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Abstract

The current electricity crisis, coupled with the lack of generation, has led to a major focus on continuity of

supply. The Western Cape has been severely affected, as it only has a limited number of generation sources,
namely Koeberg Nuclear Power Station (base supply) along with other power stations used for peak load
running such as Ankerlig, Palmiet, etc. Koeberg Nuclear Power Station is located at the end of a long
transmission line with no other base-load generation for 1500km, between the power station and the mass

pool of coal-fired generation in Mpumalanga.

Koeberg Nuclear Power Station (herein referred to as “Koeberg”) plays a significant role in ensuring the
stability of the Western Cape'’s electricity network. Without this power stattion, the network power flow is
greatly affected, and is placed under severe strain. Koeberg is the determining factor when the system-
operators control the Western Cape network. The network is modelled having one of Koeberg's unit offline,
using contingency analysis N-1. The one Koeberg unit being the N-1 contingency factored into the
transmission network. The network should be able to withstand a disturbance with one Koeberg unit out of
service and maintain stability after the disturbance. With the Eskom's decision to increase Koeberg power
plant’s electrical output power, it became apparent that the impact of this upgrade needed to be assessed. In
the past, various hand calculations and assumptions were made before implementation of these types of
changes could occur. With the advent of technology, modern computer-based software simulation tools have
reduced the time to analyse such changes and aid engineers to quickly assess the impact it would have on

various components.

A load flow and short circuit studies of the Koeberg internal networks were performed and verified against
plant data. The original data was compared to simulated data using a computer-based simulation package.
The simulation software package used to validate the results is the DIgSILENT software package. This is
one of the standard software packages used by Eskom to validate models on the network. Load flow studies
for Koeberg have been completed in the past, but many changes have since been made to the plant. There
was thus a requirement to re-calculate the original load flow studies and ensure that all plant and protection
settings are within an acceptable criterion. This new study found that there were minor errors in the on-site
documentation and that the software is compatible with the plant data.

The South African electricity network is made up of many components. To gain understanding, and to
reduce computation time, a reduced network was built into DIGSILENT to assess the impact the increase in
the output generation has on the nuclear plant's ability to remain stable during grid disturbances. Two
classical mathematical assessments were made, namely, the equal area criterion and the modified Euler
method, to validate the simulated results for the critical clearing times associated with the nuclear power
plant. In all the simulated results, a decrease in critical clearing times was noted when the output of the

generator was increased. A further reduction in critical clearing time is achieved when both generators are
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coupled to the common coupling in the High Voltage (HV) yard. DIGSILENT has the ability to build models

of Automatic Voltage Regulators (AVR), Power Systems Stabilisers (PSS) and Turbine control systems.
However, only a transient stability assessment of the AVR was completed, as the PSS and the turbine control
models have not been validated yet. It is shown that the AVR has very little impact on the critical clearing
time of the nuclear power station during transmission-grid faults, as the response of the excitation system of
the plant is a rotating-type exciter, which responds slowly to faults. The simulation validated this and allows

system engineers to motivate for a replacement of excitation system when the need arises.

The nuclear power station has five back-up emergency diesel generators used to bring the plant power down
safely if all off-site supply is lost, and it is no longer able to supply itself. DIgSILENT was used to perform a
critical clearing time assessment for faults at the HV busbar close to the nuclear power station. This critical
clearing time only comes into play when the emergency diesel generator is coupled to the network during
routine testing to prove the diesel generator's output capability. A critical clearing time has now been
established for the emergency diesel generators following the thermal power upgrade, and, although no pole

slip protection is available, the information is valuable for the thermal power upgrade project.

The effect of increased generation on critical clearing times was determined. The Western Cape transmission
system was simulated taking into account all the generation sources in the province. Three-phase faults were
placed both at HV busbar close to the power station and far away (i.e., 800 km) following the new electrical
generation parameters. The nuclear power plant would be stable for both close and far away faults; however,
cascading pole slipping occurs in all the generators in the province when the generators at the nuclear plant
pole slip.

Protection systems ensure stability of supply by only isolating the defective component/equipment and
ensuring continuity of supply. Although the protection scheme at Koeberg has been in operation for quite
some years, a verification of settings needs to be completed from time to time. The settings have been based
on network and plant parameters. These parameters will change when the thermal power upgrade settings are
applied to generator and the protection scheme needs to be adapted accordingly. The protection setting of
interest for this study was the pole slip protection. Howexagidation of protection models is outside the

scope of this work.

Based on all the simulations conducted, it was concluded that Koeberg Nuclear Power Station would be

transiently stable following a network disturbance even after the increase in the electrical output power.
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1. Introduction

1.1 Introduction

South Africa’s electricity supply has been dominated by the Electricity Supply Commission (ESCom), which
was established in 1923 [1]. The name was changed to Eskom in 1986. Eskom generates approximately 95%
of the electricity used in South Africa and approximately 45% of the electricity used in Africa [1]. The
Eskom network is part of the Southern African Power Pool (SAPP), which connects Eskom to the networks
of other utilities in neighbouring countries. Eskom generates, transmits and distributes electricity to
industrial, mining, commercial, agricultural and residential customers together with redistributors [1]. The
power-generation pool comprises of the following sources, namely, coal, nuclear, hydro with pump storage,
gas, wind and solar. Eskom’s total generating capacity is 45656MW as of June of 2015. Eskom’s generation
can be broken up into the different technologies associated with the South African national electrical grid,

which is illustrated in Figure 1.1 below.
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Figure 1.1 Electricity technology distribution
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Eskom’s generating capacity is as follows, namely, coal 82,7%, nuclear 4,25%, wind 0,23%, hydro 7,3%,
gas 5,3% and solar 0,22% [2]. The power stations can be further divided into base-load power generations
and peaking power generations. Base-load power stations are characterised by power stations that run
continuously; and examples are Kendal, Koeberg, Matla and Majuba, to name a few. While peak power
stations refer to generation stations that are used only during high consumption periods, examples are
Ankerlig, Gourikwa, and Palmiet [2]. The base-load stations contributed up to 90% of the generation source,

compared to peaking stations that make up 10% of the generation sources [2]. In South Africa, coal and



nuclear dominates the base-load supply power stations, whereas wind and hydro (renewable energy), gas and

solar constitutes the peaking contingent of the generation sources.

This study focuses on the Western Cape network; therefore the development of the Western Cape network is
briefly discussed below.

The first Eskom power station erected in Cape Town was the Salt River 1 power station in 1928 [3]. It was
the first coal-fired power station that was operated by the utility. As the load demand in the Western Cape
province increased, Eskom and the Western Cape Provincial Council decided to increase the generating
capacity in the Western Cape by building the Athlone power station in 1962 and the Salt River 2 power
station in 1967 [3]. The province was eventually linked to the national grid in 1969, which reduced the

generating requirement for power stations in the province [3].

As the load in South Africa increased and the Western Cape was no longer an islanded network, Eskom
decided to build a nuclear power station, and the first unit at Koeberg Nuclear Power Station was

commissioned in 1984 [2]. This increased the generating capacity in the Cape Province by 1800MW, which,
at the time, was sufficient to supply the Western Cape and even to export power northwards on the

transmission lines connecting the Cape and Orange Free State to the Highveld region of South Africa [4].

From the 1980s through to the early 2000s, the growth in demand for electricity followed a trend averaging
between 2% and 3% per annum [5]. However, over the past few years, the annual growth in peak demand for
electricity has been higher than an average of 4% per annum. The Government’s accelerated and shared
growth initiative for South Africa (ASGISA) projected growth of the economy by approximately 6% per
annum into the future [5]. This 6% projection implies a 4% increase in the demand for electricity. Eskom’s
future planning, with reference to the demand for electricity capacity, is therefore based on an average
annual growth rate of 4% [5]. Figure 1.2 illustrates the growth in load demand taken in 2006 and projects
that the future electricity reserve margin will be reduced dramatically. In 2015, this reserve margin is being
stretched on a daily basis and load shedding is a daily possibility as the load demands encroach on the

reserve margin.
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Figure 1.2 Electricity load demand increase [6]

Assuming the Western Cape’s energy growth trend follows the country’s growth trend, then the nuclear
power plant would have been unable to supply the Western Cape grid on its own many years ago. For
illustrative purposes, a snap shot of the Western Cape winter load profile in 2009 is shown in Figure 1.3.
From this figure it can be seen that Koeberg Nuclear Power Station would be unable to supply the Western
Cape load already since before 2009. Koeberg is only capable of sending out 1840MW (both units in
operation), and the minimum load in the Western Cape was 2200MW in 2009 and the maximum load was
4100MW [4]. It should be noted that the Western Cape gets most of its electricity supply from the large

generation source comprising of coal-fired power stations in the province of Mpumalanga [4]. This confirms

the assumption that the Western Cape growth rate was at least as high as that of the country over the past ten

years.
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4100 MW

Load
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Figure 1.3 Western Cape winter load profile 2009 [4]



The government of South Africa is planning to increase the national nuclear generation from the current
4.4% to 9.5% in the next few years [7]. Although this is still in the planning phase, the project has been
approved by Government, which affirmed its position regarding the use of nuclear technology to generate
electricity. This will assist with the ever-increasing loading on the network and the lack of generation,
especially the base-load which is much needed to ensure availability of supply [2]. Any increase in base-
load generation could assist or help the power system, which is ailing owing to the lack of generation.

With the Koeberg Nuclear Power Station preparing to increase its generating capacity by a 130MW (per
generating unit) in the Western Cape, a detailed analysis of the effect of this plant on the transient stability of
the system is required. Transient stability studies are particularly important as they can indicate whether the
generation in the Western Cape can stay in synchronism with rest of the Eskom generation and, hence,
ensure that the all-important Koeberg auxiliaries can receive power from the transmission network [8].
Recently, the resurgence in studies completed for new technology included completing transient stability
studies [8], [9], [10]. Here, High Voltage-Direct Current (HVDC) has received a lot of attention in many
studies completed by many authors [11], [12], [13]. With the diversification of electrical technologies, wind
generation studies have also been completed and transient stability studies have also been included in these
studies [9], [14]. However, during the literature review, it was found that not much external research related

to transient stability studies of nuclear power plants has been published.

This dissertation will therefore aim to address stability issues within the nuclear power plant, and allow for
network engineers to adapt and protect the plant against network disturbances or faults. It also allows

engineers to evaluate plant changes and give better insight into the behaviour of the nuclear power plant.

1.2 Background to the study

The South African electricity utility is under immense pressure to ensure continuity of supply. The South
African power grid, especially in the Western Cape, is susceptible to instability owing to the long
transmission lines that connect the Western Cape to coal-based power plants and the lack of adequate base-

load power generation in the Western Cape [4].

It should also be noted that South Africa’s only nuclear power station, namely Koeberg, has plans in place to
increase its thermal power output by replacing the steam generators [15]. In the last 10 years, Koeberg
Nuclear Power Station has performed various modifications to improve efficiency and electrical output.
Modifications like the turbine blade maodification allowed the electrical output power to be increased from
920MW to 970MW per generator unit. The steam generator replacement will allow an increase in electrical
output power from 970MW electrical (MWe) to 1100MWe per generator unit, which is a 13.4% increase in
generation capacity. The increase in electrical power output however requires analysis of the generator
protection scheme and the stability of the generator following the thermal power upgrade. This has provided



an opportunity for developing a plant model to be used for the analysis of plant upgrades as well as fault

simulations.

Nuclear power stations rely on internally generated power to supply their safety-related equipment [16]. As
such, the output of the generator feeds the main power supply bus system of the station via a step-down
transformer [16]. Serious faults can however occur more frequently as plants become older, and harsh
weather conditions can further compound the ailing health of these plants. It is therefore imperative to
perform transient stability analysis for ageing nuclear power stations to ensure minimal disruption to the
continuity of supply during the said transient conditions [16].

On a global level, there have however been nuclear incidents in the past. The nuclear incident at the
Fukushima nuclear power plant, in Japan, has demonstrated that a more rigorous approach to nuclear power
plant operation is required [17]. Nuclear power plants are however designed and maintained to operate at
maximum capacity at all times, and protection systems ensure stability of supply by only isolating the
defective component/equipment and ensuring continuity of supply.

Although the protection scheme at the Koeberg nuclear power plant has been in place for some years, a
verification of the settings needs to be completed from time to time [18]. The settings were based on network
and plant parameters; when these parameters change, the protection scheme needs to be adapted accordingly.
Similarly, the internal nuclear plant network, as well as the affected generation network, should be analysed

to ensure that most power plants can withstand grid disturbances.

Transient stability studies are concerned with the ability of the power system to withstand large faults or
disturbances. If the system can return to its original operating state or a new state once the disturbance is
removed, the system is said to be stable [19] .The types of disturbances range from transmission-line loss
owing to lightning strikes and broken conductors, loss of generation, increase in load demand, and a decrease
in generating capability [19]. The nuclear power plant in this study, like many others, has been subjected to
all of these types of disturbances at some point in its operational life. Some have been significant and others

have gone unnoticed without any major incident or impact.

Usually numerous simulations are conducted to verify plant parameters and responses for different scenarios
to give insight into the behaviour of the network under different conditions. The simulation results allow the
system operator to adapt the network to pre-empt failure. Even a well-designed and normally operated
system may face the threat of transient instability [19]. Computer-based stability analysis is therefore an
important component of power systems’ operations and planning. As a result, it is crucial that the models and
parameters of the generators and associated excitation systems are accurately assessed to ensure that the

results are representative of the real power system [4], [13].



The simulation software package used to validate the results in this dissertation is the DIGSILENT software
package. DIgSILENT is a computer-based software package, providing power system modelling, analysis
and simulation [20]. This software package is widely used by system operators to model the power system to
qguantify risk and uncertainty in simulation models. These studies are considered during the planning and
design stages of a new power station, as well as when evaluating changes to an existing system during the
operational phase [4]

1.3 Objectives of this study

The main objective of the thesis is to look at issues which ensure the safe operation of the Koeberg nuclear
plant during grid disturbances by:

< validating the built DIgGSILENT model against known parameters;

« analysing the plant response with or without the Automatic Voltage Regulator(AVR), with the main
focus being the future plan to increase the generating output of the plant and the effect on the plant
under various plant configurations;

« investigating the network response to transients emanating from switchyard faults close and far away
from the nuclear plant, and the reaction of the Western Cape grid during these disturbances post
thermal power upgrade; and

* examining the transient behaviour of the on-site emergency generators during faults on the 400kV

transmission network with an increase in generation at the nuclear power plant.

1.4 Thesis development plan

A literature review was completed to provide insight into the topic. Once the literature review was
completed, a decision was made to perform a transient analysis of a nuclear power plant. A development
plan was put together and can be seen in Figure 1.4.
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In order to conduct this study, it was decided to build a reduced network with an infinite bus representing the
grid and the nuclear plant's generators and internal 6,6kV network. The complete Eskom reticulation was
built in DIgSILENT by Eskom system operators, but limited to the transmission network and does not
include generation plant parameters. Therefore, to fully understand the fundamentals of the study, a reduced
network was built. It allows plant engineers to verify internal plant parameters and assess relevant data

pertaining to modifications. It will allow the plant engineers to verify fault reports and put measures in place



to prevent inadvertent tripping of the nuclear power plant. Network system operators perform daily
simulations relating to changes seen on the national electricity grid in order to validate data. The network is
dynamic and changes all the time, and these system operators, based on their knowledge and training, adapt
the network accordingly to prevent major loss of electrical power. Hence, this knowledge and training is not

readily available and takes years to develop.

DIgSILENT was used to build the network. However, it was necessary to verify the reduced network to

ensure that the model was valid, and thus two other methods were used to validate the models. The first
approach was to perform the equal-area-criterion calculation for the nuclear plant connected to an infinite
bus. The same parameters used in the previous two methods were used to perform the modified Euler

method to compare the networks and to ensure model validity.

The load flow studies were completed using the DIgSILENT software. Load flow studies will determine the
bus voltage magnitude, bus voltage angle, current, active power and reactive power. In addition to the load
flow studies performed in DIgSILENT, a short-circuit analysis was completed and fault currents were
compared to the original handover information supplied at commissioning. On completion of the short-
circuit study, a transient stability analysis was completed using DIGSILENT to confirm various scenarios

against which critical clearing times were assessed.

1.5 Scope and limitations

Limitations are based on the fact that a reduced network model was used in the analysis in Chapters 4 and 5.
This includes the hand calculations completed for the equal area criterion; the modified Euler Excel
spreadsheet analysis and the reduced network built in the DIgSILENT software. The South African
reticulation network used in Chapter 6 neglected Static VAr compensators and capacitor banks. The study
was also limited to the HV switchyard closest to the nuclear power plant, as well as another generating
source 800km away, to gauge the effect of generation faults further away from the plant. The Power System
Stabiliser (PSS) and turbine control model was not included in the scope of this work. The PSS installed on
the plant is still being optimised and parameters have not been finalised yet. The turbine control has been

modified and, owing to a lack of data, has not been included in the simulation.

1.6 Contribution of this thesis

The contributions of this thesis include:
* The development of a simplified network of the plant that could be used for future upgrades and
plant/network fault interactions studies.
* The finding that the nuclear power plant would be transiently stable following a grid disturbances

near and further away (800km) from the power plant following the thermal power upgrade.



* The discovery that the excitation system of the Koeberg nuclear power plant is slow in responding
to the disturbances during the simulation.
» The clarification of the critical clearing times associated to the emergency diesel generator which

was not known before.

1.7 Structure of thesis

This study is divided into seven chapters which are organised in the following manner:

Chapter 1 describes the background, scope and limitations of the dissertation. It also defines the reason for
completing the study.

Chapter 2 presents the literature review by examining the background history related to power system
stability. It also includes basic nuclear power fundamentals and initiates the discussion regarding the
behaviour of synchronous machines under various conditions. This chapter is concluded by examining the
effect that the excitation system has on transient stability.

Chapter 3 is an introduction to mathematical modelling and theory related to performing transient stability
studies. It then delves into the fundamentals which form the basis of analysis of rotor angle stability. It also
introduces the DIgSILENT software and its modelling capabilities.

Chapter 4 focuses on the simplified network and compares different methods to determine critical clearing
times. A load flow and short-circuit studies were completed, analysed and compared with plant data to verify
simulation accuracy.

Chapter 5 examines the critical clearing time of the emergency diesel generator when a network disturbance
occurs and the diesel generator is connected to the network.

Chapter 6 takes into consideration all the generation sources in the Western Cape and assesses the critical
clearing time for faults which occur nearby and faults some 800km away from the nuclear plant based on the
thermal power upgrade generation capability.

Chapter 7 discusses the study’s conclusions and recommendations based on the simulation results addressed
in Chapters 4, 5 and 6.



2. Literature Review

Transient stability studies have been applied for many years to determine generator stability during major
grid disturbances [11]. Grid disturbances, which can be categorised as the tripping of one or more power
system components of the grid, have resulted in many nuclear power stations being disconnected from the
grid and operated in islanding mode. However, many reports suggest that network disturbances can operate
both network and generator protective devices which eventually could trip the nuclear power station [16],
[21]. The ability of a nuclear power station to withstand a grid disturbance is vital, as the preferred mode of
operation would be to supply its own auxiliaries and to ensure nuclear safety by supplying all the vital
equipment [21].

Transient stability events are a reality and the severity of these events has major outcomes, depending on
how well the network is controlled. Therefore, much emphasis has been placed on studying the network to
prevent such an occurrence and various methods are used to determine transient stability, namely, Artificial
Intelligence, Time-Domain and Numerical Integration methods [11], [12], [14]. These methods are further
discussed at a later stage in this chapter and are confined to time domain and numerical integration methods.

Transient stability however forms part of a much larger facet called power system stability.

2.1  Power system stability

Power system stability is defined as maintaining the stability of synchronous machines under different
scenarios, and it can be categorised into three main types, namely rotor angle stability, voltage stability and
frequency stability [11], [14], [19]. Each of these topics is of equal importance and are all based on the
notion that the network will be stable if the network is able to withstand a disturbance without major power

disruption.

Understanding the differences between the three types of stability, namely rotor angle, frequency and
voltage, is critical in identifying possible shortfalls in the networks [11]. These types of stabilities are defined

as follows:

* "Rotor angle stability refers to the ability of synchronous machines of an interconnected power
system to remain in synchronism after being subjected to a disturbance. It depends on the ability to
maintain/restore equilibrium between electromagnetic torque and mechanical torque of each
synchronous machine in the system. Instability that may result occurs in the form of increasing

angular swings of some generators leading to their loss of synchronism with other get§2&fors

* "Voltage stability refers to the ability of a power system to maintain steady voltages at all buses in

the system after being subjected to a disturbance from a given initial operating condition. It depends
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on the ability to maintain/restore equilibrium between load demand and load supply from the power
system. Instability that may result occurs in the form of a progressive fall or rise of voltages of some
buses. A possible outcome of voltage instability is loss of load in an area, or tripping of transmission
lines and other elements by their protective systems leading to cascading outages. Loss of
synchronism of some generators may result from these outages or from operating conditions that

violate field current limit [22].

* "Frequency stability refers to the ability of a power system to maintain steady frequency following a
severe system upset resulting in a significant imbalance between generation and load. It depends on
the ability to maintain/restore equilibrium between system generation and load, with minimum
unintentional loss of load. Instability that may result occurs in the form of sustained frequency
swings leading to tripping of generating units and/or 164@g].

Figure 2.1 shows the various layers in which power system stability is analysed in a simplified way. It also

indicates the various sub-sections which will be discussed further [12].

Power System
Stability
e
i | 1 | ¥ 1 .
Rotor Angle Frequency -
Stability Stability Voltage Stability

| Lates Small Disturbance
Transient Stability| Short Term Long Term Disturbance Voltage Stabilit
| Voltage Stability | 8 Y

Small Disturbance|
Angle Stability |

Long and Short Long and Short

Short Term Short Term
Term Term

Figure 2.1 Classification of Power System Stability [11], [12]

As illustrated in Figure 2.1 above, the types of stability are further broken down into sub-sections. Here, the

various types of stabilities together with their sub-sections are discussed below.

Small-disturbance rotor angle stabiligyroblems may be either local or global in nature. Local problems
involve a small part of the power system, and are usually associated with rotor angle oscillations of a single
power plant against the rest of the power system and are wadlddlant mode oscillation22]. Stability

(damping) of these oscillations depends on the strength of the transmission system as seen by the power
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plant, generator excitation control systems and plant output [11]. Global problems are caused by interactions
among large groups of generators and have widespread effects. They involve oscillations of a group of
generators in one area swinging against a group of generators in another area and arecadleth mode
oscillations[22]. Their characteristics are very complex and differ significantly from those of local plant
mode oscillations. Load characteristics, in particular, have a major effect on the stability of inter-area modes
[22]. The time frame of interest in small-disturbance stability studies is in the order of a few seconds

following a disturbance.

Large-disturbance rotor angle stability transient stability as it is commonly referred to, is concerned with

the ability of the power system to maintain synchronism when subjected to a severe disturbance, such as a
short-circuit on a transmission line [11]. The resulting system response involves large excursions of
generator rotor angles and is influenced by the nonlinear power-angle relationship. Transient stability
depends on both the initial operating state of the system and the severity of the disturbance. Instability is
usually in the form of a periodic angular separation owing to insufficient synchronising torque, manifesting
asfirst swing instability[11]. "However, in large power systems, transient instability may not always occur

as first swing instability associated with a single mode; it could be as a result of superposition of a slow
inter-area swing mode and a local-plant swing mode causing a large excursion of rotor angle beyond the
first swing[11]. It could also be a result of nonlinear effects affecting a single mode causing instability
beyond the first swing. The timeframe of interest in transient stability studies is usually three to five seconds
following the disturbance and it may extend to 10—-20 seconds for very large systems with dominant inter-
area swing%[11], [23].

As identified in Figure 2.1, small-disturbance rotor angle stability, as well as transient stability, is categorised
asshort-termphenomena.The term ‘dynamic stability’ also appears in literature as a class of rotor angle
stability. However, it has been used to denote different phenomena by different authors. In North American
literature, it has been used mostly to denote small-disturbance stability in the presence of automatic controls
(particularly, the generation excitation controls) as distinct from the classical ‘steady-state stability’ with no
generator controlg11] , [24] , [25]. In European literature, it has been used to denote transient stability
[11], [24], [25]. Since much confusion has resulted from the use of the term ‘dynamic stability’, we
recommend against its usage, as did the previous IEEE and CIGRE Task' fbt¢el26], [27].

The voltage stability sub-category, “large-disturbance voltage stability”, refers to the system’s ability to
maintain steady voltages following large disturbances such as system faults, loss of generation or circuit
contingencies [11] , [28]. The sub-category “small-disturbance voltage stability” refers to the system’s ability

to maintain steady voltages when subjected to small perturbations such as incremental changes in system
load [11], [28]. Voltage stability of the study period of interest may extend from a few seconds to tens of

minutes. Therefore, voltage stability may be either a short-term or a long-term phenomenon.
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2.2  Global examples of power system instability

The 1965 blackout in North East America and Canada caused widespread supply loss and could be perceived
as the catalyst for focused stability studies in North America. This led to more focused studies which
predominately were based on transient (angle) stability, but post incident concluded that a more in-depth
analysis is required for small changes in the frequency (small signal stability) and voltage collapse

occurrences [23].

Recent major events, as listed below, have shown that well-established networks can become unstable
causing major power loss. The following are a few examples [23, 11]:
1. July 2, 1996 disturbance of WSCC (Western North American Interconnected) System
August 10, 1996 disturbance of WSCC system;
1998 power failure of Auckland business districts, New Zealand;
March 11, 1999 Brazil blackout;
July 29, 1999 Taiwan disturbance;
August 14, 2003 blackout of Northeast U.S. and Ontario;
Europe 2006; and
India blackout June-July 2012.

© N o g A~ w DN

The aforementioned are all unrelated events, yet occurred under similar circumstances. This could imply that
one cannot predict what will happen in the power system, but one is able to make a more informed decision
based on contingency studies’ simulations. One common theme throughout these events was that, at some
point, the network was heavily loaded. However, another issue to examine is that inadequate protection
settings caused cascading tripping due to protection relay mal-operation which caused widespread power
loss. Insights given into the events depict a global issue that is not related to a specific network. What is not
clear in all these events is the age of the protection equipment and whether the technology used had an
impact on the operation of the protective devices. These factors could greatly affect the power system’s

reliability and security, which brings back the age old question of old vs. new technology [21].

Classical methods of performing power flow contingency analysis and transient stability requires an N-1
criterion, which means it always uses a single fault condition and does not investigate multiple outage
scenarios [23]. This could be one of the reasons why such aforementioned incidents have re-occurred. These
events have left millions of customers without supply of electricity for hours and negatively impacted the
economy. Multi-contingency studies (i.e., N-2) of modern power systems are becoming more important,

where two standing faults are considered.

2.3 South African examples of grid disturbances

Although the South African electricity grid has not suffered from severe grid instability, the possibility of an

occurrence of grid instability is always there. As an example, in 2005-2006 the Western Cape grid suffered

13



load shedding due to a lack of generation and protective devices mal-operating for faults [29]. Such

unforeseen incidents have sparked questions about diversifying supply and ensuring that the generating

capability of the Western Cape grid is strengthened. The events also highlight the importance of the nuclear

power station of the South Africa national grid and the role it plays in stabilising the Western Cape’s

electricity supply. As discussed earlier, nuclear power plants have stringent operating criteria and the system

operators are constantly adapting the network to ensure that parameters such as voltage and frequency

parameters are not violated.

The geographical layout of the Eastern and Western Cape transmission network at the time the incidents

occurred in 2005-2006 can be seen in Figure 2.2. The incidents include:

Switching occurring in the 400kV transmission yard that caused several transmission lines and the
Koeberg generator 2 to trip. This event resulted in load shedding of 1326MW in the Western Cape
[29].

The Beta—Hydra line (referred as the Cape Corridor) incident which, together with its associated
765/400kV transformer, which tripped owing to a wire short on the tower, was caused by a bird
building a nest. This resulted in a voltage dip that caused the auxiliary power at Koeberg to trip and
to delay the start-up of the tripped Koeberg Unit 2 [29].

The Droerivier-Muldersvlei 2; the tripping of 400kV transmission line in the Western Cape, which
was caused by a fire under the line, and which resulted in a major voltage network dip. The voltage
dip caused Koeberg Unit 2 to trip with the loss of 1230MW load [29].

The Kendal Power Station Unit 6 based in Witbank, Mpumalanga tripped causing a major frequency
dip and a subsequent under-frequency incident that caused Koeberg Unit 2 to trip. The following
day, multiple flashovers occurred on the following sub-stations located in Muldersvlei, Acacia,
Aurora, Droerivier and Bacchus, and the interconnecting transmission lines all tripped. This resulted
in load shedding of about 1079MW [29].

The Bacchus-Droerivier 400kV line trip, resulting in the islanding of the Western Cape. Once
Koeberg Unit 2 islanded successfully, an attempt was made to re-synchronise to the network. The
unit was unable to synchronise to the network, precipitating a Koeberg Unit 2 trip, which resulted in
a major loss of load. In all cases, the network affected Koeberg plant and, consequently, the Eastern

and Western Cape was adversely affected [29].

In all the aforementioned events, the Western Cape was adversely affected, which reiterates the point that the

Western Cape grid is more susceptible to disturbances and has special requirements, in order to maintain the

supply within the province. The Western and Eastern Cape grid is depicted in Figure 2.2 that follows:
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Figure 2.2 Transmission network for the Eastern and Western Cape [29]

The Western Cape grid is made of substations namely Koeberg, Juno, Kronos, Bacchus, Droerivier and ends
at Hydra. The Eastern Cape grid includes substations called Poseidon, Delphi, Grassridge and Neptune.
Figure 2.2 illustrates where the faults occurred, and, in most cases, the Koeberg nuclear power plant was
affected. The incidents indicated above, highlighted the need to improve generating capacity on the Western
Cape network. This was achieved by adding a 9 x 150 MW Open Cycle Gas Turbine (OCGTS) in Atlantis
called Ankerlig and 5 x 150 MW OCGTs at Mossel Bay called Gourikwa [30]. This increase in generation
and network improvements can be seen in Figure 2.3. The increase in generation was originally planned to
be used during peak time; however, the network is nearing its maximum operation and these peaking stations
are now required to operate more frequently [30]. This confirms that any increase in the networks spinning

power aids the network power flows.
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Figure 2.3 Transmission network improvements

2.4 Effect of grid disturbances on nuclear power generation

If the generator of a nuclear plant is subjected to transients and disconnects from the transmission system, the
reactor control drop mechanism will insert control rods into the reactor. By inserting the rods, the rate of
nuclear fission is reduced [16]. Steam flow needs to be reduced rapidly to prevent turbine over-speeding.
Usually the generator disconnects from the network owing to the plant’s protection system initiating. Excess
steam flow is diverted to the condenser and residual heat is dissipated to the atmosphere, as the turbine no
longer accepts steam as the main steam valves are closed [16]. Reactor core cooling is vital during this
period and plant safety functions are critical in maintaining reactor core safety. Protection systems can
operate for faults within the power station and operate for grid disturbances outside the nuclear power plant,
to prevent damage. If a disturbance occurs outside the nuclear power plant and the grid protection system
operate but the internal plant protection has not operated and the generator circuit breaker has not tripped, the
power plant is said to have been "islanded" by reaching stability after the disconnection of the transmission
system [16], [21]That is, the nuclear power plant supplies only its own power from the generator output and

the grid is disconnected.

By inserting the control rods into the reactor, by-products are created within the reactor, with important
negative consequences; this process is called “reactor poisoning” [16]. One of the many and most important

by-products of inserting the control rods is Xenon 135. Xenon 135 is a product of Uranium fission and has a
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large neutron capture cross section. Its large cross-sectional area absorbs neutrons which reduces the reactor
power. Eventually, reactor poisoning will lead to an extended shutdown period, possibly days [16]. For this
reason, house loading or islanding is preferred for nuclear power plants when taking into account the time it
takes to re-start the plant post trip. Here, the duration depends solely on the type of trip, when compared to

fossil fuel plants that can start up almost immediately once the fault has been isolated and cleared.

Nuclear power plants (NPPs) rely on electrical power for operation of safety related pumps and valves, but
without auxiliary supply the plant is unable to generate, as the auxiliary power feeds all the safety equipment
used to produce safe nuclear power [21]. Without this auxiliary power, the nuclear reactor has no means of
cooling the reactor, and it is unable to operate the control systems used to maintain acceptable reactor

control.

An example of the above described phenomenon took place at the Forsmark Unit 1 Nuclear Power Plant,
situated in Forsmark, Sweden, on 25 July 2006, that raised a number of issues related to the robustness of the
electric power systems [21]. A grid disturbance (i.e., short-circuit) in the off-site switch yard, in combination
with independent faults, resulted in a momentary over-voltage surge of ~120% on the on-site power supply
systems, which resulted in failures of two of four redundant Uninterruptable Power Supply (UPS) units.
Power was lost to all the safety components powered by these UPS units [20]. Although this incident is
unrelated to transient stability, it can however give insight into grid disturbances that could cause failure in
components within a Nuclear Power Generating context. Another contributory fact to the incident was that
this system had been recently upgraded to a new system with new technology. This leads to the point of plant
modifications for life extension with new technology, which could respond differently during grid

disturbances.

Most nuclear power plants are nearing their end-of-life and require modifications to extend the life of the
plant. Therefore, the technology chosen should be robust, tried and tested, ensuring that all scenarios are
simulated to ensure that all electrical systems can withstand the changes, and that the modification does not

have an adverse effect on the power grid [21].

In many countries the grid code rules requests that nuclear power plants should have the capability to switch
over to house load operation (islanding) [21]. This will ensure continuity of supply to the auxiliary power for
safety needs when a grid disturbance occurs, but it could also create on-site system problems, like voltage
and frequency instabilities associated with such disturbances [21]. Hence, both aspects should be considered
in the design of electrical systems. The Incident Reporting System (IRS) contains a number of events that are
directly related to the disturbances in the plant’s electrical systems. The IRS is operated jointly with the
Organisational for Economic Co-Operation and Development (OECD)/Nuclear Energy Agency (NEA) to
exchange information on unusual events at NPPs and to increase awareness of actual and potential safety
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problems [21]. In 2006, a web-based IRS was created to allow quick reporting which subsequently increased

the amount of reports of incidents [21].

In addition to the IRS, the World Association of Nuclear Operators (WANO) has established and operates a
similar database of events that occurred at nuclear power plants operated within the WANO club, of which
Koeberg Nuclear Power Station is an affiliated member [21]. In addition, WANO regularly publishes

Significant Operating Experience Feedback Reports (SOER) in order to share valuable learning gained from

the operating experience of colleagues in WANO [21]

When screening the IRS database, it was found that there were 88 grid disturbance events in 14 years [21]. It
therefore appears that the disturbances in plant electrical systems are quite common events. The Licensee
Event Reports (LERS) issued by NPPs in the USA are complementary to the IRS data base, and served as
another important source of information about events that involved disturbance in the plant electrical systems
[21]. Approximately 19 relevant reports that the plants reported to the United States Nuclear Regulatory
Committee were also included to better illustrate the variety of events involved in grid or plant electrical
system disturbances. The NPP’s electrical grid connections allow various functions, namely, for the
operation of the nuclear power station to export power and import power, and it also provides a source of
electrical power to the power station auxiliaries to allow safe shutdown and post-trip cooling of the nuclear

reactor [21].

Despite the fact that NPPs have on-site EDG's, the reliability and stability of the connected grid system has a
significant effect on the reliability of post-trip cooling of the reactor core. [21]. Grid disturbances can result

in a reactor trip with a subsequent loss of electrical supply to provide auxiliary power for essential safety
system functioning. Hence, it is imperative that the design of nuclear power plants take these events into
consideration, with the plant able to remain at power safely level for the complete range of grid related
events and disturbances. A second requirement for the design is the safe shut down of the nuclear reactor

when this occurs.

A modern aspect of power system stability is large signal disturbances which could result in loss of
synchronism of any number of generators connected to the grid. Many studies have shown that automatic
voltage regulation systems integral to large power plants are becoming increasingly important in solving the
problem of stability. The performance and effectiveness of these systems to maintain terminal voltage within

an acceptable range during disturbances and transients is critical to ensure overall stability of the network.

2.5 Generator’s excitation systems

The basic function of an excitation system is to supply the direct current to the generator field winding, and it
has added benefits as it performs a protective and controlling functions essential to maintain the performance

of the power system by controlling the field voltage, which in turn controls the field current [11]. The
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excitation system forms a major part of the energy production process. Primary energy in the form of coal,
gas, water, wind, sun and nuclear (Uranium) is used to produce electricity. This form of energy is converted
from mechanical energy to electrical energy, where the mechanical energy in the form of turbines drives the
generator to produce electrical energy [31]. Synchronous machines are usually the preferred means of
electrical conversion, which output voltage is maintained by an excitation system [31]. The complete process

can be seen in Figure 2.4.

Primary Mechanical Electrical Consumer
Energy Energy Energy

Turbine >Generator

Field Generator
Current Voltage

Figure 2.4 Excitation System in the chain of energy production [31]

2.5.1 Synchronous machine

Mathematical modelling of the synchronous machine has been investigated extensively in various literature
[11], [14], [19] and therefore this aspect has not been included in this dissertation. However, in order to
better understand the automatic regulation process of a synchronous machine, one needs to grasp the
behaviour of the synchronous machine itself under all possible operating conditions. A regulated machine

can be displayed in a simplified format in accordance with Figure 2.5.

Controlled Object Disturbance
If Synchronous U
—> SV ; Network
Machine
Excitation
System

Figure 2.5 Regulating circuit diagram [31]
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In the above Figure 2.5; represents the field current and, tépresents the generator voltage. The
synchronous machine is represented as the controlled object and all the other components form the regulator
or excitation system. When the synchronous machine is coupled to the network, it has an effect on the closed

loop regulating circuit, and it thus acts like an external interference variable [31].

The characteristics of the network and the synchronous machine are usually predetermined. The excitation is
only able to correct the overall behaviour by means of optimisation techniques performed during
commissioning [31]. This is achieved by adapting the corresponding regulating parameters. When one
analyses the behaviour of synchronous machines, a distinction must be made between static, dynamic and

transient behaviour. These behaviours are discussed below.

2.5.2 Static behaviour of a synchronous machine

The synchronous machine under static behaviour operates in three methods, namely [31]:
* no load operation where there is no load connected,;
« machine operating in Island condition; and

« machine under load in parallel operation with the network.

The operating conditions related to no load conditions are the same for loaded conditions. The only
difference between them would be that under no-load or island operation, the excitation predominately
controls the voltage; while in network (loaded) operation the main source of control is reactive power which
is controlled by the AVR and excitation [31].

2.5.3 Synchronous machines operating in no-load conditions

At no load operation, the terminal voltage of the generator is equal to the induced rotor voltage, while at
constant rotational speed the terminal voltage depends entirely on the field current [31]. This having been
stated, a linear relationship does exist between the field current and the generator terminal voltage as seen in
Figure 2.6. When the generator voltage exceeds the nominal value, a saturation effect occurs, and, if the

terminal voltage is required to be increased, the field current needs to be increased proportionally [31] .
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Figure 2.6 No-load characteristic [31]

2.5.4 Synchronous machine loaded

If the synchronous machine is loaded, a current is present in the stator windings, which creates a voltage
drop, due to the synchronous reactance; and if the excitation current stays constant, the terminal voltage
would be reduced [31]. This brings us back to the fundamental principle of an excitation system which has

the function of increasing the terminal voltage by altering the excitation current.

Based on the aforementioned discussion, we are now able to develop a vector diagram based on the

equivalent circuit diagram Figure 2.7. This vector diagram can be seen in Figure 2.8.

Q-axis ) ¢ G -

> ©

o

Figure 2.7 Equivalent-circuit diagram of the synchronous machine [31]

When referring to the Figure 2.7, assuming that the generator is lightly loaded with a purely resistive load,
the generator currenj is in phase with the generator voltagg Bis a result of the synchronous reactance
Xq4, a voltage drop oAU=Xg.l4is caused via the direct axis, which is perpendicular to the terminal voltage.

This defines the magnitude and phase position of the induced rotor voltage E
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Figure 2.8 Vector diagram of the synchronous machine [31]

When referring to Figure 2.8 above, if the nature of the load is changed to a resistive-reactive circuit with the
same magnitude as the resistive load discussed above, the magnitude of the current remains the same, but it
lags the voltage by the phase anglg31]. In order to maintain the generator output voltage, a higher
induced rotor voltage is required and this in turn produces a higher excitation current. The lzatgleen

the terminal voltage and induced rotor voltage describes the angular position of the rotor relative to the
rotating field and the difference between the two is known as the load angle [31].

As illustrated in Figure 2.9 that follows, in order to better understand the dynamic between the synchronising
torque and the load angle, a two-pole machine is used to illustrate this behaviour. An assumption is made
that the rotating rotor field is in the same direction as the rotating stator field. Therefore, at rotér=thgle

the transmitted torque is equal to zero. When the load a~gl&°, the mechanically driven rotor now pulls

the stator field along by means of magnetic force. In stationary operation the mechanical drive is equal to the
electrical torque. At load angl8=90°, the electrical torque will reach its maximum. This however is
impractical, as this operating point causes the machine to be unstable. At this point the rotor begins to slip in

relation to the stator field which causes the generator to become asynchronous and “fall out of step” [31].
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Figure 2.9 Synchronising torque and load angle [31]

The complete static operating conditions can be described in terms of a power diagram, and this is relatively
easy when referring to the vector diagram found in Figure 2.8. To obtain the power diagram, the vector needs
to be multiplied by a vectddy/Xy, which converts the voltage vectors into power vectors [31]. From this,

one is able to derive the power diagram that follows.

P A

Active power

Rated power

Load angle
limit

Field current
limit

-

/

< >
4 1
-Q l ' I Reactive
\ il over Power
\ excited Motor excited /

Figure 2.10 Power diagram of a synchronous machine [31]

When referring to Figure 2.10, usually the top half of the circle represents the generator operation, and the
bottom half of the circle represents motor operation [31]. The circle around the co-ordinate centre point has a
radius which corresponds to the nominal apparent p&wetere, the nominal apparent power is defined as

the maximum permissible temperature rise of the stator winding, while the maximum generator operating
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active power range is limited to the mechanical drive limit of the turbine. The reactive power limit is limited
to the thermal design of the rotor winding (over-excited) and the stability limit (under-excited range). Here,
the over-excited range limit is governed by the nominal excitation current. However, the main consideration
when operating in the under-excited range is to maintain synchronism. The load dagleny working

point can be read from the diagram between the reactive power axis and indicator for the excitatiop power P

2.5.5 Dynamic behaviour of a synchronous machine

The dynamic responses of synchronous machines in operational conditions are very complex. Therefore, the
behaviour of the machine during disturbances must be greatly simplified.
Typical changes that could be considered are as follows [31]:

« changes in the network voltage, frequency and load

e changes in torque from the prime mover; and

« faults due to load rejection and short-circuits which trigger excitation.

There are two main distinctions in physical variables, namely [31]:
« the electrical variables, which include voltage, reactive power and field current; and

< the mechanical variables such as rotational speed or frequency, active power torque and load angle.

An example would however best explain the aforementioned physical variable phenomenon. Here, once an
idling generator has a load connected to it, the effect is dependent on whether there is a change in reactive
power or active power. If an asynchronous motor is started and the active power is neglected initially, only
the reactive power is influenced, and therefore the load angid remain at 0. However, if the same
process was followed for an active power load, the load ahigedependent on the active power. Under
normal running conditions, the mechanical drive power of the turbine is equal to the electrical active power,
ignoring losses. If the generator is then loaded with an additional active power load, the electrical power of
the generator is immediately increased. However, the drive power of the turbine remains unchanged initially,
and the balance which existed before between electrical power and mechanical drive power no longer exists.
This electrical power increase is due to the kinetic energy of the rotating masses coupled to the shaft [31].
This means that the rotational speed is decreased until the rotational speed regulation circuit increases the

shaft torque by adjusting steam, gas or water passing through the turbine [31].

For an unloaded generator, terminal voltage is equal to the induced rotor voltage [31]. After a load is added,
a reactive current starts to flow immediately, causing a voltage drop through the generator reactance [31].
The original magnetic flux cannot change immediately from the stator to the rotor. The consequence would
be that a reverse current is induced in the rotor circuit via the air gap, in order to compensate for the changes

on the stator side and to maintain a balance. For the simplified circuit diagram in Figure 2.8, the direct axis
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reactance Xis replaced by transient reactancg hich is much smaller than the synchronous reactance
[31].

2.5.6 Transient behaviour of the generator and network

When analysing transient behaviour, a distinction should be made between load changes and load dumping.
A load change can typically go down to zero, but the generator circuit breaker usually stays closed [31].
However, for a load dump the generator circuit breaker is usually tripped, which disconnects the generator

from operating in parallel mode to island mode [31].

A generator short-circuit is characterised by the electrical distance between the generator terminals and the
location of the short-circuit [31]. On both sides of the generator and the network, a reactance limits the short-
circuit current, and the most serious loading of the generator is caused by a terminal short-circuit [31]. A
short-circuit near the power station usually leads to load dumping, which had to be triggered by protective
devices. During load dumping, immediate reaction from the automatic voltage regulator is required. The way
the generator changes voltage in time following the opening of a circuit breaker is an important quality
characteristic of a voltage regulator or excitation system [31]. The short-circuit prevents the generator from
exporting power, causing a rapid speed-up of the turbine. This rapid speed-up causes the load angle to
increase rapidly against the rest of the network. It is important for the fault to be cleared before the out of

synchronism condition becomes too large to recover from.

2.6 Pole slip or loss of synchronism protection

Generators connected in a power system usually remain in synchronism with one another. When severe
faults occur which cause large loads to be disconnected from the network, the result is oscillations in the
rotor angles of the generators [32]. These oscillations, if large enough, can cause the generators to pole slip
and be disconnected from the network. When pole slipping occurs, the system and generator voltages slip
past each other causing large pulsating current which, if analysed, could be much greater than a three-phase
fault at the generator terminals [32]. It is imperative that the faulted generator be isolated from the network to
prevent damage to the turbine, generator transformer and the generator itself. The effects of pole slipping
will be explained below.

2.6.1 Damaging effects of a pole slip

During pole slip conditions, when the electrical centre moves from the network into the generator, large
currents cause mechanical and thermal stress on the generator and generator transformer with each pole slip
[32]. When calculating pole slip settings, the transient reactangg i€Xgenerally used to represent the
generator impedance. However, in some cases, when the generator transformer and system impedance are

low, the current could exceed the sub-transient fault current at the generator terminals [33], [34]. During pole
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slip conditions, a rotational speed difference exists between the rotor and the system. This speed difference
between the rotor and the network induces currents into the rotor similar to when the stator currents are
unbalanced. If the rotor is subjected to these currents for a long period, thermal damage to the rotor teeth,

wedges, damper windings and rotor body could occur [32].

During each slip cycle, the turbine generator shaft is subjected to severe torque transients. The maximum
stress is at the initial period of the pulsation, and this is usually when shaft damage occurs [32]. Each turbine
generator shaft has a fatigue life. This can be greatly reduced after a few pole slip events. These severe
stresses require protective devices to operate quickly to remove the electrical and mechanical transients [35],
[36].

When we have a rotational difference between the rotor and the network, the diodes on the excitation system
are exposed to high voltage, as they block reverse rotor currents. This overvoltage condition stresses the

insulation of the diodes, and could result in insulation breakdown [34].

A loss of synchronism of one or more units causes fluctuations in the network frequency, affecting customer
loads like induction and synchronous motors. The voltage fluctuations could cause auxiliary control
equipment like contactors to drop out, removing supply to equipment and affecting productivity. This
scenario of changing voltages could have a severe impact on nuclear power plants, as one of its main
protection functions is to protect the reactor coolant pumps from under-voltage conditions [32]. Therefore,
the network needs to be maintained at above 70% of the nominal voltage to ensure that the generator does
not trip on an under-voltage condition due to low voltage on the reactor primary coolant pump [30].

2.6.2 Pole slip protection applications

Pde slip protection can be provided by various methods. The choice of method is usually dependent on the

likelihood of a pole slip occurring and the significances should it occur. These methods are discussed below.

. Pole slip protection using reverse power measuring element

Pde slipping events have a period when active power flows in the reverse direction. Most generators are
equipped with reverse power protection and this could be used to detect pole slipping, thus performing a dual
protection function [32]. One major downside to this type of protection could be that it might reset during the
forward pulsating power cycle. This could be overcome if the relay picks up and time delay is set short or the
delay drop-off time is set suitably to prevent resetting of the relay.

The main drawback of this type of protection is the long time it takes to operate, coupled to the inability to

control the load angle at which the command would be given to trip the generator circuit breaker.
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e Pole slip protection using an under-impedance element

A loss of excitation under-impedance protection device could be employed to perform pole slip protection
when the electrical centre of the power system sits "behind" the relaying point. It requires the drop-off timer
of the larger diameter impedance to be set to prevent its reset during each pole slip cycle, until the trip time
has expired. This type of protection might not be suitable for large machines where speedy operation is
required during the first slip cycle and where the system control angle needs to initiate a breaker trip
command.

With the additional impedance of the generator, transformer units may cause the system impedance to fall
out of the under-impedance characteristic which is required for the loss of excitation. This protection thus

becomes very dependent on the application.

. Dedicated pole slip protection

Dedicated pole slip protection is employed when large generator transformer units are coupled to the
network. This type of protection allows for quick detection and disconnection using system angle tripping to
open the breaker. It has characteristically or historically been based on ohm type impedance measurement

characteristics.

. Pole slipping protection by impedance measurement

A change in impedance during pole slipping could be detected by an ohm type element characteristic. In
some applications, a straight line ohm characteristic is more suitable. The protection principle is that two
impedance zones are defined, and it detects the passing of the generator impedance through the characterised
zone, as shown in Figure 2.11. The characteristic is defined into three zones A, B, and C. Zone A is the
generator’'s normal operating zone. When a disturbance occurs, the impedance moves through zones B and

C, and tripping occurs when the impedance characteristic enters zone C [37].
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Figure 2.11 Pole slipping detection by ohm relays [37]

Tripping only occurs when all zones A-B-C are crossed consecutively. Network or power system faults
should not cause tripping and should be cleared before the impedance reaches zone C. Enhancement in the
security of the protection system is done by including a basic under-impedance control element (circle about
the origin of the impedance diagram) that is set to prevent tripping for impedance trajectories for distant
power system faults. The ohm elements should be set parallel to the total system impedance vector, and

enclose it, as shown in the Figure 2.11 [37].

. Lenticular characteristic to detect pole sp

If a more sophisticated impedance protection system is required to measure the impedance of the generator, a
lenticular impedance characteristic can be used to determine if pole slipping is taking place [37]. The
lenticular characteristic can be seen in Figure 2.12. The lenticular characteristic is divided into two halves by

a straight line, called the blinder.
The inclination 6 of the blinder and lens is determined by the angle of the total impedance of the system.

The system and generator-transformer impedance determines the forward reach pflethshé transient

reactance of the generator determines the reverse rg§8]Z
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Blinder

Figure 2.12 Pole-slip protection using lenticular characteristic and blinder [37]

The width of the lens is determined by the angl@he line of PP’, perpendicular to the axis of the lens
determines the centre of the impedance swing and is located in the generator or the power system during a
transient.

When one analyses a generator, the characteristic can be divided into four zones and two regions as seen in
Figure 2.13 that follows. Normal operation occurs when the measured impedance is in zone R1. If pole
slipping occurs, the impedance locus will move through zones R2, R3 and R4. When the impedance locus
reaches zone R4, a trip signal is issued, provided that the impedance lies below the reactance line PP’. The
locus of the swing lies within, or close to, the generator, which means that the generator is pole slipping with

respect to the rest of the system.
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Figure 2.13 Definition of zones for lenticular characteristic[37]

If the impedance locus lies above the line PP’, the fault is said to be further away from the generator and
therefore the swing is far out of the generator. The generator is thus swinging against the rest of the network.
Tripping may still occur if the swing is prolonged, which could initiate a complete network failure. Further
checks are introduced by requiring that the impedance locus spends a minimum time within each zone for
pole slipping to be valid. The trip signal may be delayed for a number of slips before it initiates, which
provides validation of the pole slip condition and then allows for enough time for other relays to clear the

fault if the fault lies somewhere in the power system. Tripping is blocked if the impedance swing is in a

different sequence [37].

2.7 Nuclear plant protection philosophy

Tripping principles are determined by four factors. These are, in order of importance:

The supply to the reactor auxiliaries is essential for reactor safety. Normally, the supply for the auxiliaries
(normal and emergency) of the reactor, turbine, etc., will be from the generator via a unit auxiliary
transformer. If this becomes unavailable, then the supply for the auxiliaries (normal and emergency) will be

the safety of personnel;
the safety of the reactor;
the safety of other plant; and

plant availability.
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from an alternative secure system. If the alternative supply becomes unavailable, then the supply for the

emergency auxiliaries only will be from diesel generators. The generator protection shall select, according to

the type of fault, a suitable combination of the following tripping functions:

A.

I G mmoDO W

generator circuit-breaker trip;

HV circuit-breaker trip;

field suppression;

unit board 1 incoming circuit-breaker trip (unit transformer 1, LV circuit-breaker);
unit board 2 incoming circuit-breaker trip (unit transformer 2, LV circuit-breaker);

Emergency Steam Valves (ESV) close (turbine trip);

transformer cooling (pumps and fans);

generator stator coolant; and
bus strip.

Firstly, the tripping sequences will be arranged to safeguard personnel, the reactor, the turbine, and the

generating equipment. Secondly, the tripping sequences will ensure maximum plant availability without

comprising safety, following the general principles indicated below:

Faults in the generator (upstream of the generator circuit-breaker) require only the generator
isolation and a turbine shutdown. The supply to the unit boards will be maintained from the HV
system. (Tripping functions: A, C, F and H.)
Faults between the generator circuit-breaker, the HV circuit-breaker and the unit board circuit-
breakers require a unit shutdown. (Tripping functions: A, B, C, D, F and G.)
Faults in the HV system that affect the machine only require the HV circuit-breaker to be opened,
leaving the unit in a "house load" condition. (Tripping functions: B.)
Faults that may be in the generating unit or in the HV system are initially assumed to be in the HV
system and the HV circuit-breaker is opened. The unit is left in an islanded condition, and, if the
fault persists after a further time delay, a unit shutdown is initiated. (Tripping functions: B, and if
necessary A, B, C, D, E, F and in some cases G.)
Faults that may be in one of the unit transformers or in its corresponding unit board system are
initially assumed to be in the unit board system, and the respective incoming circuit breaker is
opened. If the fault persists after a specific time delay, a unit shut-down is initiated. (The loss of
one unit board requires a load reduction of the machine). (Tripping functions: D or E and if
necessary A, B, C,D, E, Fand G.)
The following conditions (a)-(e) below require closing of the Emergency Steam Valves (ESV)
(turbine shutdown), followed by tripping of the generator circuit-breaker when the machine is
unloaded. This is referred to as a soft shutdown. (Tripping functions: A, B, C, D, E, F, G and H.):

a. mechanical faults in the turbine or reactor;

b. abnormal conditions that do not require immediate isolation of equipment;
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c. operator shutdown;
d. tripping functions: F; and
e. areverse power relay is used to detect when the power < 0 and then to operate A and C.
. If the generator breaker fails to open when required, the unit is shut down. (Tripping functions: A,
B,C,D,Eand F.)
. If the HV breaker fails to open when required, the adjacent HV breakers are tripped. (Tripping
function: I.) Faults that may be in one of the unit transformers or in its corresponding unit board
system, are initially assumed to be in the unit board system, and the respective incoming circuit

breaker is opened. If the fault persists after a specific time delay, a unit shut-down is initiated.

2.7  Excitation system effect on transient stability

A typical excitation system comprises of two main elements, namely, the exciter and the voltage regulator
[38]. Under normal conditions, the voltage in the power system is kept constant, but during transients the
machine terminal voltage at the faulted end can be reduced to zero depending on the type of fault [38]. This
makes power transfer difficult, as there is not sufficient synchronising power. This however gives us the

confidence that a fast-acting excitation system will try to excite the machine more to keep the machine’s

terminal voltage high as long as possible. This allows for prolonged power transfer between the network and

the affected machine and allows for faults to be cleared and stability to be maintained.

As discussed earlier, transient stability studies allow the system operator to prevent machines from losing
synchronism with the rest of the network. In this dissertation, it is assumed that the mechanical power of the
prime movers is constant. Here, the period of interest when discussing transient stability is usually short,
during the first swing and usually completed in the first few seconds, depending on whether the AVR is

installed.

Therefore, the effect the excitation system in maintaining the generator’s terminal voltage has a major impact
on the generators stability, mainly due to the excitation systems response during the first swing. Depending
on the exciter and time response, it can have a major impact on the overall performance of the generator

during transients.
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3. Modelling

If one considers that modelling and analysis are required of all power stations, then the parameters used in
modelling are equally important. The modelling of parameters or derivation of these fundamental equations
like the swing equation, load flow calculations and equal area calculation, form the basis of all studies and
require an in-depth knowledge or understanding. The various modelling and equations are discussed in this

chapter.

3.1  Modelling for transient stability studies

To achieve synchronism in a power system with interconnected synchronous machines, the stator voltage
and current of all the machines must have the same frequency [11]. Also, the rotor mechanical speed of each
of the machines must be synchronised to this frequency. This stability also depends on the ability of the
machines to maintain equilibrium between the electromagnetic torque and the mechanical torque [39]. The

movement of the rotor is governed by Newton’s second law of motion, given in equation (3.2) [22], [12].

Under equilibrium conditions, the relationship between the exchange of power and the rotor angles of
interconnected synchronous machines in a power system is called the power versus angle relationship [11].
To illustrate this non-linear relationship, a power system with one motor connected to a generator is

considered in Figure 3.1.

In Figure 3.1, the power transferred from the generator to the motor is a function of the rotor angular
separationd) between the generator and the motor. This separation is caused by three factors, namely the
generator internal angléd), the angular difference between the terminal voltages of the generator and the
motor, and the internal angle of the mot&y)( For steady state analysis, the synchronous reactance is used

with the assumption that the internal voltage is equal to the excitation voltage [11].

EGO_I;I — ;—Qw

T1 T2
Gen Motor

Figure 3.1 Two machine Model of the power system [12]
The power transferred from the generator to the motor is expressed by equation (3.1)

P=EEEM gins (3.2)
Xr
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where:
X=X+ X +Xu

¢ Eg: generator internal voltage
* Ew: motor internal voltage
e 3=03g-dm
« Xgis the total reactancé is the reactance of the generaddr,is the transmission line inductive
reactance aniy is the reactance of the motor.
* J§cis the generator internal angle (angle by which the generator rotor angle leads the stator angle)
* Juis the motor internal angle (angle by which the motor rotor angle leads the stator angle)
The phasor diagram showing the relationship between the generator and the motor voltages is given in

Figure 3.2.

Figure 3.2 Phasor diagram of generator and motor voltages [12]

e Er;isthe voltage at terminal at bli$ andEr; is the voltage at terminal at bTig
« §,is the angular separation between voltagé-agndEr,

* ] isthe current.

The corresponding power-angle relationship is shown in Figure 3.3. The representation in Figure 3.3 is that
of an idealised model. The power transfer varies as the sine of the angle. When the effects of controllers such
as Automatic Voltage Regulators (AVRs) and Power System Stabilizers (PSS) are taken into account, the

shape of the curve in Figure 3.3 will vary slightly.
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Figure 3.3 Power-angle curve [12]

In Figure 3.3, when the angle is zero, there is no power transferred. As the angle increases from zero to 90°,
the amount of power transferred reaches its maximum. Any further increase of the angle will lead to a
decrease in the amount of power transmitted. Similarly, in a multi-machine power system, the relative rotor
angular displacement affects the interchange of power as well as the complex relationship between the load

distribution and the power generation [11].

3.1.1 The swing equations

The critical equations in power system stability analysis are the rotational inertia equations describing the
effect of imbalance between the electromagnetic torque and the mechanical torque of machines, if one
considers a prime mover and its phase synchronous generator.

» Generator is running at synchronous speed and is developing electricalfiorque

* Prime mover is producing mechanical torque or driving tofigue

Then under steady state conditidiRsT.

However, following a disturbance an acceleration or deceleration tdsquié be induced on the rotor. This
torque can be expressed as
Ta:Tm 'Te

The rotor motion is determined by Newton’s second law, given by:
dw, d%*6,

]am=]7=]W=Tm_Te=Ta (3.2)

where:
J = total movement of inertia of the rotating mas&gsy

«,,= rotor angular acceleratiorad/s’
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wpy = rotor angular velocity,ad/s
6,,= rotor angle position with respect to a stationary reference axis on therstdtor,

t =time,sec.

In a steady stat&, = 0, resulting in a constant rotor angular velocity called synchronous speed. When the
mechanical torque exceeds the electrical torque, the acceleration torque is greater than zero, which increases
the rotor speed. Conversely, if the electrical torque exceeds the mechanical torque the acceleration torque is

less than zero causing the rotor to decrease in speed.

It is convenient to measure rotor angular position with respect to a synchronously rotating reference axis
instead of a stationary axis. Accordingly we define:

0, = Womt + O (3.3)

Where:
wom = Ssynchronous angular velocity of the rot@g/s.

6n = mechanical torque angular position with respect to the synchronously rotating refexeénce,

Derivative of equation (3.3) gives the rotor angular velocity, expressed in the form:

de dsé.
2 2
The rotor acceleration fse—zm =2 62’".
dt dt
Substituting the above equation into equation (3.2), we have:
dze dzs
J=7 =7z =Ta—T.=T (3.5)

For simplicity of calculations it makes sense to calculate in power rather than torque, and to work in per-unit
rather than work with the actual units. The equation in (3.5) can be reduced to equation (3.6) by multiplying
equation (3.5) byw,,and divide bySs.

Jom d*8m

=P P= Ry (3.6)

It is convenient to work with a normalized inertia constant cdflecbnstant rather than the moment of
inertiaJ. An inertia constarttl is defined as the stored kinetic electrical energy divided by the generator volt-
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ampere (VA) rating. This constant quantifies the electrical energy of the rotor at rated speed (synchronous
speed) in terms of seconds that it would take to provide an equivalent amount of electrical energy when
operating at power output levels equal to its VA rating. An advantage of dssthat it has a very narrow

range, which makes computing easy when compared to Jdples (

1 2

H=—- @ om (seconds) (3.7—a)
2 S

Or2H = M = 19 (3.7 = b)

SB

From (3.7-a), solving fod we have:

__ 2HSp

J =

2
wW%om

Replacingl in the equation (3.6) we have

2H—2 — = p, .— P, = P, (3.8)

Defining per-unit rotor angular velocity as

wm
P =— 3.9
o = (3:9)

Equation (3.8) becomes

2H d2s,,

T R (310)

Wom

We can now write the swing equation (3.10) in terms of electrical radian frequeany electrical power

angles.

If P is the number of poles of a synchronous generator, the relationship between mechanical and electrical
quantities are expressed in the following forms:

P

a= 5 Um (3.11)
P P

W= 5 Wy , Wy = 5 Wom (3.12)
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Sm (3.13)

The swing equation in terms of electrical quantities is given by:

2H d*s

w—o Wy F = Py — Por = Py (3.14)

In practicew= 1 and can be ignored in equation (3.14) to give:

2H d?§

wo W: Pm* - Pe* = Pa* (315)

This equation is called the per-unit swing equation. It is the non-linear equation which determines the rotor

dynamics in transient stability studies.

If § is the angular position of the rotor in electrical radians with respect to a synchronously rotating reference

and §,is its value at=0,
Taking the derivative with respect to time we have:

dd

E=w—w0=Aw (3.17)

Since equation (3.15) is a second order differential equation, it can be written as two first order differential

equations as follows:

dé

E = W — Wy (318)
2H dw

PN P+ — Pgr = Py (3.19)

3.1.2 Equal area criterion
Simpler and quicker calculations can give one insight into the network for verification of critical clearing

times. One simple method that can be used is the equal area criterion. This can only be done by reducing the
network to a simple infinite bus and single generator network. It allows for quick computation to assess
stability without the need for expensive computer-based software. Its simplicity allows network reduction

with fairly quick assessments.
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From the swing equation it can be seen that there is a relationship between the rotor angle and the
accelerating power, which is expressed as follows (From now on, it is assumieg dmaltP. are expressed

in per unit, and therefore the symbol “*"will be dropped.):

Eo_Lop _p) (3.21)

Pe is a non-linear function o6, and therefore the equation cannot be solved directly. If both sides are
multiplied by 2d5/dt then:

s d’5 _ wy (P — P) d6

dt dt? H dt
Or
d [dé1®?  wo(B,— P.) db
dila =" @ (3-22)
Integrating gives
dsy? wo (P, — P,)
[E] = IT as (3.23)

Initially the speed deviationdddt is zero. It changes as a result of a disturbance. For stable operation, the
deviation of angle must be bounded, reaching a maximum value and then changing direction. This leads to
the conclusion that the speed variatiafidd becomes zero at some point. Therefore, equation (3.22) as a
criterion of stability can be written as

5mw
0
f 7 (Pn— P.)d6 =0 (3.24)

()

Where,d, is the initial rotor angle andl,, is the maximum rotor angle, as illustrated in Figure 3.4. Thus, the
area under the functionFP. plotted against must be zero if the system is stable. This statement is true
when area Ais equal to area AKinetic energy is gained by the rotor during acceleration whehnanges

fromé, to §;. The energy gained is expressed as follows:

E, =f #(Pm — P,)dS = area A, (3.25)

[

Energy lost during deceleration whérchanges frond; to §,,.is expressed as follows:
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Sm
E, =f6 %(Pm — P,)dé = area 4, (3.26)
1

As we have not considered any losses, the energy gained equals the energy lost and therefore;the area A

equal to the areaAThis forms the basis of the equal area criterion concept.

P

=P, . sind

... 2
g O

Hm N
o~
o)

- 5, =5
TR -6
I ""h :
i i "\
e
N
P
o
t(s) I '

Figure 3.4 Power angle curves in relation to rotor angle time response [11]

When analysing the equal area criterion graphically in Figure 3.4, a step-by-step approach is used to better

explain the phenomenon [40]:
e at steady state,,,= P point a;
¢ asudden change in mechanical power fRymto P,y occurs from point a to point ¢; and

* Jincreases frond, to §,.and later ta,.(maximum angle value).

As the operating point moves frodp to §;.and later ta}, two areas are created [11]:
* Area A known as the accelerating afeacess stored energy in the rotor), as the mechanical power

is greater than the electrical power.
Area A, known as the decelerating area (energy removed from the rotor), as the electrical power is

greater than mechanical power.

The equal area criterion states that, for a system to be stable, the acceleration area should be at least equal to

the deceleration area. That means thatA8. For stability to be maintained, the critical clearing time must
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be calculated. The critical clearing time, dendtgds defined as being the longest fault duration before the

generator falls out of step with the rest of the network.

If it is assumed that the electrical povirin equation (3.15) drop to zero during a fault, one could calculate

the critical clearing anglé, from equations (3.25) and (3.26). Then the critical clearing tjms obtained
ds() _

by integrating equation (3.15) twice with initial conditi®¢0) = &, andT 0.
dé(t)  wop,
- 2H t+0 (3.27)
_ Yory .,
6(t) = v t* + 6, (3.28)

To determine the critical clearing tintg Jt) in equation (3.29-a) is replaced with so as to obtain
equation (3.29-b).

t= \/ H 6(t) —6p)3 (3.29 —a)
Wo py,
ter = \] iid (6cr — 6p) (3.29 - b)
Wo p,,

3.2 Numerical integration methods

Although the equal area approach is used as a quick assessment, it has a few shortcomings. The critical
clearing time remains unknown if the output power is not zero during the fault. Also, it cannot be used for
multi-machine stability studies and therefore more complex techniques should be applied.

It becomes apparent that numerical integration techniques are needed to solve the swing equations. One such
method is known as the Euler method, which is the simplest of the numerical integration techniques and will
be discussed below.

3.1.2 Euler method

Consider a first-order non-linear differential equation.

dx
i fx,t) (3.30)

Where X is the state vector of dependant variables ahds the independent variable (time).
The main objective is to solve faras a function of, with the initial values ok = x, andt = torespectively.
Figure 3.5 illustrates the principle of applying the Euler method. The integration step size is denoted as

At X = X t = 1, we can approximate the curve representing the true solution by its tangent having a slope.
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dx

dt

= f(xo0t0) (3.31)

X=X
Therefore, the incrementx is expressed as follows:

dx

- At = Ax (3.32)
dt X=Xq

The value ok at t = { = ty+At is given by

x At =xg + Ax = x4 (3.33)

+—
0
dtly=y,

After using the Euler technique for determining x ;=cerresponding to t ,twe can make another short

time stepAt and determineycorresponding tott;+At as follows:

x1 +— At = xZ (334‘)

Exact solution

Tangent

Figure 3.5 Euler's method [11]

By applying this technique successively, valuex @@an be determined corresponding to values @éfs

shown in Figure 3.5, the Euler method assumes that the slope is uniform over the entire interval. Since this
method only uses the first derivative xfit is known as a first-order method. To give utmost accuracy in
each stepAt needs to be small. This will increase round-off errors, and the computational effort required

will be very high [40] .
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It is apparent that by applying numerical integration methods, the propagation of error is likely to magnify
later if the errors were made early in the calculation. If the errors do not cause significant errors later, the
method is said to be numerically stable; however, if the mistake is continuous and causes significant errors, it

is said to be numerically unstable. To deal with inaccuracies, a modified Euler method is described next.

3.2.2 Modified Euler method

The conventional Euler method results have inaccuracies, as it uses the derivative at the beginning of the
interval as though it is applied throughout the interval. The modified Euler method is an adaption of this
method by calculating the slope at the beginning and end of the interval, and then uses the average of the
slopes .The modified Euler method consists of two steps [40]:

1. Predictor step, which uses the derivative at the beginning of the step and which allows for the

prediction of the value at the end of the step.

P dx
X; = Xo +E . LAt (3.35)
-0

2. Corrector step, which uses the predicted value’gfo compute the derivative at the end of the step.
The average of this derivative and the derivative at the beginning of the step is used to find the

correct value.

dx

X=X dt

c 1 /(/dx
xX{ = x0+§ E

p) At (3.36)
X=X,

A more accurate value of the derivative at the end of the step can be calculated=tsifigThis derivative
can be used to calculate a more accurate value of the derivative, which in turn is used to apply the corrector

step again. This process can be used repetitively until successive steps converge with the desired accuracy.

The modified Euler method is the simplest of the predictor-corrector methods. For this dissertation, a
Microsoft Excel Spreadsheet was developed for the modified Euler method. Excel spreadsheets are widely
available and do not require significant programming; and spreadsheets offer a convenient environment for
tracking convergence of solutions and exploring “what-if” questions for sensitivity analysis. In addition,
spreadsheets lend themselves to a very transparent implementation of the step-by-step procedures
encountered in transient stability analysis, without obscuring the inner workings of the numerical methods
employed in such studies [41]. The parameters were adapted to reflect the nuclear power plant connected to

the grid in—feed and would be used to confirm simulation and calculated results.
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3.3 Simulation protocols in DIgSILENT

As power networks increase their capacity, the need to perform more and more simulations/permutations is
vital for understanding network conditions under various configurations. Networks are expanding and the
need to evaluate complex networks and future expansion has become extremely vital. This allows for
analysis of the present network as well as future expansion networks for years of operation. All major
components of the network can be simulated and used to determine response during normal operation or
faulted operation. Power system simulation packages compute all electrical parameters, including voltage
magnitudes, current magnitudes, phase angles and power flows in the network [12]. These simulation
packages include load flow, stability, short-circuit, transient programmes, etc. Computer-based simulations
have allowed system operators to perform complex simulations. Advances in technology have allowed for
better computational speed and improved component modelling. There are many simulation packages
available with various qualities, like time domain and frequency simulation packages that can be used for
various applications. This reduces the time spent doing lengthy hand calculations and allows more time for
verifying and validating models. The simulation package used in this dissertation is DIGSILENT. This
software package is widely used and accepted by network operators to perform simulation and validation of
networks currently in operation. Any future changes of the network can be verified before implementation to
ensure that any amendments/madifications to the network do not have an adverse effect on the behaviour of

the power system.

The name DIgSILENTstands for Dlgital SimuLation andElectrical NeTwork calculation program®.
DIgSILENT Version 7 was the world's first power system analysis software with an integrated graphical
oneline interface. That interactive oti@e diagram includes drawing functions, editing capabilities and all

relevant static and dynamic calculation features [20], [42].

The DIgSILENT package was designed and developed by qualified engineers and programmers with many
years of experience in both electrical power system analysis and programming fields. The accuracy and
validity of the results obtained with this package have been confirmed in a large number of implementations

for organisations involved in planning and operation of power systems [20], [42].

In order to meet today's power system analysis requirements, the DIgSIh&MIr system calculation
package was designed as an integrated engineering tool which provides a compleseduvalk technique

through all available functions, rather than a collection of different software modules. DIGSILENT is able to
perform load flow analysis, harmonic analysis, and transient stability studies, to name a few. This software
was used to determine the load flow of the nuclear power station, and the method it uses to determine load
flow is detailed in section 3.3.1 and the Newton-Raphson method is detailed in section 3.3.2. It also has the
ability to perform time domain analysis, which is used for transient stability studies and is detailed in section
3.3.3.
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3.3.1 Load flow analysis
Load flow (power flow) analysis can be defined as a process which is aimed at ascertaining the voltage

magnitude, voltage angle, active power and reactive power at various nodes in a power system operating
under steady-state conditions. This analysis assists system engineers to determine the stress on the power
system in terms of its loading and its operation with respect to normal conditions. Furthermore, load flow
analysis gives an indication of areas in the power system that may need capacity expansion owing to increase
in load demand. Several methods have been developed to analyse the load flow condition on power systems
which includes Gauss-Seidel, Newton-Raphson, Decoupled and the Fast Decoupled load flow methods.

These methods are mainly deployed on high voltage alternating current (HVAC) [43], [44] .

There are three fundamental bus type classifications in load flow analysis. The first bus type is the swing
bus, which is also referred to as the reference or slack bus, where the voltage magnitude and the phase angle
are specified [43]. The second bus type is the PV bus, also known as the generator or voltage controlled bus,
where the voltage magnitude and the active power are specified [43]. The third bus type is the PQ bus, also

known as the load bus and at this bus, the active and reactive powers are specified [43].

*  Newton-Raphson method in HVAC load flow analysis
In this section, the Newton-Raphson load flow method will be used to determine the HVAC load flow. This
method, which is also adopted by DIgSILENT, uses an iterative technique for solving a set of simultaneous
non-linear equations. In doing this, rectangular or polar co-ordinates can be used in defining the bus voltages

and line admittances. In this dissertation, the polar coordinates will be used.
Assuming a power system with bus 1, 2, 3.n....

The net complex powe, injected at buk is given as

N
Si=Pe—jQu=Vi e =WVl £=8c ) IHaVil 2 (0 +6) (3.37)

i

where,
0y, is the angle of the admittankg.
6; andd;, are the phase angles of the bus voltdgesndV, , respectively.

Py is the active power at bkssandQ is the reactive power at blks

When separating the real and imaginary parts of equation (3.37), we get

N
Pe= ). IMaViVid cos(Oy + 8 = 5) (3:38)

i
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N
= V2 Yige| cos(Bre) +Z YieiViViel cos( s + 8, — 8,) k= 2,3 ., N (3.39)
i+k

N
Q== IhaViVid sin(0yq +6; = 8) (3.40)
i=

N
= —|sz Ykk| sin(@kk) + 2 |YkiVin| sin(@ki + 51' - 5k ) k= 2,3 s .,N (341)
i*k

Equations (3.39) and (3.41) give a set of non-linear algebraic equations in terms of the voltage magnitude in
pu and phase angle in radians which are all independent variables. Assuming that all system busbars are PQ
bus, except the slack bus, the active and reactive power at each bus is specified. This means that each of the
other buses, with the exception of the slack bus, has two varigblasd|V|, to be calculated in the load

flow solution.

Therefore, the power mismatcheasDk(i)and AQ,Ei)are the difference between the scheduled and calculated
values of the active and reactive power, respectively ak rushei™ iteration. This is given by equations
(3.42) and (3.43).

AP® = pger — p® (3.42)

For the load bus, if the load is inductive:

Pt <0

and

Q" <0

if the load is capacitive:

Pt <0

and

Q" >0

For each load bus, we have two of these equations given by equations (3.39) and (3.41), and expanding

equations (3.39) and (3.41) in Taylor’s series about the initial estimate and neglecting all higher order terms

will result in equation (3.44).

46



'ap(l) ap(l) aP(l) aP(l)'

. [ A5 ]
aP(l) _op® 9P ap® -

i 13
AP,§0 _ |95 aag 6|V2| oIyl || Adw 44)

652 . a51\1 6|V2| a|V1\l| e
A )]

aQ(l) aQ(l) aQ(l) aQ(l)
795, 98y 0|V, alVy].

In equation (3.44), bus 1 is excluded in the matrix, because it is assumed to be the swing bus.

We can summarise equation (3.44) above, as written in equation (3.45) below.

[aol =l 7] law (545

Matrix J is called the Jacobian matrix whose elements are partial derivatives of equations (3.39) and (3.41)

with respect tod,@anc{ Vk(i) :

The Jacobian matrix gives the linearised relationship between changes in

voltage angle and voltage magnitude with the small changes in the real and reactive power [11], [43].

For voltage controlled (PV) bus, the voltage magnitudes are known. Thereforeu#ies of the system are
voltage-controlledm equations involving\Q andAV and corresponding columns of the Jacobian matrix are
eliminated. Accordingly, there am-1 real power constraints amd1-mreactive power constraints, and the

Jacobian matrix is of the ordem2-m) x (2n-2-m).

The diagonal and off-diagonal elementg,oére

P N

ko Z |Yk,Vk | sin(6y; + 8 — 6 (3.46)
oP

aak — |V ViVi| sin( 6y + 6 — 8) j£k (3.47)

The diagonal and off-diagonal elementg.oére

alel 2|VkYkk| COS(Gkk) + z |Yk] ]| Sln( 9k] 6] - (Sk) (348)
9P, .
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The diagonal and off-diagonal elementgoére

0Qs N

36, Z |YijVieVj| cos(6yj + & — 8x) (3.50)
aé‘k j=1,j#k

o .

38 |YijVicVi| cos( By + & — 6;) j#k (3.51)

The diagonal and off-diagonal elementg oére

00y . N :
= _2|VkYkk| Sin (Qkk) - Z |Yk]V]| sm( Gk] + 5] - 6}() (352)
0 Vil j=1j%k
dP
ﬁ=—|ijVk|sin (Oj + 68 — &) j £k (3.53)
]

Once the Jacobian Matrikxhas been calculated, the new estimates for bus voltage magnitude and angle are
given by:

@+ _ ¢ ®
58D =50 4 as

|Vk<i+1>| _ |Vk(i)

+ a|v? (3.54)
In case of PV bus, there are some limits imposed on the reactive power.

The next step will be to re-evaluate equations (3.38) to (3.54) using the new values obtained in equation
(3.54) as the initial condition for the next iteration. This will be repeated until the power mismatches given in

equation (3.42) and (3.43) are less than the specified tolerance, which is &sualy’.

3.3.2 Short-circuit calculation in DIGSILENT
DIgSILENT's fault calculation is based on international standards. The software programme uses the IEC
60909, VDE 0102/010, IEEE 141/ANSI e 37.5, G 74 and IEC 61363 fault calculation standards. The
following features are available for all fault analysis methods [45]:
« calculation of short circuits at the busbar, along a section of line/cable and includes all branch
contributions and busbar voltages;
« faultimpedance defined by the user;

e specially designed graphs and diagrams required by the protection engineer;
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* busbar and line thermal overload highlights in the graphic;
« Thevenin's equivalent calculation as seen from the faulty node; and

« calculation of apparent phase impedances at any point along a transmission line/cable or busbar.

The short-circuit function of DIgSILENT is able to calculate the initial symmetrical peak current, short-
circuit power, peak short-circuit current, symmetrical short-circuit breaking current and the thermal
equivalent current. Both minimum and maximum currents can be calculated based on the network voltage c-
factors. The software is capable of calculating all types of faults including three-phase, two-phase, two-phase
ground and single-phase to ground.

The Complete Method employed by DIgSILENT allows protection engineers to perform multiple fault
analysis which occurs simultaneously in the system without considering the simplifications or assumptions
typically made in conventional fault analysis. An example of this type of analysis would be the precise
evaluation of the fault current in a specific situation, so that the engineer could determine if there was a
malfunction of the protection device or improper settings on the relay itself.

3.3.3 DIgSILENT method in computing transient studies
These tools support simulations with full electromagnetic transient models (EMT), providing instantaneous

values of voltages and currents in the grid, combined with the ability to build dynamic models for generator
movers. Besides the EMT simulations, DIgSILENT provides the ability to make the so-called RMS
simulations. These simulations are also referred to as (dynamic) stability simulations, and they correspond to
standard models in other power system stability simulation tools, e.g. PSS/E. The advantage of using RMS
simulations is that the simulation speed can be increased significantly, but the simulations omit the fast
electromagnetic transients. The RMS simulations can be done with the symmetrical component only or with
the unsymmetrical components as well. The stator transients in the induction generator models are omitted in
the RMS simulations, thus, the order of the induction generator model is reduced. A graphical representation

of the DIgSILENT's methods in performing analysis can be seen in Figure 3.6.

Time-domain simulations in PowerFactory are initialized by a valid load flow, and PowerFactory functions
determine the initial conditions for all power system elements, including all controller units and mechanical
components. These initial conditions represent the steady-state operating point at the beginning of the
simulation, fulfilling the requirements that the derivatives of all state variables of loads, machines,

controllers, etc., are zero [45].

Before the start of the simulation process, it is also determined the following, namely: what type of network
representation must be used for further analysis; what step sizes to use; which events to handle; and where to
store the results. The simulation uses an iterative procedure to solve AC and DC load flows, and the dynamic
model state variable integrals simultaneously. Highly accurate non-linear system models result in exact

solutions, including during high-amplitude transients. Various numerical integration routines are used for the
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electro-mechanical systems (including voltage regulators and power system stabilizer) and also for the
hydro-mechanical or thermo-mechanical models.

The process of performing a transient simulation typically involves [45] :

calculation of initial values, including a load flow calculation;
definition of result variables and/or simulation events;

optional definition of result graphs and/or other virtual instruments;

creating additional result graphs or virtual instruments, or editing existing ones;

1

2

3

4. execution of simulation;
5

6. changing settings, repeating calculations; and
7

printing results.

Analysis of power system transients

| Power system stability

Time-domain analysis,"EMT" Time-domain analysis,"RMS"

Frequency-domain analysis

Lightning Transient stability Oscillatory

Switching Oscillatory stability

Voltage stability

Transformer inrush

Insulation coordination Frequency stability

Figure 3.6 DIgSILENT analysis of power systems [45]

The built-in synchronous machine models of DIGSILENT PowerFaet@pf the 8th order (one differential
equation for the field winding, one for the damper winding in the d-axis, two for the damper windings in the
g-axis, two for the stator flux transients and two for the shaft). In DIGSILENT PowerFattemnodel is
reduced automatically to 6th-order (by neglecting the stator flux transients). It executes a time-domain

simulation of the ‘RMS’ type. The generator model includes core saturation.
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4. Simplified Network Response to Grid

Transients

The South African electrical network, like any other electric network, is made up of many components such
as generators, overhead power lines, power transformers, static VAr compensators, capacitor banks, loads
and busbars. To model all these components would take a long time to develop and therefore, simplified
models are essential in order to perform a quick analysis. The ability to perform quick analysis allows the
plant engineer to assess if further investigations are required and whether support from national control
system operators is required. This section deals with the reduced South African network including the
Western Cape grid which is represented by a grid in-feed with equivalent fault levels for the network at the

HV bus of the nuclear plant.

4.1 Reduced network load flow analysis

The complete South African 400kV transmission system was reduced to grid in-feed connected to the HV
busbar closest to the power station for simplicity. The entire network is made up of thousands of components
and would take many years to develop. Not all the data is available for the entire network and hence a
reduced network is used with all available parameters. The reduction of the network depends on the location
of the study and the results required. The 400kV network is used to perform the studies, as the South African
transmission system uses 400kV as the main voltage level to transfer electricity from one source to another
(although the 765 kV also exists). It may be stepped up or stepped down from 400kV as required by load

centres.

Figure 4.1 shows the model built in DIgSILENT. It comprises of 19 busbars, 12 loads, 2 step-up
transformers, 2 unit transformers, 2 main 24kV generators and 4 emergency diesel generators. If the
model was compared to Figure 2.2 and 2.3 the generators G1 and G2 is reflected as the Koeberg
generator and the rest of the network is represented in the model as a grid infeed. The busbars LGA to
LHA is a representation of the plants internal 6,6kV network and the lumped loads are reflected on

each associated busbar.
Although various 6,6kV switchboards have many loads connected to them, an equivalent PQ load was

modelled in the software to reduce modelling time and to ensure simplicity. The lumped loads can be seen in

Appendix A.
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Figure 4.1 Reduced network topology built in DIGSILENT

Load flow analysis, as explained in Chapter 3, forms the foundation of any network analysis. The first
process was to input all the plant data into DIQSILENT software. This data include all line parameters,
transformer data, load data and generator parameters. System operators often perform simulations on reduced
networks, and compare results with known network behaviour, where they have available data to compare
results.

A load flow was initiated on DIgSILENT and then compared to the original load currents of the plant. This

can be seen in Table 4.1.

Table 4.1 Comparison between DIgSILENT results and original plant load flow current data

DIgSILENT Relative

6.6kV simulated load | Original load Error
Switchboard current current Percentage %

LGA 2128A 2090A 1.78%
LGB 105A 103A 1.9%
LHA 430A 435A 1.15%
LGD 1547A 1517A 1.62%
LGC 297A 290A 2.36%
LHB 352A 348A 1.13%
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As illustrated in Table 4.1, the relative error between the original load flow current and the simulated
DIgSILENT current was found to be less than 2.5%. This gives great confidence in the load model and
ensures that all the plant components have been simulated correctly and that a short circuit and transient

stability study can be performed using this reduced model.

4.2 Short-circuit study

To ensure that the results were comparable, a short-circuit study was performed to confirm that the simulated
plant data was correct. Short-circuit studies have been used for years to determine correct protection
parameters, but they also aid with modifications verification to ensure plant reliability and component
limitations [45]. When simulated results are compared to original calculations, it gives confirmation that the
data simulated is correct. It thus allows for a verification of modifications that have been completed to ensure
plant parameters are still within its design parameters. The method used for the simulation was to apply a
short-circuit on each 6.6kV switchboard and to compare it to the existing short-circuit data of the plant as

indicated in the original design documents of the plant.

When the results were analysed, a difference between the simulated results and the plant data was noted.
This difference could be attributed to the fact that individual motor loads were lumped as PQ loads in the
simulation. When loads are simulated as motors, they feed into the fault current during short circuit
conditions. From Table 4.2 it can be seen that the differences between the original data and the DIgSILENT

simulated values are between 2- 4.2%, which is acceptable for this study.

The significance of performing the load flow study and short-circuit analysis is that when changes are made
to the plant, it can be verified using the DIgSILENT software tool to perform quick, short-circuit analysis.

Load flow studies and short-circuit analysis form the basis of all power system analysis.

Table 4.2 Relative error between simulated DIgSILENT and original plant data short circuit results

Relative
6.6kV Simulated Original Error in
Switchboard DIgSILENT in KA | Data in KA | Percentage

LGA 27.6 28.1 2%
LGB 26.98 27.5 2%
LGC 26.01 27.2 3.60%
LGD 26.2 274 4.20%
LHA 26.5 27.1 1.40%
LHB 25.7 26.8 4.10%

4.3 Critical clearing times assessment

Critical clearing time presents the maximum time within which the fault must be cleared to maintain

synchronism. Should the fault be cleared aftethe system will lose synchronism [14]. The network is such
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that it can be reduced to a two machine feeding into an infinite bus; hence the ability to perform simple

assessments of critical clearing times using three methods. These methods are discussed below.

The first technique required performing an equal area criterion calculation to determine the critical clearing
time. All plant data was collated and calculated using the equal area calculation. This calculation was
performed with only one generator connected to the infinite bus at first. The calculated time was 0.264
seconds. The calculation was repeated using two generators connected to the infinite bus. To complete the
equal area calculation, we included two generators swinging together, which were reduced to a single
machine. All the calculations can be found in Appendix B. The results of the two generators coupled to the
infinite bus reduced the critical clearing time to 0.235 seconds from 0.264 seconds. The two generator
scenario reduces the clearing time by 29 milliseconds mainly due to the reduction of the two generators into
one large generator.

The second technique used to confirm the critical clearing time was the modified Euler technique. As
discussed in earlier chapters, the modified Euler was an alternative to the equal area criterion assessment.
This technique and all its calculation techniques were adapted in a Microsoft Excel programme. All the
network parameters were input into the Excel spreadsheet. These parameters can be seen in Appendix C. The
result for the critical clearing time of a single generator feeding into an infinite bus using the modified Euler
method, was 0.27 seconds. The results for a single generator fed into an infinite bus using the modified Euler
method was about 2% higher than the results attained using the equal area criterion calculation. The Excel

spreadsheet calculation for the modified Euler only allowed for two decimal places after comma.

As with the equal area criterion calculation, a second assessment was completed combining the two
generators to perform as one coherent machine. The critical clearing time was found to be 0.24 seconds.
Again the critical clearing time is reduced by 30 milliseconds, which gives confidence in both techniques.

The third and final technique or assessment was the main focus of this chapter. It reduces the network to a
simplified network to perform stability studies. DIgSILENT was used to perform the transient stability
assessment. The parameters used in DIGSILENT can be found in Appendix D. The critical clearing time
when using DIgSILENT varied due to different parameters allowable in the software package, such as the
generator reactive power limits and the grid in feed short-circuit value to name a few. The critical clearing
time was based only on one generator connected to the infinite bus and was found to be 0.251 seconds. This
result required the reactive power limits to be removed from the generator parameters and the plant
reticulation connected to the generator via the unit auxiliary transformer to be disconnected and the AVR
switched off. When parameters like reactive power limits and various other parameters were used in the
DIgSILENT, it changed the critical clearing time to 0.201 sec. which prevented a comparison between the
simulated results and the calculated results completed earlier. Similarly, when both generators were

connected to the infinite bus, the simulated values and the calculated values were comparable. The critical
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clearing time using DIgSILENT was found to be 0.231 seconds. A comparison between the three different
techniques can be found in Table 4.3. It can be seen that the results obtained using equal area criteria and

DIgSILENT are very close compared to those obtained using the modified Euler method.

Table 4.3 Critical clearing time using various techniques

Techniques Critical clearing time for | Critical clearing for two
a single generator generators coupled to
coupled to infinite bus infinite bus
Equal area 0.264s 0.235s
Modified Euler 0.270s 0.240s
DIgSILENT 0.251s 0.231s

Figures 4.2 and 4.3 typically display the machine power angle and machine speed during instability, as
displayed using the modified Euler method in Excel format. This is typical behaviour when one deals with
transient stability. The figures below are taken from the Microsoft Excel spreadsheet and reflect a single

machine connected to an infinite bus with no AVR connected.

Machine Power Angle
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Figure 4.2 Machine power angle results at instability using modified Euler method
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Figure 4.3 Machine speed results in instability using modified Euler method

4.4 Automatic voltage regulators

Automatic Voltage Regulators are commonly used to regulate the terminal voltage of generators. They also
help with reactive power flow.
There are two main types of excitation systems, namely [40]:

» excitation fed through slip rings via brushes (older system); and

* brushless excitation systems.

The synchronous generator keeps the terminal voltage magnitude at a pre-set value. A simplified control

loop can be seen in Figure 4.4,

£ -
= > ifi 5 Exciter > Generator %
O\ oy, | Amelifier Ffd vt
Vs
k Feedback |€

Figure 4.4 AVR block diagram [40]

If the terminal voltage of the generator in Figure 4.4 drops, the control loop sensors detect a change in
voltage compared to the reference voltage and increase the excitation to maintain generator output voltage at

a desired value [40]. Exciter models differ depending on the type of design used. Fast-acting static exciters
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respond much faster than rotating exciters. The inertia response time of the rotating equipment severely
impacts on the excitation voltage response to large transients when compared to a static controlled excitation

system, which responds almost immediately to maintain output voltage [46].

The Koeberg Nuclear Power Station has a rotating exciter. As a result, the controlled excitation voltage
energises the field of the main exciter. The main exciter’s output is then rectified via rotating diodes and then
routed to the field winding of the synchronous machine. The AVR and exciter model used for the simulation
was the IEEE ST5B type AVR and exciter. This model emulates the AVR installed on the plant. The IEEE
defines the ST5B as a variation of the Type ST1A model, with alternative over-excitation and under-

excitation inputs and additional limits. An illustration of this can be seen in Figure 4.5.

Figure 4.5 IEEE ST5B AVR model [47]

The excitation control system at the nuclear power plant consists of three independent control loops. The
normal operating condition of the excitation system consists of two channels (Channel 1 and Channel 2) and
is supplied by the shunt-connected excitation transformers [48]. Each channel consists of an automatic

voltage regulator (AVR) and a field current regulator.

The emergency channel (Channel 3) is fed via a separate excitation transformer. Channel 3 has a dual
function. It acts as an emergency channel under abnormal/operational conditions, i.e., it will take over
excitation if neither Channel 1 nor Channel 2 can control the required excitation current to the machine. Its
second function is exclusively used for testing purposes while it is selected to open loop control [48]. The
parameters of the generator are shown in the Appendix D. The block diagram of the AVR can be seen in

Appendix E.

4.5AVR model validation
Computer-based stability analysis is an important component of power systems’ operations and planning. As
aresult, it is crucial that the models and parameters of the generators and associated excitation systems are as

accurate as possible to ensure that results are representative of the real power system. Hence, the validation
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of the AVR model using the plant parameters and DIgSILENT software was critical during simulations

relating to transient stability studies of the nuclear power plant.

4.5.1 Generator open-circuit saturation curve

The open-circuit saturation test is done to derive the generator's open-circuit saturation curve [48]. The
open-circuit saturation curve (OCS curve) is obtained by driving the generator being tested at rated speed,
open-circuited, and recording its stator voltage and exciter field current [48]. Koeberg Nuclear Power Station
units employ rotating non-controlled rectifiers, and, as a result, it is difficult to measure the field (rotor)
current directly. Table 4.4 provides the open-circuit saturation test for the nuclear power plant's exciter

current and output terminal voltage.

Table 4.4 Koeberg unit open-circuit saturation test

Stator Voltage (V) Exciter Field Current (A)
120 0
2640 11.28
4867.2 21.056
7329.6 30.832
9705.6 40.608
11904 50.008
14640 61.664
16857.6 72.192
19248 83.0584
20208 87.232
21600 94.4512
22824 101.52
24000 109.04
25284 118.064
26376 125.208

Saturation parameters S1.0 and S1.2 as illustrated in Figure 4.6 can be derived from the open-circuit

saturation curve.
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Figure 4.6 Typical open-circuit saturation characteristics [48]

The measured residual flux in this case is 120V, which is less than 1%. Thus, subtracting this out and
extrapolating the curve, the open-circuit saturation curve can be drawn. Figure 4.6 shows the open-circuit
saturation characteristic for a typical unit at Koeberg Nuclear Power Station. This is at low voltage, and
hence low levels of flux, where the major reluctance (magnetic resistance) of the magnetic circuit is the air-
gap. In the linear portion of the open-circuit curve, the terminal voltage and flux are proportional to the
exciter field current. This linear portion of the open-circuit saturation curve is called the air-gap line [48]. At
higher voltages, as the flux increases, the stator iron saturates, and additional exciter field current is required
to drive magnetic flux through the iron. This is due to the apparent higher reluctance of the magnetic circuit.
Hence, the upper part of the curve bends away from the air-gap line.
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Figure 4.7 Koeberg open-circuit saturation curve [48]

Based on Figure 4.7 above, the generator saturation parameters were calculated as follows (By definition: 1
p.u. Exciter Field Current = 104.2209 A):
Saturation Parameters

1325-1072

51.0 = T = 0.236

2525-1287.5
51.2 = W =0.9611

4.5.2 Automatic Voltage Regulator (AVR) Step Response Test — Offline

The automatic voltage regulator of the Original Equipment Manufacturer (OEM) AVR was validated
utilising data recorded during the open-circuit step response test. The open-circuit (voltage reference) step
response test is done by injecting a small percentage step into the reference of the automatic voltage
regulator. These response test results are used to estimate the parameters for the automatic voltage regulator
and the exciter system. The open-circuit voltage reference step response test can be performed with the unit
either on-line or off-line. Figure 4.8 and Figure 4.9 show the off-line open-circuit step response test results
for a voltage reference step of approximately 9% for model utilising OEM parameters and estimated model
parameters, respectively. The figures have two sets of plots — stator voltages (Vab, Vbc & Vca) plot (which
is the top waveform) and exciter field voltage (Vefd) plot (which is the waveform at the bottom) for both
measured quantities and simulated quantities (VsIim). In Figure 4.8 stator voltage graph, only one measured
phase Vca is displayed and compared to the simulated waveform displayed in black. The excitation voltage
displayed in Figure 4.8 has the red waveform representing the exciter field voltage and the black waveform
displaying the simulated waveform. From Figure 4.8 it can be seen that there are differences between the
measured quantities and the model's response with OEM parameters. Figure 4.9 shows that the estimated

model parameters (black waveform) closely match the measured quantities (green in the stator voltage
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waveform and red in the exciter field voltage) and display a better fit than the given OEM parameters, with
the greatest error being less than 1% between measurements and model. Figure 4.8 and Figure 4.9 show the
off-line open-circuit step response test results — comparison of the two shows a better close match for the
model with estimated parameters. Table 4.4 provides the parameter list and settings for the recommended

model for a typical unit at Koeberg plant.
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Figure 4.8 AVR step response OEM parameter results [48]
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Figure 4.9 AVR step response adapted results [48]
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4.5.3 AVR effect on transient stability
AVR’s primary function is to maintain the generator output voltage to within an acceptable range.
Occasionally, disturbances occur and require the AVR to perform its function. The AVR boosts excitation
voltage, which in turn increases excitation current that changes the reactive power flow of the generator. In
the case studies, the effect of the AVR on transient stability was investigated in a nuclear power station,

namely, Koeberg Nuclear Power Station.

A three-phase short-circuit was applied to the HV busbar, seen in Figure 4.10, to confirm the critical clearing
time before the associated generator pole slipped. The analysis of having the AVR installed and removed
when one nuclear generator was connected to infinite bus, are as follows:
* AVR was de-activated and removed from service in DIGSILENT, and the critical clearing time was
found to be 0.251 sec.
* AVR was activated in DIgSILENT, and the critical clearing time was found to be 0.256 sec.

1eqsng AH

seqsng A1

T

seqsng A1

@ @9

Figure 4.10 Three-phase fault placed at the HV busbar

Three
phase short
circuit

Analyses of the results above show that there is only a 0.005 sec. improvement in critical clearing time when
the AVR was installed compared to when the AVR removed from the simulation. The main contributor to
this small improvement is due to the slow response of the excitation system. If one has to analyse the slow
response of the AVR, it would be greatly attributed to the slow response of the excitation voltage and
current. In Figure 4.12 the excitation voltage took more than 0.7 sec. to get to full excitation voltage. To
better understand the response of the exciter, the type of exciter should be analysed. The model in the
software used is an IEEE ST5B type exciter and can been seen in Appendix F. The main contributor to the
response is the rotary type exciter of which the parameters have been included in the ST5B AVR parameters
found in Table 4.5.
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Table 4.5 IEEE ST5B parameters in DIgGSILENT

Parameter & Description Unit | Actual setting
Tr Regulator input filter time constant [s] 0.02

TB1 lag time constant of 1st lead-lag block (avr channel) [s] 57.5
TC1 lead time constant of 1st lead-lag block (avr channel [8] 2.3
Kr Voltage regulator gain [pu] 500

TB2 Saturation ratio at 75% of maximum field voltage [s] 0.16
TC2 lead time constant of 2nd lead-lag block (avr channel) [8] 0.4
TUBL1 lag time constant of 1st lead-lag block (uel channel [s] 75
TUCL1 lead time constant of 1st lead-lag block (uel channel) [8] 3
TUB2 lag time constant of 2nd lead-lag block (uel channel) [s] 0.1
TUC2 lead time constant of 2nd lead-lag block (uel channel)  [s] 0.25
TOB1 lag time constant of 1st lead-lag block (oel channel) [$] 5.75
TOC1 lead time constant of 1st lead-lag block (oel channgl) [8] 0.23
TOB2 lag time constant of 2nd lead-lag block (oel channel) [$] 0.092
TOC2 Saturation ratio at 75% of maximum field voltage [s 0.23
Kc Current compensation factor [pu] 0

T1 Voltage regulator time constant [s] 0.004
Kterm_fed Terminal fed flag [1/0] 1

Ke Exciter self-excitation factor [pu] 0.4

Te Exciter time constant [s] 0.5

E1 Maximum field voltage [pu] 3.63

SE1 Saturation

ratio at maximum field voltage [pu] 0.78

E2 75% of maximum field voltage [pu] 2.72

SE2 Saturation ratio at 75% of maximum field voltage [pu] 0.179

During the simulation a fast-acting AVR was used to analyse critical clearing time, and the IEEE AC4 type
AVR model was used to illustrate the major difference in response. A step response of 3% was analysed to
see the differences in response. Figure 4.11 shows the 3% step response of the IEEE ST5B type AVR model
(slow acting) and Figure 4.12 shows the 3% step response of the IEEE AC4 type AVR model (fast acting). It
can be seen that the IEEE AC4 exciter excitation voltage peaks immediately, while the ST5B takes a few

seconds to respond.
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Figure 4.11 ST5B type AVR response to a 3% step
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Figure 4.12 IEEE AC4 type AVR response to a 3% step

When the IEEE AC4 type AVR is used, the critical clearing time increased from 0.256 sec. to 0.277 sec.
when compared to the IEEE ST5B type AVR. The AC4 type AVR increased the clearing time by 0.021 sec.
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when compared to the ST5B AVR. This increase in clearing time could improve transient stability for the

nuclear power station by one cycle.

Table 4.6 IEEE AC4 AVR parameters in DIgSILENT

Parameter & Description Unit Actual Setting
Tr Measurement Delay [s] 0.02
Tb Filter Delay Time [s] 12
Tc Filter Derivative Time Constant [s] 1
Ka Controller Gain [pu] 400
Ta Controller Time Constant [s] 0.04
Kc Exciter Current Compensation Factar  [pu] 0.2
Vimin Controller Minimum Input [pu] -0.2
Vrmin Exciter Minimum Output [pu] -8
Vimin Controller Maximum Input [pu] 0.2
Vrmax Exciter Maximum Output [pu] 8

When the IEEE AC4 parameters in Table 4.6 are compared to the IEEE ST5B AVR parameters, it is clear
why the AVRs respond differently. In the ST5B AVR parameters, provision is made for the response of the
rotating exciter. The exciter time response is 0.5 sec. , which explains the slow response of the excitation

voltage and current.

4.6Increased generation effect on transient stability
To extend the life of the Koeberg Nuclear Power Station by about 20 years, a decision was made to replace
the steam generators [15]. These steam generators are the source of steam to the turbines and play an integral
part in the production of electrical power by the nuclear reactor. To increase the power output of a reactor,
typically, a utility will refuel a reactor with either slightly more enriched uranium fuel or a higher percentage
of new fuel. This enables the reactor to produce more thermal energy and therefore more steam, driving a

turbine generator to produce electricity.
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Figure 4.13 Nuclear electrical production [49]

The nuclear power plant is planning to increase the mechanical output (thermal output) from 2833MW to
3100MW, which roughly translates to an increase of electrical output from 970MWe to 1100MWe [15]. An
intensive study is required to ensure that all electrical parameters are adequately rated for this upgrade.
However, some components, like the generator and generator transformers, have been upgraded in
anticipation of this modification and further analysis of the network needs to be confirmed. Hence, the

transient stability study is required and the effect on the critical clearing time should be studied.

Once again, a short circuit was applied on the HV busbar closest to the power plant. DIGSILENT was used to
determine the critical clearing time. The network in DIGSILENT was adapted for real plant parameters, like

the load connected to the generator and the generator’s reactive power limits set. The critical clearing time
for two generators coupled to the HV busbar was found to be 0.201 sec. In the simulation package, the
generator parameters were adapted to 1100MW. A critical clearing time of 0.166 seconds was obtained, and,
when compared to the critical clearing time previously recorded, a significant change can be seen. This fault
clearing time puts both generators into a “Pole Slip Condition.” The standard clearing times in the HV

transmission plant never exceeds 0.1 sec., thus confirming that “no protection” setting requires adjustment
and new operating parameters can be established. However, the 0.066 sec. margin is close to the

transmission clearing time of 0.1 sec. and should be noted in the planning of the upgrade.

In this section, results from three case studies are presented to give better insight into the behaviour of the
nuclear power plant’s stability when a three-phase short-circuit is applied to a HV busbar close to the
generator at a nuclear power station. Analysis of these results will help evaluate vital parameters to ensure

correct operation of a nuclear power plant when changes are made.
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All previous simulations were completed only with one generator in service. However, the nuclear power
plant has two generators coupled to a common busbar. This common coupling confirms that both generators
will see the fault and their rotor angles will swing together. Although most studies use the N-1 criterion as
the worst case analysis, the two machines swinging together gives reduced clearing times when connected
together. This is largely due to the impedance change and the combined powers of the two generators
connected to the common coupling busbar. All three-phase faults were placed at the common HV busbar,
and a comparison of the three methods used to determine the critical clearing times can be seen in Table 4.7.
Critical clearing times reduce by approximately 20-30 milliseconds, which equates to a 10% reduction in
critical clearing times when both generators are coupled to the common busbar as compared to a single

generator coupled to the busbar. Although discussed earlier, this needs to be re-iterated again.

Table 4.7 Comparison of different methods to determine critical clearing times

Equal Area criterion Modified Euler DIgSILENT
1 Generator 2 Generators 1 Generato 2 Generators 1 Generator 2 Generators
0.264 0.235 0.270 0.240 0.251 0.231

This 10% decrease in critical clearing time when compared to a single generator coupled to the common
coupling busbar has a negative effect on the transient stability of the nuclear power plant. One could argue
that the main reason for the reduction in critical clearing time could be attributed to the increase in power
when the two generators are coupled to the infinite bus and not solely due to two generators coupled to the
common busbar. The clearing time margin is reduced dramatically to the transmission network limit of 0.1
sec. Analysis of the two generators coupled to a common busbar gives insight into the reduction of clearing
times when both nuclear units are in service. This places a huge risk on the network, as it poses a risk of
losing both generators via pole slipping, which could possibly lead to widespread power losses and

prolonged generating source repairs.

As discussed earlier, the South African grid has not been subjected to cascading unit trips; however, this still
remains a possibility. Studies like these give insight into how a nuclear plant having two generators would
react when a disturbance/fault is placed close to the power plant. Although the likelihood of a three-phase
fault at the HV busbar is small owing to the busbar configurations which are independent and insulated from
each busbar. This type of fault would only be a certainty if a portable or motorised earth was placed for
maintenance and was left on when the circuit was re-energised. This brings in the human element, which is

the cause of many grid disturbances that have occurred and are detailed in Appendix G.

The details of Appendix G are taken from the nuclear power plant’s internal problem notification system. In
reality the nuclear power plant is most at risk when both generators are operating and the fault is close to the
power plant. Thus, all activities planned for the HV switchyard require a thorough review which details all

the risks to the plant, as the situation might cause significant power losses in the Western Cape Grid.
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System operators are required to set-up the grid to prevent widespread power outages and possible generator
damage owing to pole slipping when a disturbance is caused by a fault close to the power station. Mitigation
plans by the system operator can prevent further power loss if the network is adapted. A relationship between
the system operator and the plant operators is required before any changes are made to ensure that the
nuclear plant will be able to withstand network faults. A working group was established at the nuclear power
plant to discuss this very issue, and the group convenes on a monthly basis, so that both parties can discuss

all issues and evaluate the risks [50].
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5. Emergency Diesel Generator Response
to Grid Disturbances During 100% Load
Testing

Nuclear power plants require dedicated off-site diesel supplies and on-site emergency diesel generators in the
event of a power system failure. These systems form part of the licencing agreement between the National
Nuclear Regulator and the power plant, and play a vital role in nuclear safety. Without sufficient electrical
supply to essential equipment used to cool the reactor during a unit trip and loss of grid supply, there would
be a catastrophe. Therefore, the nuclear power plant requires a reliable back-up supply, to ensure that critical

components are available and accessible during a loss of electrical supply.

The emergency power supply system consists of the two emergency trains referred to as A and B. Each train
consists of an emergency switchboard LHA and LHB with an emergency diesel generator connected to it,
namely, Gen_LHP and Gen_LHQ (see Figure 4.1). In the event of a total loss of off-site electric supply
(400kV and 132kV) and if attempt to fall back to house mode (24kV plant generator, G1 and G2 in Figure
4.1) fails, then back-up is provided automatically by two emergency diesel generator sets (one for each

train).

These emergency diesel generators automatically start up on an under-voltage signal and are connected 10
seconds after their respective emergency switchboards have been de-energised. This is done after opening
the normal incomer breakers on LHA and LHB switchboard. As mentioned earlier, the emergency diesel
generators are started either by a special under-voltage signal originating on switchboards LGA and LGD or
in case of an accident by a specific signal coming from the reactor protection system (safety injection or
containment high pressure). If a prolonged under-voltage signal persists on the LHA or LHB switchboards,
the switchboard loads are tripped, the diesel generator is connected, and the loads are reconnected in a pre-
determined sequence. This re-connection of the electrical supply on the essential switchboards is vital to
nuclear safety to ensure that the equipment used during a nuclear incident is supplied to bring the plant down

safely.

5.1Transient behaviour of the on-site emergency diesel generator following thermal power

upgrade

The Fukushima nuclear power plant incident proved that diesel generators are imperative for nuclear safety
and are the most vital pieces of back-up equipment, along with the plant DC back-up system. Here, the loss

of off-site supply coupled to the diesel generator electrical switchboards flooding caused the reactor to melt
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owing to the lack of core cooling as a result of the lack of electrical supply essential to the operation of the

pumps [51].

As previously discussed, these types of studies have become more and more critical to the safeguarding of
nuclear power plants. Therefore, all associated generators are to be verified to withstand a transient or able to
protect themselves from damage. Many small generators however, including the emergency diesel generator
(EDG), are not equipped with pole slip protection, and therefore verification of their clearing times is
important in determining system health or availability of vital supplies during transient disturbances. The

diesel generator operation, diesel engine and generator explanation are discussed next.

5.1.1 Diesel generator operation
The diesel generators fulfil an extremely important function at Koeberg Nuclear Power Station. In the event

of the loss of external power supplies, they supply the necessary power to bring the reactor to a safe state

(cold shutdown) and maintain that condition.

Emergency power supply is provided by two generator sets per unit, each with a generator power rating of
4800kWw at 0,8 power factor. One diesel generator supplies the 6,6kV ac LHA busbars; while the other diesel
generator supplies the 6,6kV ac LHB busbars. Both LHA and LHB, as shown in Figure 5.1, supply the

safeguard auxiliaries that are systematically redundant. It is sufficient to have only one of the two diesel

generators operational for the safe shutdown of the unit.

Each diesel generator is installed in its own building, which provides independence and isolation between the
generators of the two safety systems and the generators of the adjoining unit. The diesel generator buildings
are located such that 1 LHP and 2 LHQ are located on the north side of the station, while 1 LHQ, 2 LHP and
9 LHS are located on the south side. This arrangement ensures that no single significant event can affect both

generators and ultimately both safety trains of the same unit.

The auxiliaries associated with the diesel generator are supplied under normal operation in the same manner
as other auxiliaries, i.e. the network supply. When the generator is connected to its associated safeguard
board, it supplies its own auxiliaries. The total power required from the diesel generators by the connected
motors during the restarting of the auxiliaries cannot be provided as a single step load. For this reason, a
tripping and reloading programme is provided. Loss of supply to the 6,6kV ac switchboards is detected by
the “loss of voltage” signal at the safeguard busbar level, which initiates the switchover to the generator set

that then provides the electrical supplies to ensure an automatic and safe shutdown of the unit.
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Figure 5.1 Koeberg electrical distribution system

5.1.2 Diesel engine and generator

The diesel engine is an 18 PA GV 280 engine, which is a single-acting, 4-stroke, 18-cylinder engine,
turbocharger boosted, with cooled air, mechanical fuel injection and compressed air starting. The nominal

operational speed of the engine is 1000rpm.

The generator terminal voltage is 6.6kV and is rated to supply 4800kW at 0,8 power factor. It is provided
with a ringless, brushless excitation system consisting of the main exciter LHj 002 AP and a rotating diode
bridge. The brushless exciter is mounted on the end of the rotor shaft and, when rotated at 1000rpm,
produces direct current (dc) supply which produces the rotor’'s excitation current. This current produces an
electromagnetic field in the rotor. The rotating electromagnetic field induces a three-phase 6,6kV 50Hz

alternating current (ac) in the star windings of the stator. This can be seen in Figure 5.2.
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Figure 5.2 Integrated diesel generator system

As the dissertation examines the topic of transient stability within a nuclear plant, it is vital to perform a
study on all on-site supplies, as they form the basis of nuclear power plant integrity. There is a need to ensure
that, during an off-site disturbance, no damage occurs to the essential back-up supply (during these

transients).

The risk however only exists when the routine testing is carried out on the EDG. These are usually
performed periodically as the engine is required to run at 100% load, as determined by the Original
Equipment Manufacturer (OEM), to prolong life and prevent build up in the exhaust stack. The diesel
generator is synchronised to the network via the diesel circuit breaker, while the network breaker remains
closed. The operator increases the MW by increasing the speed reference of the engine, which in turn
increases the output power, and the MVArs are increased to a predetermined value via the voltage regulator.
This synchronised load test poses the most risk, as any network disturbance would affect the diesel
generator. In essence, the risk is reduced owing to redundancy, as each nuclear generator has two electrical
trains with identical equipment both backed up by an emergency diesel generator. However, the effect of

grid disturbances on emergency back-up equipment should still be verified.

5.2 Emergency diesel generator critical clearing time

The effect of a three-phase fault on the diesel generator was investigated using the critical clearing time to
determine the point of instability. The network was configured as before with a grid in-feed used to simplify
the national grid, and all the plant’s internal plant parameters were simulated up to the 6.6kV network with
all the loads lumped as PQ loads. The network was configured both with the single generator and both
generators connected to the HV busbar, the first being the N-1 contingency with one nuclear power plant unit
shut down for routine maintenance. The previous chapter validated the simulated information with plant data
for the correct simulation. However, for this simulation, the network was configured with reactive power
limits and the AVR installed.
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The simulation results in DIgSILENT for the critical clearing time of the emergency diesel generator
Gen_LHP or Gen_LHQ was found to be 0.271 sec when a fault was applied externally to the plant. This is
around 0.07 sec. more than the main generators G1 and G2 whose critical clearing time was 0.201 sec.
Further analysis of the critical clearing time for three-phase faults at the plants 24kV internal generator
terminal was found to be 0.207 sec at the diesel generator. The simulation results indicate that once the main
generator pole slips, the relevant diesel generators will pole slip as well.

The emergency diesel generator however has an under-voltage protection two out of two logic, which trips
the diesel breaker if it detects a 30% under-voltage, and both relays have to detect the under-voltage to
initiate a diesel breaker trip. This protects the emergency diesel generator during network transients by
opening the diesel breaker. However, based on historical events, protective devices occasionally fail to
operate, which leads to cascading tripping. In the case of the diesel generator, this could have an adverse
effect on the plants safeguard system. This fact gives insight and risk recognition when the EDG is
connected to the grid as depicted in Figure 5.3. The 100% load test configuration would have 001JA
(network breaker) closed and 002JA closed (diesel breaker).

I Network

1 LHP
o
1 LHA 002 JA /1 LHA 001 JA
1 LHA

ESSENTIAL
1 LHA ¢
Jo3 JAJ BOARD

TRAIN A

Figure 5.3 Network and diesel breaker configuration

The EDG is most vulnerable to grid disturbances during this period. The current under-voltage protection
scheme could possibly not operate as designed for various reasons, which could cause the diesel generator to
pole slip while connected to the network. Figures 5.4 and 5.5 provide the DIgSILENT plots for rotor angle
and speed of the diesel generator during a three-phase fault applied on the HV busbar closest to the nuclear

power. The fault was cleared by the protection in 0.160 sec. with the emergency diesel generator transiently
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stable following the disturbance. Further DIgSILENT plots for the emergency diesel generator can be found

in Appendix H.
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6. Western Cape 400kV Network
Response to Transients

The nuclear power plant is not an isolated generating unit. It forms part of a very delicate network or
electrical grid whose topology can be seen in Appendix I. The nuclear power plant is the only base
generating supply for the Western Cape and is aided by peaking stations for power during high loading
situations. The grid is characterised as having long lines between strong generating sources in the north, with
a much smaller generating source in the south. This characteristic lends itself to instability, as power
transferred over long distances requires reactive power to ensure grid stability. The Western Cape grid is
separated from the mass generating pool by a connecting corridor called Hydra [4]. It isolates the Western
Cape grid from the rest of the network during faults, thus making the Western Cape grid a small grid on its
own. This places huge emphasis on maintaining the supply of the two nuclear power generators as it forms

an integral part of the grid and ensures stability to the Western Cape grid.

Plant ageing, climate changes and human factors have caused considerable decrease in reliability of
generating plants worldwide. The examples given in sections 2.2 and 2.3 have been linked to ageing
equipment, high loading and protection malfunction. These factors have caused widespread power outages,
which not only affect customers but also affect the economy negatively, as production is halted.

Although a reduced network allows for quick computation, a more comprehensive network is required to
determine if the nuclear plant would be stable under different dynamic conditions. The latter allows for
dynamic simulation which has more validity. A more advanced network gives insight into the effect a three -
phase short-circuit close to the nuclear power plant has on the rest of a network and what the effect would be
on other generators in and around the nuclear power plant.

Unfortunately, networks are not made up of a single/double machine connected to an infinite bus. Network
loading changes continuously depending on peak or non-peak times. Network parameters were configured
for different scenarios to determine critical clearing times under various fault conditions. The nuclear plant
design is such that it has a dedicated off-site supply other than the grid supply. However, the network
sometimes requires reactive power support and starts these plants up to ensure system stability during high
loading. At some point back-up supplies are periodically tested. Changes in network frequency and voltage

could have an adverse effect on dedicated safety systems.

Again, multiple scenarios are required to identify possible short-comings in ensuring a reduction of risk to

the plant. A typical example would be the testing of the emergency diesel generator for 100% load, with the
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back-up gas turbines used as an alternative supply if the grid supply is unavailable. All these scenarios were
tested using the complete DIgSILENT network and internal plant parameters.

A generator may pole-slip, or fall out of synchronism with the power system, for a number of reasons. The
principal causes are prolonged clearance of a heavy fault on the power system, when the generator is
operating at a high load angle close to the stability limit, or partial or complete loss of excitation. Weak
transmission links between the generator and the bulk of the power system aggravate the situation. It can also
occur with embedded generators running in parallel with a strong utility network if the time for a fault
clearance on the network is slow, perhaps because only IDMT relays are provided. Pole slipping is
characterised by large and rapid oscillations in active and reactive power. Rapid disconnection of the
generator from the network is required to ensure that damage to the generator is avoided and that loads
supplied by the network are not affected for very long. Protection can be provided using several methods.
The choice of method will depend on the probability of pole slipping occurring and on the consequences
should it occur [37].

Scenarios based on the entire Western Cape grid were divided into two categories, namely:
« faults close to the nuclear power plant; and

« faults at other power station busbars further away (i.e., 800km away).

These faults are predominantly three-phase faults, but an assessment of a single phase to ground fault was
also completed. Based on the simulated data, the critical clearing times did not change much when a single
phase to earth fault was subjected to the HV busbar. This type of fault seems to be the most realistic, as the
busbars are encapsulated by individual busbar chambers filled with SF6 gas. The likelihood of a single phase
to ground fault is also more realistic as these faults are more common and can usually propagate over time

before widespread trips occur.

6.1 Faults close to the nuclear plant

The 400kV Western Cape network, including all generators, is shown in Figure 6.1. The first fault was
applied at the busbar closest to the nuclear power station, with a comparison in critical clearing times for all
the required assessments detailed above. Again, taking into consideration that network configurations can
vary, the network was configured to have all generators in service.

The critical clearing time for the nuclear power plant for a fault close to the nuclear plant was 0.201 sec. If
compared to the reduced network with the AVR switched on, reactive power limits of the generator was set
and the loads connected the critical clearing time was 0.201 sec. The critical clearing time of the reduced
network was found to be the same as the complete network for faults close to the nuclear power plant. One
major observation when performing the study was that all the generators in the Western Cape would pole slip
once the nuclear plant pole slipped. It caused a cascading trip on all the generators within the Western Cape

network. Hence, the prevention of pole slip is critical to the safeguard of the nuclear power plant.
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Figure 6.1 400kV network including all generators

6.2 Faults further from the nuclear plant
Although the worst fault would be a fault close to the power station, one should not rule out the likelihood of

a fault occurring further away from the power plant. The network topography of the South African electricity
grid illustrates that the power stations have long lines between them and are far away from one another.

Analysis of faults further away from the power station is as critical as faults close to the power station.

The case study placed a three-phase short-circuit fault 800km away from the power station. In this case the
critical clearing time for the nuclear power station was increased. The critical clearing time was found to be
0.278 sec. compared to the clearing time of 0.201 sec. for faults close to the power plants busbar.
Although the critical clearing time increased, there was an effect on the power plant, which means that no
plant acts in isolation when a fault occurs. All the generators on the network swing together, but their
magnitudes vary depending on the fault. Figure 6.2 displays the speed plots of all the generators in the

Western Cape grid during a 200 millisecond fault at 800km from the nuclear power station.
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Figure 6.2 Western Cape generators swinging during a fault

In all scenarios the generators in the Western Cape grid would pole slip causing cascading tripping when
determining the critical clearing time for faults at the nuclear power plant based on the DIgSILENT
simulation package. When analysing the previous issues relating to black-outs, cascading tripping has always
been the common outcome. The analysis proved that faults further away from the nuclear plant have a lesser
effect on the critical clearing time of the nuclear power plant. However, network operators and protection
schemes are required to ensure that the network is kept stable. Figure 6.3 displays the speed plots of all the

generators in the Western Cape when an instability condition occurred.
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Figure 6.3 Speed plot displaying the speed of the generators in the Western Cape during an instability incident
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A comparison in rotor angle relationship between faults close to the power station and faults further away
can been seen in Figure 6.4. The generator's maximum rotor angle for a fault close to the power station for a
three-cycle fault is 166.43°. The generator's maximum rotor angle for faults 800km away was 154.48°. This

is approximately 12° variance in rotor angle for the different fault locations.
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Figure 6.4 Rotor angle comparison for a 3 cycle fault close to Koeberg compared to a fault 800km away.

6.3 Pole slip protection assessment

Protection settings shall be such that protection equipment shall not operate unnecessarily as protection trips
impose stress on the reactor, shutdown plant and cause a loss of revenue. This is to ensure maximum
availability of generating units while providing adequate protection against faults and abnormal conditions.
Pole slipping of generators, with respect to the system, can be caused by a number of conditions leading to
an increase in rotor angular position beyond the generator’s transient stability limits. Some of the causes of
pole slipping are:

a. large network disturbances;

b. faults on the electrical network close to the generator;

weak ties between the network and the generator (tripping of transmission lines);
d. loss of generator field (field winding or excitation supply failure); and

e. operating the generator in an excessive under-excited mode.

There are different types of pole slipping relays. The nuclear power plant uses a combination approach to
pole slip protection. The first relay detects the internal angle of the generator by measuring the rotor angle
position relative to the stator terminal voltage. The second function combines a reverse power function to the
internal angle measurement. This is to detect the power inversions that occur during asynchronous operation.
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Slip counting is employed before a trip signal is issued. The reverse power relay measures current and

voltage on the generator terminals. The relays are set to operate for reverse directional power.

The reverse power setting currently is set to 5% of the active power. It is currently set to 48.5MW, which is
5% of the 970MW the power plant produces. Hence, with the thermal power upgrade, the settings will
change to 55MW. This is not a significant change and requires a dial-setting change on the relay to adapt.

The internal angle protection relay is currently set to 150°. The equal area calculaieruigid,;, which

can be seen in the equal area calculation in Appendix A, was calculated and found to be 151.25° for a single
generator coupled to an infinite bus. The DIgSILENT simulation plot for the internal (rotor) angle can be
seen in Figure 6.5, with the generator stable when the rotor angle was above 150°. Even if the output of the
generator is increased following the thermal power upgrade, the current relay setting does not need to be
changed as all the critical clearing angles are above 150°, making it a more conservative setting.
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Figure 6.5 Rotor angle plot of unit 1 generator in DIGSILENT
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7. Conclusions and Recommendations

7.1 Conclusions

This thesis studied and validated the nuclear power plant DIGSILENT model against known parameters,
analysed the plant response with the Automatic Voltage Regulator (AVR) with respect to future capacity
expansion plans under various plant configurations, investigated the network response to transients
emanating from switchyard faults close and far away from the nuclear plant. The reaction of the Western
Cape grid during these disturbances post thermal power upgrade and the transient behaviour of the on-site
emergency generators during faults on the 400kV transmission network with an increase in generation at the
nuclear power plant was also studied. To this end, the following conclusion where reached.

« Although the plant measured data are different to the simulated results, they are comparable when
analysed. The load flow results given by DIgGSILENT are a worst case scenario, which takes all the
equipment in service into consideration. Hence, the load flow for this analysis is deemed acceptable

and comparable and can be used for future work.

e The short-circuit study provided a valuable confirmation of studies completed 34 years ago. The
anomaly noted with the line parameter only yielded a 2-4.2% difference between the original
documentation and the simulated short-circuit results. A great level of confidence is given when the
data simulated is comparable to the original documentation. This was achieved and understood in the
dissertation with an update and recent computer-based model that could be used for further research
into protection analysis and possibly arc flash calculations, which are a major plant safety focus

currently.

« Data collated from the load flow and the short-circuit study were used to allow for the next step in
the process, which confirms critical clearing times using different methods. The first method used to
calculate the critical clearing time was the equal area criterion calculation. Here, the plant data was
used to calculate the critical clearing time for a single generator or a double generator connected to
an infinite bus. The results from the calculation were found to be 0.264 sec. for a single generator
and 0.235 sec. for both nuclear plant generators connected to the common busbar. The second
method was used to validate the equal area criterion calculation. For this method, called the modified
Euler method, Microsoft Excel programme was used to solve the critical clearing times. Critical
clearing time results obtained were found to be 0.27 sec. for a single generator and 0.24 sec. for two
generators feeding into the infinite bus. The final assessment used a computer-based simulation tool,
DIgSILENT, to perform critical clearing time calculations by placing a short circuit at the HV
busbar and iteratively checking the critical clearing time before the generator pole slips. The results
for a single generator were 0.251 sec. and 0.231 sec. for the two generators.
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The simplified network simulation results yielded similar results when compared to the calculation
completed using the equal area criterion and the modified Euler method to determine the critical
clearing times under various conditions. The results, when analysed, are all less than 1% of each
other, which give great confidence in the calculation and simulation. The simplified network also
gives a platform for future upgrades and designs to enable plant engineers to perform simulations
before implementing modifications. The study confirms that this approach has been effective, based

on the results obtained.

The simulation results indicate that the use of a slow acting AVR has no substantial impact on the
critical clearing time of the power station. This is predominately due to the rotating exciter installed
on the plant, which was modelled in DIgSILENT to be a reflection of the plant's response during
faults. As discussed in the results, when the exciter type was changed to a faster responding exciter,

it produced better results and improved the critical clearing time by 10 milliseconds.

With the nuclear power plant’s plan to increase generation, the effect on critical clearing times is the
most profound. An increase in generation by 12% reduces the critical clearing time by 17%. The
new critical clearing time of 0.166 sec. is very close to the boundaries of the 0.1sec. maximum
operating time of the protection scheme and auxiliaries. Therefore, this should be considered in the

design of the thermal power upgrade project.

The effect that increased generation has on the emergency diesel generators has also been analysed.
The Fukushima nuclear incident has caused a greater appreciation of the emergency diesel
generators in accident conditions [51]. Having performed the analysis, we found that the emergency
diesel generators are most at risk when the generator is connected to the network during its 100%
load test. Based on the studies performed, we further found that the diesel generators would be stable
if the fault is cleared within the 0.271 sec. clearing time. There was no information relating to the
critical clearing times of the emergency diesel generator, and these studies have contributed

significantly to our knowledge of the behaviour of the generators under network transient behaviour.

The entire Western grid network was analysed for critical clearing times for faults close to the

nuclear power station and faults 800 km away. When using the detailed network, faults close to the
power station have similar clearing times to the clearing times obtained using the reduced network.
Faults some 800km away, will still have an adverse effect on the nuclear power plant, based on the

simulation results obtained.

All the completed studies give confidence in the system model and the effect that different
parameters have on the nuclear power station. The study ensures that nuclear integrity is maintained

and that the plant will not trip unnecessarily for faults at the HV busbar closest to the power plant.
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This caters for generator house loading after a transient fault without causing a “Pole Slip” event.

7.2 Recommendations

The studies recommend that the reduced network be used for future plant modifications as an initial response
to the changes being made. It will allow plant engineers and design engineers the ability to verify parameter
changes and plant response before the implementation of the changes takes place. Any major changes to the
parameters of the generator or the network need careful studies to be performed. The studies performed in
this dissertation proved that an increase in generator output capacity decreases the critical clearing time of
the nuclear power plant.

Based on the studies conducted, it would be an added benefit to perform similar studies once the PSS and the
turbine governor model have been completed. Although the AVR did not improve the critical clearing time
significantly, further studies could prove that the AVR with the PSS and the turbine control system will
improve the critical clearing time. Once the PSS has been modelled and validated, future work on small
signal stability would be able to be performed. A recommendation based on this dissertation is that the
rotating exciter installed on the plant be replaced by a more modern fast-acting static rectifier system to
improve system response during a network disturbance. Again, extensive studies need to be completed to

ensure that the nuclear plant will be transiently stable following a network disturbance.

Future work could include a protection study of the network to prevent cascading tripping owing to large
power excursions following a network disturbance or fault. Studies must also be performed to understand the
various generators’ behaviour in the network to allow the faulted area to be isolated and to prevent the fault

from causing major power loss as experienced by many transmission systems.
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Appendix A: Lumped load data

LGA
System Designatior P input (kW Q input (kVAr)
RCP Reactor coolant pumg 5442.,6: 1975,¢
CEX Condensate pumg 3263,8: 1672,
CEX Condensate pumg 3263,8: 1672,
CRF Circulating water pump 2988,3 3178,<
CRF Circulating water pump 2988,3" 3178,<
LKA MV/LV transformer: 540,( 261,k
Total 18487 11937,7
LGB
Systen Designatiol P input (kW Q input (kVAr)
GGR Turbine turning gei 82,k 543,7¢
LKD MV/LV transformer: 540,( 261,k
LKE MV/LV transformer: 540,( 261,k
Total 1162,k 1066,7¢
LGC
System Designation P input (kW) Q input (kVAr)
SAP Main compressor 376,3 277,4
LKF MV/LV transformers 540,0 261,5
LKG MV/LV transformers 540,0 261,5
LKH MV/LV transformers 540,0 261,5
LKJ MV/LV transformers 540,0 261,5
LKS MV/LV transformers 540,0 261,5
Total 3076,3 1584,9
LGD
System Designation P input (kW) Q input (kVAr)
RCP Reactor coolant pump 2 5442.,62 1975,4
RCP Reactor coolant pump 3 5442.,62 1975,4
ACO Forward drain pump 1 2940,56 1424,2
ACO Forward drain pump 2 2940,56 1424,2
ATE Condensate recovery pump 1 490,5 291,0
ATE Condensate recovery pump 2 490,5 291,0
ATE Condensate recovery pump 3 490,5 291,0
LKB MV/LV transformers 540,0 261,5
LKC MV/LV transformers 540,0 261,5
Total 19317,86 8167,2
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LHA

System Designation P input (kW) Q input (kVAr)
RCV Charging pump or HHSI 1 461,0 261,2
RIS Low Pressure injection pump 1 129,6 87,1
EAS Containment spray pump 1 470,9 228,1
ASG Aux. feed water pump 1 339,1 144 .4
RRA Residual heat removal pump 1 366,3 179,5
RRI Component cooling pump 1 433,9 213,8
RRI Component cooling pump 3 433,9 213,8
SEC Essential service water pump 1 227,0 140,7
SEC Essential service water pump. 3 227,0 140,7
DEG Reactor refrigeration set 2 410,0 203,2
DEG Reactor refrigeration set 2 410,0 203,2
LLA MV/LV transformers 540,0 261,5
LLC MV/LV transformers 540,0 261,5
LLE MV/LV transformers 540,0 261,5
LLI MV/LV transformers 540,0 261,5
Total 6068,7 2800,2
LHB
System Designation P input (kW) Q input (kVAr)
RCV Charging pump or HHSI 2 461,0 261,2
RIS Low head injection pump 2 129,6 87,1
EAS Containment spray pump 2 470,9 228,1
ASG Aux. feed water pump 2 339,1 144,4
RRA Residual heat removal pump 2 284,5 157,4
RRI Component cooling pump 2 433,9 213,8
RRI Component cooling pump 4 433,9 213,8
SEC Essential services water pump 2 227,0 140,7
SEC Essential services water pump 4 227,0 140,7
DEG Reactor refrigeration set 1 410,0 203,2
DEG Reactor refrigeration set 3 410,0 203,2
LLB MV/LV transformers 540,0 261,5
LLD MV/LV transformers 540,0 261,5
LLJ MV/LV transformers 540,0 261,5
Total 5446,9 2778,1
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Appendix B: Critical clearing time calculation using the equal area criterion
method

Critical clearing time using the equal area criterion calculation for a single generator feeding into an
infinite bus:

The current feeding in to the infinite bus was calculated whexedV is equivalent to 1 per unit.

_ _Pe _ -1
I = o 2 —cos™* (pf) (B.1)
I = ! ya ~1(0.9)
=1709 cos .

[ =11112—25.8419° pu

The machine internal angle

E' 18 = ViustjX g (B.2)
= 1/0° + (j0.747)(1.111/-25.8419°)
=1.553 /28.745° per unit

1.553|x|1]| .
EE T
0.747

Pe
=2.078n6

where

& = 28.745°, henced, 28.745°

Maximum angled; = 180°-28.745°
=151.25° or 2.639 rad

P .
e P enaxsing

Pml

P”‘FO IS .' ........ é ........... ;f ................................. f;. ........

p O

Figure B.1 Equal area criterion displayed on an electrical power Pe vs power angle § [40]
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Using the equal area criterion calculation and equating the accelerating and decelerating areas:

Scr 83
[

0 607‘
Scr 2.639
A, = f 1ds= A, = f (2.079 siné — 1)ds
0 S

5017 or

(8. -0.5017) = 2.079 {caS, -cos(2.639)}-{2.6395,,}

S¢r - 0.5017 = 2.079¢65, + 1.822-2.6396,,
-2.079co8,,= -0.3153
6.=1.418rad

t, = J‘*gi:g (1.418 — 0.5017)

ter = 0.264 seconds

Equal Area Criterion Calculation for two generators feeding into an infinite bus

The current feeding in to the infinite bus was calculated

Pe
V*(pf)

— I |
I = 1709 <2 —cos™+(0.9)
I =11112+2— 25.8419°

2z —cos™t (pf)

The machine internal angle
E' /6 = VoustjXeq

= 1/0° + (j0.3735)(1.111/-25.8419°)
=1.238 /17.537° per unit

_|1.238x|1| .

Pe inéd
0.3735

=3.3146in4 ,
whered§ = 17.537°, henced, 17.537°

Maximum angles; = 180°-17.537°
= 162.46° or 2.835 rad

(B.3)

Using the equal area criterion calculation and equating the accelerating and decelerating areas:

Ser 83

8o Scr

Scr 2.8355
A, = f 1d6= A, = f (3.3146 sind — 1)ds
0

3061 Ser
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(6. -0.3061) = 3.3146 {c@k, -cos(2.8355)}-{2.83555,,.}
8. —0.3061 = 3.3146 cbg. + 3.16 -2.83556,,
-3.3146c08,,= 0.6311

6.=1.762 rad

tor= \/423’9 (1.762 — 0.3061)

ter = 0.235 seconds
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Appendix C: Modified Euler Excel calculations

Single Generator Calculation

System data

Generator transient reactance (Xd) in p.u 04
Transformer and line reactance (XT + XL) in p.u 0.337]

Bus 1 voltage (24 kV)in p.u 1

Bus 2 voltage (400 kV) in p.u. 1
Summary of power flow calculation results

Pre-fault equivalent reactance (Xeq) in p.u 0.747
Power angle {delta) in radians 0.501721
Power angle {delta) in degrees 28.7465
Electric power (pe1) prior to fault 2.0793
Electric power (pe2) during fault 0
Electric power (pe3) after fault is cleared 2.0793
Transient Stability Example

Mechanical power (p_m) = 1
Pre-fault maximum power (p_1max) = 2.0793
During fault maximum power (p_2max) = 0.0000
Post-fault maximum power (p_3max) = 2.0793
Initial (pre-fault) power angle (delta_0) = 0.5017
Frequency (f) = 50
Synchronous speed (omega_s) = 3141593
Machine inertia constant (H) = 5.98
Clearance time (t_cl) = 0.27
Step size (Deltat) = 0.01

p.u.
p.u.
p.u.

p.u.
rad

Hz
rad/s
p.u-s
5

5

X'd=041

Generator step up transformer
¥=0.337

% From power flow calculations

% From power flow calculations

% From power flow calculations

% From power flow calculations

% From power flow calculations

% Frequency may be changed

% omega_s = 2*pi*f

% Inertia constant may be changed

% Fault clearance time may be changed

% Time step for numerical method may be changed

Machine Power Angle Machine Speed
6.0 332
50 330 y.
- 328
/ ¥ 326 //
T 40 / F 324 —~
2 20 3 220 Z
E _— 2 318 PR -
< 20 @ 316 —
10 / 314
R E— 32 : . . .
0.0 . . . , 0.0 0.2 04 0.6 0.8 10
0.0 0.2 04 Time (5)0-6 0.8 1.0 Time (s)
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Two generators coupled to the HV busbar

System data

Generator transient reactance (Xd) 0.205
Transformer and line reactance (XT + XL} 0.1685
Bus 1 voltage (24 kV) in p.u. 1
Bus 2 voltage (400 kV) in p.u. 1
S ry of power flow calculation results

Pre-fault equivalent reactance (Xeq) 0.3735

Power angle (delta) in radians
Power angle (delta) in degrees

0306078391
17.637

Electric power (pe1) prior to fault 3.3146
Electric power (pe2) during fault 0

Electric power (pe3) after fault is cleared 3.3146
Transient Stability Example

Mechanical power (p_m) = 1
Pre-fault maximum power (p_1max) = 3.3146
During fault maximum power (p_2max) = 0.0000
Post-fault maximum power (p_3max) = 3.3146
Initial (pre-fault) power angle (defta_0) = 0.3061
Frequency (f) = 50
Synchronous speed (omega_s) = 3141593
Machine inertia constant (H) = 299
Clearance time (t_cl) = 0.24
Step size (Deltat) = 0.01

X'd=0.205

p.u.
p.u.
p.u.

p.u.
rad

Hz
rad/s
p.u-s

24akv A00kV

Generator step up transformer
X =0.1685

% From power flow calculations

% From power flow calculations

% From power flow calculations

% From power flow calculations

% From power flow calculations

% Frequency may be changed

% omega_s = 2*pi*f

% Inertia constant may be changed

% Fault clearance time may be changed

% Time step for numerical method may be changed

Machine Power Angle

Machine Speed

Time (s)

1.0
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Appendix D: Input data

Grid information

N0 011 F= VIRV L =T 1= S 400kV
T LT 0T8T TV 0] 1 =T T PP 380kV
= VL T8 T IRV 0] L =T T PP 420kV
[N o] 011 F= TN =T [ 1= o RS PRPP 50 Hz
T 1T 8T I =T [ 1T o3 SRR 49,5 Hz
= VT T T g I =T [ 1= o PSR 50,5 Hz
Three phased fault maximum Short-CirCUIt POWET..........cccociieiiiiieies bbb 22531 MVA (400kV)
Three phased fault minimum Short CirCUit POWET............cccvviiiiiire e 19271 MVA (400kV)
Single phased fault maximum short CIrCUIt POWET...........cooveeiiiiiiiiiiee e 8905 MVA (230kV)
Single phased fault maximum short CIrCUIt POWET ..........covveeiiiiiiiieie e 7818 MVA (230kV)
PN o1 (oo o 11 g Lo T oo T £=1 = o | U UP 284 ms
[y D G = Lo T T T PP PP PP TUPPPPTRPRN 0,03
Generators Information

R UE=To = 1o o F= L= A 010110 PP U U 1080 MVA
e U0 = T (YN 0T 1= PP PPPPPPR 972 MW
e U000 To 1V L= T o =T (o PP PRSP UURUPPR 0,9
L= 1= T0 BN 0] 1 = o =P 24kv
Stator voltage variation under NOrmal CONAITIONS. ........ccvvviiiiiiiiii e +/- 5%
L= UE=To I =0 10T o T3P PP PPRUPSPPRPI 50 Hz
Direct axiS SYNCNIONOUS FEACLANCE. ..........uuvirereereeietieieieeeeeeereeeeeetereerer ettt ettt eettatettattaeatataataaaaiaaaesaannanna 2,596 p.u
Direct axis synchronous reactance (SAtUrAtE)............uuuuuruuuuumruuiiiiiiiiiiiririaiiirirrrrrrrrrrrrr e ereerreeeees 2,424 p.u
DIr€Ct aXiS trANSIENT TEACTANCE. ... .ceueiiee ittt e et e e et e et et e e s e s s e e et e s et e s esba e sbasesbnsesbansananss 0,447 p.u
Direct axis transient reactance (SAtUFAted)..........oiiiiiriiiii bbb ae s e e s res e e sreeeeeeees 0,382 p.u
DireCt axiS SUD-TraNSIENT FTEACTANCE. .......cuu ittt e et e et e et eeee it e e et e s et e ssbesenneees 0,314 p.u
Direct axis sub-transient reactance (SAtUrated).............oeeviriouriiiirieen e 0,232 p.u
Tolerance 0N rEACLANCE VAIUES.........uuuiuiiiiiiiiiiiiiiiiiiieititebeaeeeee bbb s e s e besbeeaeeeeaeeseeaeaeaaetaetaetetasaaeaeseenenes +/-15%
Direct axis transient Short CIrCUIt tIME CONSTANT..........cuuuiiei ittt e et eee e e e e st e eaeeeea e eanaas 1,37 s
Direct axis sub-transient Short CirCuit timMe CONSIANT..........u.iiiiiiiei e e e e e e e 0,04 s
PN o T=T ol [Tol 114 T oo £ £=1 = o | S S PURSRR 0,23 s
[T W10 ] 1) 7= 1 | ST 5,98

Generator step up transformer (GSUT) parameters

Rated apParent POWET.........uuiiiiiieee e e ieiiie e e e s e et ee e e e e et e e e e e e s s sntbeeeeeeeeenssrnneeeeens 1245 MVA (3 X 415 MVA)
L= 1= 10 IV 0] 1 ¢= o TN = 4 T RSP 420 /24 kV
LV WINAING FALEA VOITAGE. ... ... iieie ittt e e e e te st e eeeeeeaeeeeeaeaaaaaaetaataatataeaaeaeaaaanas 24 kV
HV WINAING FAtEA VOILAGE. ......c...veveeeeeeeeeieeeeee ettt et ee ettt s en et s eaeee e etenn e ARRKY /

1@ g (o= o i =T o N o o= 1 o = R SPPRRI +/- 6 X 1,25%
Short circuit impedance 0N NOMINAI TAP......uuviiiiiiiiiiii e 17,2% (+/- 7,5%)
(o= To 1 [0 1S TP O PP PPPRPTTOPPP 3016kwW

Unit auxiliary transformer (UAT)

Rated apparent Of HV WINAING...........ooiiiiiiiiee s e s e e s eeeaeeeeannneeees 60 MVA
Rated apparent of MV L WINAING......cooioiiiiiiiie it eb bbb beteeeeeeeeaeeeeaesseeeseeeenes 30 MVA
Rated apparent 0f MV2 WINAING..........ooiiiiiiiie e e e e s s e st e e e s e s e e eeeeeesnneenees 30 MVA
[ YT T g T T o i = 1=T0 IR o] ¢= o = S PPRRRR 24 kv
YAV RV o T o = 1 (=0 BN 0] | v= T = RSP 6,9kV



MV2 WINAING FAEA VOIAGE. .. ... iii i ittt eae e st e e aeee e eeeaeeeeeaaaeeaetaeaaeataaaaaaaeaeeaass 6,9kV

VECLOr group SYMDOL......ovviiiiiiieeee e YNyO0yO0
(V=T o o I S = 1 (=T Vo] = To = T 6,9kV
L AV T gl T To oY C=To IV o] = To [T SRR U P URRRRR 24kV
Short circuit impedance (HV/ILV1 & HV/LV2)......cccccciiiiiii 9% (30MVA base)
Short circuit ImMpedance (LVL/LV2)......cooo e 23,1% (30MVA base)
[ T To I (0 1S = PP 220kwW
Line/Cable data:

Cable ID Size (mRA) Length (m) No. of cables per phase R X
UAT -LGA 500 125 4 0,06 0,099
UAT -LGD 500 106 4 0,06 0,099

LGA-LGB 500 28 1 0,0468 0,099

LGD-LGC 400 39 3 0,07955 0,101

LGB-LHA 400 23 1 0,07955 0,101

LGC-LHB 400 23 1 0,07955 0,101

Note : Ohms or Siemens/1000 m per conductor (cable) or per phase(line) at 20°C

Lumped load data can be found in Appendix A.
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Appendix E: AVR block diagram
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Appendix F: ST5B model in DIgSILENT
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Appendix G: HV yard faults

Grid events

1986/08/2!

1991/06/18

1993/06/15

Title: FAILURE OF THE KOEBERG ACACIA MANUAL START 12HO00: THE
KOEBERG ACACIA MANUAL START BUTTON WAS DEPRESSED AS PART
OF A PERIODIC TEST - UNSUCCESSFUL. 2. THE CONTROL CIRCUIT LINKS
IN THE HV YARD FOR THE MANUAL AND RESET ORDERS WERE FOUND
OPEN. 3. 12H20: THE MANUAL START BUTTON WAS AGAIN DEPRESSED
AND ACACIA STARTED UP SUCCESSFULLY BUT THE 132 KV BUS STRIP
FAILED (TIMER FAILED).

Title: TRIP OF RIETVLEI 132KV FEEDER (FS) DUE TO EARTH FAULT: 20H02:
GRID DISTURBANCE TO BOTH 400 AND 132KV SYSTEMS TWICE DUE TO
ARC AND TRIP. REGION CONTACTED FOR INFORMATION AND REPLIED
THAT THEY WOULD TRY AND RECLOSED. THE BREAKER CLOSED AND
IMMEDIATELY TRIPPED, CAUSING A FURTHER DISTURBANCE TO BOTH
UNITS. SECURITY INFORMED CONTROL ROOM OF A CABLE LYING ON
THE GROUND NEAR THE HV YARD. SHIFT MANAGER INVESTIGATED AND
FOUND NEUTRAL CABLES DOWN BETWEEN 1ST AND 2ND PYLONS. BOTH
UNIT 2 DIESELS STARTED AND ERF TRIPPED. TABLE VIEW BLACKED OUT
RESUPPLIED VIA 11KV NETWORK. WESTERN CAPE PERSONNEL
INVESTIGATING

Title: SIMULTANEOUS OUTAGE OF TWO UNITS AT ACACIA. ACACIA UNIT-

1 WAS UNAVAILABLE FOR KOEBERG FROM 12:57 TO 15:06 ON 1993-06-15
TO LOCATE A DC EARTH FAULT. AS UNIT-3 WAS ALSO ON FORCED
OUTAGE FOR STATOR REPAIRS, ACACIA WAS INOPERABLE IN TERMS OF
THE KOEBERG TECH SPECS FOR THIS PERIOD (129 MINUTES), PLACING
KOEBERG IN A FALL-BACK SITUATION. THE KOEBERG CONTROL
OFFICER WAS KEPT FULLY INFORMED OF THE POSITION. NOTE: A DC
EARTH FAULT SHOULD NOT CAUSE A START FAILURE BUT REQUIRES AN
OUTAGE TO TRACE AND CLEAR. IN THE EVENT OF A START HAVING
BEEN NECESSARY DURING THE OUTAGE, THE UNIT COULD HAVE BEEN
RESTORED IN 10 TO 15 MINUTES. THE DC EARTH FAULT WAS TRACED TO
BATTERY BOARD 1, TO WHICH UNIT-1 WAS SELECTED. THE UNIT WAS
THEN CHANGED OVER TO BATTERY BOARD 2. SINCE CONTROL CIRCUITS
HAD BEEN WORKED ON TO LOCATE THE FAULT, IT WAS DECIDED TO
REQUALIFY THE UNIT BY STARTING IT ON MINIMUM LOAD. DURING
THIS TEST THE AIR START DUCT RELIEF VALVE ON ENGINE 1A LIFTED
MOMENTARILY. THE UNIT WAS THEREFORE HANDED BACK FOR SERVICE
ON ENGINE 1B ONLY AND ARMED FOR KOEBERG AUTO START AY 15:0¢
AFTER ADJUSTING THE SIGNAL AIR PRESSURE REGULATOR, ENGINE 1A
WAS TESTED BY RUNNING UP TO 1 4000 R/MIN AND FOUND
SATISFACTORY. THE UNIT WAS HANDED BACK FOR SERVICE ON BOTH
ENGINES AT 16:46. NOTE 1: THE BLOWING OF AIR START RELIEF VALVE
DID NOT CAUSE A START FAILURE AND THE UNIT WAS IN FACT
BROUGHT ON LOAD ON BOTH ENGINES. NOTE 2. THERE HAD BEEN A
FORCED OUTAGE OF ENGINE 1A FROM 23:12 ON 93-06-05 TO 00:51 ON 93-06-
06 (99 MINUTES) TO CHANGE THE AIR START CONTROL VALVE PRESSURE
REGULATOR SEAT. A TEST START TO 6 000 R/MIN N2 SPEED PROVED
SATISFACTORY. THE DC EARTH FAULT WAS TRACED TO THE ACACIA
POWER STATION 132KV BREAKER WHICH WAS ALSO SELECTED TO
BATTERY BOARD 1 (AND ULTIMATELY TO A JUNCTION BOX IN THE HV
YARD). THIS BREAKER HAS BEEN ISOLATED ON THE 132KV SIDE FOR
PURPOSE OF DEDICATING ACACIA TO KOEBERG AND THE EARTH FAULT
WOULD NOT HAVE AFFECTED A START UP OF THE UNITS. A SECOND
EARTH FAULT WAS TRACED TO AN INDICATING LAMP ON THE BATTERY
CHARGER PANEL AND WAS CLEARED. BATTERY 1 WAS ALSO FOUND TO
HAVE A HIGH RESISTANCE LEAKAGE TO EARTH WHICH IS TO BE
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1994/05/09

1997/07/25

1998/08/1.

1999/03/19

2001/02/10

2001/04/15

CLEARED BY CLEANING CASING, TRESTLES AND FLOORS.THE RELEVANT

LOG ENTRIES ARE ATTACHED. ACACIA UNIT1 AND 2 OPERABLE
(STANDBY) AND DEDICATED TO KOEBERG. UNITS-1 AND 2 SELECTED TO
BATTERY 1. ACACIA UNIT-3 ON FORCED OUTAGE FOR STATOR REWIM

Title: 400KV BUSZONE PROTECTION BLOCKED: 1. ON 6/05/94 AT 14:07 A
BUSZONE ALARM WAS RECEIVED AT REGIONAL CONTROL FROM
KOEBERG 400KV YARD. 2. FAULT WAS INVESTIGATED BY TEST (WEST)
DEPARTMENT. 3. INVESTIGATION WAS ONGOING UNTIL MONDAY 09/05/94
WITHOUT ANY SUCCESS. PROBLEMS EXPERIENCED WERE: (A) LACK OF
DETAIL DRAWINGS (B) NO SPARES AVAILABLE. 4. ON MONDAY 09/05/94
KOEBERG CONTROL ROOM WAS INFORMED OF THE PROBLEM BY
NATIONAL CONTROL.5. KOEBERG PERSONNEL ASSISTED THE TEST
(WEST) TECHNICIANS AND THE FAULT WAS ISOLATED ON MONDAY AT +-

19:00. 6. THE FAULT WAS TRACED TO A FAULTY SELF TEST FACILITY. THE
TEST CURRENT OUTPUT OF THIS CARD WAS ISOLATED AND THE FAULT
WAS CLEARED. 7. THE BUSZONE WAS RETURNED TO SERVICE WITH THE
WEEKLY SELF TEST CYCLE INHIBITED. 8. DETAIL DRAWINGS AND THE
REQUIRED SPARES WERE ORDERED BY THE TEST (WEST) TRANSMISSION
GROUP. ATTACHED PLEASE FIND: (A) FAULT INVESTIGATION REPORT (B)
ESKOM STANDARD IDENTIFYING TRANSMISSION GROUP'S ASSETS. (C)
MEMO FROM GENERATION FINANCE MANAGER REGARDING OF KNPS HV
YARD TO TRANSMISSION GROUP. (D) KCO LOG. NOTE: DECISIONS
REGARDING THE GRID AND KOEBERG U2 LOADING AND PROTECTION
SETTING CHANGES WERE TAKEN BY SYSTEM OPERATIONS (CHARLES
GELDARD - NATIONAL CONTROL MANAGER)

TITLE: Failure of PT-LGR-161 and sub optimum recovery: During a 6 monthly test of
the Koeberg Autostart function, the breaker on the Koeberg side of the dedicated line
failed to close, which rendered the 132kV supply at Koeberg inoperable. The
consequence of this was that Unit-1 was put in a 36 hour fall-back (as the 132kV line
was inoperable), and Unit-2 (which was supposed to have its 400kV Breaker open as
the transformer was defective) had to keep its 400 kV breaker closed until the test was
successfully completed. Although the response time of Test West to the call out was
excellent some concerns were noted: (a) A lack of drawings at the HV Yard. (b) A lack
of appropriate spares. From this, the additional concern was raised as to whether the
maintenance on the dedicated line breakers is sufficient to avoid a similar fault in the
future.

TITLE: MVAR swing experienced on Unit-2 from - 100 to - 400 MVAR apparently
coinciding with the opening of bus coupler A in the HV vys
DESCRIPTION/SEQUENCE OF EVENTS: Unit-2 informed by national Control that
the 400 kV bus coupler A was to be o/s for 3 days. 11:35 - Bus coupler opened. 11:35
- Excitation voltage droppeto +- 22,5 kV MVAR's swing- 100 to- 400.

TITLE: Loss of Acacia 132 kV dedicated line -: Grid disturbance noted in Unit Control
Rooms followed by Acacia feeder 1 trip. Further investigation revealed the 132 kV
Acacia line had snapped at the HV yard. LCO: LGx-2 (Loss of 132kV) entered. Both
units in 36 hr fall-back to State 3B

TITLE: Trip signal sent to 2GEV0O02TP and 400kV breaker during fire system PT
(JPD181), causing water ingress in HV lung control box. INITIAL STATE:
2GEVO002TP not energised, links in HV yard still open, 400kV breaker open.

Title : Unit-2: 400kV and 24KV trip on earth fault resulting in Rx trip. Initial State: Rx
100% Pn. No work in progress, description: 03h15: Rx and turbine trip due to 24kV
earth fault. Investigation in progress. It appears to be an earth fault between the 24kv
and 400kV breakers. With the assistance of the Regional staff it would appear that the
fault is on the white phase between the generator transformer and HV yard in one of the
7 SF6 sections. Region requires services of contractor to determine which section and
thus make plans for repair. With it being obvious that the repair would take some time
(+- 7 days) the unit commenced shutdown to state 3b.  Final State: Unit-2 stable at
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2002/07/13

2003/11/15

2003/11/15

2007/02/18

2007/06/1

2008/11/21

hot shutdown.  (Note: Subsequent identification of water hammer damage to supports
on the feedwater line was linked to this event and is investigated under EPR No.
0056a/01) Recommendation 1: A review of the non-availability of the InSQL trend
programme to record data during the critical period after the transient is rec

PROBLEM TITLE: Voltage Transformer failure on Aurora no 1 feeder.  INITIAL
STATE: Unit 1-100% -Aurora no 1/ Koeberg breaker closed. UnitO2iage.
PROBLEM SEQUENCE: 02:35 : OHZR- Aurora No.1: fault sustained. 05:13 : OLZR-
Aurora No.1: informed by regional control of the possibility of taking the Aurora No.1
feeder out of service. . 05:21 : OLZR- Aurora No.l: feeder taken out of service.
16/07/2002 Confirmed with HV yard operator- that the Aurora No. 1 feeder is isolated
for the replacement of the voltage transformer- red phase

Title : HV Yard red phase earth fault and transformer 2GEV001TS Bucholtz 2nd stage
trip & pressure relief valve operation Initial state: Plant state 2A, drain-down in
progress, 400kV in service. Description: 22h58 51 sec - Red phase fault on 400kV
busbar 1A initiated. 22h58 53 sec - 1GEVO001TS Bucholtz 2nd stage fault and pressure
relief valve operation resulted in 400kV breaker trip. Swop-over to 132kV initiated and

| 2.1 used as guidance to mitigate incident. On investigation, there was clear indication
that the pressure relief operated and gas noticed in Bucholtz at the unit transformer. In
the HV yard, on the red phase section 1A chamber, debris and white powder r
Region control called out. NB: No switching occurred in the HV yard at the time of
event. LCO LGX-1 entered and drain down aborted.

Title: 400kV busbar 1A red phase earth fault, Initial State: Unit-2 at refuelling
shutdown, 400kV breaker closed. Description: At about 19:00 there was a change-over
supply from 132kV to 400kV following the closure of 2GEVO01JA. at +- 22:57 there
was an earth fault on 400kV busbar 1A red phase, 30 milli seconds later buszone
protection operated (opening the bus section and bus coupler breakers), 45 milli
seconds later 2GEVO01JA tripped on Buchholtz/ pressure relief prote
Implement Corrective Actions: 2GEWATS was replaced with 9GEVOOL1T
Earthing between HV yard and station was verified. Surge arresters were fitted on HV
terminals of 2GEVOO1TS.

Problem title: Blaauwberg 1 132kV feeder carrier line came adrift Reported by
Protective Services that one of the carrier lines on BLAAUWBERG 1 132 KV feeder
came adrift and is lying over the carpark. The line broke on the first pylon out of the
HV Yard. Protective Services barricaded off the area. Region informed.

Problem title: Koeberg/Acacia 400KV insulator broken off.Problem sequence: Region
informed Koeberg that an insulator had broken off in the HV yard on the
Koeberg/Acacia 400KV line. Line isolated and insulator replaced. Line returned to
service.

Affected component(s):0BSR 000GE Problem title: OBSR 000GE - Two network
failures on the 400kV grid have resulted in the Acacia Generators becoming
unavailable to Koeberg in 2008. Both events have demonstrated the existence of a
common mode failure mechanism between the preferred and 2nd grid supplies for
Koeberg. Initial State: Acacia No 1 in SCO mode and armed for KAS. Acacia No 2 in
SCO mode and armed for KAS Acacia No 3 on PTW. Koeberg Unit 1 at full Power
(both events).Unit 2 in Outage 216 (first event). Unit 2 at fullgro(second eventi
Problem sequence: Failure No 1.0n the 1st February 2008 at 20h41 Acacia Units No
1 and No 2 tripped as a result of a power interruption at the Acacia Substation. The
power failure was as a result of the 400kV Acacia - Muldersvlei Line tripping as a
result of an earth wire failure. The alternate 400kV line into the Acacia Substation was
on permit at the time, this as a result of a failed SF6 to Air Bushing in the Koeberg HV
Yard. Failure No 2. On the 13 October 2008 at 05h42 Acacia Units No 1 and No 2
tripped as a result of a power interruption at the Acacia Substation. The power failure
was as a result of an earth wire becoming entangled with a truck on the N7 highway
and subsequently coming into contact with the Koeberg -Acacia Line and Acacia -
Muldersvlei Line investigation. On the 5th November 2008 a meeting was held at
Peaking Generation to discuss the above two events and to determine if there was a
common made failure mechanism between the preferred grid (400kV network) and the

101



2009/02/07

2010/03/11

2010/09/04

2010/10/06

2010/12/05

2011/04/26

2nd supply (132kV supply) derived from Acacia Power Station. At the meeting it was
determined that we do in fact have a common made failure mechanism. Commonality
being the inadvertent activation of the Loss Of Field Protection Relays on the Acacia
Generators. These relays affected by a loss of supply on the 132kV busbars; this being
the case for both instances while connected to the preferred grid in SCO mode

Problem title: Grid disturbance. Initial State: Unit 2 @ 99.1%Pn Problem sequence:
At 19:20 2009/02/07, a grid disturbance, possibly caused by lightning, caused an auto
reclose on the Koeberg/Acacia 400KV line. 2GPA017AA (UNDERVOLTAGE OR
FREQ FUSE FAULT, was later reset by 2GPA100TO), 2GPB001AA (SYSTEM
UPDATE UNHEALTHY), and 2GEVO06AA (OLTC BLOCKED) sustained. Unit 1
was supplied by the 132KV network at the time, and had an automatic no-load start-up
of 1LHP and 1LHQ diesels. Security reported indications of arcing in the HV yard.
Region Control informed to investigate. .

Problem title: Loss Of N2 Pressure On 1GEVO001JA and 400KV Bus Cdapler-
Initial State: 6B Problem sequence: At 02H09 on 2010-03-11 a loss of N2 pressure
alarm on 1GEVO001JA sustained. With this alarm sustained 1GEVO001JA is interlocked
closed and will not open on fault conditions. 45 minutes later at 02H54, a loss of N2
pressure on 400kv bus coupler B alarm also sustained. With this alarm sustained the
bus coupler is interlocked closed. Region control informed and alarms acknowledged
and cleared locally on HV yard

Problem title: Start-up Of Emergency Diesel Generators. Initial State: Plant state 1 with
both 1LHA and 1LHB boards supplied by 132Kv offsite power. Problem sequence:
While National and Region Control were trying re-energize the faulty 400Kv busbar
2A, the 400/132Kv coupling transformer 1 tripped and this power disturbance caused a
automatic start-up of both emergency diesel generators. Fuel unloading suspended.
Power supply to both 1LHA and 1LHB confirmed to be from offsite power 132Ky,
both diesel generators stopped and placed on standby. Fuel unloading recomt
Suggested Corrective Actions : National and Region Control Centres to ensure that
proper communication protocol is maintained at all times, the KCO to be informed of
all switching in the Koeberg HV yard

Problem title: 400 kV breaker tripped on the first two attempts to close it during GEV
transformer back energisation InitiState: 400 kV breaker open Problem sequel

On the 6 October 2010, during back energisation of the GEV transformers, the 400 kV
breaker tripped instantaneously on closure. Investigation found that the trip was
initiated by the YTG “Switch onto Standstill” relay situated in the Koeberg HV yard,
which operated due to the high in rush magnetising current. The high in rush current
was experienced due to the installation of the new Smit transformer, 1 GEV 003 TP.
The output of the YTG relay was inhibited, and a second attempt to close the 400 kV
breaker was made on the 7 October. The breaker again tripped, due to the combination
of poor Koeberg relay logic design and operation of the BFR (Breaker Fail Relay) in
the HV yard. The BFR relay had operated as it was given a permissive to operate due to
the Smit transformer in rush current

Problem title: Glowing Hot connection in HV Yard Initial State: Unit 1 97%Pn and
Unit 2 99%Pn Problem sequence: A Hot connection was reported in the HV Yard, and
the SRO on shift commenced investigation to locate the problem. The location of the
glowing (hot connection) was found to be on top of the fourth upright gantry where the
3 earthing wires join from the first pylons of Stikland and Muldersvlei. HV Yard
Technician called out to investigate further and to effect repairs.

Problem title: Unit 1 loss of load owing to flashover in HV Yard Initial State:Unit 1 at
99.6% Pn, 977MWe  Problem sequence: 05h05 26/4/2011 Acacia 400kV feeder
tripped [owing to suspected fault at HV yard] Unit 1 shed load to 90MWe ,at which
point it was limited by LVA operation. Unit stabilised and LVA limitation reset.Acacia
400 kV line reclosed by National Control with KCO concurrence and Unit load
increased to approx 285 MWe thereafter until 05h57. 05h57 26/4/2011 Acacia 132kV
[dedicated 132kV supply] feeder tripped on a reported flashover in the HV yard .OTS
3.LGx 2 declared. Unit 1 power limited to 35%Pn, 290 MWe while LCO 3.LGX 2 isin
force. Additional information from Shift manager log: 400kV At 05h18, the
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Muldersvlei / Acacia line tripped due to a red phase CT flashover in the Acacia HV
yard. The Acacia/Koeberg line tripped in sympathy due a suspected incorrect setting on
an impedance relay in the Koeberg HV Yard. This relay's zone 1 protection should look
at the area from the Koeberg 400 kV breaker to the Acacia 400 kV breaker, but was
looking past the Acacia 400kV breaker into the Acacia / Muldersvlei line where the
fault occurred (overreaching). As a result of the temporary loss of load, Unit 1 shed
load to 90MWe as a result of LVA operation. The unit was then stabilised, and the
LVA limitation reset. The Acacia 400 kV line was re-closed by National Control with
KCO concurrence and Unit 1 load increased to approx 285 MWe thereafter. Due to the
over-reaching of the zone 1 protection, it has been switched off until the System
Operator provides a new setting. The line protection is now provided by zone 2
protection, in addition to the installed Differential protection on the Koeberg/Acacia
line. 132kV .There was also a totally isolated incident on the 132kV Acacia Koeberg
line. At 05h57, the dedicated 132kV supply to Koeberg tripped. The line trip is being
attributed to pollution on the 132 kV white phase line trap insulator. OTS 3.LGx 2 was
declared. Unit 1 load increase and Unit 2 fuel reload was suspended. The insulator was
Insul-coated after the incident in 2006, however, a flashover still occurred due to
pollution despite the application of this coating. Transmission cleaned the insulators
and applied a silicon grease coating over the Insul-coating. The line was re-energised
and KAS armed at 11h30. Unit 1 load increase started (at reduced rate due to fuel
defects) and Unit 2 fuel reload resumed.
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Appendix I: 400kV network including generation capacity
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