SN3 is
found to have decreased by an average of 9% when advanced controlled switching was

implemented.

When the arc fault current results of SN4 to SN6 for advanced controlled are compared to the
conventional results of SN1 to SN3, the arc current output produced had also decreased by an
average of 9% in the advanced controlled switching. The major influence on the arc fault
current output is the ability of the advanced controlled switching of the circuit breaker to
interrupt at current zero. The arc quenching capabilities specification required of the
conventionally operated circuit breaker is found to be 9% higher in Table 4.6 when compared
to the advanced controlled results in Table 4.7 and is proportional to the arc fault current
produced. The within stand fault current capabilities for both advanced controlled switching

and conventional circuit breaker switching are below the withstand capabilities of 600 A/ us

of the selected circuit breaker.

Arc Voltage

In Table 4.8 , the simulated output circuit breaker arc voltage for SN1 is found to have decreased
by 11% while the percentage decrease for SN2 is 12% and for SN3 10% when advanced
controlled switching was implemented. A significant improvement is present in reduction of
circuit breaker arc voltage when current zero tripping is implemented. When the arc fault
voltage of SN1 is compared to SN4 where the parameters relevant to the environmental
conditions have changed, the arc fault voltage remains relatively the same within a 0.5 %
tolerance. Effectively the environmental input parameters changes on the circuit breaker had a
negligible impact on the arc voltage output. The advanced controlled switching implementation
at standard environmental conditions had reduced the arc voltage by an average of 11% and
when the environmental parameters changed, the arc voltage still maintained an average
reduction of 11 % when compared to conventional circuit breaker arc voltage. The regulation
of the arc voltage between simulations within a tolerance range of 1% for advanced controlled

switching, increases the circuit breakers resistance within the contact’s arc gap therefore
102



Chapter 5
increasing its ability to trip swiftly while reducing the heat losses produced from high arc
voltages [50]. Overall the advanced controlled switching circuit breaker produced lower circuit

breaker arc voltage and current results when compared to a conventional circuit breaker.

4.4.3 Current Chopping

The chopping current of the circuit breaker for the conventional and advanced controlled
switching simulation SN1 to SN3 was completed by varying the fault current angle, with an
additional variation of idle time and temperature being implemented for advanced controlled
switching, for simulation SN4 to SN6. The simulated results are shown in Figure 4.16 to 4.21.
IflaX represents the conventional graphs while Ifla represents the advanced controlled
switching graph results. The magnitude of the results for Ifla is smaller hence it’s not visible on
the Figure 4.16 to 4.21. Hence, for the advanced switching analysis, a closer scaled graph was
completed to display the output chopping current Ifla as shown in Figure 4.22 to 4.27.

IVhain : Chopping Current

= ffla = flaX -
0030 =
0.0204 - IflaX
0.010 - ﬂ n
. 0000 ﬂn“%

2 / UUUV“

00201 Current Interruption
Ifla
-0.030 - =
Time(s) 00525 00550 00575 00600 00625 00650 00675  0.0700

Figure 4.16: SN1 Controlled Switching Vs Conventional Chopping Current
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Figure 4.17: SN2 Controlled Switching Vs Conventional Chopping Current
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Figure 4.18: SN3 Controlled Switching Vs Conventional Chopping Current
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Figure 4.19: SN4 Controlled Switching Vs Conventional Chopping Current
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Figure 4.20: SN5 Controlled Switching Vs Conventional Chopping Current
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Figure 4.21: SN6 Controlled Switching Vs Conventional Chopping Current
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4.4.3.1 Conventional Switching Case

Table 4.9: Conventional Breaker Current Chopping Output Results

Conventional Current Chopping Output Results
Simulation No. | Start (A) | End (A) | Duration (S) | Peak (KA) | Figure No.

SN 1 -0.15 0.15 0.002 0.15 4.16
SN 2 -0.6 0.5 0.0034 0.5 4.17
SN 3 -0.65 0.6 0.0024 0.6 4.18

The chopping current is present throughout each simulation completed. However, the values
are within the limits of the withstand nominal operation for a rated circuit breaker of 5 A. This
is due to the circuit breaker not being connected directly to a power transformer hence a lower
chopping current is expected as shown in Figure 4.16 to 4.21 [30]. The power transformer
produces magnetizing currents that the chopping current arises from when interrupted prior to
current zero. The other contributing factor to the lower current chopping is the remaining
interconnected power system components that add impedance to the power system. In addition,
the system is loaded whereas chopping occurs mainly on unloaded power systems [96]. The
results in Table 4.9 are compared for each simulation to ascertain the impact when the fault
angle is changed. The fault current reflected in SN1 to SN3 shows that the durations of the
chopping current increases marginally when tripped near current zero. The chopping current is
found to also vary by 0.5 A between SN1 and the remaining simulations SN2 and SN3. This is
due to the chopping current having a higher magnitude current when tripped near current zero
rather than at current zero. The general trend in all simulations shows the chopping current,
starting to build up from a negative current towards a peak positive current but remain within

the circuit breaker withstand limits.

4.4.3.2 Advanced Controlled Switching Case

The chopping current formed prior to the point of complete circuit breaker interruption is not
visible when simulated on an ampere unit scale but only is visible on a nano ampere scale as
shown in Figure 4.22 to 4.27 due to the smaller magnitude of the chopping current. The circuit
is not connected to a transformer hence a small chopping current is expected similar to the
conventional simulation. The results in Table 4.10 which are compared for each simulation to
ascertain the impact when the fault angle is changed and its environmental conditions. The
findings are that the fault current angle reflected on Figure 4.22 to 4.24 for SN1 to SN3 show
that the fault angle affects the magnitude and duration of the fault current. It’s also reflects in

Figure 4.22 to 4.24 for SN1 to SN3 that when the fault angle increases by 30°, the magnitude

106



Chapter 5

of the chopping current between simulations increases by 0.03nA at a constant duration of 195
. When the input relevant to the environmental conditions change in SN4 to SNG, it reflects a
small chopping current change by approximately 0,05nA on average which depicts that the
advanced controlled switching technologies does regulates the chopping current in any
environment to keep chopping currents low but it’s considered susceptible to the fault current
angle only. The overall impact of the chopping current is considered negligible. The chopping

current produced is a catalyst to the production of transient recovery voltage.

Table 4.10: Advanced Controlled Current Chopping Output Results

Advanced Controlled Current Chopping Output Results
Simulation No | Start (nA) [ End (nNA) | Peak (NA) | Figure No.
SN 1 -0.055 -0.03 -0.03 4.22
SN 2 0.01 0.075 0.065 4.23
SN 3 -0.085 0.01 0.01 4.24
SN 4 -0.05 -0.03 -0.02 4.25
SN5 0.01 0.07 0.07 4.26
SN 6 -0.085 0.01 0.095 4.27
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Figure 4.22: SN1 Controlled Switching Chopping Current
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Figure 4.27: SN6 Controlled Switching Chopping Current

4.4.3.3 Case Comparison

The chopping current for SN1 to SN6 in Figure 4.16 to 4.21 are only visible for the conventional
circuit breaker results and is found to increase as the fault phase angle increases which is
noticeable as SN1 produces a chopping current at 0.15 A while SN2 and SN3 produces 0.5 A
and 0.6 A respectively. This is also present for advanced controlled switching where SN1
produces a peak chopping current of -0.03nA while SN2 and SN3 produces 0.065nA and 0.01
nA respectively. The change in the chopping current for advanced controlled switching is

present when the fault angle changes but negligible.

The controlled circuit breaker chopping current is much smaller than the conventional chopping
current results for SN1 to SN3 with values not exceeding 0.065nA. The chopping current is not

visible hence represented as 0 A when compared to the conventional circuit breaker chopping
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current results in Figure 4.16 to 4.21. The yields from Table 4.10 for advanced controlled
switching chopping current indicates an average of over 1000 % decrease in chopping current
when using advanced controlled switching. In SN4 to SN6, when the input parameters relevant
to the environment changes for advanced controlled switching in Table 4.10 are compared to
conventional circuit breaker chopping currents in SN1 to SN3 in Table 4.9, the decrease in

chopping currents are below 0.07 nA with an average of over 1000 % decrease.

The duration of the chopping current for conventional switching fluctuates as the fault angle
changes, the duration for SN1 is at 0.002 s, SN2 at 0.0034 s and SN3 is at 0.0024 s. When
advanced controlled switching is implemented for SN1 to SN6, the duration of the chopping
current is kept constant at 1 ms with the chopping current duration being shorter than all the
simulated results produced for the conventional circuit breaker. Effectively, the chopping
current values when advanced controlled switching is implemented reduces the duration and
magnitude of the chopping current irrespective of the environmental conditions change and still

maintains a constant chopping current duration.

4.4.4 Transient Recovery Voltage

The transient recovery voltage of the circuit breaker for the conventional and advanced
controlled switching simulation SN1 to SN3 was completed by varying the fault current angle,
with an additional variation of idle time and temperature being implemented for advanced
controlled switching, for simulation SN4 to SN6. The simulated results are shown in Figure
4.28 t0 4.33. EaX represents the conventional graphs of the transient recovery voltage while Ea

represents the advanced controlled switching graph results.
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Figure 4.28: SN1 Controlled Switching Vs Conventional Transient Recovery Voltage
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Figure 4.29: SN2 Controlled Switching Vs Conventional Transient Recovery Voltage
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Figure 4.30: SN3 Controlled Switching Vs Conventional Transient Recovery Voltage
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Figure 4.31: SN4 Controlled Switching Vs Conventional Transient Recovery Voltage
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Figure 4.32: SN5 Controlled Switching Vs Conventional Transient Recovery Voltage
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Figure 4.33: SN6 Controlled Switching Vs Conventional Transient Recovery Voltage

4.4.4.1 Conventional Switching Case

Figure 4.28 to 4.30 show an increase in transient recovery voltage after the 1% quarter of each
cycle for EaX. The current interruption did not occur at current zero which effectively resulted
in the magnitude of transient recovery voltage produced in Table 4.11. Subsequent to the current
interruption, the arc voltage is returned to its sinusoidal waveform with a power frequency
immediately after fault interruption in a form of transient recovery voltage as represented in
simulations Figure 4.28 to 4.30. Hence, the formation from a square wave arc voltage to a
sinusoidal waveform as shown in Figure 4.9 to 4.11. In the simulated results, it is found that the
transient voltage appears for 3 ms at SN1 while for SN2 and SN3 the duration is 4 ms [38]. The
peak of the transient recovery differs marginally between simulations with SN1 having the
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lowest TRV that’s proportional with its shortest transient duration. The reasons attributed to
the difference in transient voltage in SN2 and SN3 is due to the circuit breaker current
interruption angle which differs from SN1. The magnitude of the transient recovery voltage
which gave rise to a higher rate of rise of recovery voltage is attributed to rapid reduction in
current and fault trip angle [97]. The standard circuit breaker under conventional operation is
complaint with IEEE C37.04-199 standard for SN1 to SN3 where the peak voltage did not
exceed 30 KV . The calculated rate of rise of recovery voltage (RRRV) is below 0.43kV / us

with the largest being on SN2 at 5.35e-5kV / us as indicated in Table 4.11.

Table 4.11: Conventional Breaker Transient Recovery Voltage Results

Conventional Switching TRV Output Results ( No Stray Capacitor)

Simulation No. | Arc Voltage | Duration | TRV RRRV .
Figure No.
(SN) (kV) () [ (kV) | (KV /ps)
SN 1 9.95 0.003 29.95 5.19E-04 4.28
SN2 9.97 0.004 29.75 5.35E-04 4.29
SN 3 9.93 0.004 23.37 4.67E-04 4.30

4.4.4.2 Advanced Controlled Switching Case

The TRV is found to be lower than the nominal TRV values with a lower chopping current [38].
The transient recovery voltage commences after current interruption as shown in Figure 4.28 to
4.33. The simulation results SN1 to SN6 in Table 4.12 produced the same duration of 1 ms for
the Transient recovery voltage with the Transient recovery peak voltage itself varying

marginally between simulations as indicated in Figure 4.28 to 4.33.

Table 4.12: Controlled Switching TRV Output Results

Controlled Switching TRV Output Results
Simulation No. | Arc Voltage RRRV )
(SN) (kV) TRV (kV) (KV / ps) Figure No.
SN1 8.96 23.53 4.71E-04 4.28
SN 2 8.96 22.23 4.45E-04 4.29
SN 3 8.97 13.73 2.75E-04 4.30
SN 4 8.88 23.55 4.71E-04 4.31
SN5 8.93 22.36 4.47E-04 4.32
SN 6 8.92 13.76 2.75E-04 4.33

The largest difference of 9.8kV was found between SN1 and SN3 The variance in the transient

recovery voltage peak was impacted by the fault angle. In SN1 and SN4 which have the same

fault tripping angles, the transient recovery voltage is reported to be relatively similar at 23.53

KV and 22.35kV respectively. This is also prevalent for SN2 and SN5 plus SN3 and SN6. Also,

similar results were produced in the simulations with the same fault trip angle but with different
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environmental conditions namely the idle and temperature. This proved the working of the
controlled switching logic adapts to any environment to produce the similar results with
exception of the fault angle change. The controlled switching is found to overall produce
transients that are acceptable to the circuit breakers and withstand capabilities.

The overall impact of the transient is measured against the duration together with the transient
recovery voltage to determine the rate of rise of recovery. The rate of rise of recovery voltage
is higher for SN1 and SN4 at a fault angle of 30 ° in comparison to the remaining fault angles
namely 60 °and 90° simulated results, this proves that the rate of rise of recovery voltage and
transient recovery voltage are impacted by the chopping current produced and the fault current
trip angle. The Rate of rise of recovery voltage is also found to be higher when the transient
recovery voltage is higher which are the expected results [98].The rate of rise of recovery
voltage calculated is found to be lower than the circuit breaker dielectric withstand strength of
0.43kV /us . Effectively, in the simulations SN1 to SN6, the lower transient recovery voltages
due to current zero tripping had given way to a lower rate of rise of recovery voltage

requirements for the circuit breaker.

4.4.4.3 Case Comparison

The comparative transient recovery voltage waveforms which have a similar profile in Figure
4.28 to 4.33 reflects the advanced controlled switching transient recovery voltage lagging the
conventional transient recovery voltage due to the reduced chopping currents which is a result
of the delay imposed by the advanced controlled switching logic to achieve current zero
tripping. In Table 4.13, the duration of the transient recovery voltage on conventional switching
for SN1 is 0.003 s and is subsequently increased to 0.004 s for SN2 and SN3 as the fault current
angle is changed.

Table 4.13: Controlled Vs Conventional Transient Recovery Voltage Output Results

Advanced Controlled Output Conventional Output Results
) ) ) Results
Simulation | Figure Arc Arc )
No. (SN) No. Voltage TRV RRRV Voltage Period | TRV RRRV
(KV) (kV ) | (kV [ us) (KV) () [ (KV) | (kV /us)
SN 1 4.28 8.82 23.53 4.71E-04 9.95 0.003 29.95 5.19E-04
SN 2 4.29 8.74 22.23 4.45E-04 9.97 0.004 29.75 5.35E-04
SN 3 4.30 8.93 13.73 2.75E-04 9.93 0.004 23.37 4.67E-04
SN 4 431 8.82 23.55 4.71E-04 n/a n/a n/a n/a
SN 5 4.32 8.89 22.36 4.47E-04 n/a n/a n/a n/a
SN 6 4.33 8.95 13.76 2.75E-04 n/a n/a n/a n/a
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However, when the advanced controlled switching is implemented, the duration of the transient
recovery voltage remains constant at 0.001 s for SN1 to SN6. The magnitude of the transient
recovery voltage for advanced controlled switching is decreased by an average of 29% for
SN1 to SN6 with SN3 and SN6 having the largest decrease when compared to conventional
circuit breaker interruption. This is due to the near current zero interruption for conventional

circuit breaker switching rather than current zero interruption.

The magnitude of the transient recovery voltage changes on the conventional switching only
for SN1 to SN3 are not more than 22 % when the fault current angle changes. This change is
also present when advanced controlled switching only is implemented and compared between
SN1 to SN6 at the same fault angle. In essence, this depicts that 2" to the current zero tripping
using advanced controlled logic, the fault angle also has an influence on the transient recovery
voltage magnitude. The rate of rise of recovery voltage for the conventional circuit breaker
increased by an average 10% when compared to the advanced controlled switching results.
The rate of rise of recovery voltage is proportional to the transient recovery voltage itself.
Effectively, the circuit breaker probability of gaining restrike voltage is reduced when the rate
of rise of recovery voltage is reduced thus an improvement by an average of 11 % is favourable
when using advanced controlled switching. It is also observed that TRV peak decreases and
time to peak increases with advanced controlled switching. This also causes the RRRV
requirements to change accordingly in order to provide swift circuit breaker trip times. Overall,
the TRV is much lower as a result of current zero interruption for advanced controlled tripping
when compared to the conventional as expected [38].

4.4.5 Re-ignition

Re-ignition is not evident in the simulations as the transient recovery voltage did not exceed the

circuit breaker dielectric strength of 0.43kV / us [38].

4.4.6 Restrikes

The restrikes of the circuit breaker for the conventional and advanced controlled switching
simulation SN1 to SN3 was completed by varying the fault current angle, with an additional
variation of idle time and temperature being implemented for advanced controlled switching,
for simulation SN4 to SN6. The restrikes for the conventional and advanced controlled

switching circuit breaker operations for all simulations are shown in Figure 4.34 t0 4.39. ResX
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represents the conventional graphs while Res represents the advanced controlled switching

graph results.

Main : Restrikes
= Res = Resk

15t-ResX 2M-ResX 3 - ResX

25.0
=089 Current / / /
15.0

Interruption

30.0

23 10.0

5.0 -

0.0 /_' f .

e 1% - Res 2"-'Res 3‘3‘ Res .
Time(s) 0.050 0.060 0.070 0.080 0.090 0.100 0.110

Figure 4.34: SN1 Controlled Switching Vs Conventional Restrike
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Figure 4.35: SN2 Controlled Switching Vs Conventional Restrike
Main : Restrikes

m Hes m ResX

15t- ResX  2M-ResX 3M-ResX

30.0

25.0 /
20.0 4
Current /
15.0 | int i
nterruption
2 1004
5.0 1 \
0.0 4 =
o 1%t - Res 2"9- Res 3. Res
Time(s)  0.020 0.030 0.040 0.050 0.060 0.070 0.080 0.090

Figure 4.36: SN3 Controlled Switching Vs Conventional Restrike
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Figure 4.37: SN4 Controlled Switching Vs Conventional Restrike
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Figure 4.38: SN5 Controlled Switching Vs Conventional Restrike
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Figure 4.39: SN6 Controlled Switching Vs Conventional Restrike
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4.4.6.1 Conventional Switching Case

In the simulated results for restrikes without a stay capacitor, the restrike occurrence for all
simulation have a trend of occurring at least 0.25 cycle after current interruption, as indicated
in Figure 4.34 to 4.36 [99]. The energy stored from the electrical field of stray capacitance was

constant at 0 J.

The number of restrikes in SN1 to SN3 have no consistency due to the tripping occurring at
various trip angle hence the current trip angle is posed to be one of the catalyst to the number
of restrikes during circuit breaker interruption [99]. When the fault current angle was varied
through each simulation, it was found to the have no impact on the magnitude of the restrikes.
However, it does impact the time instant of the 1% restrike occurring. A total of 4 restrike
instants are identified from Figure 4.34 to 4.36. However, for the purpose of this dissertation,
only 3 of the restrike instants are being analysed. The restrike energy produced Wosc in Table
4.14 for SN1 to SN3 is within a 0.1% tolerance of each other therefore its it established that
variation in the fault current and current trip parameter’s marginally varies with the restrike

energy produced. Restrike is abbreviated with Res in the tables below.

Table 4.14: Conventional Breaker Restrike Results with No Stray Capacitance

Restrike Results Output (Simulation with No Stray Capacitance)
Res 1st 2nd 3rd
. : Peak Res . )
Simulation | Load I . Energy Time | Res Res | Figure
Ignition Energy . .
No.(SN) | (A) (KV ) Produced (J) Res | Time | Time | No.
(J) ) | G) ] 6
SN 1 323 24.89 2712554 | 27125.54 | 0.06 0.08 | 0.093 4.34
SN2 323 24.99 2712554 | 2712554 | 0.05 0.07 0.08 4.35
SN 3 324 24.79 27293.76 | 27293.76 | 0.05 0.07 0.08 4.36
Restrike Energy
___27400,00 2729375
Z;D 27300,00
$ 27200,00 2712553
g 27100,00
*5 27000,00 §957,80
& 26900,00
0,00 0,01 0,02 0,03 0,04 0,05 0,06 0,07

Restrike time instant (s)

Figure 4.40: Restrike Energy Vs Time
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Restrike Energy ( With Stray Capacitance)
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Figure 4.41: Restrike Energy Vs Time (With stray Capacitor)
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Figure 4.42: SN1 Restrikes with Stray Capacitor
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Figure 4.43: SN2 Restrikes with Stray Capacitor
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Figure 4.44: SN3 Restrikes with Stray Capacitor

Table 4.15: Conventional Breaker Restrike Results with Stray Capacitance

Conventional Switching Restrike Results (Simulation with Stray Capacitance)

. . L oad Res Res 1st 2nd 3rd .
Simulation Energy Res Res Res | Figure
Current Energy . . .

No. (SN) (A) Produced (J) Time | Time | Time No.
(J) (3) 3) 3)

SN1 323 271255 7225.54 0.06 0.08 0.09 4.42

SN2 323 271255 | 722554 0.05 0.07 0.08 4.43

SN 3 324 272938 | 7393.76 0.05 0.07 0.08 4.44

During the simulations for restrikes with the stray capacitor, it was found that the magnitude of
the restrike are reduced significantly with a stray capacitance which is charged to the limit of
the transient recovery voltage that effectively limits the restrikes via a charged resistor that
accelerates the gap breakdown. The results produced shows an average reduction of
approximately 7000 J across all simulations while the number of restrikes and the time instant
of the restrike occurring remained the same due to the same current trip angle. The energy
stored from the electrical field of stray capacitance was constant at 19900 J and the peak ignition
voltage was constant 1 kV for all simulations. The restrike energy is a component which forms
part of the overall dynamism arc energy. The stray capacitance has reduced the restrikes as
shown in Figure 4.42 to 4.44 therefore allowing for a more isolated analysis of the arc energy
itself which is analysed in totality under Arc dynamism. The model without stray capacitor has
been adopted for conventional circuit breaker simulations for the remaining simulations in this
dissertation in an effort to display a real time standard conventional breaker output while all the

advanced controlled switching simulations include a stray capacitor.
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4.4.6.2 Advanced Controlled Switching Case

The restrike occurrence for all simulation have the same trend of occurring half a cycle after
current interruption [99]. The fault current angle was found to impact the 1st restrike instant at
which the restrike occurs as the fault angles are changed from SN1 to SN3 and subsequently
SN4 to SN6 as indicated in Table 4.16. However, the restrike magnitude, restrike duration (Tres)

and number of restrike instants was not affected by the change in fault angle.

Restrike Energy

7450,00

7393,76
7400,00
7350,00

7300,00

Restrike Energy (J)

7250,00 7X25,54 7225,54

7200,00
0,000 0,010 0,020 0,030 0,040 0,050 0,060 0,070 0,080 0,090

Restrike time instant (s)

Figure 4.45: Controlled Switching Restrike Energy Vs Time Instant

Table 4.16: Controlled Switching Restrike Output Results

Controlled Switching Restrike Results (Simulation with Stray Capacitance)
Res 2nd 3rd
. . Load Res 1st Res i
Simulation Energy . Res Res Figure
Current Energy | Time . .
No. (SN) (A) Produced (J) 5) Time | Time No.
(J) (S) (3)
SN 1 323 2712554 | 722554 | 0.082 0.101 0.113 4.34
SN 2 323 2712554 | 722554 | 0.066 0.080 0.09 435
SN 3 324 27293.76 | 7393.76 0.058 0.078 0.09 4.36
SN 4 324 27293.76 | 7393.76 0.082 0.101 0.105 4.37
SN5 324 27293.76 | 7393.76 0.066 0.080 0.09 4.38
SN 6 324 27293.76 | 7393.76 0.058 0.078 0.09 4.39

In SN4 to SN6, when the input parameters relevant to the environmental conditions changed,
the restrike magnitude, restrike duration (Tres) and the number of restrike instants had not
changed. The constant tripping at near current zero generally produces higher restrikes.
However, due to the inclusion of the stray capacitor and the advanced controlled switching

ability to achieve tripping at current zero, this limits the restrike magnitude for all simulations
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to 1 kV and producing not more than 3 restrike instants which is consistence throughout SN1 to
SN6 as shown in Figure 4.34 to 4.39.

The restrike magnitudes in SN1 to SN6 are noted to be similar with no reportable change
exceeding 1% variance between simulations as shown in Table 4.16. The duration between
the 1st and 2nd restrike is 1 cycle apart while the distance between the 2nd, and 3rd restrike is
half a cycle apart for all simulations which is effectively expected in relation to this phenomena
[99].

The restrike energy produced (W) at approximately 27000 J in Table 4.16 are marginally the
same for all simulations as this is dependent on the load current. The stray capacitor (W) used
in the power circuit has the capacity to absorb 19000 J hence the restrike energy (Wosc) is
regulated at approximately average of 7300 J for SN1 to SN6 in Table 4.16. Its concluded that
the stray capacitance with current zero interruption limits the magnitude of restrikes, duration
of restrikes and the probability of restrikes continually occurring therefore limiting the energy
produced by the restrikes.

4.4.6.3 Case Comparison

The 1st restrikes instant for conventional switching lags the 1st restrikes produced for the
advanced controlled switching for SN1 to SN6 in Figure 4.34 to 4.39, the 1% restrikes delay is
proportional to the delay trip time imposed by the advanced controlled switching logic. The
number of restrikes are four for the conventional circuit breaker switching and three for the
advanced controlled switching at the same fault current angle. This is a decrease in one restrike
occurrence when advanced controlled switching is implemented. In this dissertation, the results
of the 1 three restrikes is only analysed as indicated in Table 4.17 and Table 4.18.

Table 4.17: Conventional Restrike Output Results

Conventional Simulation Results (without Stray Capacitance)
R 1 2n
Simulati Ei Peak Eneis Absorbed Res ths Re(: ;22
imulation | Figure Ignition 9y Energy | Energy . . .
No. (SN) No. (kV) Produced (J) (J) Time | Time Time
(J) ) | ) (5)
SN 1 4.99 24.89 27125.5 0.00 2712554 | 0.06 0.08 0.09
SN 2 4.100 24.99 27125.5 0.00 2712554 | 0.05 0.07 0.08
SN 3 4.101 24.79 27293.8 0.00 27293.76 | 0.05 0.07 0.08
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Table 4.18: Controlled Restrike Output Results

Advanced Controlled Switching Results ( With Stray Capacitance)
Res
Simulati i Ener Absorbed Res Ist Res | 2nd Res | 3rd Res
imufation | Figure g9y Energy Energy Time Time Time
No. (SN) No. | Produced g ; s
J (J) (J) (°) (°) (0)
(J)
SN 1 4.99 27125.54 7225.54 19900 0.082 0.101 0.11
SN 2 4.100 27125.54 7225.54 19900 0.066 0.080 0.09
SN 3 4.101 27293.76 7393.76 19900 0.058 0.078 0.09
SN 4 4,102 27293.76 7393.76 19900 0.082 0.101 0.11
SN 5 4,103 27293.76 7393.76 19900 0.066 0.080 0.09
SN 6 4.104 27293.76 7393.76 19900 0.058 0.078 0.09

In each simulation for both conventional and advanced controlled switching, the 2" strike
occurs 1 cycle after the 1% restrike and the 3™ restrike occurs and half cycle after the 1% restrike.
The major deviation of results when advanced controlled switching is implemented is the
magnitude of the restrike voltage which is represented by peak ignition in Table 4.18. The Peak
ignition is decreased by up to 250 % when advanced controlled switching is implemented for
SN1 to SN6. This decrease is due to the stray capacitance implemented and standard gap
separation and not the advanced controlled switching logic [37]. In Table 4.17, its due to the
absence of a stray capacitor in the conventional circuit breaker that the capacitive energy (Wc)
absorbed is 0 J of arc energy. However, when the advanced controlled switching logic for SN1
to SN6 is implemented, the capacitive energy absorbed is 19000 J. The chopping energy (W)
produced is relatively the same for both conventional and advanced controlled switching since
the energy in dependent on the load of the system. It’s also noted for both conventional and
advanced controlled switching that in SN1 to SN2 where the load is 323 A on the system, the
chopping energy is 27125.54 J and when the load current increases to 324 A on the system for
SN2 to SN6, the chopping energy increases by 1% to 27293.76 J which is a negligible change.
The overall energy of the restrike produced (Wosc) on conventional switching for SN1 to SN3
is equal to the chopping energy (W) produced, due to no capacitor present to absorb the energy.
In SN1 to SN6 for advanced controlled switching when the stray capacitor is introduced, the
restrike produced (Wosc) is reduced by 19000 J to an average amount of 7337.7 J therefore
reducing the restrike voltage produced hence providing a reduced impact on the circuit breaker
even when the environmental input parameters have changed. It’s important to note that for
advanced controlled switching without a stray capacitor, it effectively increases the restrike
energy. Hence, the controlled logic with a stray capacitor is implemented to provide effective

results for a reduced restrike energy.
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4.4.7 Dynamism of Arc

The Dynamism of the Arc within the circuit breaker for the conventional and advanced
controlled switching simulation SN1 to SN3 was completed by varying the fault current angle,
with an additional variation of idle time and temperature being implemented for advanced
controlled switching, for simulation SN4 to SN6.The dynamics of the arc for the conventional
and advanced controlled switching circuit breaker are shown in Figure 4.46 to 4.51. ArcPX
represent the active power while ArcQx represents the reactive power for the conventional
graphs results. ArcP represent the active power while ArcQ represents the reactive power for

the advanced controlled switching graph results.
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Figure 4.46: SN1 Controlled Switching Vs Conventional Arc Power
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Figure 4.47: SN2 Controlled Switching Vs Conventional Arc Power
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Figure 4.48: SN3 Controlled Switching Vs Conventional Arc Power
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Figure 4.49: SN4 Controlled Switching Vs Conventional Arc Power
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Figure 4.50: SN5 Controlled Switching Vs Conventional Arc Power
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Figure 4.51: SN6 Controlled Switching Vs Conventional Arc Power

4.4.7.1 Conventional Switching Case

The power of the arc results from the simulation is inserted into equation (2.22) to determine
the energy produced for SN1 to SN3 in Table 4.19. The power of the arc is proportional to the
energy produced by the arc for all simulations. The noticeable trend for all simulations is of the
active and reactive power of the arc which indicates a tapering of power to zero after current
interruption due to the loss of energy and the loss attributed to the current starvation. The re-
active power for SN2 and SN3 peaks at the start of the circuit breaker interruption cycle.
However, the re-active power of the arc for SN1 peaks near current starvation. The reactive
power tapers down in all simulations as it approaches the point of current starvation as shown
in Figure 4.46 to 4.48. This indicates that at near current zero interruption for SN2 and SN3,
the re-active energy is reduced significantly in the region of a 1/3™ when compared to SN1. The
current interruption instant for SN1 to SN3 shows that the angle of interruption on Figure 4.46
to 4.48 in terms of current starvation on the waveform makes an impact on the overall
magnitude of arc power. SN2 and SN3 trips at its current peak with a high arc active power
when compared to SN1. This is effectively the transient recovery arc voltage that is contributing
to the increased arc power due to the difference in the energy from the source and load side
which is higher when current interruption occurs at near current zero [100].

The peak arc instant (7) in Table 4.19 indicates that the arc peaks for SN2 at 0.049 s is slower
when compared to SN3 at 0.039 s. However, the Arc energy output peak for SN2 is lower at
138541.57 J in comparison to the arc energy produced for SN3 at 138635.71 J. This concludes
that the arc energy produced which is the main contributor to stresses caused on the circuit
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breaker contacts is proportional to the arc power. However, the energy produced is also

influenced by the fault current angle and the rate of reaching the arc peak.

Table 4.19: Conventional Breaker Arc Power Output Results

Conventional Arc Power Output Results
Arc Arc Ener Peak .

Simulati Arc Arc Active | Reactive of A?g Arc Trip Fi
imulation Current | Voltage Angle \gure
No. (SN) (kA) (kV : Power Power Power Instant (o) No.

(KW) | (kW) (J) (9)
SN1 24.76 9.95 3245 62 138834.18 0.057 275.4 4.46
SN 2 24.64 9.97 3351 14 138541.57 0.049 345.6 4.47
SN 3 24.89 9.93 3339 220 138635.71 0.039 216 4.48
Active Arc Energy
3400
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— 3350
& 3300
o SN1
C
W 3250
< 3500
3150
0,06 0,05 0,04

Interruption time instant (s)

Figure 4.52: Arc Energy Vs Interruption Time

Figure 4.52 depicts that the angle of interruption in terms of the time instant where current
starvation occurs indicating the non-linear relationship between the energy of the arc to the

interruption time instant.

4.4.7.2 Advanced Controlled Switching Case

The power of the arc results from the simulation is inserted into equation (2.22) to determine
the energy produced for SN1 to SN6 in Table 4.20. The average output arc current (1) is 22.26
kA and the average arc voltage(U ) is 8.95 kV for all simulations. The peak active power of the
arc for SN1 to SN3 occurs at 0.01 s prior to current starvation. However, when the input
parameters relevant to the environmental changes, the active power peak occurs at the point of
current interruption as indicated on Figure 4.46 to 4.51. The advanced controlled switching
logic factors results in a change of the peak arc time instant (7 ) occurrence while still ensuring

the peak occurrence is regulating the magnitude of the arc power. The active power for all
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simulations have proven to be regulated throughout all simulation within a tolerance of 3%
with a constant arcing time. The current interruption instant for SN1 to SN6 indicated in Figure

4.46 to Figure 4.51 that current zero tripping produces a regulated arc active power output.

Table 4.20: Advanced Controlled Switching Arc Power Output Results

Advanced Controlled Switching Arc Power Output Results
simulation Arc Active Reﬁg‘five Energy of Arc Peak Arc Trip Angle | Figure
No. (SN) Power Power Power Time Instant ) ﬁo
W) 1w (J) (%)
SN1 2303.00 5.40 98476.21 0.065 405 4.46
SN 2 2245.00 39.30 92773.14 0.051 387 4.47
SN 3 2233.00 -40.00 93096.66 0.045 360 4.48
SN 4 2305.00 34.00 98456.21 0.068 405 4.49
SN5 2243.00 65.00 92763.14 0.056 387 4.50
SN 6 2239.00 -62.00 93076.26 0.046 360 451

The re-active power rises as its progresses through the circuit breaker closing cycle for SN1
and SN3 while the re-active power for the remaining simulation follows a higher start and is
subsequently reduced throughout the remaining circuit breaker closing cycle up until current
interruptions. The peak re-active power results shown in Table 4.20 is not consistent during the
simulations as its found to be influenced by the variable parameter change relevant to its
environmental and fault interruption angle. The noticeable trend for all simulations is of the
active and reactive power of the arc which indicates a tapering of power to zero after current
interruption due to the loss of energy and the loss attributed to the current starvation.

The arc active power is found to be proportional to the energy of the arc throughout all
simulations. The magnitude of the arc energy was found to deviate as the fault angle changed
between simulations SN1, SN2 and SN3. The lowest fault angle at SN1 and SN4 produced the
most arc energy at 98476.21 J and 98456.21 J respectively with the energy deviation between
the remaining simulations not exceeding 6 % . The change in fault angle impacts the arc energy
magnitude marginally. The energy magnitude of the arc is also impacted by the time it’s able
to reach its arc time instant (7) and the active power ( P ) produced during fault interruption.
In Table 4.20, it also indicates that the Peak arc time (7) instant was marginally impacted by
the change in input parameters relevant to environmental conditions change for the same fault
current angle by slowing down the time it takes to peak as indicated in Figure 4.46 to 4.51 when

comparing for the same fault interruption angle.
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The tripping at current zero with the change in the environmental conditions have found to still
regulate the overall energy of the arc output provided for the same fault angle with minimal

deviations. The current interruption times are changed by half a cycle as the fault trip angle

shifts by 30 ° between simulation. However, the duration of the arc is maintained at 0.11 s. The
duration of the arc is also maintained when the environmental conditions are changed. This
provides an indication that the advanced controlled switching logic which shifts the current
interruptions time based on the fault angle is still able to regulate a low power arc and
subsequently arc energy irrespective of the fault angle or environmental conditions by
regulating the arc duration.

4.4.7.3 Case Comparison

The advanced controlled switching simulation effectively produces a regulated overall arc
energy within a 1% tolerance throughout the simulations with a lower energy magnitude when
compared to the conventional switching simulation. The peak arc instant was found to be the
same for both simulations. However, the arc energy peaks early and starts to deteriorate earlier
in conventional switching when compared to advanced controlled switching. This is due to the
logic processing of advanced switching to achieve current zero interruption therefore a later
current interruption at current zero produces a lower magnitude at interruption. This holistically

reduces the overall energy within the circuit breaker.

4.4.8 Temperature of Arc

The Temperature of the Arc in the circuit breaker for the conventional and advanced controlled
switching simulation SN1 to SN3 was completed by varying the fault current angle, with an
additional variation of idle time and temperature being implemented for advanced controlled
switching, for simulation SN4 to SN6.The temperature of arc for all simulations are shown in
Figure 4.53 to 4.58. ArcTx represents the conventional graphs while ArcT represents the
advanced controlled switching graph results.
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Figure 4.53: SN1 Controlled Switching Vs Conventional Arc Temperature
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Figure 4.54: SN2 Controlled Switching Vs Conventional Arc Temperature
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Figure 4.55: SN3 Controlled Switching Vs Conventional Arc Temperature
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4.4.8.1 Conventional Switching Case

The peak arc time instant (7) is found to almost co-inside with the current interruption time for
all simulations. However, the arcing time duration through each simulation varies. In Table
4.21, the recorded temperature at SN1 which trips at current peak, deviates by 15°C when
compared SN2 which trips at near current zero for a similar arcing duration. The results for
SN2 and SN3 when compared indicates that the temperature at SN2 would have been higher

than SN3 if only the arcing duration made an impact on the overall temperature magnitude.

Table 4.21: Conventional Breaker Temperature of Arc Output Results

Temperature of Arc Output Results
. . Arc Current Peak Arc .
Simulation No. . . Figure
Temperature | Interruption | time Instant
(SN) o . No.
(°C) time (3) (3)
SN 1 7287.64 0.057 0.0569 4.53
SN2 7272.28 0.049 0.0470 4.54
SN 3 7277.23 0.039 0.0359 4.55

In SN3, The peak arc time instant (7) is the lowest while the temperature produced by the arc
is not the highest. Hence, this depicts that the peak arc time instant (7) is not directly
proportional to the temperature of the arc. Taking the above into consideration, the peak arc
time instant (7 ) and arc duration may not be directly proportional to the temperature of the arc

but have an influence on the temperature of the arc stemming from the results in Table 4.21.

Arc Temperature
SN1
__7290,00
7285,00
7280,00
7275,00
7270,00
7265,00
7260,00

SN2

0,039 0,049 0,057

Interruption time instant (s)

Arc Temperature (°C

Figure 4.59: Conventional Breaker Arc Temperature Vs Interruption Time
The Figure 4.59 shows the rationality of the current interruption time relative to the temperature

for SN1 to SN3. It’s evident that the results in Table 4.21 shows that the delay in current

interruption time does not necessary increase the temperature. The change in temperature is

132



Chapter 5
also due to the influence of the current fault angle and peak arc time instant (7).The results
from SN1 to SN3 indicate that with a combination of an undesired fault current angle and
current interruption angle, the temperature within the circuit breaker arcing chamber is hotter
than the ions remaining within the arcing chamber raised from the arcing. This results in the
ions tendency to vibrate more vigorously therefore colliding with neighboring ions

consequently increasing the risk of restrikes and subsequently contact damaged.

The energy and power of the arc in the findings earlier reflected a proportional relationship to
the current interruption angle. The temperature peak for all simulations in Figure 4.53 to 4.55
co-insides with the peak energy produced on Figure 4.53 to 4.55. Hence, the energy is also
proportional to the rate of rise in temperature of the arc since the current interruption angle has

a direct impact on the arcing temperature for the circuit breaker.

4.4.8.2 Advanced Controlled Switching Case

In SN1 to SN6, the highest temperature is recorded at 5169.19°C when the peak arc time instant
(7) reached 0.68 s for SN4 and the lowest temperature at 4867.72°C is recorded at a peak arc
time instant (7 ) of 0.56 s for SN5 as shown in Table 4.22 . However, these peak arc time instant
(7)) results for SN1 and SN5 was not the highest or lowest respectively during the simulations
hence the temperature of the arc is not directly proportional to the peak arc time instant (7) but
is impacted by its change. This impact is found when the fault angle of interruption is the same
for SN1 and SN4 yet the temperature deviates by 4.5°C due to the input parameters. Evidently
this indicates again that the peak arc time instant (7) has a slight influence on the temperature

change.

Since the current interruption for all simulations occurs at current zero yet the temperature vary
by up to 6 % between simulations , its deduced that the fault current angle is found to have up
to a 6% change on the temperature while the temperature changes relevant to the input
parameters relevant to the environment have up to a 0.1% change between simulations. The
temperature of the arc for all simulations follow the same trend as the arc energy produced in
Figure 4.53 to Figure 4.58 from the previous section. In essence, the arc power and arc energy

are proportional to the rate of rise of temperature of the arc produced.
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Controlled Switching Temperature of Arc Output Results
. . Current . )
Simulation No. | Arc Temperature o Peak Arc time | Figure
o Interruption time
(SN) (°C) (5) Instant (S) No.
SN 1 5164.70 0.071 0.065 453
SN2 4872.06 0.060 0.051 454
SN 3 4873.71 0.048 0.045 4.55
SN 4 5169.19 0.071 0.068 4.56
SN5 4867.72 0.060 0.056 457
SN 6 4886.80 0.049 0.046 4.58
Arc Temperature
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Figure 4.60: Controlled Switching Arc Temperature Vs Interruption Time Instant

4.4.8.3 Case Comparison

The temperature output results in Table 4.23 and 4.24 for SN1 to SN6 confirms that it is

proportional to the energy of the arc produced as indicated in Figure 4.53 to 4.58 for both

controlled and conventional switching. When the temperature for SN1 to SN6 for advanced

controlled switching are compared to that of conventional circuit breaker switching, the

temperature rises for advanced controlled switching is on average 32% lower than when

conventional circuit breaker switching is implemented. The temperature of the arc follows

similar trend as the arc energy produced, consequently the energy of the arc produced is found

to be the major influence on the temperature of the arc due to its proportionality. The difference

in temperatures recorded between simulations does not have an impact on the circuit breaker

lifespan since the arc temperatures changes only contribute to the lifespan expectancy when the

arc temperature results are greater than 1000 °C [101].

134



Chapter 5
In SN4 to SN6 for advanced controlled switching, when the input parameters relevant to the
environment changes, the temperature deviation remains at a 32% average decrease in
comparison to the conventional switching simulations SN1 to SN3.The controlled logic adapts
the change in environment parameters into its logic to regulate the temperature output. The peak
arc time instant for SN1 to SN3 in the conventional simulations decreases as the fault current
angle increase. This is also present in the advanced controlled switching simulations. The arc
duration is on average 10 ms more for advanced controlled switching when compared to
conventional tripping. However, when the Peak Arc time Instant (7) is compared in SN1 to
SN, the conventional switching reaches its peak temperature on average of 0.02 s earlier but
with a sharp rise as shown in line AB in Figure 4.53 to 4.58 when compared to the line AC of
advanced controlled switching. The advanced controlled switching increase to the peak
temperature is more regulated with a linear relationship as shown in line AC represented in
Figure 4.53 to 4.58.
The lower temperature magnitude on the advanced controlled switching reduces the thermal
rise of the arc within the circuit breaker when compared to conventional switching. The highest
temperature produced is found for SN1 at 5164.70°C when the power and the energy of the arc
Is at its highest. The arc temperatures are within the expected circuit breaker withstand
capabilities rated for a period of 1 s [102]. When the power and energy of the arc is at its lowest
point for SN5, the temperature is found to be at its lowest value at 4867.72°C amongst all the
simulations for advanced controlled switching. In essence, the arc power and arc energy are
proportional to the rate of rise of temperature of the arc produced and the magnitude of the
energy produced [103]. The arc energy is proportional to the temperature rise therefore for
advanced controlled switching, a lower arc energy is produced due to the lower arc power
resulting in the temperature output being lower. Refer to Appendix D for the percentage

temperature reduction for each simulation with advanced controlled switching implemented.

Table 4.23: Conventional Arc Temperature Output Results

Conventional Output Results
Simulation | Figure | Arc Temperature Curren_t Peak Arc Time
No. (SN) No. (°C) IntPjrruptlon Instant
Time (3) (3)
SN 1 4.105 7287.64 0.057 0.056
SN2 4.106 7272.28 0.049 0.047
SN 3 4.107 7277.67 0.039 0.035
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Table 4.24: Advanced Controlled Arc Temperature Output Results

Advanced Controlled Output Results
Peak Arc | Percentage
. . . Arc Current . g
Simulation | Figure . Time Temperature
Temperature | Interruption .
No. (SN) No. (°C) Time (5) Instant Reduction
i
(3) (%)
SN 1 4.105 5164.70 0.071 0.065 29
SN2 4.106 4872.06 0.060 0.051 33
SN 3 4.107 4873.71 0.048 0.045 33
SN 4 4.108 5169.19 0.071 0.068 29
SN5 4.109 4867.72 0.006 0.056 33
SN 6 4.110 4886.80 0.049 0.046 33

4.4.9 Circuit-breaker Lifespan Impact Diagnosis Between Simulations

The overall variance in results when using the advanced controlled switching in comparison to
the conventional switching are summarized for all simulations in Appendix D. The difference
is evaluated for the power of the arc, energy of the arc and temperature of the arc. The Arrhenius
equation (2.23) is used to measure the rate of change relevant to the circuit breaker lifespan

with reference to the temperature and energy of the arc.

Table 4.25: Conventional Circuit Breaker Lifespan Results

Conventional Circuit Breaker Lifespan Output Results

Inputs to Arrhenius equation Output Results
Arc Active | Energy of Peak Arc
Simulation gy Rate Constant
No. (SN) Power (W | Arc Power | Temperature (K)
) (J) (°C)
SN 1 3245 138834.18 7287.64 0.109744
SN2 3351 138541.57 7272.28 0.109750
SN 3 3339 138635.71 7277.23 0.109732

The results obtained from the simulation in Table 4.25 are based on the conventional circuit
breaker operation that operates at an average of 40 times a year [91]. The energy of the arc and
peak arc temperature in Table 4.25 for the conventional circuit breaker at an average circuit
breaker lifespan of 20 years was used. This is a basis for transposition of values into the
Arrhenius equation (2.23) to determine the kinetic rate constant (k) results [101] which is

subsequently compared to the kinetic rate constant (k) for advanced controlled switching.
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Table 4.26: Advanced Ccontrolled Circuit Breaker Lifespan Results

Advanced controlled Circuit Breaker Lifespan Results
Ener
) ) Peak Arc Rate gy Increased | Increased
Simulation of Arc % . )
Temperature | Constant Lifespan Lifespan
No. (SN) . Power | Change
(°C) (k) (J) (Days) (Years)
SN 1 5164.70 0.113336 | 98476.21 3.28% 240 0.7
SN2 4872.06 0.100134 | 92773.14 8.69% 634 1.7
SN 3 4873.71 0.100208 | 93096.66 8.76% 647 1.8
SN 4 5169.19 0.113539 | 98456.21 3.47% 253 0.7
SN5 4867.72 0.099940 | 92763.14 8.55% 615 1.7
SN 6 4886.80 0.100795 | 93076.26 8.94% 653 1.8

The results shown in Table 4.26 for SN1 to SN6 are for a advanced controlled switching circuit
breaker that also operates at an average of 40 times a year [91]. The input energy of the arc
for all simulations extracted from Table 4.20 and the peak arc temperature in Table 4.26 are
transposed using the Arrhenius equation (2.23) to determine the kinetic rate constant (k) and is
subsequently used a basis for comparison against the conventional circuit breaker for fault
interruption in Table 4.25. The results in Table 4.26 for SN1 to SN6 for advanced controlled
switching are produced by using a conventional circuit breaker average lifespan of 20 years as
a reference to the conventional circuit breaker rate constant results with equation 4.1 This is to
determine the rate of percentage change and increased lifespan results of the advanced
controlled switching circuit breaker.

The Table 4.26 results produced in SN1 to SN6 shows an increase in lifespan expectancy of the
circuit breaker relevant to the energy and temperature operation for advanced controlled
switching. The Lifespan expectancy is also found to be dependent on the fault current angle
that’s imposed on a circuit breaker over a period of time. In each simulation, the results are
based on the circuit breaker being imposed by the same fault current angle over its lifecycle to
determine the improved lifespan expectancy. The best yields are for SN3 which is increased by
1.8 years lifespan when the fault angle for interruption is at 90 °. The lowest improved Lifespan
expectancy of 0.7 years was found for SN1 at a fault current angle of 30 °. The remaining results
in SN4 to SN6 also underwent a reduction in lifespan days when the environmental conditions
changed which yielded the same results as SN1 to SN3 withina 0.1 % tolerance when the same
fault current angle was applied. Hence, the lifetime expectancy has improved significantly when
compared to the conventional circuit breaker for all simulations. The benefits are prevalent of

advanced controlled switching which has an increased lifespan average of 7% relating to an
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average increase in useful life of 1.4 years. However, the fault current angle if possibly
controlled and used together with advanced controlled switching could provide a guaranteed

regulated lifespan increase of the vacuum circuit break
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Chapter 5

Conclusion and Recommendations

5.1 Conclusion

The results were analysed by simulating the vacuum circuit breaker under a Line-to-Earth fault
on a MV Power line, with no advanced controlled logic i.e. the conventional method and
subsequently with the advanced controlled switching logic.

The conventional 11 kV vacuum circuit breaker without advanced controlled switching logic
under fault interruption was simulated using the electromagnetic transient simulation software
at variable fault current phase angles. The 11 kV vacuum circuit breaker using advanced
controlled switching logic under fault interruption was thereafter simulated using the
electromagnetic transient simulation software at variable fault current angles and variable input
parameters relevant to its environment, namely the temperature, idle time and standard circuit
breaker time. The predicted controlled trip time formulae as defined by equation (3.14), was
used to verify the electromagnetic transient simulation results of the advanced controlled
switching circuit breaker under fault operation. It was shown to be accurate within a 0.1 %
tolerance, therefore proving equation (3.14) to be effective for this application.

The results of the interruption time and various Interruption Phenomena during the circuit
breaker fault interruption under the simulated conditions was captured and analyzed. The
simulated results of the conventional circuit breaker under fault operations were then compared
to the circuit breaker using an advanced controlled switching logic.

The advanced controlled switching had successfully tripped the circuit breaker at current zero
for fault interruption for all simulations The average arc current had reduced by 9% and average
arc voltage had reduced by 11 % upon implementation of advanced controlled switching. The
chopping currents was found to be almost negligible when compared to the non-controlled
conventional circuit breaker. The reduction of the chopping currents for advanced controlled
switching had triggered the reduction of the transient recovery voltage to an average of 29% .
The advanced controlled switching restrike average peak ignition voltage produced for all
simulation was constant with an average decrease of 250 % which was aided by a lower
transient recovery voltage. The overall power of the arc for advanced controlled switching had
reduced by an average of 32% due to the reduction in arc current and reduction in restrike

voltage.
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The overall power interruption results for arc interruption which was dependent on the above-
mentioned Interruption Phenomena had revealed the influence it had on the energy of the arc.
The energy of the arc was found to be directly proportional to the power of the arc by yielding
the same reduction of 32% in energy produced by the arc. The temperature followed the same
trend as the energy of the arc for advanced controlled switching by producing a 32 % decrease
in temperature when compared to the conventional non-controlled circuit breaker.
It was concluded that the phenomena’s that occurred was interdependent and produced the
overall power reduction which was proportional to the arc energy output. This was effectively
proportional to the arcing temperature. The analyzed arc temperature and energy results was
subsequently transposed using the Arrhenius method for conventional and advanced controlled
switching circuit breakers and the findings have indicated an average circuit breaker useful life
improvement of 7% for the advanced controlled switching circuit breaker. However, the useful
life of the circuit breaker over and above the implementation of advance controlled switching,
was still dependent on the current influence of the fault current angle and the environmental
conditions of the circuit breaker. Overall, the application of the advanced control switching
method was successful in increasing the useful life of the breaker by a short duration of time.
The average useful life of a circuit breaker is 20 years and by extending the lifespan of the
circuit breaker by an average of 1.4 years to a new lifespan of 21.4 years, supporting the
viability of the hypothesis. The cost of replacement may be differed by 1.4 years which will
have a significant impact on the total annual capital expenditure budget for power utilities.
Differing capital budget allows for more available funds for maintenance and/or refurbishment

of the power system.

5.2 Recommendations

The improved average useful life of 1.4 years successfully allows for a longer equipment
lifecycle. However, the capex costs may not be realized due to the higher initial cost to purchase
the advanced controlled circuit breaker. The improvement of 7% in the circuit breakers useful
life was determined not to be sufficient to offset the high initial costs for advanced controlled
switching circuit breaker when compared to a conventional circuit breaker.

The advantage where its realized, is where the medium voltage controlled circuit breaker is
installed on a power gird as it accounts for approximately 56 % of the power girds circuit
breakers. The improved useful life time will thus allow power utilities more time in an average

maintenance cycle to attend to other areas of maintenance.
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The advanced controlled switching vacuum circuit breaker was implemented with the
temperature and idle time coupled with standard circuit breaker time taken as the input variables
to the environmental conditions to predict the desired interruption time delays to achieve current
zero tripping. However, there are areas that may be researched and considered for development
to allow for more logic integration with artificial intelligence. The recommendation for areas
of development in this technology are as follows:

e Its recommend that the advanced controlled switching logic allow for a more wider
variable environmental factors that include certain fluids and vapours namely sulphur
hexafluoride and polychlorinated biphenyls asbestos to improve the impact on the
circuit breakers efficiency and reliability.

e Investigation into developing logic that can also utilize the current information via fibre
connection from the protection relays further upstream or downstream to assist the
advanced controlled switching circuit breaker in predicting the fault currents probability
earlier, therefore enabling it to achieve an earlier current zero interruption which can
possibly compensate for the delays imposed to achieve the current zero tripping relevant
to its environment

e Using machine learning to track the breakers reaction to a fault at a specified angle and
magnitude and subsequently changing the logic for each fault interruption to adopt an
earlier current zero tripping time could possibly improve the circuit breakers
interruption times.

e Taxonomical survey on fault currents in power systems and effects on expenditure and
power system performances viewpoints.

The research completed in this dissertation may be expanded using the methods above to
increase the useful life of the vacuum circuit breaker significantly which will improve capital
expenditure to a point that the increased useful life outweighs the higher capital costs required

for advanced controlled switching.
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Appendices

Appendix A

Table A-1 :Advance Controlled Switching Calculated Results

Advanced controlled switching calculated results

Output
Input Parameters into T, = I.. [sin(@t + a — @)-sin (a - go)-e(‘”’)] Results of
Ty
a
Sim | (deg)-
ulati Pf Cycle T= sin (o -t+ | sin(a—9) - .
on | Curve p(deg) 2/3) oL/R L/R ! a i 0) e g—t/ z) it (s)
No. | (0,30,
60,90)
1 30 77.73 | 0.08 | 459 | 0.015 0.74002182 -0.373759544 | 0.02727713
2 60 7773 | 017 | 459 | 0015 | 0.304586264 | -0.153836036 | 0.01865665
3 90 7773 | 025 | 459 | 0015 | -0.212462935 | 0.107307714 | 0.00842043
4 30 77.73 | 0.08 | 459 | 0.015 0.74002182 -0.373759544 | 0.02727713
5 60 7773 | 017 | 459 | 0015 | 0.304586264 | -0.153836036 | 0.01865665
6 90 7773 | 025 | 459 | 0015 | -0.212462935 | 0.107307714 | 0.00842043
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Appendix B

Table B-1 : Input to Predicted Controlled Trip Equation for Advance Controlled Switching

Inputs to Predicted Controlled Trip Equation

To= [(T)) + (AT + AT+ Tyl ‘[(T” ) + (ATurg + ATy + Tog )]‘+0.01 J
CB Std operating | CB Temperature | CB Idle time delay | Fault Time instant
time (open + Arc) - | time delay (S) - | (S) - ATIdle AIF(S)

Tstd in (s) ATtemp
0.03505 0.00054 0.000031 0.02727713
0.03505 0.00054 0.000031 0.018656648
0.03505 0.00054 0.000031 0.00842043
0.03505 0.00048 0.000031 0.02727713
0.03505 0.00054 0.000077 0.018656648
0.03505 0.00138 0.000155 0.00842043

Table B-2 :Output Results from Equation for Advanced Controlled Switching

To= (1) + (

AT,

temp

+ AT .+ T

ldle std

Output Results Predicted Controlled Trip Equation

) + (s

N )]‘+o.01J

Arcing Time (s)

Total Delay Time (s)

Predicted Current Zero Trip Time (s)

Tco
0.0427 0.0629 0.0710
0.0413 0.0543 0.0600
0.0416 0.0440 0.0490
0.0427 0.0628 0.0700
0.0413 0.0543 0.0590
0.0416 0.0450 0.0049
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Appendix C

Table C-1: Conventional Switching Simulated Results

Conventional Simulation Results

Simulated Peak Simulated Sirsg?alfte d Eii?fgy Conventional
Tco Ps (kW) Os (KVar) ) Temp (°C)
0.057 3245 77.00 138834.18 7287.6
0.049 3351 0.000 138541.67 7272.3
0.039 3339 255.00 138635.71 72772
0.0623 3245 77.00 138834.64 7287.6
0.0573 3351 0.000 138541.28 7272.3
0.0435 3339 255.00 138635.23 7277.2

Table C-2: Advanced Controlled Switching Simulated Results

Advanced Controlled Switching Results

Simulated Peak Simulated Ps Peak Simulated Qs Energy | Controlled
Tco (kW) (kvar) J) Temp (°C)
0.070 2303.00 5.40 98476.21 5164.70
0.060 2245.00 39.30 92773.14 4872.06
0.050 2233.00 -40.00 93096.66 4873.71
0.071 2305.00 34.00 98456.21 5169.19
0.060 2243.00 65.00 92763.14 4867.72
0.049 2239.00 -62.00 93076.26 4886.80
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Appendix D

Table D-1: Results Difference — (Conventional Vs Controlled)

Result Differences - ( Conventional Vs Controlled)

TCO (Conv Vs TCO (
Controlled) - PS (kw) QS (kvar) | Simulated | % Temp Decrease
(ms) Vs Calc)
13.0 942.0 71.6 0 29%
11.0 1106.0 -39.30 0 33%
11.0 1106.0 295 0 33%
8.7 940.0 43.00 -1 29%
2.7 1108.0 -65.00 0 33%
5.5 1100.0 317.00 1 33%

Table D-2: Advanced Controlled Switching Energy and Temperature Efficiency Results

Advanced Controlled Switching - Energy and Temperature Efficiency

System System
Difference in Temp Decrease System Power Ps Fault E)r/1er
Energy(J) (°C) - (kW) Power - ( J)gy
(KW)

40443.41 2,122.94 3,843.00 427,336.36 164,183.99
45725.75 2,400.22 3,843.00 427,336.36 158,882.50
45788.53 2,403.52 3,843.00 427,336.36 159,790.29
40357.97 2,118.46 3,843.00 427,336.36 164,183.99
45808.43 2,404.56 3,843.00 427,336.36 158,882.50
45539.05 2,390.42 3,843.00 427,336.36 159,790.29
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