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ABSTRACT 

Reliability is a major concern for any electric utility and is made more complex in BLPC 

because it has no supporting interconnections. Additionally, the integration of a large 

amount of renewable energy in the system presents even more challenges. Historically 

reliability of the overall power system has been accomplished by better maintenance 

practices and the continual upgrading of the power system. Recently many papers have 

proposed that instead of a system wide failure, reliability would be improved by the 

retention of critical areas of the grid through selection and formation of partial grids or 

microgrids. The literature shows that significant work has been done on the automatic 

selection of the parts of the system to be retained in any microgrid. 

BLPC is interested in improving the reliability of their power system by avoiding island-

wide blackouts through possible formation of electrical islands or isolated power system 

areas, also called microgrids. It has a natural separation point due to the fact the northern 

part of the island can be isolated by simply opening two transmission lines serving a major 

bus in the lower part of the northern section of the island. While historically all the 

rotational generation has been in the southern area, the northern section of the island now 

has rotational generation, a large solar farm, and a utility grade battery. The historical 

record of island-wide power failures appears to show that in many cases there has been 

some sort of cascading effect. 

The major questions then become what is the likely mechanism for causing separation, and 

what are the best measurement types and locations which would reliably allow a correct 

decision to be made to separate? 
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This thesis examines different approaches for analysing the electrical mechanisms, which 

can be used to decide on separation into two microgrids. The classical instability 

mechanism of angular separation between the rotor angles of generators during the time of 

disturbance on the BLPC system is one possible mechanism. Voltage instability in the areas 

of low voltage deals with the necessity of a sufficient supply of reactive power supply to 

maintain the required voltage at each load bus. Based on available records, the analysis of 

blackout events due to cascading effects gives a clear picture of the issues faced in the past. 

Optimum measurements used to detect the state of the power system by installation of 

PMUs can assist with the decision of determining the system conditions and time to 

separate in order to avoid island wide blackouts. Finally, utilizing all the approaches 

mentioned above, the concept of stability indices has been developed to indicate the 

relative strength of each local load bus. Ultimately it will be necessary for BLPC to use all 

the elements of the thesis to develop logical statements allowing them to arrive at a decision 

to separate the BLPC system into northern and southern microgrids therefore avoiding 

island wide blackouts. 
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CHAPTER 1 

1. INTRODUCTION 

1.1 General 

Reliability is one of the major concerns in electric power systems. The inclusion of 

renewable energy sources has caused an additional level of complexity. While the capacity 

factors of renewable energy sources are well known, the stochastic nature of renewable 

sources requires another level of analysis. The daily pattern of wind generation is highly 

variable from day to day, and during any day. Solar PV has a known pattern since solar 

power is produced only during hours of sunshine, which also corresponds to the time of 

peak loads on the system. However, cloud cover can move in and out many times during 

the day, often reducing PV capacity by as much as 80% in a matter of 10-30 seconds. 

More and more, storage systems are appearing in power systems. Occasionally this takes 

the form of pumped hydro storage, but more frequently this is becoming grid level battery 

storage. This has proven very effective in island power systems, which by definition are 

isolated without any interconnections. However, when there is a disturbance with a greater 

effect, the system may reach a vulnerable state. This leaves power system planners and 

operators with two alternatives: suffer an island wide blackout or try to increase the power 

system reliability by planned system separation into smaller islanded power systems, which 

might be termed microgrids. 

Barbados Light and Power Company (BLPC) does not have the concern of flexible 

formation of multiple microgrids for a very specific reason. It has 239 MW of original 

rotational generation in the southwest and 33 MW of new rotational generation at the Clean 



1-2 

Energy Bridge (CEB) in the north. The north is also the location of a 10 MW PV solar farm 

and a 5 MW, 21 MWh battery. From a transmission perspective, there is a major bus 

between these two areas at a location called St. Thomas, and this bus has two transmission 

lines connecting it to the south and southwest areas. Consequently, those two transmission 

lines become a natural separation point allowing the formation of a northern microgrid and 

a southern microgrid. 

Therefore, the major concern is to analyse the electrical mechanisms by which separation 

might take place, and to consider which measurements might be useful in arriving at a 

decision to separate. The island is only about 50 km north-south and 25 km east-west. From 

a typical stability perspective, the rotor angular separation across the grid is not large. On 

the other hand, most of the transmission system is at 24.9 kV, and there are conditions 

which result in low voltage so voltage instability may be a concern. As well, transmission 

lines at 24.9 kV have X/R ratios, which are much lower than the high voltage lines of 

geographically large power systems, may negate some of the assumptions of the classical 

voltage instability analysis. Finally, the historical record of island-wide blackouts seems to 

suggest that there is some form of cascading process that has taken place in the past.  

Phasor Measurement Units (PMUs) can be used to extract real time quantities from time 

domain signals which include phasor amplitude, phase angle, frequency, and rate of change 

of frequency. The observations made from the application of PMUs on voltage magnitudes 

can be used to monitor dynamic performance of the power system in real time operation.  

1.2 Problem Statement 

The premise of the formation of microgrids is that overall system reliability can be 

improved following a severe disturbance, if part of the customer base can continue to be 
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served rather than suffering an island-wide blackout. As noted above, if it becomes 

necessary for separation to take place the natural transmission configuration has led to a 

decision that there will be a southern microgrid and a northern microgrid. Therefore, the 

major problem addressed by this thesis is to determine the system condition, or conditions, 

which will require separation to take place. This can also be stated as identifying and 

understanding the mechanisms by which separation might occur. Historically all the 

rotational generation has been in the southern part of the island. With the addition CEB 33 

MW medium speed diesel plant at Trents St. Lucy the northern part of the island now has 

rotational generation.  It is proposed that separation might be initiated in one of three ways. 

The first way is the classical instability mechanism of angular separation between the rotors 

of the generators during disturbances. At first glance this might seem unlikely because of 

the short distances involved on the island. However, this is possibly countered by the low 

transmission design voltage of 24.9 kV. The second way is through poor voltage 

conditions, and possible voltage instability. Simulations do show areas of low voltage. 

Additionally, there is a need to develop better analysis capabilities in this area since in 

general theoretical voltage instability studies have only been done for high voltage power 

systems where the transmission line X/R ratios are higher by an order of magnitude than 

for 24.9 kV transmission lines. The third way that separation might occur is through 

cascading effects. This is one of the mechanisms showing up in the record and analysis of 

island-wide blackouts which have occurred in the past. 

The second problem addressed by this thesis is an analysis of the optimum measurements, 

which might be used to detect power system conditions that clearly indicate that separation 
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should be initiated to avoid a full system blackout. BLPC is presently installing PMU which 

should assist in the identification of these conditions. 

The third problem addressed by this thesis is the identification and development of 

appropriate stability indices for the unique circumstances of an island power system. The 

intent of these stability indices is not to indicate the health of the power system at any point 

in time, but rather to indicate the relative strength of each local bus, to assist with 

recommendations for the placement of measurement units, and to provide information to 

develop logical statements, which might lead to a separation decision.  

1.3 Literature Review 

Separating the power system into segments in a controlled manner is the final resort against 

a full blackout event. The major concern for a separation event is where to separate (point 

of separation), when to separate (time of separation) and what to do after separation 

(control action in the new islands)? Controlled separation determines what hardware device 

should operate for executing separation [2][3]. For a sustainable islanding separation, 

numerous restrictions should be met. This includes load-generation balance and coherence 

among generator of individual islands, voltage and angular stability, controllability of 

circuit breakers and thermal limitations of transmission lines [4]. Prioritizing and allocating 

a centroid of load clusters considering power balance as well as finding out ways for 

sustainable operation in case of fluctuation in distributed generation is required [5]. 

Renewable energy from wind and solar introduces uncertainties and non-controllability 

production challenges, which may result in power imbalances. Implementation of 

conventional generators helps in relieving power deviations in divided subsystems by 

supplying energy with a speedy response. This can contribute significantly toward 
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mitigating imbalance of generation and load [5][6]. To ensure there is sufficient energy 

margin, energy storage systems should be available in the distribution system. Storage also 

has the benefit of controllable generation units to overcome the decreased generation due 

to capacity limitations and ramp rate [7]. Furthermore, load can also provide great potential 

to offer regulation service with fast ramping. The regulation cost in this provision can be 

lower than traditional energy storage devices [5]. 

According to IEEE/CIGRE,” Power system stability is the ability of a power system for a 

given initial condition to regain a state of equilibrium after being subjected to a 

disturbance”. It is necessary to evaluate the impact of a disturbance on the 

electromechanical dynamic behaviour of the power system [8]. Rotor angle stability is a 

study of electromechanical oscillations, that is how the power exchanges take place 

between synchronous machines when the rotors oscillate [9]. The equal area criterion can 

be used to analyze stability with an energy function method (amount of critical energy 

stored in the power system during a fault) for a single machine, infinite bus configuration 

[10]. Generator protection such as out of step protection, loss of field protection, and 

distance protection can be simulated with stability studies. This will help ensure that the 

system will regain a new state of equilibrium after being subjected to a disturbance [11]. 

Power system stability focuses on modelling synchronous machines including their 

excitation and governor systems. As well, stability studies focus on simulations under 

abnormal operating and fault conditions to identify machine rotor angle oscillations, 

system frequency, voltage variations and to suggest a possible solution to ensure stable 

operation in severe disturbances [12]. The electrical quantities such as current, bus voltage, 

active and reactive power are functions of power angle. All these quantities swing 
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periodically with a change of power angle [13]. Power angles can be calculated from 

generator terminal conditions and synchronous machine reactance [14]. The angle 

difference of internal voltages of generators, or phase difference of two busbar voltages, 

are strong indicators of power system status. This can be found through measurements in 

two substations of tie-line flows and other data at remote terminals gathered through 

communication systems [13][15]. Energy functions can be used to determine how close the 

power system is to voltage collapse through voltage security measures [16]. When 

oscillations occur on the system stability boundary, the potential energy difference between 

the Unstable Equilibrium Point (UEP) and Stable Equilibrium Point (SEP) becomes zero 

which can be used to compute voltage stability [17]. For a given contingency, transient 

stability can be determined by comparing the total system energy gained in the faulted 

period with a certain critical potential energy at the unstable equilibrium point which is 

closest to a stable equilibrium point [18][19]. Critical energy absorbed by a disturbed 

system when the fault is cleared corresponds to the critical clearing time [20]. Calculation 

of indices based on Centre of Angle (CoA) for two power systems can be used for 

controlled separation. This separation should be initiated before undergoing unstable 

system conditions [21]. 

With the growing concern of electric power quality, supporting voltage locally can be 

achieved through Distributed Generation (DG) [22]. However, DG being a fluctuating 

power source causes deviation of the voltage at the point of common coupling (PCC) with 

the grid [23]. To limit the voltage change, the generally adopted technique is by 

compensation with reactive power and sometimes a reduction in active power transferred 

to the grid in a manner similar to that of a synchronous generator [22]. Adding sufficient 
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reactive power sources makes the system less vulnerable to voltage collapse and enhances 

the possibility of being able to restore system voltage to acceptable levels [24]. Voltage 

instability is generally caused by a disturbance such as an increase in load or change in bus 

voltage away from the normal operating range [25].  

The reactive power margin for each bus can be obtained from the Q-V curve method. This 

helps in identifying critical buses where reactive power injection is required for ensuring 

voltage security [26]. In the phenomenon of voltage insecurity, the receiving end voltage 

of a transmission line may drop to a significantly lower value and may continue to oscillate 

in an undamped manner [27][28]. Steady state voltage stability analysis provides physical 

interpretation and determines system voltage margins on a real time basis. It helps in 

estimating the available reserve margin so one can maintain adequate voltage security. 

Disturbances in the system trigger voltage instability which will affect dynamic load 

characteristics, protective relay settings, voltage regulations, speed governing, etc. 

[29][30]. The current and voltage detected from PMU measurements allow calculation of 

transient impedance seen by the generators. By converting this impedance to a system 

margin value, one can monitor voltage stability of power system [31].  

The North American Electric Reliability Council (NERC) defines cascading outages as,” 

Uncontrolled loss of any system or facilities or load due to thermal overload, voltage 

collapse, loss of synchronism except those occurring as a result of fault isolation” [32]. 

Major blackouts involve cascading events i.e., one event triggers another event [33]. 

Evaluation of cascading events to determine possible actions for reducing the likelihood of 

a full system blackout is required [34][35]. Identifying typical patterns of these events and 

analysing them to find out the sequence is very important for assessment of cascading 
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failure [36][37]. With increasing criticality of security issues related to the power industry, 

secure operation of the power system to avoid major blackouts resulting in significant 

social and economic impact is a must [38][39].  

Phasor Measurement Units (PMU) can be a very useful tool for developing data for online 

power system stability studies. Such measurements, because they involve both magnitude 

and phase, also provide heretofore unavailable information about what the generator rotor 

angles are doing in real time. The values and measurements which they provide are often 

called synchro phasors [40][41]. This estimation is based on a measurement 

synchronization process between the Global Positioning System (GPS) satellites and the 

sinusoidal component of the AC waveform in the power system. Hence, magnitudes and 

phase angles between signals at a given time can be reported [42]. By providing accurate 

real-time measurements to determine where the power system is heading (either as a stable 

or an unstable condition) according to prevailing system conditions, it is possible that such 

information can play a significant role in power system separation decisions [43]. 

Regular monitoring and control of the power system is required to identify the maximum 

load the system can withstand before collapsing [44]. To operate the system with maximum 

reliability, an accurate indicator to evaluate the voltage security of the system is required. 

Ensuring a good voltage stability margin [45], estimating maximum allowable loading of 

buses considering reactive power load, identifying source locations and network topology, 

are major considerations [46]. Using system voltage stability indices such as admittance 

matrix elements of  line and buses, it is possible to estimate the stability margin which is 

the distance of the actual state of the system to the stability limits [47][48]. 
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1.4 Thesis Objective 

The major objective of this research is to develop analytical tools to understand the possible 

separation processes which might occur on the BLPC power system. These processes are: 

• Angular instability 

• Voltage instability 

• Cascading effects 

Separation decisions require good information about the status of the power system at any 

instant in time. 

• Help to develop a strategy for optimal placement of Phase Measurement Units on the 

BLPC power system, 

Placement of measurement units, and logical statements determining the decision to 

separate, depend on an understanding of the electrical strength of the power system at any 

bus in the system. 

• Develop a stability index for each bus based on an analysis of the separation processes. 

1.5 Thesis Outline 

The thesis is comprised of six chapters, and they are: 

Chapter 2: Methodology 

Chapter 3: Angular Stability Analysis, Energy Function 

Chapter 4: Voltage Stability Analysis, Voltage-Reactive power curves 

Chapter 5: Cascading Effect, Analysis of historical blackout events 

Chapter 6: Relating Angular and Voltage Stability 

Chapter 7: Conclusion and Recommendation
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CHAPTER 2 

2. METHODOLOGY 

2.1 Introduction 

Power systems come in all sizes. The largest power system of familiarity is the eastern two-

thirds of the North American continent (excluding the province of Quebec). A small power 

system is the Barbados system where the island is about 50 km north to south and 28 km 

east to west. It is the objective of every power system to continually operate as the intended 

integrated unit. That does not always happen. In the case of the eastern two-thirds of the 

North American continent, due to faults on the 345 kV interconnection the provinces of 

Maritime Canada have separated or islanded from the continent, generally continuing to 

operate in local synchronism. 

Barbados is a very different circumstance as an island utility with an original rotational 

generation capacity of 239 MW. It has suffered island wide blackouts in the past, the 

records of which are available. Two of these island wide blackouts have been in the recent 

past. For all its history, the majority of its generation has been located at one large station 

in the southwest, with two other smaller generating stations in the south of the island. 

Recently four medium speed diesel generators each with a capacity of 8.25 MW have been 

installed in the north of the island. Based on the concept that maintaining part of the island 

in operation during major disturbances would improve customer satisfaction and improve 

the system reliability indices, the utility has initiated an investigation of the separation of 

the utility system into a northern section and a southern section. Furthermore, this option 
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is greatly enhanced by the fact that the island grid has a natural separation point. However, 

the decision to separate into grids is one which should never be taken unnecessarily. 

This initiative has provided the genesis for this thesis work. It is an examination of: 

• The electrical manner or electrical mechanisms by which separation into smaller grids 

might take place. 

• The conditions evident from these mechanisms which would indicate, or determine, or 

demand, that separation into smaller grids should take place. 

Briefly stated at this point, the electrical mechanisms by which separation might take place 

are based on an angular stability analysis, a voltage stability analysis, and cascading effects 

observed. The conditions which might indicate that separation should take place are 

developed equations, fundamental understanding of the power system, results of system 

studies, and instantaneous measurements taken on the system. 

Power system stability is the study of disturbances on the power system during the transient 

period before a new steady-state condition is reached. The objective is to remain in 

operating equilibrium under normal operating condition and to gain a new equilibrium 

condition after being subjected to the disturbance [49]. To satisfactorily operate a power 

system, it is necessary to operate and maintain synchronism among the synchronous 

machines. For a given fault, a synchronously stable system settles down to a new steady 

state value as time increases. But to ensure system security against abnormal conditions, 

simulation of these contingencies should be done in advance so that preventive control 

action could be taken if required [20]. NERC quotes,” Security is the ability of the bulk 

electric system to withstand sudden disturbances such as electric short circuits or 

unanticipated loss of system components”. 
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Successful operation of the power system with continuous electrical service can be 

obtained by retaining a reliable system i.e., the synchronous generators must be kept in 

parallel so that they generate enough power to meet the load demand. Another important 

need is to maintain integrity between the transmission systems, generating stations and load 

centres so that there is no interruption of power flow to the loads [50]. Stability is mainly 

concerned with the behaviour of synchronous machine after disturbances. If the 

disturbance results in no change in power, then the state of the machine before and after 

disturbance should not change but when there is unbalance of power post disturbance then 

the machine should regain a new operating condition to assure a stable system [50]. Some 

of the machines which experience severe disturbances may swing away from equilibrium 

and lose synchronism. This depends on the fault location such as how close or far away the 

generator is located compared to the fault. When a machine accelerates and decelerates for 

a longer time, this oscillation can separate that machine from the rest of the system causing 

instability [51]. For a transient, if the oscillation is damped and settles out to a new 

operating condition post disturbance, it is called a stable system. Often this will eventually 

result in fluctuations in the power flow over the transmission lines [50]. 

2.2 Classification of Stability 

The classification of power system stability is based on various factors which contribute to 

instability and can be categorized as follows [9]. 

• Nature of disturbance 

• Size of disturbance 

• Time span of disturbance 

• Best approach in calculation of stability 
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A diagram clearly illustrates the elements of the approach to establishing a structure for 

analysing stability [9]. 

 

Figure 2-1: Approach for power system stability study 

2.3 Categorizing disturbances 

The ability of a system to survive a disturbance depends on its operating conditions and 

time of occurrence, and this disturbance can be categorized as either small or large. A 

disturbance is considered small if the linearization of the system of equations describing 

dynamic behaviour of power system can be justified for analysis purposes. The stability 

concern for small disturbances is in the steady-state stability. The system should operate 

successfully and maintain the balance between the load and generation under numerous 

circumstances [9]. If the linearization of the dynamic behaviour of system equation cannot 

be justified, then the disturbance is said to be large, and the stability concern is transient 

stability [49]. Faults in transmission lines, abrupt changes in load, and loss of generation 

are some major examples of larger disturbances. 

Power System Stability 

Voltage Stability Angular Stability 

• Operating in equilibrium 

• Equilibrium between opposing forces 

• Maintaining steady acceptable voltage 

• Reactive power balance 

• Maintaining synchronism 

• Synchronous machine torque balance 
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With the different types of disturbance mentioned above, not all transient events need 

system separation to sustain the power system as a single entity. Controlled separation is 

required in order to restrict a disturbance from propagating into the remaining part of the 

power system. This can be initiated by opening appropriate transmission lines before 

cascading outages can occur [9]. System separation depends on the energy of certain 

critical groups of critical machines, and the time required to clear a fault must always be 

less than the critical duration of a fault [51]. Factors such as voltage and rotor angle of 

synchronous machines are very important in maintaining controlled power system stability. 

Voltage is directly affected by the reactive power imbalances and rotor angle is dependent 

on stability and synchronism in the whole system. If voltage and angular instability is 

addressed, most times it is possible to avoid undesired collapse or blackout events [52]. 

2.4 Flow chart 

It is useful to apply the flowchart of Figure 2-2 for each fault so that it can be determined 

in advance whether there is a requirement to separate the system. Consideration is given to 

using angular stability, voltage stability and cascading effects as possible separation 

mechanisms. Once these three elements are fully understood, one main objective would be 

creating a quality vector for buses. This is based on indices from the energy function, from 

the relationship of voltage and angular stability, from the QV curve method, and from 

trends in historical blackout events. 

This quality vector will help in identifying PMU locations, the number of PMU placements 

required, and it will also help in proposing an algorithm such that separation should be 

triggered and formation of the northern and southern microgrids should take place. 
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Figure 2-2: Flow chart of overall methodology 

2.5 Equation of motion for angular stability 

As it pertains to angular stability, the representation of the dynamics of a synchronous 

machine is based on the rotational inertia equation of balance between the mechanical 

Separation 

Mechanism 
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power input and the electromagnetic power generated and delivered by synchronous 

machine. The equation is called the swing equation and given by [9], 

 
𝑀 ∗

𝑑2𝛿

𝑑𝑡2
= 𝑃𝑚 − 𝑃𝑒 

2.1 

Here M is the inertia constant of the generator, δ is angular position of the rotor, 𝑃𝑚 is 

mechanical power input to the generator and 𝑃𝑒 is electrical power output of the generator. 

2.6 Angular stability analysis 

There is an inherent tendency for synchronous generators to stay in synchronism due to the 

synchronizing torques present in synchronous machines, and it is common for large power 

system to operate with thousands of generators synchronized together. The first approach 

in analysing angular stability is based on the classical method of doing large numbers of 

transient stability simulations generally for extreme cases, and through that process 

identifying potential loading and potential critical outage circumstances on the power 

system. It can be used to identify initial rates of change of frequency following 

disturbances, it can indicate how well oscillations are damped, and it can indicate the 

stability margin present in the system. 

2.6.1 Deriving single machine Infinite Bus 

When a power system become unstable, it often divides the synchronous machines into 

two groups: critical machines and remaining machines. To represent all these critical 

machines into one single equivalent machine and the rest of the machines into another 

group is termed as a single machine infinite bus system. There is a direct way to determine 

whether a system is stable or unstable by computing a Transient Stability Index (TSI). It 

helps in determining the margin of stability by calculating the difference between the 
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critical clearing time of a circuit breaker to clear a fault and the actual time set to clear it. 

For an unstable machine due to loss of synchronism, its angular velocity rises very high 

compared to the rest of the machines [20]. A disturbance in any power system can be 

described in a set of three differential equations in three-time frames i.e., before the fault, 

during the fault and post fault. 

𝑥(𝑡)̇ = 𝑓𝐵𝐹(𝑥(𝑡)) −∞ < 𝑡 ≤ 0 

𝑥(𝑡)̇ = 𝑓𝐷𝐹(𝑥(𝑡))     0 < 𝑡 ≤ 𝑡𝑐𝑙𝑟 

𝑥(𝑡)̇ = 𝑓𝑃𝐹(𝑥(𝑡))     𝑡𝑐𝑙𝑟 < 𝑡 < ∞ 

Here the fault occurs at 𝑡 = 0 and this state remains until the fault is cleared at 𝑡 = 𝑡𝑐𝑙𝑟 and 

during that time it is represented by 𝑓𝐷𝐹. There is a change in the dynamics of the system 

before and after 𝑡 = 0 and 𝑡 = 𝑡𝑐𝑙𝑟. Before the fault, the system follows 𝑓𝐵𝐹 and after the 

fault it behaves as 𝑓𝑃𝐹. 𝑥(𝑡) is the vector of the state variables at time t. 

To successfully remove a fault in a large disturbance in transient stability studies, it is 

necessary to calculate the critical clearing time of the circuit breaker. This can be used in 

interpreting the maximum amount of energy transferred in the fault state [53]. 

2.6.2 Energy Function 

The energy function is used to compute the critical energy absorbed by a disturbed system 

before clearing a fault and restoring the system to a stable state. The energy function is the 

integral sum of the kinetic and potential energy which determines the stability status of the 

power system [20]. To avoid instability, the system must be capable of absorbing during 

the post disturbance state the kinetic energy created by the fault. 

The energy function 𝑉(𝛿,𝜔) is the sum of the kinetic and potential energy of the machine. 

Whenever there is a disturbance in the power system, there is a change in kinetic energy of 
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the system which must be countered by the potential energy of the system. In the swing 

equation 2.1, the electrical power can be replaced by 𝑃𝑒 = 𝑃𝑒𝑚𝑎𝑥 ∗ 𝑠𝑖𝑛 𝛿 where 𝑃𝑒𝑚𝑎𝑥 is 

the maximum electrical power output. 

 
𝑀 ∗

𝑑2𝛿

𝑑𝑡2
= 𝑃𝑚 − 𝑃𝑒𝑚𝑎𝑥 ∗ 𝑠𝑖𝑛 𝛿 

2.2 

The post fault stable point is: 

δs =  sin−1
𝑃𝑚

𝑃𝑒𝑚𝑎𝑥
 

This is also called the stable equilibrium point (SEP). 

The unstable equilibrium points (δµ) can be defined. 

𝛿1
𝜇

= π − 𝛿𝑠 

𝛿2
𝜇

= −π − 𝛿𝑠 

 

Figure 2-3: Variation of potential energy of a system during a fault 

VpE is the potential energy and Del is the rotor angle of generator. The stable equilibrium 

point (δs) is surrounded by two unstable equilibrium points (δµ). Those are the two peaks 

shown in Figure 2-3.  

The energy function is given by equation 2.3 
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𝑉(𝛿,𝜔) =

1

2
𝑀𝜔2 − 𝑃𝑚(𝛿 − 𝛿𝑠) − 𝑃𝑒 𝑚𝑎𝑥( 𝑐𝑜𝑠 𝛿 − 𝑐𝑜𝑠 𝛿𝑠) 

2.3 

Here, 𝑉𝐾𝐸 =
1

2
𝑀𝜔2 is the transient kinetic energy and, 

𝑉𝑃𝐸 = −𝑃𝑚(𝛿 − 𝛿𝑠) − 𝑃𝑒 𝑚𝑎𝑥( 𝑐𝑜𝑠 𝛿 − 𝑐𝑜𝑠 𝛿𝑠) is the transient potential energy. 

The sum will always remain a constant value after clearing the fault. The value of 𝑉(𝛿,𝜔) 

calculated at 𝑡 = 𝑡𝑐𝑙𝑟 gives the energy available in the system and as per the conservation 

of energy principle accumulated kinetic energy must be absorbed by the system after 

clearance of the fault. 

Two conditions must be satisfied for stability [53]: 

1. The function 𝑉(𝛿,𝜔) must be ≥ 0. 

2. Any track of ω and δ on the surface of V must decrease with time 

2.6.3 Equal area criteria: 

For a system to be stable in terms of energy, the total energy 𝑉(𝛿,𝜔) must be less than the 

critical energy which is represented by 𝑉𝑐𝑟. It is also called the region of attraction in the 

energy function. Similarly, the critical clearing time (𝑡𝑐𝑐𝑡) can be calculated from the 

instant when 𝑉(𝛿,𝜔) =  𝑉𝑐𝑟 on the faulted trajectory. 

𝑉𝑐𝑟 is obtained by letting 𝜔 =  0 and 𝛿 =  𝛿𝜇 in 𝑉(𝛿,𝜔). 

 𝑉𝑐𝑟 = −𝑃𝑚(𝜋 − 2𝛿𝑠) − 2𝑃𝑒𝑚𝑎𝑥 𝑐𝑜𝑠 𝛿𝑠 2.4 

For a system to be stable, 𝑉(𝛿,𝜔)  <  𝑉𝑐𝑟 for a faulted trajectory, and at 𝑡 = 𝑡𝑐𝑙𝑟, 𝑉(𝛿,𝜔) =

 𝑉𝑐𝑟 for the faulted trajectory. 

If we let 𝛿 = 𝛿𝑠, and 𝜔 = 0 then 𝑉(𝛿,𝜔) in equation 2.3 becomes 

𝑉(𝛿𝑠,0) =
1

2
𝑀02 − 𝑃𝑚(𝛿𝑠 − 𝛿𝑠) − 𝑃𝑒 𝑚𝑎𝑥( 𝑐𝑜𝑠 𝛿𝑠 − 𝑐𝑜𝑠 𝛿𝑠) = 0 
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For a fault, the machine will accelerate or decelerate such that 𝜔 ≠ 0. So, 𝜔 must be the 

incremental speed.  

In the general energy function 𝑉(𝛿,𝜔), the KE term must be kinetic energy "added" during 

the fault. If speed changes by an increment, then the stored rotational energy at any speed 

changes by an increment relative to M x [Actual per unit speed (squared) - 1 (squared)]. 

2.6.4 Stability index 

A transformation used for transient stability analysis results in a concept referred to as the 

centre-of-inertia, often called the centre of angles (CoA). It represents a single machine 

equivalent to all generators in a defined area [54]. This CoA represents the mean motion 

of the system and is used as a new reference angle rather than referencing each angle to a 

specific machine. The CoA reference transformation defines the CoA angle and speeds as 

 
𝛿0 ≜

1

𝑀𝑇
∑ 𝑀𝑖𝛿𝑖

𝑚

𝑖=0

 
2.5 

 
𝜔0 ≜

1

𝑀𝑇
∑ 𝑀𝑖𝜔𝑖

𝑚

𝑖=0

 
2.6 

Where, 

𝑀𝑇 ≜ ∑ 𝑀𝑖

𝑚

𝑖=0

 

To evaluate synchronous stability, angles are referenced to the CoA replacing the usual 

relative rotor angle. It transforms the variables 𝛿𝑖 , 𝜔𝑖 to the CoA. 

Hence 𝜃𝑖 is a new term representing the change in rotor angle compared to the CoA angle. 

𝜃𝑖 =  𝛿𝑖 − 𝛿0 

𝜔𝑖̃ ≜  𝜔𝑖 − 𝜔0 
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Then the derivative gives: 

𝜃̇𝑖 =  𝛿̇𝑖 − 𝛿̇0 = 𝜔𝑖 − 𝜔0 ≜ 𝜔𝑖̃ 

With the calculation of CoA, the literature further applies this concept to develop an index 

used to determine whether the system will be stable or unstable following a disturbance. 

The index is the Centre of Angle Stability Index (CASI) which is: 

 
𝐶𝐴𝑆𝐼 = |

𝛿01
𝐴𝐷 − 𝛿02

𝐴𝐷

𝛿01
𝐵𝐷 + 𝛿02

𝐵𝐷| ∗ 100 
2.7 

Here, 01 and 02 refer to two systems, and the BD and AD refer to before and after 

disturbance conditions. The disturbance may be an electrical fault, but it could also be the 

loss of a major transmission line. 

2.7 Voltage stability analysis 

A power system is considered stable from a voltage point of view if, when subjected to a 

disturbance, it settles at an equilibrium voltage within the region of attraction. A voltage 

stability study is used to observe the overall behaviour of the system, its stress level, the 

point of instability and the effect of a gradual change in load. The ability of a system to 

transfer reactive power from a generation source to a load area is a major aspect of voltage 

stability. Logically, voltage instability is the absence of voltage stability. This happens 

when the receiving end voltage drops below a normal operating range and cannot be 

restored by any compensating phenomenon. This means it is the inability of the power 

system to meet the reactive power demand. 

The major criteria for a system to be voltage stable are that the voltage magnitude at a bus 

must increase with the injection of reactive power at the same bus. If the voltage magnitude 

decreases with reactive power injection at that bus, then the system is unstable. A sequence 
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of events leading to voltage instability can lead to voltage collapse which can be described 

as an unacceptable voltage profile for a significant part of the power system [9].  

The first approach in analysing voltage stability is the experimentally based classical 

method of doing a large numbers of load flow simulations generally for extreme cases, and 

through that process identifying the weak or potentially problem buses. 

The Q-V (MVAR - voltage) method is the approach chosen in this thesis to analyse the 

Barbados power system. It does not require the power system to be represented as a two-

bus equivalent. At any critical bus at any point in the system, reactive power required at 

that bus is plotted against the bus voltage. This is experimentally accomplished by placing 

a fictious generator with zero MW at a critical bus and running a load flow to determine 

the reactive power required under the specified conditions of load power and voltage. 

2.7.1 Q-V Curve 

Voltage stability in a power system is dependent on the change in reactive power and its 

effect on voltage at the receiving or load end. The of Q-V (MVAR- voltage) method is 

widely used to analyse voltage performance at a bus. It does not require the power system 

to be represented as a two-bus equivalent. However, it requires a preliminary judgement to 

determine the critical buses in the power system, otherwise the process must be carried out 

for each load bus (which can be done for smaller systems such as the BLPC power system). 

The base case operating point can be found at the zero reactive power output of the 

fictitious generator. The point where dQ/dV becomes zero is a critical point or voltage 

instability point on the curve. If this occurs when the fictious generator is putting out 

MVAR, the power system is MVAR deficient at that bus. Similarly, if this occurs when 

the fictious generator is taking in MVAR, the power system has reactive power reserve at 
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that bus. The part of the Q-V curve to the right of the critical point represents a stable 

operating point and to the left represents an unstable operating point. With the help of Q-

V curve, it is possible to accurately determine the value of reactive power shunt 

compensation to maintain voltage within an acceptable limit. 

2.7.2 Q-V for a lossless system 

As is typically done, the initial focus is on only the reactance model for a transmission line 

(no resistance, no capacitance). For a two-bus system, the power transfer from one bus to 

another can be expressed as [55]. 

 
𝑃 =

𝐸𝑉

𝑋
 𝑠𝑖𝑛 𝛿 

2.8 

Here, E is the supply voltage 𝐸 = 𝐸 ∟𝛿, and V is the voltage at that bus 𝑉 = 𝑉∟0. 𝛿 is the 

rotor angle for the supply voltage. 

It is possible to calculate the initial steady state angle from the equation 2.8 above, 

𝛿 = sin−1
𝑃𝑋

𝐸𝑉
 

Similarly using the initial angle from the above equation, the reactive power delivered by 

the transmission line can be given by: 

 
𝑄 = −

𝑉2

𝑋
+

𝐸𝑉

𝑋
 cos 𝛿 

2.9 

Assuming 𝑄𝑙𝑜𝑎𝑑 such that the power factor at that bus is a typical value of 90%, 

𝜃 = 25.84° 

tan 𝜃 =
𝑄

𝑃
≅ 0.5 

𝑄𝑙𝑜𝑎𝑑 = 0.5 ∗ 𝑃𝑙𝑜𝑎𝑑 
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Hence the difference between the value of 𝑄𝑙𝑜𝑎𝑑 and the Q able to be supplied by the 

transmission line at the specified condition can be used to determine 𝑄𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 locally  

 
𝑄𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 = (0.5 ∗ 𝑃) +

𝑉2

𝑋
−

𝐸𝑉

𝑋
 cos 𝛿 

2.10 

Given that the supply system has a reactance X and a voltage E, to deliver power P to the 

load bus at voltage V the system can only supply the value Q of equation 2.9 to the load 

bus. To supply a different Q load under the above conditions of X, E, P, V, some MVAR 

have to be supplied locally. This is called Qrequired as expressed in equation 2.10. Plotting 

this 𝑄𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 versus the desired operating voltage V for different values of P in per unit 

on the same graph gives the Q-V plot as shown in Figure 2-4. 

 

Figure 2-4: QV plot for lossless system with E=1 and X=0.2 

It is useful to review the conditions which must be satisfied for any solution. 

2.7.3 Q-V for a lossy system 

For a transmission line with low operating voltage, typically the line shunt capacitance/line 

charging is essentially non-existent. However, for lower voltage systems, the 
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reactance/resistance X/R ratios are not nearly as high as in high voltage transmission lines. 

For low voltage transmission line, 𝑋/𝑅 < 10 is observed. 

The fundamental equation is: 𝑃 + 𝑗𝑄 = 𝑉𝑇 ∗ 𝐼∗ 

For a transmission line with both inductance 𝑋𝑇 and resistance 𝑅𝑇, the current flowing in 

the transmission line is:  

𝐼 =
(𝐸∟𝛿 − 𝑉𝑇) ∗ (𝑅𝑇 − 𝑗𝑋𝑇)

(𝑅𝑇
2 + 𝑋𝑇

2)
 

Then the equations for P and Q become: 

 
𝑃 =

𝐸 ∗ 𝑉𝑇

𝑅𝑇
2 + 𝑋𝑇

2 (𝑅𝑇 cos 𝛿 + 𝑋𝑇 sin 𝛿) −
𝑉𝑇

2 ∗ 𝑅𝑇

𝑅𝑇
2 + 𝑋𝑇

2 
2.11 

 
𝑄 =

𝐸 ∗ 𝑉𝑇

𝑅𝑇
2 + 𝑋𝑇

2 (𝑋𝑇 cos 𝛿 − 𝑅𝑇 sin 𝛿) −
𝑉𝑇

2 ∗ 𝑋𝑇

𝑅𝑇
2 + 𝑋𝑇

2 
2.12 

To make the equation 2.11 and 2.12 simpler, assume: 

𝐴 =
𝐸 ∗ 𝑉𝑇

𝑅𝑇
2 + 𝑋𝑇

2 ;  𝐵 =
𝑉𝑇

2 ∗ 𝑅𝑇

𝑅𝑇
2 + 𝑋𝑇

2 ;  𝐶 =
𝑉𝑇

2 ∗ 𝑋𝑇

𝑅𝑇
2 + 𝑋𝑇

2 

Then, 

 𝑃 = 𝐴 ∗ 𝑍𝑇 cos(𝛾 − 𝛿) − 𝐵 2.13 

Here 𝛾 is the angle between the resistance and reactance, that is the angle of the 

transmission line impedance. Finding the angle from 

 
𝛾 − 𝛿 = cos−1 (

𝑃 + 𝐵

𝐴 ∗ 𝑍𝑇
) 

2.14 

Hence the reactive power delivered can be obtained from 

 𝑄 = 𝐴 ∗ 𝑍𝑇 sin(𝛾 − 𝛿) − 𝐶 2.15 

Similar to the lossless system in equation 2.10, the difference between 𝑄𝑙𝑜𝑎𝑑 and the supply 

from transmission line 𝑄 at specified condition is used to determine 𝑄𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 
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 𝑄𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 = 0.5 ∗ 𝑃 − 𝐴 ∗ 𝑍𝑇 sin(𝛾 − 𝛿) + 𝐶 2.16 

There are some conditions imposed on E so that the sin(𝛾 − 𝛿) term is not greater than 

1.0. The transmission lines for smaller power systems might be at the 24.9 kV level, and at 

this voltage level resistance is significant and cannot be neglected. The QV plots for a 

sample system are shown in Figure 2-5 and plots of other lossy transmission systems are 

demonstrated in Appendix B, pages 91-92. 

 

Figure 2-5: QV plot for lossy system with E=1, X=0.2 and R=0.15 

2.8 Cascading effects mechanism. 

BLPC had provided the historical record and time-line analysis of island-wide blackouts 

on their power system over several years. In two or three instances, the record shows that 

auxiliary equipment such as turbine-generator governors tripped due to low voltage. This 

indicates that compressor motors maintaining hydraulic fluid pressure tripped due to low 

voltage. Since electrical supplies for such auxiliary equipment is taken from sources close 

to the respective generator terminals, this suggests generators came up against an excitation 

limiter and could no longer control their terminal voltage. This indicates measurements 

should sense intermediate events and initiate separation creating the northern microgrid. 
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2.9 Relating Angular and Voltage Stability 

There is no one quantity which will fully represent angular stability, and there is no one 

quantity which will fully represent voltage stability. This thesis chooses to use steady state 

stability limit B as an indication of angular strength. It also chooses to represent the voltage 

strength at a bus as the reactive power injection required at that bus to maintain the 

specified/desired voltage condition at the given value of load. The thesis derives a 

relationship between angular and voltage stability based on these two quantities. It is tested 

in both the theoretical and operating power systems (as illustrated later). 

2.9.1 Deriving the relationship 

With steady state stability limit (B) being a measure of angular stability, and MVAR Q 

needed for adequate bus voltage support being a measure of voltage stability, the following 

unique/original relationship has been developed. 

From power system stability analysis, equation 2.8 shows the electrical power transfer 

capability across a lossless transmission line. The term EV/X which multiplies the sin δ 

term is called Steady State Stability Limit (SSSL). For ease of notation, it will be called B. 

𝐵 =
𝐸𝑉

𝑋
 

The equation in terms of B becomes: 𝑃 = 𝐵 ∗ sin 𝛿 

Referring to equation 2.10, it is necessary to get rid of the cos 𝛿 term as follows. 

sin 𝛿 =
𝑃

𝐵
 

Using right angle triangle where sin 𝛿 is the opposite side, cos 𝛿 is the base and 1 is the 

hypotenuse, sin2 𝛿 + cos2 𝛿 = 1 
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cos 𝛿 = √1 − sin2 𝛿 = √1 − (
𝑃

𝐵
)

2

 

Hence the equation 2.10 become, 

 

𝑄𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 = (0.5 ∗ 𝑃) +
𝑉2

𝑋
− 𝐵 √1 − (

𝑃

𝐵
)

2

 

2.17 

Again, assuming 𝐸 = 𝐾𝑉  

𝑉2

𝑋
=

𝐵

𝐾
 

Then the equation become: 

 

𝑄𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 = 0.5𝑃 + 𝐵 [
1

𝐾
−  √1 − (

𝑃

𝐵
)

2

] 

2.18 

Hence the above equation 2.18 gives the relation between reactive power required to 

maintain a specified voltage at a given loading P for any steady state stability limit B. 

2.10 Locating and finalizing PMU units 

PMUs can be used to extract real time quantities from time domain signals which include 

phasor amplitude, phase angle, frequency, and rate of change of frequency. Hence with the 

installation of PMUs in the BLPC system, they will be very important measuring devices 

in transmission line monitoring and control. Finalizing the location and number of PMUs 

required would provide adequate data for further development of algorithms analysing 

separation mechanisms.
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CHAPTER 3 

3. ANGULAR STABILITY ANALYSIS 

3.1 Simulating the Energy Function 

There are several references that present the use of direct stability methods based on 

stability energy functions. While it does not appear that such direct methods have been 

commercially programmed, it could be useful to consider their application on a small 

power system consisting of a single machine and an infinite bus. The pattern of the 

trajectory in the region of attraction of rotor angle and velocity can be seen in Appendix A, 

page 80-81. The plan is to study possibility of energy functions for stability of an island 

power system. A simulation has been carried out using MATLAB Simulink to justify the 

relation of the energy function 𝑉(𝛿,𝜔) with the critical energy 𝑉𝑐𝑟 The fault was cleared at 

different times to get the critical clearing time 𝑡𝑐𝑐𝑡 = 0.315 𝑠 as calculated from the instant 

when 𝑉(𝛿,𝜔) =  𝑉𝑐𝑟 on the faulted trajectory. 

 

Figure 3-1: Model representing single machine infinite bus 
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Figure 3-1 is the model of a single machine operating into an infinite bus. The model is 

designed to observe the changes in acceleration, angular velocity, and rotor angle when the 

system is subjected to a disturbance. The mechanical power input has been taken as a 

constant and a disturbance in electrical power has been fed through the programmed switch 

in the feedback loop. While the pre-fault represents the initial steady state, the fault and 

post-fault conditions have been set in programmed switch to occur at 0.313 s and 0.317 s. 

3.1.1 Analysis of the results 

The energy function is simulated in Appendix A, page 81-84 for various fault clearing 

times, and the results for each clearing time are shown as one row in a table. From the 

results of simulating the energy function it can be observed that: 

1. The system is stable if 𝑉(𝛿,𝜔) is less than 𝑉𝑐𝑟 along the faulted trajectory and the 

fault clearing time (𝑡𝑐𝑙𝑟) is less than the critical clearing time  𝑡𝑐𝑐𝑡. The first six 

rows of the table in Appendix A, page 84 represent stable operating points, and last 

five rows represent unstable points.  

2. The region of attraction of (𝛿𝑆, 0) is defined by the inequality constraint, 𝑉(𝛿,𝜔) is 

less than 𝑉𝑐𝑟 , for all points in the stable cases, but this is not true for unstable cases. 

3. The value of 𝑉(𝛿,𝜔) at the critical clearing time 𝑡𝑐𝑐𝑡 = 0.315 𝑠 is very close to 𝑉𝑐𝑟 

(i.e., 𝑉(𝛿,𝜔) = 0.55245 and 𝑉𝑐𝑟 = 0.55393 ) but not exactly equal. 

Hence, with the use of the energy function and critical energy, it has been possible to find 

the critical clearing time which ultimately is useful in determining in advance whether the 

system will be stable or unstable for a given fault condition. 
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3.2 The Centre of Angle Stability Index 

While many quantities are important descriptors in power system stability studies, the load 

or power or torque angle δ of each generator is the most significant one because it describes 

the motion of the actual rotors of the synchronous machines. The individual rotor angles 

are stand-alone quantities. On the other hand, it is often useful to have a “collective 

indication” of what is happening in a power system especially as it may relate to what is 

happening in an adjacent interconnected power system, or even what is happening in 

another area of the same power system. The Centre of Angle gives the “mean acceleration” 

of all machines in the system [20]. From Chapter 2 the CoA δ0 is defined in equation 2.5. 

𝛿0 ≜
1

𝑀𝑇
∑ 𝑀𝑖𝛿𝑖

𝑚

𝑖=1

 

In this expression Mi is the inertia constant of turbine-generator i and MT is the sum of the 

inertia constants of all turbine-generators in the system. The CoA is in fact the weighted 

average of all rotor angles in the system, weighted according to their inertia constants [20]. 

This can be carried one step further by considering the CoA of two areas in a power system, 

or more importantly the CoA of two power systems connected through an interconnection 

transmission line or lines. A comparison of the CoA of each system with the other gives an 

indication of the “mean angular motion” of the rotors of the two systems relative to each 

other. This has resulted in the definition of a stability index called the Centre of Angle 

Stability Index, CASI [21] is defined in equation 2.7. The CASI in a smaller reference 

system, the IEEE 9-Bus system, is demonstrated in Appendix A, page 84-87. 

The CASI is an interesting system index. A search of the literature has not revealed where 

it was initially defined and used. In other words, there is no “first” statement and use of it. 
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A literature search shows that it has been used in University of British Columbia (UBC) 

research on two occasions. The first application was on the interconnection tie-line between 

Alberta Power and British Columbia Hydro in Canada. Initially they had a system 

separation criterion for the two systems based on voltage conditions in the areas adjacent 

to the interconnection. It appears that the voltage criteria sometimes gave false separation 

signals, so there was an investigation of an angular criteria. A UBC thesis shows the 

application of the CASI to the Alberta – British Columbia interconnection [21]. The second 

application was in the northern interior of British Columbia where an investor-owned 

mining company also produced electrical power and sold it into the BC Hydropower 

system. The CASI was also demonstrated as a separation index for that power plant [56]. 

One other interesting feature of the CASI is that the literature shows no derivation for a 

threshold value. The separation threshold in the two UBC examples is intuitive, based on 

the calculation of the CASI for a very significant number of stability runs. For the 

applications shown, a CASI in the 100 range was suggested as an appropriate value [21].  

3.3 CoA and CASI in the BLPC system 

After installation of the four CEB 8.25 MW units in the northern section of the BLPC 

system, it becomes possible to consider formation of a northern microgrid and a southern 

microgrid. Also, there is a 5 MW 21 MWh Battery Energy Storage System at Trent in the 

north to control frequency during a disturbance. To establish a “separation criteria” upon 

which a decision could be made to separate, a determination of the CoA behaviour in the 

BLPC northern and southern microgrid is required. This allows determination of the CASI. 

It is useful to again describe the “natural separation configuration” for the BLPC system. 

In the top one-third of the island grid there is a major terminal called the St. Thomas bus. 
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The St. Thomas bus has two transmission lines coming from the south. One is from the 

major generating station at Spring Garden and the other is from a major terminal station 

called Central. Two major disturbances were considered. 

Disturbance 1 - Opening Saint Thomas to Spring Garden transmission line  

 

Figure 3-2: Centre of angle for northern 

microgrid on Disturbance 1 

 

Figure 3-3: Centre of angle for southern 

microgrid on Disturbance 1 

 

Figure 3-4: Centre of Angle Stability Index for Disturbance 1 
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Disturbance 2 - Opening St. Thomas to Spring Garden line and tripping a Spring Garden 

generator of 11 MW in the south and one CEB generator of 8.25 MW in the north. 

 

Figure 3-5: Centre of angle for northern 

microgrid on Disturbance 2 

 

Figure 3-6: Centre of angle for southern 

microgrid on Disturbance 2 

 

Figure 3-7: Centre of Angle Stability Index for Disturbance 2 

Another disturbance of opening the Saint Thomas to Spring Garden line and tripping a 

Spring Garden Generator is shown in Appendix A on pages 84-86. 
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Discussion of Results: 

Disturbance 2 is the worst disturbance which could occur on the BLPC system. Despite the 

significance of the disturbances, none of them caused any results that would suggest the 

necessity to separate the two systems according to the criteria implicitly used in the CASI. 

From a mechanical power point of view, it does not matter at which bus, or in which 

system, the load change/increase occurs. All generator governors move down their droop 

characteristics and put out more power. The only thing that can happen is a "small change" 

in power system losses but that will only impact mechanical power in a negligible way. 

As a note of clarification, the BC Hydro results show the CASI value as always having an 

initial value of nearly zero. This can always be accomplished by means of an offset. In the 

simulation of the BLPC system in this thesis, there was always power flow between the 

north and the south, so the CASI always has an initial value. No attempt was made to 

introduce an offset. 

The CASI threshold for the two BC Hydro circumstances appears to be an incremental 

value of about 100 [21]. However, every power system is different and the BLPC system 

is significantly different because of its small size and low voltage transmission. 

None of the disturbances resulted in a continually increasing value of CASI. As already 

noted, the second disturbance of the simultaneous loss of two generators together with the 

loss of one of the transmission lines to the north must be classified as a major disturbance. 

Because none of the disturbances resulted in a continually increasing value of CASI, it has 

not been possible to set a threshold value of CASI for the BLPC system. The fact of a very 

small and controlled value of CASI suggests that separation into a northern microgrid and 

a southern microgrid will not be due to angular separation. 
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CHAPTER 4 

4. VOLTAGE STABILITY ANALYSIS 

Arising from the discussion of methodologies in Chapter 2, the most widely used approach 

to voltage stability analysis is in the Q-V method. It considers many aspects of controlling 

the voltage at a load bus by the injection of reactive power at that bus and observing the 

results of that injection. It is helpful to start with the simplest transmission model consisting 

only of a reactance, adding the complexity of including a resistance, and finally looking at 

an operational power system with multiple lines. QV plots for the four "corner cases" of 

system voltage and transmission reactance can be seen in Appendix B, page 89-91 (the 

“corner cases” being min and max extremes of transmission reactance and system voltage). 

4.1 Bus Vector Indices 

One objective is to describe each load bus by means of a bus vector. This bus vector 

becomes significant when Q-V method is used to characterize load buses on an operating 

power system. It is proposed that the bus vector should be made up of six indices as follows. 

4.1.1 Thevenin impedance at the load bus 

The first bus index is the value of Thevenin impedance/ reactance, at the bus. The process 

for determining Thevenin impedance at each load bus is defined later in this Chapter. 

4.1.2 Reactive power reserve 

The second bus index is the reactive power reserve. It is measured as the distance between 

the lowest MVAR point of Q-V curve and voltage axis. For many load buses the reactive 

power appears as a negative value on the Q-V plots. This means that additional active 
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power at a load could be added before more reactive power would have to be supplied 

locally. Thus, reactive power reserve suggests how much the loading on that bus can be 

increased before its loading limit is reached without causing voltage collapse on that bus. 

These margins are based on the reactive reserves in generators and synchronous condensers 

which can first be used in the process of computing a Q-V curve at any bus [57]. 

The dots in Figure 4-1 below represent the reactive power deficiency in the power system 

itself since the value of Q required on the vertical axis must be supplied locally via the 

fictitious generator. The reactive power reserve (RPR) is the negative of these values. For 

the top three graphs, there is no inherent system reserve so the reactive power values 

indicated by the dots must be supplied locally. These would appear as negative values of 

reactive power reserve as far as the system is concerned. 

One final point should be noted. Reactive power reserve values often appear at 

unacceptably low levels of bus voltage such as 0.5 or 0.6 per unit. This indicates that there 

is much reactive reserve available to bring this low voltage up to the desired operating 

voltage of 1.0 pe unit. 

 

Figure 4-1: QV plot representing reactive power reserve 
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4.1.3 Reactive power required to maintain rated voltage of 1.0 per unit 

The third bus index is the reactive power required maintain rated voltage of 1.0 per unit for 

a given loading condition. Positive values mean that the initial load voltage was low and 

reactive power was needed to bring it up to 1.0 per unit voltage. However, negative values 

represent an initial voltage that is above rated value, and an inductor bank is required to 

maintain rated voltage. The reactive power values required to maintain rated voltage are 

shown as the dots on Figure 4-2. 

 

Figure 4-2: QV plot representing reactive power to maintain voltage 

4.1.4 ∆Q/∆V, the slope of the Q-V curve at rated voltage 

∆Q/∆V is the fourth bus index. It tells the increment of reactive power required to improve 

the voltage by a specified increment ∆V at rated voltage. Since reactive power is often 

provided by installing capacitor banks, and since the cost of capacitor banks is expressed 

in dollars per kVAR, the ∆Q/∆V represents the cost of improving the voltage at a load bus. 

On Figure 4-3 two consecutive points are shown on each graph by which it is possible to 

visualize the ∆Q/∆V at each load level. 
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Figure 4-3: QV plot representing slope at rated voltage 

4.1.5 Closeness of voltage instability point 

The relative closeness of the voltage instability point is the fifth bus index. All Q-V plots 
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dependency. 
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4.2 Strength of Buses 

The previous analysis was for a single transmission line supplying a load bus. Attention is 

now given to the BLPC operating power system with many low voltage transmission lines 

terminating on any one load bus. It is useful for comparative purposes to determine the 

“equivalent transmission capability” coming to any load bus in an operating power system. 

The commercial software package ETAP is used for short circuit calculations. For a three-

phase fault at a load bus, it determines short circuit current (SCC) level in amperes and in 

per unit. Assuming that the Thevenin voltage is one per unit, the Thevenin equivalent 

impedance is 1.0 per unit voltage divided by SCC in per unit. That is, 𝑍𝑇ℎ  =
𝑉

𝐼𝑆ℎ𝑜𝑟𝑡 𝐶𝑖𝑟𝑐𝑢𝑖𝑡
  

Thevenin impedance calculated for each load bus in BLPC system is shown in Table 4-1.  

Table 4-1: Thevenin equivalent impedance for all 24.9 kV BLPC's buses 

S.N. Buses (24.9 kV) 
SCC 3φ 

(kA) 
Angle(deg) 

Zth in 

ohms 

Xth in 

ohms 

Xth p.u. 

(30 MVA 

base) 

X/R 

ratio 

1 North 3.1900 -65.0200 4.5066 4.0850 0.1977 2.1465 

2 Trent 3.7070 -64.7000 3.8781 3.5061 0.1696 2.1155 

3 Carlton 4.1000 -69.6200 3.5063 3.2869 0.1590 2.6918 

4 St. Thomas 5.0070 -76.5300 2.8712 2.7922 0.1351 4.1749 

5 Old Works 5.2110 -74.9700 2.7588 2.6644 0.1289 3.7242 

6 Banks 6.1920 -74.5300 2.3217 2.2376 0.1083 3.6132 

7 Hampton 7.1230 -78.8800 2.0183 1.9804 0.0958 5.0876 

8 Wotton 9.5110 -72.6400 1.5115 1.4427 0.0698 3.1988 

9 Seawell 9.5440 -71.6300 1.5063 1.4295 0.0692 3.0114 

10 Wildey 9.9430 -75.7600 1.4458 1.4014 0.0678 3.9404 

11 Garrison 11.6890 -71.9000 1.2299 1.1690 0.0566 3.0595 

12 Warrens 12.0570 -69.2300 1.1923 1.1148 0.0539 2.6367 

13 Marhill Street 14.0570 -75.0100 1.0227 0.9879 0.0478 3.7347 

14 Regency Park 14.6780 -77.5300 0.9794 0.9563 0.0463 4.5219 

15 Whitepark 15.1630 -77.0300 0.9481 0.9239 0.0447 4.3418 

16 Temple Yard 15.5180 -76.7500 0.9264 0.9017 0.0436 4.2468 
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17 Belmont 16.2090 -79.6800 0.8869 0.8726 0.0422 5.4917 

18 Central 17.6750 -82.6600 0.8134 0.8067 0.0390 7.7632 

19 Desalination 18.6340 -80.2000 0.7715 0.7602 0.0368 5.7894 

20 Spring Garden 21.4400 -83.7300 0.6705 0.6665 0.0323 9.1016 

        

It is necessary to comment on the significance of the Thevenin impedance at a bus. If the 

Thevenin impedances is small, the short circuit current is high which requires higher 

capability circuit breakers to interrupt the fault current. At the same time a small Thevenin 

impedance means a smaller voltage drop in the equivalent transmission and better voltage 

regulation at the bus, which is good. Also, a small Thevenin impedance, or reactance, 

means a higher steady state stability limit, which is also good. 

As shown in Table 4-1, the Thevenin impedance can be used to rank the “electrical 

strength” of a bus, with low values of Thevenin impedance meaning a stronger bus, and 

high values of Thevenin impedance indicating a weaker bus. 

4.3 Q-V characteristics on BLPC system 

A load flow study shows the resultant voltage at all load buses in the power system. It is a 

well understood power system concept that low voltage at a load bus can be improved by 

adding reactive power (vars/MVARs) at the bus. A trial-and-error process could be carried 

out by adding reactive power at a load bus and noting the voltage attained, which would 

ultimately give the Q-V characteristic at that bus. 

Power system researchers and planners have devised a more efficient approach. A 

“fictitious test generator” with zero MW power output is placed at the load bus. Because it 

is a generator, it has Automatic Voltage Regulator capability and can control the load bus 

voltage at any specified voltage level by adjusting the rotor field current to cause the 

generator to either produce reactive power, or to absorb reactive power, to achieve the 
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desired voltage at that load bus. As noted, the fictitious generator will always have zero 

MW output, otherwise it just changes the value of load at the load bus. The "fictitious 

generator" should always have an MVA rating very high compared to the system load. That 

will give it lots of leeway to supply, or absorb, reactive power. 

For the BLPC operating power system, Q-V graphs for all the load buses in the system 

have been determined by putting a fictitious generator at load buses and observing the 

voltage and reactive power behaviour. A few representative load bus results are presented. 

Weaker Buses 

Weaker buses have a high value of Thevenin reactance (i.e., greater than 0.12 on a 30 MVA 

base). Most of these buses have only few transmission lines coming to them, and most are 

quite electrically distant from generation. North substation is an example of a weaker bus. 

 

Figure 4-4: QV plot for North 24.9 kV bus 

Moderate Buses 

These are the buses which have a value of Thevenin reactance in middle range (i.e. less 

than 0.12 and greater than 0.05 on a 30 MVA base). The Warrens substation is an example 

of a moderately strong bus. 
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Figure 4-5: QV plot for Warren 24.9 kV bus 

Strong Buses 

These are the buses which have many transmission lines connected to them, and typically 

these are short transmission lines so that many other buses are electrically close to them. 

The result is that changing the voltage on these buses is difficult. These buses have a low 

value of Thevenin reactance (i.e. less than 0.05 on a 30 MVA base).  

 

Figure 4-6: QV plot for Central 24.9 kV bus 
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Table 4-2: Bus vector indices for BLPC's 24.9 kV buses 

S.N. Bus ID 
Zth 

(A) 

Res. 

Margin 

(B) 

Qreq 

(C) 

∆Q/∆V 

(D) 

V at 

dQ/dV 

= 0 (E) 

∆Q at 

V=1 

(F) 

V at 

100% 

load 

X/R 

ratio 

1 NO 0.218 0.445 0.095 2.170 0.5 0.044 0.954 2.146 

2 TR 0.188 0.327 0.001 1.650 0.6  1.000 2.116 

3 CA 0.170 0.584 0.110 2.840 0.6 0.048 0.967 2.692 

4 ST 0.139 0.733 0.104 3.460 0.6 0.062 0.967 4.175 

5 OL 0.133 0.652 0.145 3.450 0.5 0.035 0.952 3.724 

6 BA 0.112 1.000 0.186 5.270 0.5 0.040 0.959 3.613 

7 HA 0.098 0.601 0.152 3.270 0.5 0.041 0.946 5.088 

8 SW 0.073 0.961 0.241 5.270 0.5 0.050 0.947 3.199 

9 WO 0.073 1.142 0.281 6.280 0.5 0.066 0.948 3.011 

10 WI 0.070 1.741 0.292 8.980 0.5 0.040 0.963 3.940 

11 GA 0.060 1.428 0.190 7.080 0.5 0.080 0.956 3.060 

12 WA 0.058 2.132 0.203 10.550 0.5 0.070 0.978 2.637 

13 MS 0.049 2.368 0.342 12.140 0.5 0.050 0.968 3.735 

14 RP 0.047 1.572 0.282 8.210 0.5 0.025 0.960 4.522 

15 WP 0.046 2.770 0.367 14.070 0.5 0.060 0.970 4.342 

16 TY 0.045 2.840 0.374 14.590 0.5 0.070 0.971 4.247 

17 BE 0.043 2.655 0.008 13.700 0.5 0.010 0.967 5.492 

18 CE 0.039 2.089 0.366 10.890 0.5 0.026 0.962 7.763 

19 DE 0.037 6.195 0.352 29.130 0.5 0.010 0.987 5.789 

20 SP 0.032 9.771 0.494 48.720 0.6 0.060 0.989 9.102 

          

Legend: 

(A) Thevenin impedance in p.u. on 30 MVA base. 

(B) Reactive Reserve Margin expressed in a positive sense on 100 MVA base 

(C) Q Required to maintain 1.0 p.u. voltage on 100 MVA base 

(D) ∆Q required to adjust/correct voltage ∆V by 1.0 per unit (that is, ∆Q/∆V at V = 

1.0 p.u.) 

(E) Voltage at dQ/dV = 0 point, voltage at the lowest point of the curve. 

(F) ∆Q necessary over 25% to 100% load levels at V = 1.0 p.u. on 100 MVA base  

(This indicates how sensitive is the MVAR requirement to load changes) 

  

The first index in the bus voltage vector is the Thevenin impedance given in Table 4-1. The 

other five indices at all the BLPC load buses are shown in the diagrams which follow. 

Reactive Power Reserve (B) 

The reactive power reserve is determined from Q-V plots.  Figure 4-7 shows reactive power 

reserve for each bus in BLPC power system in decreasing order of Thevenin impedance. 
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Figure 4-7: Reactive Power Reserve of all buses 

Reactive power required to maintain rated voltage (C) 

 

Figure 4-8: Reactive power for rated voltage of all buses 

The reactive power required to maintain rated voltage increases with decrease in Thevenin 

impedance, except for a few buses impacted by a particular configuration. The value can 

also be impacted by initial loading conditions. The value of reactive power demand is very 

high compared to the load at that bus. To maintain the voltage at a bus, it is also necessary 

to move/increases the voltage at adjacent buses. Hence the value ranges from 10 MVAR 

to 50 MVAR over all the BLPC’s buses, with any one load not being more than 14 MVAR. 
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Slope ∆Q/∆V of Q-V curve at rated voltage (D) 

 

Figure 4-9: Slope of all buses at rated voltage 

The slope of the Q-V curve at rated voltage generally increases with an increase in the 

electrical strength of the bus. However, the results also depend on the power system 

configuration at a bus, which is the reason that the bar graph shown is not strictly 

monotonically increasing. Some distortion in the gradual increase in slope is due to the 

number of transmission line connected to the bus. 

Closeness of voltage instability point (E) 

 

Figure 4-10: Closeness of voltage instability for all buses 
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All the buses have similar value of voltage at the point of reactive power reserve. Figure 

4-10 suggests that with very small distances between the buses on the BLPC system and 

operating at low voltage level, voltage instability point on all buses does not change much. 

Increment of reactive power required at rated voltage for load changes (F) 

 

Figure 4-11: Load change increment of reactive power for all buses 

The buses are dependent on the variation of load. If a bus has a higher load, the reactive 

power variation is high and for low load, reactive power change is lower. The requirement 

of reactive power varies between 1 MVAR to 8 MVAR on a load change within 10 MW. 
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generator and an operating generator end up fighting with each other. The solution is to 

increase terminal voltage set point at the operating generator by two or three per cent to 

correct voltage at electrically close load buses. For this reason, Trent and Spring Garden 

generation buses, and Desalination Plant bus being very close to Spring Garden bus, is 

eliminated from Q-V study. 

The electrical strength of a load bus is very important. It is useful to examine some of the 

indices of the voltage bus vector to see how they vary with the electrical strength of the 

load bus. The bus indices are plotted versus 1/ZTh. For a weak bus the 1/ZTh will be a 

smaller number while for a strong bus it will be a larger number. Also, as pointed out in 

reference [59] 1/ZTh is the short circuit current (SCC) at the bus which number will 

typically be known by power system personnel from fault studies. The following is a plot 

of Reactive Power Reserve margin versus 1/ZTh for the buses on the BLPC system. 

 

Figure 4-12: Reactive Power Reserve margin versus 1/ZTh for load buses 

Starting with the load bus voltages from a load flow study, the same plot was obtained for 
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Figure 4-13: Reactive Power at rated voltage versus 1/ZTh for the load buses 

The curve of Figure 4-13 follows a pattern and depicts that the reactive power required to 

maintain rated voltage at a bus is proportional to the inverse of the Thevenin impedance. 

Next the ∆Q/∆V values are examined. This is slope of the Q-V characteristic at 1.0 per unit 

voltage, and these values is determined for remaining 17 BLPC buses varying from 8.71 

MVAR/kV to 58.59 MVAR/kV. Based on electrical strength, they are classified as: 

Weak Bus 8.71 – 13.12 MVAR/kV 

Moderate Bus 13.13 – 42.35 MVAR/kV 

Strong Bus 42.36 – 58.59 MVAR/kV 

  

Three very important conclusions can be arrived at from the ∆Q/∆V values. 

First, static capacitors are often installed to correct bus voltages and the cost in $/kVAR of 

static capacitors is known. Using these two numbers, it is possible to determine the relative 

cost of correcting the voltage at any bus. 

Second, reference [59] states that a high value of ∆Q/∆V is in the range of 10 - 15 

MVAR/kV. From the results of the Q-V curve, correcting the voltage on the BLPC system 

is quite expensive. However, a note should be added that reference [59] examples involve 

132 and 275 kV cables which themselves have natural high MVAR in cable capacitance. 
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Third, reference [59] develops an expression which shows that for a lossless transmission 

system consisting only of reactance in transmission lines, theoretical value of ∆Q/∆V is: 

  ∆Q/∆V = V/XTh = SCC in per unit 

Figure 4-14 shows the actual values of ∆Q/∆V at the BLPC buses compared to the 

theoretical values at the buses. There is remarkably good agreement. 

 

Figure 4-14: Slope at rated voltage versus 1/ZTh for load buses 

Because both ∆Q/∆V and Reactive Power Reserve Margin vary generally in proportion to 

1/ZTh, it is useful to plot these two quantities against each other as shown in Appendix B, 

page 93. While there is not a continuously monotonically increasing relationship between 

the two bus indices, nevertheless the linearity between the two bus indices is evident. 
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It is important to know the effects of faults on adjacent bus voltages. This effect could 
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moderate and strong buses. Generator buses Trent and Spring Garden were also included. 

To observe voltage changes in adjacent buses when a three-phase fault occurs at various 

locations, simulations were carried out to get the transients. The effect of faults on adjacent 

buses can be seen in plots in Appendix B, pages 93-96 and results are shown in Table 4-3. 

Table 4-3: Summary of voltage change due to fault at different locations 

S.

N. 

Buses (rated 24.9 

kV) Impacted  

Voltage in kV at 1 sec. when fault occurred at 0.5 sec. 

Fault at 

NO 

Fault at 

OL 

Fault at 

BA 

Fault at 

WA 

Fault at 

MS 

Fault at 

CE 

1 North 0 15.97 13.66 8.72 7.56 6.92 

2 Trent 12.44 19.92 17.76 13.21 12.13 11.53 

3 Old Works 16.33 0 9.38 5.02 3.05 0.21 

4 Banks 16.67 12.44 0 5.42 2.17 2.4 

5 Warrens 17.22 13.89 11.25 0 4.56 4.01 

6 Marhill Street 16.92 13.1 9.35 5.6 0 3.17 

7 Central 16.45 11.07 9.56 5.03 3.16 0 

8 Spring Garden 17.56 14.74 11.8 6.05 4.97 5.09 

        

From the observation of Table 4-3, the following conclusions can be drawn: 

1. All three phase faults at a load bus pull the voltage down at adjacent buses. and to a 

lesser extent at distant buses. 

2. Faults at a weak bus pull the voltage at adjacent buses down to about 50% of rated 

value, but only pull the voltage at distant buses down to about 65-70% of rated value. 

3. Faults at a strong bus pull the voltage adjacent buses down to about 20% of rated value, 

and voltage at distant buses down to about 50% of rated value. 

Based on these results: 

• A measurement unit placed at a strong bus such as Central would need a logic such as: 

Separate if the measurement is Less Than or Equal the Set Point, with Set Point at 17 kV.  

• A measurement unit placed at a weak bus such as North would need a logic such as: 

Separate if the measurement is Less Than or Equal to Set Point, with Set point at 6 kV. 
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4.9 Ranking based on Bus vector Indices 

Utilizing Bus Vector Indices at the BLPC buses, a position can be obtained for all buses 

based on these ranking values. The most favourable value is 10 and the least favourable 

will be valued proportional to the best value. The lowest value of Thevenin impedance 

(Zth), highest value of Reserve Margin (RM), lowest reactive power to maintain rated 

voltage (Qreq), lowest slope of QV curve at rated voltage (∆Q/∆V), lowest voltage at 

Reserve margin (V at dQ/dV=0) and lowest increment at rated voltage (∆Q at V=1) are the 

best values in the ranking scheme. The sum is the total value of each bus from the six 

different voltage indices (i.e., out of 60). Spring Garden, Trent and Desalination Plant, have 

been removed from the study being generation buses and/or too close to generation buses. 

Table 4-4: Ranking of BLPC buses based on bus vector indices 

Bus ID Zth RM Qreq ∆Q/∆V 
V at 

dQ/dV=0 

∆Q at 

V=1 
Sum 

NO 2 2 10 10 10 5 38 

CA 2 2 9 8 8 4 33 

ST 3 3 9 6 8 3 32 

OL 3 2 7 6 8 6 32 

BA 4 4 5 4 10 5 31 

HA 4 2 6 7 10 5 34 

SW 5 3 4 4 10 4 31 

WO 5 4 3 3 10 3 29 

WI 6 6 3 2 10 5 32 

GA 7 5 5 3 10 3 32 

WA 7 8 5 2 10 3 34 

MS 8 8 3 2 10 4 35 

RP 8 6 3 3 10 8 38 

WP 9 10 3 2 10 3 36 

TY 9 10 3 1 10 3 36 

BE 9 9 2 2 10 10 43 

CE 10 7 3 2 10 8 40 
        

Based on the ranking of voltage indices, the overall voltage performance of a bus can be 

obtained. 
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CHAPTER 5 

5. CASCADING EFFECT 

Island power systems have two characteristics which distinguish them from other power 

systems. First, they have the specific disadvantage that they do not have interconnections 

with other utilities which might be able to assist them during disturbances. Second, they 

often have one or more generating units whose capacity is in the range of 20% of the peak 

system load. In this case, it become very uneconomical to try to arrange spinning reserve 

to cover the loss of the largest generating unit. Generally, the reserve is a modest value of 

megawatts, but not nearly equal to the loss of the largest unit. Island utilities try to 

compensate for these circumstances by arranging quite sophisticated underfrequency load 

shedding schemes. Despite all this, island power systems can suffer island wide blackouts, 

which often involve a cascading process over a period of a few seconds.  

5.1 Summary of Blackout Events 

BLPC has a record of island wide blackout on their system over the last 10-year time frame. 

It is impossible to duplicate all the technical details, but it is important to at least highlight 

those aspects which appear to involve a cascading process. A summary of the blackout 

events is as follows: 

Case 1. Bad weather and high lightning activity around 13:19 on 15th July 2012 

caused a fault on the 24.9 kV overhead line between the Marhill St. and Belmont 

substations. This fault was “electrically close” to the Spring Garden plant in the tight 

transmission loop involving the short Marhill St.-Belmont line. 

• Generators D11, D14, D15 tripped within 527 ms. 
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• Generator D10 tripped within 1292 ms 

• The fault was cleared in 1361 ms. 

• Other generators later tripped offline 

The objective of power system relaying protection is to remove the faulted equipment as 

quickly as possible to assure that all generators remain in service and continue to supply 

the load. It is reasonable to suggest that there was a failure of the primary relaying, and as 

a result the fault was removed by the secondary relaying which typically has a time delay 

associated with it. 

Case 2. A small truck collided with, and broke, a pole around 18:10 on 16th June 

2013 causing a three-phase fault on the 24.9 kV overhead line between Central and Old 

Works substations. While further away than Case 1, the fault location is still “relatively 

electrically close” to the Spring Garden plant 

• Generators D12, D13, D15, S1 tripped before opening of the Central end of the 

transmission line at 1339 ms. 

• Other generators later tripped offline 

Case 3. A flashover on a transformer’s 24.9 kV circuit breaker around 05:56 on 1st 

September 2016 occurred as a fault on the White Park substation. As for Case 1, this 

fault is “electrically close” to the Spring Garden plant. 

• Bus faults are typically protected by remote Zone 2 and Zone 3 distance relays.  

• One line coming to White Park tripped in 579 ms. 

• A second line to White Park tripped on timed directional overcurrent in 978 ms. 

• Generator D11 tripped before the fault was cleared. 

• Other generators later tripped offline. 
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Case 4. Bad weather and high lightning activity resulting from Hurricane Maria in 

the area at around 15:30 on 18th Sept 2017 caused a fault on the Banks 24.9 kV 

distribution feeder. The fault was a phase B to phase C flashover with equal and reduced 

voltage at the nearby Temple Yard substation. 

• A Belmont relay started to act through Zone 3 distance relaying, but after 644 

ms relay action on the reverse Zone 4 relaying was observed. 

• Since the fault was an arcing flashover, it self-cleared in 1248 ms. 

• Generators D10, D12 tripped before the fault was cleared. 

• Other generators later tripped offline. 

Case 5. Flashover on the generator GT04 transformer 24.9 kV circuit breaker 

occurred around 14:35 on 8th Jan 2018 caused a fault on the 24.9 kV bus in the 

Seawell substation. Based on that electrical configuration, it was necessary to trip 

four lines coming to the Seawell bus and to trip the Seawell generators in order to 

clear the fault. However, the bus does not have bus differential protection, so it was 

necessary for distance relays to clear the fault. 

• Central 1 to Seawell transmission line tripped on Zone 2 in 23 ms (which is 

typically too fast for Zone 2). 

• Hampton to Seawell line tripped on Zone 1 in 680 ms (which is too slow for 

Zone 1) 

• Central 2 to Seawell line tripped on Zone 1 in 798 ms (too slow for Zone 1) 

• Wotton to Seawell line tripped on Zone 1 in 823 ms (too slow for Zone 1) 

• Generators GT05, GT06 tripped at the Seawell plant. 

• Generator D12 tripped at the Spring Garden plant 
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• Other generators later tripped offline 

Case 6. A rodent entered the busbar section of the transformer around 05:42 on 24th 

April 2020 causing a fault on the 24.9 kV bus at the St. Thomas substation. Two 

incoming transmission lines from Central and Spring Garden to St. Thomas opened 

resulting in loss of electrical supply to the north of the island. 

• Generators D10 to D13 tripped due to loss of auxiliaries, including loss of 

governor control due to low voltage. 

• Generator D14 tripped due to low frequency experienced because of generators 

D10 to D13 tripping. 

• Generators S1 and GT06 remained synchronized which possibly expedited the 

restoration of feeders. 

• Other generators later tripped offline 

5.2 BLPC’s network 

The first five blackouts were triggered by events in the southern BLPC system, and the last 

blackout was due to a fault in the north. The BLPC is rich is loops, or alternate flow paths, 

in the southern one-third of the power system. The White Park- Temple Yard – Marhill 

Street– Belmont loop is a small tight loop. It is also a loop within other loops. Further, there 

are essentially six alternate flow paths between the Spring Garden plant and the Central 

substation. Additionally, there are essentially three loops in the Central-Seawell- Hampton 

area. This means that the southern one-third of the power system is “electrically strong”. 
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5.3 Activities during fault 

This cascading of generators tripping after the fault, but prior to clearing the fault, was 

common in all blackout cases. Because of the preponderance of generators and control 

device (AVRs and governors) at the Spring Garden plant location, it is likely necessary to 

have a complete listing of the protective device settings as well as a complete time tracking 

of when the devices operated to fully understand what happened. Based on the information 

provided in Blackouts Summary, it is possible to develop a series of activities: 

1. When a fault occurs on the power system, there is normally a reduced voltage at the 

fault and at many points in the power system. 

2. If the bus loads are a function of voltage, then there will be a reduced load and a 

subsequent reduction in generator output requirements. 

3. When the voltage at the faulted location is pulled down to a low level, this reduces the 

voltage at all buses in the vicinity of the fault. 

4. When an AVR hits an Over Excitation Limiter (OEL), it loses the ability to maintain 

generator terminal voltage. 

5. There are many generators, excitation system, AVRs, and limiters at the Spring Garden 

plant served from the same location at the 24.9 kV buses. This common source can 

easily lead to a cascading effect. 

6. Blackout history record shows that auxiliaries tripped on low voltage during many of 

the events. 

5.4 Simulation of Case 1 blackout event 

A power system stability simulation was conducted for the conditions which occurred 

during the blackout event of Case 1. Assuming a fault halfway between the Belmont and 
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Marhill Street substations at 0.5 s, it is cleared at 1.861 s (which is equivalent to the 

historical record of clearing at 1.361 seconds). The effects on various power system 

variables can be observed from the simulation. 

Effect on Generation 

 

Figure 5-1: Effect on generation when fault occurred between Belmont and Marhill Street 

Effect on Bus Voltage 

 

Figure 5-2: Effect on voltage at nearby buses when fault occurred between Belmont and Marhill 

Street 
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The local voltage falls below rated voltage for more than 3 seconds which would be more 

than enough to run down the generator auxiliary equipment. Additionally, the under-

voltage protection of the generator itself would cause the generators to trip, normally after 

a time delay. 

Effect on Bus Frequency 

 

Figure 5-3: Effect on frequency at nearby buses when fault occurred between Belmont and Marhill 

Street 

The above simulation assumed that all generators remained in service., but the historical 

record shows otherwise. The simulation was run again except Generator Group 1 tripped 

at 1.027 seconds, Generator Group 2 tripped at 1.796 seconds, and the fault was cleared at 

1.862 seconds. The cascading effect for Case 1 including tripping of generators can be 

observed in results shown in Appendix C, page 117-118. 

5.5 Approach to avoid cascading 

To avoid cascading effects and a complete blackout of the entire BLPC system, it seems 

necessary to develop a special protection system triggered by circumstances arising from 

Frequency is same 

for all the buses 
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a fault event in order to initiate formation of a Northern Microgrid, and potentially also 

retain the Southern Microgrid in service. While the operating rules have not yet been fully 

developed, the elements of the special protection system should be developed around 

fundamental principles. 

• Generator tripping is a crisp, identifiable event. It can be used for timing purposes. If 

any four generators tripped in a time span of 1 second, then cascading is likely. 

Formation of the Northern Microgrid should be initiated. 

• If the fault is not removed by distance relaying Zone 1 protection, then the consequent 

time delays associated with Zone 2 and Zone 3 relaying would be long resulting in 

cascading trips. 

• If after a fault on a transmission line a Zone 2 or Zone 3 or Timed Directional Over 

Current relay operates, this would also be cause for formation of a Northern Microgrid. 

• Attempt to identify the existence of a fault anywhere on the system by voltage 

measurement at one single location/bus (which may not be possible). 

• Alternatively, identify the initial existence of the fault using measurements of voltage 

at three selected locations. 
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CHAPTER 6 

6. RELATING ANGULAR AND VOLTAGE STABILITY 

Chapter 2 introduced the idea of trying to relate angular stability and voltage stability. 

There is no one quantity which will fully represent angular stability, and there is no one 

quantity which will fully represent voltage stability. This thesis choses to use steady state 

stability limit B as an indication of angular strength. It also represent voltage strength at a 

bus as the reactive power injection required to maintain specified voltage conditions for a 

given value of load. A Q-B characteristics based on the derived equation relating reactive 

power required as a function of steady state stability limit B is presented in Appendix D, 

page 119-121. 

6.1 Relating angular and voltage stability for BLPC 

It is desired to investigate the Q-B relationship using data from the operating BLPC power 

system. Since the calculation of B requires knowledge of equivalent system reactance, it is 

necessary to determine the Thevenin equivalent reactance at each bus in the BLPC system.  

6.1.1 Plotting Q-B based on BLPC data 

Based on a transmission model of a Thevenin reactance at each bus from Table 4-1, the Q-

B plots for all buses on the BLPC system have been calculated. To see the impact of system 

voltage, the plots have been done for three voltage conditions.  

For Figure 6-1, assuming E=1 p.u. and V=0.926 p.u. so that K = 1.08  

For Figure 6-2, assuming E=1.0 p.u. and V=1.0 p.u. so that K = 1.00, 

For Figure 6-3, assuming E=1.0 p.u. and V=1.087 p.u. so that K = 0.92 
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Figure 6-1: QB plot for BLPC buses when supply voltage is 1.08 time the receiving voltage 

 
Figure 6-2: QB plot for BLPC buses when supply voltage is equal to receiving voltage 

 
Figure 6-3: QB plot for BLPC buses when supply voltage is 0.92 time the receiving voltage 
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6.2 Simulating Q-B in actual BLPC system 

The next step is to see the behaviour of Q-B plots while retaining the full BLPC power 

system model rather than representing it by a Thevenin reactance. The 24.9 kV buses 

selected are North, Old Works, Seawell, Warren, Temple Yard and Central, which means 

that there are two buses from each of the weak, moderate, and strong bus categories. The 

fictious generator is moved from load bus to load bus. Fixing the supply voltage to 0.98 

p.u. for all generator buses (which represents Eth in the equivalent model), the terminal 

voltage (V) at each of the load buses is obtained from the load flow data. 

Table 6-1: Data representing BLPC buses when supply voltage is 0.98 pu 

Buses 24.9 kV K Initial Opt. V Initial Load (MVA) B 

North 1.054 93.01% 7.061 4.958 

Old Works 1.055 92.88% 6.350 7.602 

Seawell 1.060 92.42% 8.470 14.168 

Warrens 1.027 95.47% 11.386 18.167 

Temple Yard 1.078 94.58% 11.822 22.460 

Central 1.043 93.96% 5.533 25.107 

 

Figure 6-4: QB plot from simulating BLPC buses when supply voltage is 0.98 pu 

0.0000

0.2000

0.4000

0.6000

0.8000

1.0000

1.2000

1.4000

0.000 5.000 10.000 15.000 20.000 25.000 30.000

R
ea

ct
iv

e 
P

o
w

er
 (

Q
)

Steady State Stability Limit (B)

Q-B Plot, E=0.98

Qg1(P1) Qg2(P2) Qg3(P3) Qg4(P4)



6-64 

Fixing the supply voltage (Eth) to 1.0 p.u. for all generator buses, the terminal voltage (V) 

is obtained from the load flow data. 

Table 6-2: Data representing BLPC buses when supply voltage is 1.0 pu 

Buses 24.9 kV K Initial Opt. V Initial Load (MVA) B 

North 1.050 95.22% 7.061 5.059 

Old Works 1.051 95.16% 6.350 7.757 

Seawell 1.056 94.69% 8.470 14.457 

Warrens 1.025 97.59% 11.386 18.538 

Temple Yard 1.054 96.74% 11.822 22.919 

Central 1.040 96.16% 5.533 25.620 

 

Figure 6-5: QB plot from simulating BLPC buses when supply voltage is 1.0 pu 
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Figure 6-6: QB plot from simulating BLPC buses when supply voltage is 1.02 pu 
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CHAPTER 7 

7. CONCLUSION AND RECOMMENDATION 

The results of this research work provide technical background as the basis for any decision 

on the separation of the BLPC system into a northern microgrid and a southern microgrid. 

The BLPC power system has a natural separation point by opening the transmission lines 

connecting the Saint Thomas bus to the Spring Garden station and the Central substation.  

7.1 Determining System Stability 

There are numerous methodologies to determine in advance whether the system will be 

stable or not. Some of the methodologies applied in this research work are as follows. 

• If the energy function faulted trajectory 𝑉(𝛿,𝜔) is less than critical energy 𝑉𝑐𝑟 with 

fault clearing at 𝑡 = 𝑡𝑐𝑙𝑟, then the system is stable. 

• Voltage magnitude at a bus should increase with an increase of reactive power 

injection. If it is decreasing with an increase in reactive power, then the system is 

unstable. 

• The part of Q-V curve to the right of the critical point represents a stable operating 

condition and to the left represents an unstable operating condition. 

7.2 Angular Stability approach 

The following conclusion were observed from the angular stability approach: 

• Because of the distinct configuration of the BLPC power system, with a group of 

generators in the south and a group of generators in the north, and with a natural 
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separation point in between, the Centre of Angle (COA) concept was a natural one 

to apply in the circumstances. 

• The Centre of Angle Stability Index (CASI) was applied between the two groups 

of generators. 

• Based on a comprehensive set of possible fault conditions, it was not possible to 

obtain a value of CASI which would indicate that the two systems should be 

separated based on angular conditions. After the fact, it is possible to suggest such 

a result since the BLPC system has quite small distance between buses, a small size, 

and low voltage transmission. 

• Because it was not possible to attain separation instability based on angular 

separation, it has not possible to set a threshold value of CASI for the BLPC system.  

7.3 Electrical strength calculation 

For each load bus on the BLPC system, a short circuit analysis was done to determine the 

Thevenin equivalent reactance which is an indication of the electrical strength of that bus. 

It was observed that the X/R ratio of all the buses lies in a range of 2.147 to 9.102 with an 

average of 4.22. The order of all the buses in terms of electrical strength from the weakest 

to the strongest is as follows: 

North, Trent, Carlton, St. Thomas, Old Works, Banks, Hampton, Wotton, Seawell, Wildey, 

Garrison, Warrens, Marhill Street, Regency Park, Whitepark, Temple Yard, Belmont, 

Central, Desalination, Spring Garden 

7.4 Analysis from Q-V curves 

The electrical strength for a load bus is significant in determining some of the indices in 

voltage bus vector. 
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• The reactive power reserve margin for a load bus is directly proportional to the 

electrical strength of that bus. 

• Reactive power required to maintain rated voltage is related to the electrical 

strength of the bus. 

• The slope of the Q-V curve (∆Q/∆V) also depict a proportional relation with 

strength of bus. 

• Given the cost in $/kVAR of static capacitors used to correct bus voltages, the slope 

of Q-V curve determines the relative expensiveness of correcting the voltage at that 

bus. 

7.5 Relating Voltage and Angular stability  

The derivation of the relationship between voltage and angular stability i.e., steady state 

stability limit (B) and reactive power injection (Q) at a bus, yields some interesting results 

for an ideal transmission line. 

• For a system with higher supply voltage (E) compared to the receiving end voltage 

(V), the reactive power support to maintain a voltage at a load bus decreases as the 

transmission gets stronger i.e., increasing steady state stability limit. 

• For a system with equal supply voltage (E) compared to the receiving end voltage 

(V), the reactive power support to maintain a voltage at a load bus is independent 

of the steady state stability limit. 

• For a system with lower supply voltage (E) compared to the receiving end voltage 

(V), the reactive power support to maintain a voltage at a load bus increases as the 

transmission get stronger i.e., increasing steady state stability limit. 
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7.6 Future Work and Recommendation 

The research work of this thesis is comprehensive, by intention.  In terms of application, 

one of the first things that must be done is to sift through all the results and identify those 

aspects of the BLPC system operation which are dominant in any decision on separation 

into microgrids. 

A second area for future work is a critical examination of the operating status of the present 

power system. This is written specifically in the context of protective relays, because one 

or more of the island-wide blackouts seems to have occurred because of improper settings 

or improper operation of protective relays. 

Third, ultimately it will be necessary to formulate an algorithm which will make the 

decision to separate into a northern and a southern microgrid. 

7.7 Summary of Contributions 

1. During a major disturbance, the separation of a power system into two microgrids is 

based on the premise that power system reliability is increased if at least part of the 

customer base can continue to be served rather that suffering a system-wide blackout. 

2. A stability index, called the Centre of Angle Stability Index (CASI), has been 

introduced. The CASI was applied to the BLPC system as a measure to decide if 

separation into a northern microgrid and a southern microgrid should take place. 

3. Analysis and system studies have shown that the BLPC power system has a high level 

of angular stability. Because of this fact, the thesis shows that it has not been possible 

to determine a CASI threshold numerical value for a decision to separate into 

microgrids. 
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4. The QV method has been used to study voltage stability on a power system. The thesis 

defines six elements, or indices, of a bus quality vector for each load bus in the power 

system. The thesis shows most of the indices from the QV analysis depend heavily on 

the electrical strength of a bus as represented by its Thevenin impedance. This can be 

used as a major element in deciding on locations for phase measurements units (PMUs) 

and in the structuring of the separation algorithm itself. 

5. A historical record exists of previous island-wide blackouts. An analysis of the blackout 

events gives a clear picture of generators being removed from service before the fault 

is cleared from the system. There are strong indications of cascading effects often 

arising from improper operation of protection relays and the fact of a common point 

for voltage supply to generator auxiliaries. 

6. The thesis makes a unique contribution to the technical literature by proposing and 

developing the relationship between angular stability and voltage stability in a power 

system.  
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APPENDIX A 

Simulating single machine infinite bus 

For a system with fault clearing time (𝑡𝑐𝑙𝑟) equal the critical clearing time (𝑡𝑐𝑐𝑡) the plots 

below represent the trajectory for the region of attraction for a machine with different 

values of machine damping. 

Case 1 - Region of attraction for 𝑡𝑐𝑙𝑟 = 𝑡𝑐𝑐𝑡 when there is no damping in the machine 

 

Machine swinging on a fault without damping 

Case 2 - Region of attraction for 𝑡𝑐𝑙𝑟 = 𝑡𝑐𝑐𝑡 when there is damping is added in the machine 
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Machine swinging on a fault when damping is added 

Simulating the Energy Function 

The data from omega (angular velocity) and delta (rotor angle) have been extracted and 

used to see the energy function characteristics of the stable and unstable system. 

The total energy of a system of the above model has been calculated from:  

𝑉(𝛿,𝜔) =
1

2
𝑀𝜔2 − 𝑃𝑚(𝛿 − 𝛿𝑠) − 𝑃𝑒 𝑚𝑎𝑥( 𝑐𝑜𝑠 𝛿 − 𝑐𝑜𝑠 𝛿𝑠) 

Where, 

𝜔 is not the actual rotational velocity but is the deviation in speed from pre-fault rotational 

speed. 

𝑃𝑚 is the mechanical power input and 𝑃𝑒𝑚𝑎𝑥 is the maximum electrical output of the 

system. 

𝛿 changes throughout the simulation time when a system is subjected to a disturbance and 

is dependent on power flow equation of pre fault, fault, post fault conditions as well as the 

fault clearing time. 

𝛿𝑠 is the angle at the stable equilibrium condition calculated from 𝛿𝑠 =  sin−1 𝑃𝑚

𝑃𝑒𝑚𝑎𝑥
. 
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Critical energy 𝑉𝑐𝑟 is the potential energy calculated using the results of simulation and 

represented as: 

𝑉𝑐𝑟 = −𝑃𝑚(𝛿𝜇 − 𝛿𝑠) − 𝑃𝑒 𝑚𝑎𝑥( 𝑐𝑜𝑠 𝛿𝜇 − 𝑐𝑜𝑠 𝛿𝑠) 

This gives the boundary limit for system stability or region of attraction in the energy 

function. 𝑉𝑐𝑟 is obtained by setting 𝜔 =  0 and 𝛿 =  𝛿𝑢 in 𝑉(𝛿,𝜔) where 𝛿𝑢 is the 

unstable equilibrium point as suggested in section 2.6.2 energy function. 

Initially, the value of fault clearing time is set at 0.310 s and gradually increased in steps 

of 0.001 s to obtain 𝑉(𝛿,𝜔) =  𝑉𝑐𝑟 on the faulted trajectory. Hence, the critical clearing time 

(𝑡𝑐𝑐𝑡) of closest match has been obtained as 0.315 s. 

Case 1: When fault clearing time is less than critical clearing time 𝑡𝑐𝑙𝑟 < 𝑡𝑐𝑐𝑡 

 

Energy function for fault clearing before critical clearing time 

Above figure represent the plots where fault is cleared before critical clearing time. The 

horizontal line represents critical energy of system equal to 0.55393 and the energy 

function curve represents the trajectory of a faulted system during fault and post fault 

conditions. It can be seen that for fault clearing below the critical clearing time, the energy 
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function never exceeds the critical energy and thus proves the theory of region of attraction. 

This also satisfies the inequality of the type 𝑉(𝛿,𝜔)  <  𝑉𝑐𝑟 so the system is stable.  

Case 2: When fault clearing time is greater than critical clearing time 𝑡𝑐𝑙𝑟 > 𝑡𝑐𝑐𝑡 

 

Energy function for fault clearing after critical clearing time 

The above figureError! Reference source not found. shows that when the fault clearing t

ime is more than the critical clearing time, it crosses the critical energy boundary limit and 

becomes unstable. 

Summary of Simulation Run 

The summary of the simulation at different fault clearing time starting from 0.305s to 

0.325s is shown in the table belowError! Reference source not found.. 

Pm 1 pu 

Pe max 1.5 pu 

H 5  

Pre fault 2.1  

Fault 0.808  

Post fault 1.5  

Critical Clearing Time 0.315 s 

dels 41.81 degree 

dels 0.729722 rad 

delu 2.41187 rad 
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delu 138.19 degree 

   
Simulation result for different fault clearing time 

tcl Angle 

at 

clearing 

Speed 

at 

clearing 

V(δ,ω) 

at 

clearing 

tMax 

Angle 

Max 

angle 

Speed 

at Max 

angle 

V(δ,ω) 

at Max 

angle 

VCR State 

0.305 79.492 1.0132 0.51189 0.656 123.037 1.0 0.51813 0.55393 Stable 

0.307 80.063 1.0132 0.51663 0.672 124.620 1.0 0.52493 0.55393 Stable 

0.309 80.63 1.0133 0.52636 0.693 126.391 1.0 0.53176 0.55393 Stable 

0.311 81.209 1.0133 0.53118 0.721 128.447 1.0 0.53862 0.55393 Stable 

0.313 81.785 1.0134 0.54102 0.77 131.023 1.0 0.54522 0.55393 Stable 

0.315 82.363 1.0134 0.54592 0.901 135.214 1.0 0.55245 0.55393 Stable 

0.317 82.942 1.0134 0.55085 0.799 138.195 1.0017 0.55913 0.55393 Unstable 

0.319 83.524 1.0135 0.56083 0.734 138.206 1.0026 0.56610 0.55393 Unstable 

0.321 84.106 1.0135 0.56583 0.699 138.246 1.0032 0.57236 0.55393 Unstable 

0.323 84.691 1.0135 0.57086 0.674 138.217 1.0037 0.57857 0.55393 Unstable 

0.325 85.277 1.0136 0.58097 0.655 138.195 1.0042 0.58568 0.55393 Unstable 

Implementing CoA and CASI in the IEEE 9-Bus system 

The CoA was implemented as a test case on an interconnected power system by taking the 

IEEE 9-Bus and duplicating the same model but with some changes in loads and 

generators. A tie line was placed in between so that there was power flow. 

The duplicated model is created having following changes in one of the systems: 

1. The size of all three generators reduced by 20% of their MW capacity keeping the 

power factor fixed. 

2. Load at all three buses is increased by 10% of its MW capacity keeping its power 

factor fixed. 

A transient event was introduced by causing an increase in load at the duplicated IEEE 9-

Bus system of about 50 MW. 

The changes observed on centre of angle calculation is as follow: 
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Centre of angle for Network 1 

 

Centre of angle for Network 2 
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Centre of Angle Stability Index for combined network 

For the flow of power from one power system to another, we observed the net difference 

of mechanical power of network 1 with network 2 is observed as: 

 

Mechanical power difference of Network 1 with Network 2 
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From numerous transient stability study, we observed that CASI always increased, and the 

[Psum 1 - Psum2] always increased in the same pattern. However, there is nothing that we 

could do in the two systems that would cause separation of the two systems according to 

the criteria we implicitly used. 

Disturbance - Opening the Saint Thomas to Spring Garden line and tripping a Spring 

Garden Generator 

 

Centre of angle for northern microgrid on Disturbance 
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Centre of angle for southern microgrid on Disturbance 

 

Centre of Angle Stability Index for Disturbance
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APPENDIX B 

Q-V characteristic for a lossless transmission system 

𝑄𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 = 0.5𝑃 +
𝐸𝑉

𝑋
[
𝑉

𝐸
−  √1 − (

𝑃𝑋

𝐸𝑉
)

2

] 

The equation for reactive power required to produce a desired voltage at a load bus in a 

lossless transmission has earlier been derived. It is: 

The Q-V characteristics for the four "corner cases" of system voltage E (0.9 to 1.1 p.u.) 

and transmission reactance X (maximum and minimum for BLPC’s buses on 30 MVA 

base) are shown. These characteristics have been plotted for four different load levels P at 

a constant load power factor of 0.90. 

Strong source and strong transmission (E=1.1, X=0.03) 

 

QV plot for a strong source and strong transmission system 

Weak source and strong transmission (E=0.9, X=0.03) 
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QV plot for a weak source and strong transmission system 

Strong source and weak transmission (E=1.1, X=0.2) 

 

QV plot for a strong source and weak transmission system 

Weak source and weak transmission (E=0.9, X=0.2) 
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QV plot for a weak source and weak transmission system 

These four characteristics are shown as reference case. However, it should be noted that it 

is the weak transmission line with X = 0.2 per unit which spreads out the Q-V graphs for 

different P values and makes them have a minimum at different values of load bus voltage. 

Q-V characteristic for a lossy transmission system 

For this illustration the supply voltage (E) is always equal to 1.0 p.u. Two different 

combinations of transmission line R and X have been used and the transmission line model. 

The following plots were observed. 

Strong line (X=0.2, R=0.15) 
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QV plot for a strong line in lossy system 

Weak line (X=0.5, R=0.3) 

 

QV plot for a weak line in lossy system 

For a low voltage transmission system, the X/R ratio is quite low (sometimes nearly equal 

to 1) resulting in different Q-V characteristics. 

Analysing Q-V curves 
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Slope at rated voltage versus Reactive Power Reserve margin for load buses 

The slope of QV curve and reactive power reserve for all the buses are inter-related with 

each other and are directly proportional. This was also observed in their respective plots 

with the inverse of the Thevenin reactance. 

Faults on adjacent bus voltage 

3φ Fault at North 24.9 kV bus (North Weak Bus) 

 

Effect of 3φ fault at North 24.9 kV bus 
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3φ Fault at Old Works 24.9 kV bus (South-east Weak Bus) 

 

Effect of 3φ fault at Old Works 24.9 kV bus 

3φ Fault at Banks 24.9 kV bus (South-west Moderate Bus) 

 

Effect of 3φ fault at Banks 24.9 kV bus 

3φ Fault at Warren 24.9 kV bus (Central-west Moderate Bus) 



95 

 

Effect of 3φ fault at Warren 24.9 kV bus 

3φ Fault at Marhill Street 24.9 kV bus (South-west Strong Bus) 

 

Effect of 3φ fault at Marhill Street 24.9 kV bus 

3φ Fault at Central 24.9 kV bus (Central Strong Bus) 
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Effect of 3φ fault at Central 24.9 kV bus 
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QV for all BLPC buses 

NORTH 24.9 kV 
Adding a fictitious Generator with following parameters: 

Rated Voltage 24.9 kV 

Capacity  500 MVA 

Power Factor 0.01 % 

Qmax 500 MVAR 

Qmin -500 MVAR 

  Case 1 Case 2 

Load Power (%) 25% 100% 

Load Power (MW) 1.77 7.06 

Initial Voltage (%) 97.27% 95.35% 

Following results observed when reactive power required to maintain different voltage were done 

S.N. 
Operating Voltage (p.u.) 25% load 100% load 

1 0.4 -0.46298 -0.4003 

2 0.5 -0.49295 -0.4449 

3 0.6 -0.48393 -0.44019 

4 0.7 -0.43533 -0.39308 

5 0.8 -0.34658 -0.30457 

6 0.9 -0.17978 -0.13506 

7 1 0.05173 0.09523 

8 1.1 0.26786 0.31254 

Reactive Power Reserve -0.49295 -0.4449 

∆Q/∆V @V=1.0 2.1613 2.1731 

Qreq. for 1 pu Voltage 0.05173 0.09523 

Voltage at slope=0 0.5 0.5 

Change in Qreq. at 1.0 pu voltage 0.0435 
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TRENT 24.9 kV 
Adding a fictitious Generator with following parameters: 

Rated Voltage 24.9 kV 

Capacity  500 MVA 

Power Factor 0.01 % 

Qmax 500 MVAR 

Qmin -500 MVAR 

Load Power (%) No load  
Load Power (MW) 0  
Initial Voltage (%) 100.00%  

Following results were observed when reactive power required to maintain different voltage were 

done 

S.N. Operating Voltage (p.u.) No load 

1 0.4 -0.26227 

2 0.5 -0.31698 

3 0.6 -0.32719 

4 0.7 -0.29896 

5 0.8 -0.23446 

6 0.9 -0.13454 

7 1 0.000526 

8 1.1 0.1655 

Reactive Power Reserve -0.32719 

∆Q/∆V @V=1.0 1.64974 

Qreq. for 1 pu Voltage 0.000526 

Voltage at slope=0 0.6 
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CARLTON 24.9 kV 
Adding a fictitious Generator with following parameters: 

Rated Voltage 24.9 kV 

Capacity  500 MVA 

Power Factor 0.01 % 

Qmax 500 MVAR 

Qmin -500 MVAR 

  Case 1 Case 2 

Load Power (%) 25% 100% 

Load Power (MW) 0.875 3.5 

Initial Voltage (%) 97.51% 96.71% 

Following results observed when reactive power required to maintain different voltage were done 

S.N. Operating Voltage (p.u.) 25% load 100% load 

1 0.4 -0.58555   

2 0.5 -0.63762 -0.58227 

3 0.6 -0.63339 -0.5844 

4 0.7 -0.57409 -0.52719 

5 0.8 -0.45993 -0.41346 

6 0.9 -0.28172 -0.23272 

7 1 0.06172 0.10955 

8 1.1 0.34402 0.39311 

Reactive Power Reserve -0.63762 -0.5844 

∆Q/∆V @V=1.0 2.823 2.8356 

Qreq. for 1 pu Voltage 0.06172 0.10955 

Voltage at slope=0 0.5 0.6 

Change in Qreq. at 1.0 pu voltage 0.04783 
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ST. THOMAS 24.9 kV 
Adding a fictitious Generator with following parameters: 

Rated Voltage 24.9 kV 

Capacity  500 MVA 

Power Factor 0.01 % 

Qmax 500 MVAR 

Qmin -500 MVAR 

  Case 1 Case 2 

Load Power (%) 25% 100% 

Load Power (MW) 3.11 12.4 

Initial Voltage (%) 98.62% 96.73% 

Following results observed when reactive power required to maintain different voltage were done 

S.N. Operating Voltage (p.u.) 25% load 100% load 

1 0.4 -0.6545 -0.60326 

2 0.5 -0.76642 -0.71614 

3 0.6 -0.78486 -0.73306 

4 0.7 -0.72514 -0.67107 

5 0.8 -0.59225 -0.53564 

6 0.9 -0.38839 -0.32913 

7 1 0.04201 0.10394 

8 1.1 0.3855 0.45017 

Reactive Power Reserve -0.78486 -0.73306 

∆Q/∆V @V=1.0 3.4349 3.4623 

Qreq. for 1 pu Voltage 0.04201 0.10394 

Voltage at slope=0 0.6 0.6 

Change in Qreq. at 1.0 pu voltage 0.06193 
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OLD WORKS 24.9 kV 
Adding a fictitious Generator with following parameters: 

Rated Voltage 24.9 kV 

Capacity  500 MVA 

Power Factor 0.01 % 

Qmax 500 MVAR 

Qmin -500 MVAR 

  Case 1 Case 2 

Load Power (%) 25% 100% 

Load Power (MW) 1.43 5.72 

Initial Voltage (%) 96.34% 95.16% 

Following results observed when reactive power required to maintain different voltage were done 

S.N. Operating Voltage (p.u.) 25% load 100% load 

1 0.4 -0.66292 -0.62304 

2 0.5 -0.68711 -0.65218 

3 0.6 -0.651 -0.6176 

4 0.7 -0.55381 -0.52072 

5 0.8 -0.39477 -0.36144 

6 0.9 -0.17318 -0.13929 

7 1 0.11054 0.14518 

8 1.1 0.45489 0.49041 

Reactive Power Reserve -0.68711 -0.65218 

∆Q/∆V @V=1.0 3.4435 3.4523 

Qreq. for 1 pu Voltage 0.11054 0.14518 

Voltage at slope=0 0.5 0.5 

Change in Qreq. at 1.0 pu voltage 0.03464 
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BANKS 24.9 kV 
Adding a fictitious Generator with following parameters: 

Rated Voltage 24.9 kV 

Capacity  500 MVA 

Power Factor 0.01 % 

Qmax 500 MVAR 

Qmin -500 MVAR 

  Case 1 Case 2 

Load Power (%) 25% 100% 

Load Power (MW) 1.35 5.4 

Initial Voltage (%) 96.77% 95.92% 

Following results were observed when reactive power required to maintain different voltage were 

done 

S.N. Operating Voltage (p.u.) 25% load 100% load 

1 0.4 -0.98971 -0.96255 

2 0.5 -1.02989 -1.00115 

3 0.6 -0.98146 -0.95106 

4 0.7 -0.8419 -0.80975 

5 0.8 -0.60864 -0.57465 

6 0.9 -0.27899 -0.24307 

7 1 0.1479 0.18573 

8 1.1 0.67277 0.71273 

Reactive Power Reserve -1.02989 -1.00115 

∆Q/∆V @V=1.0 5.2487 5.27 

Qreq. for 1 pu Voltage 0.1479 0.18573 

Voltage at slope=0 0.5 0.5 

Change in Qreq. at 1.0 pu voltage 0.03783 
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HAMPTON 24.9 kV 
Adding a fictitious Generator with following parameters: 

Rated Voltage 24.9 kV 

Capacity  500 MVA 

Power Factor 0.01 % 

Qmax 500 MVAR 

Qmin -500 MVAR 

  Case 1 Case 2 

Load Power (%) 25% 100% 

Load Power (MW) 1.65 6.59 

Initial Voltage (%) 96.10% 94.61% 

Following results observed when reactive power required to maintain different voltage were done 

S.N. Operating Voltage (p.u.) 25% load 100% load 

1 0.4 -0.61874 -0.5715 

2 0.5 -0.64142 -0.60074 

3 0.6 -0.60742 -0.56845 

4 0.7 -0.51588 -0.47714 

5 0.8 -0.36599 -0.3268 

6 0.9 -0.15694 -0.11695 

7 1 0.11095 0.15194 

8 1.1 0.43678 0.47896 

Reactive Power Reserve -0.64142 -0.60074 

∆Q/∆V @V=1.0 3.2583 3.2702 

Qreq. for 1 pu Voltage 0.11095 0.15194 

Voltage at slope=0 0.5 0.5 

Change in Qreq. at 1.0 pu voltage 0.04099 
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SEAWELL 24.9 kV 
Adding a fictitious Generator with following parameters: 

Rated Voltage 24.9 kV 

Capacity  500 MVA 

Power Factor 0.01 % 

Qmax 500 MVAR 

Qmin -500 MVAR 

  Case 1 Case 2 

Load Power (%) 25% 100% 

Load Power (MW) 1.91 7.62 

Initial Voltage (%) 95.81% 94.67% 

Following results observed when reactive power required to maintain different voltage were done 

S.N. Operating Voltage (p.u.) 25% load 100% load 

1 0.4 -0.96219 -0.91093 

2 0.5 -1.00788 -0.96094 

3 0.6 -0.95806 -0.91198 

4 0.7 -0.81454 -0.76804 

5 0.8 -0.57577 -0.52824 

6 0.9 -0.24012 -0.19118 

7 1 0.19091 0.24138 

8 1.1 0.71599 0.76828 

Reactive Power Reserve -1.00788 -0.96094 

∆Q/∆V @V=1.0 5.2508 5.269 

Qreq. for 1 p.u. Voltage 0.19091 0.24138 

Voltage at slope=0 0.5 0.5 

Change in Qreq. at 1.0 p.u. voltage 0.05047 
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WOTTON 24.9 kV 

Adding a fictitious Generator with following parameters: 

Rated Voltage 24.9 kV 

Capacity  500 MVA 

Power Factor 0.01 % 

Qmax 500 MVAR 

Qmin -500 MVAR 

  Case 1 Case 2 

Load Power (%) 25% 100% 

Load Power (MW) 2.38 9.53 

Initial Voltage (%) 96.04% 94.80% 

Following results observed when reactive power required to maintain different voltage were done 

S.N. Operating Voltage (p.u.) 25% load 100% load 

1 0.4 -1.15664 -1.07366 

2 0.5 -1.20946 -1.14221 

3 0.6 -1.15209 -1.08884 

4 0.7 -0.98166 -0.91933 

5 0.8 -0.69785 -0.63501 

6 0.9 -0.2984 -0.23427 

7 1 0.21496 0.2807 

8 1.1 0.84062 0.90848 

Reactive Power Reserve -1.20946 -1.14221 

∆Q/∆V @V=1.0 6.2566 6.2778 

Qreq. for 1 p.u. Voltage 0.21496 0.2807 

Voltage at slope=0 0.5 0.5 

Change in Qreq. at 1.0 p.u. voltage 0.06574 
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WILDEY 24.9 kV 
Adding a fictitious Generator with following parameters: 

Rated Voltage 24.9 kV 

Capacity  500 MVA 

Power Factor 0.01 % 

Qmax 500 MVAR 

Qmin -500 MVAR 

  Case 1 Case 2 

Load Power (%) 25% 100% 

Load Power (MW) 1.63 6.53 

Initial Voltage (%) 96.80% 96.26% 

Following results were observed when reactive power required to maintain different voltage were 

done 

S.N. Operating Voltage (p.u.) 25% load 100% load 

1 0.4 -1.69325 -1.66186 

2 0.5 -1.77453 -1.74148 

3 0.6 -1.70119 -1.6665 

4 0.7 -1.46329 -1.42676 

5 0.8 -1.05799 -1.01973 

6 0.9 -0.4857 -0.44567 

7 1 0.25064 0.29232 

8 1.1 1.14686 1.19041 

Reactive Power Reserve -1.77453 -1.74148 

∆Q/∆V @V=1.0 8.9622 8.9809 

Qreq. for 1 pu Voltage 0.25064 0.29232 

Voltage at slope=0 0.5 0.5 

Change in Qreq. at 1.0 pu voltage 0.04168 
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WARREN 24.9 kV 
Adding a fictitious Generator with following parameters: 

Rated Voltage 24.9 kV 

Capacity  500 MVA 

Power Factor 0.01 % 

Qmax 500 MVAR 

Qmin -500 MVAR 

  Case 1 Case 2 

Load Power (%) 25% 100% 

Load Power (MW) 2.56 10.2 

Initial Voltage (%) 98.60% 97.82% 

Following results were observed when reactive power required to maintain different voltage were 

done 

S.N. Operating Voltage (p.u.) 25% load 100% load 

1 0.4 -2.10024   

2 0.5 -2.20099 -2.13215 

3 0.6 -2.12158 -2.05567 

4 0.7 -1.85021 -1.78403 

5 0.8 -1.38685 -1.31928 

6 0.9 -0.72741 -0.65767 

7 1 0.13057 0.20273 

8 1.1 1.18207 1.25733 

Reactive Power Reserve -2.20099 -2.13215 

∆Q/∆V @V=1.0 10.515 10.546 

Qreq. for 1 pu Voltage 0.13057 0.20273 

Voltage at slope=0 0.5 0.5 

Change in Qreq. at 1.0 pu voltage 0.07216 
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GARRISON 24.9 kV 
Adding a fictitious Generator with following parameters: 

Rated Voltage 24.9 kV 

Capacity  500 MVA 

Power Factor 0.01 % 

Qmax 500 MVAR 

Qmin -500 MVAR 

  Case 1 Case 2 

Load Power (%) 25% 100% 

Load Power (MW) 3.165 11.4 

Initial Voltage (%) 96.94% 95.60% 

Following results were observed when reactive power required to maintain different voltage were 

done 

S.N. Operating Voltage (p.u.) 25% load 100% load 

1 0.4   -1.36838 

2 0.5 -1.30832 -1.42844 

3 0.6 -1.27265 -1.3647 

4 0.7 -1.08623 -1.16987 

5 0.8 -0.76593 -0.84635 

6 0.9 -0.31255 -0.3921 

7 1 0.26951 0.18983 

8 1.1 0.97821 0.89737 

Reactive Power Reserve -1.30832 -1.42844 

∆Q/∆V @V=1.0 7.087 7.0754 

Qreq. for 1 pu Voltage 0.26951 0.18983 

Voltage at slope=0 0.5 0.5 

Change in Qreq. at 1.0 pu voltage -0.07968 
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MARHILL STREET 24.9 kV 
Adding a fictitious Generator with following parameters: 

Rated Voltage 24.9 kV 

Capacity  500 MVA 

Power Factor 0.01 % 

Qmax 500 MVAR 

Qmin -500 MVAR 

  Case 1 Case 2 

Load Power (%) 25% 100% 

Load Power (MW) 1.92 7.68 

Initial Voltage (%) 97.28% 96.78% 

Following results were observed when reactive power required to maintain different voltage were 

done 

S.N. Operating Voltage (p.u.) 25% load 100% load 

1 0.4 -2.29556 -2.23156 

2 0.5 -2.42145 -2.368 

3 0.6 -2.33132 -2.28103 

4 0.7 -2.02295 -1.97326 

5 0.8 -1.47874 -1.42871 

6 0.9 -0.70678 -0.65579 

7 1 0.28971 0.34184 

8 1.1 1.50254 1.5563 

Reactive Power Reserve -2.42145 -2.368 

∆Q/∆V @V=1.0 12.1283 12.1446 

Qreq. for 1 pu Voltage 0.28971 0.34184 

Voltage at slope=0 0.5 0.5 

Change in Qreq. at 1.0 pu voltage 0.05213 
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REGENCY PARK 24.9 kV 
Adding a fictitious Generator with following parameters: 

Rated Voltage 24.9 kV 

Capacity  500 MVA 

Power Factor 0.01 % 

Qmax 500 MVAR 

Qmin -500 MVAR 

  Case 1 Case 2 

Load Power (%) 25% 100% 

Load Power (MW) 0.948 3.79 

Initial Voltage (%) 96.40% 96.04% 

Following results were observed when reactive power required to maintain different voltage were 

done 

S.N. Operating Voltage (p.u.) 25% load 100% load 

1 0.4 -1.49612 -1.47209 

2 0.5 -1.59511 -1.57225 

3 0.6 -1.53409 -1.51156 

4 0.7 -1.31973 -1.29689 

5 0.8 -0.94652 -0.92318 

6 0.9 -0.41899 -0.39499 

7 1 0.25756 0.28222 

8 1.1 1.07806 1.10357 

Reactive Power Reserve -1.59511 -1.57225 

∆Q/∆V @V=1.0 8.205 8.2135 

Qreq. for 1 pu Voltage 0.25756 0.28222 

Voltage at slope=0 0.5 0.5 

Change in Qreq. at 1.0 pu voltage 0.02466 
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WHITEPARK 24.9 kV 
Adding a fictitious Generator with following parameters: 

Rated Voltage 24.9 kV 

Capacity  500 MVA 

Power Factor 0.01 % 

Qmax 500 MVAR 

Qmin -500 MVAR 

  Case 1 Case 2 

Load Power (%) 25% 100% 

Load Power (MW) 2.36 9.43 

Initial Voltage (%) 97.53% 97.03% 

Following results were observed when reactive power required to maintain different voltage were 

done 

S.N. Operating Voltage (p.u.) 25% load 100% load 

1 0.4     

2 0.5 -2.84697 -2.76983 

3 0.6 -2.74669 -2.6802 

4 0.7 -2.38888 -2.32635 

5 0.8 -1.75728 -1.69599 

6 0.9 -0.85519 -0.79409 

7 1 0.30579 0.36721 

8 1.1 1.71161 1.77403 

Reactive Power Reserve -2.84697 -2.76983 

∆Q/∆V @V=1.0 14.0582 14.0682 

Qreq. for 1 pu Voltage 0.30579 0.36721 

Voltage at slope=0 0.5 0.5 

Change in Qreq. at 1.0 pu voltage 0.06142 
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TEMPLE YARD 24.9 kV 
Adding a fictitious Generator with following parameters: 

Rated Voltage 24.9 kV 

Capacity  500 MVA 

Power Factor 0.01 % 

Qmax 500 MVAR 

Qmin -500 MVAR 

  Case 1 Case 2 

Load Power (%) 25% 100% 

Load Power (MW) 2.66 10.6 

Initial Voltage (%) 97.65% 97.08% 

Following results were observed when reactive power required to maintain different voltage were 

done 

S.N. Operating Voltage (p.u.) 25% load 100% load 

1 0.4 -2.76771   

2 0.5 -2.9431 -2.8402 

3 0.6 -2.84453 -2.76473 

4 0.7 -2.47923 -2.40554 

5 0.8 -1.83067 -1.75871 

6 0.9 -0.89971 -0.82796 

7 1 0.30193 0.37414 

8 1.1 1.75999 1.83358 

Reactive Power Reserve -2.9431 -2.8402 

∆Q/∆V @V=1.0 14.5806 14.5944 

Qreq. for 1 pu Voltage 0.30193 0.37414 

Voltage at slope=0 0.5 0.5 

Change in Qreq. at 1.0 pu voltage 0.07221 
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CENTRAL 24.9 kV 
Adding a fictitious Generator with following parameters: 

Rated Voltage 24.9 kV 

Capacity  500 MVA 

Power Factor 0.01 % 

Qmax 500 MVAR 

Qmin -500 MVAR 

  Case 1 Case 2 

Load Power (%) 25% 100% 

Load Power (MW) 1.24 4.98 

Initial Voltage (%) 96.44% 96.17% 

Following results observed when reactive power required to maintain different voltage were done 

S.N. Operating Voltage (p.u.) 25% load 100% load 

1 0.4     

2 0.5 -2.11085 -2.0888 

3 0.6 -2.04822 -2.0252 

4 0.7 -1.77488 -1.7509 

5 0.8 -1.28559 -1.2608 

6 0.9 -0.57109 -0.5454 

7 1 0.33959 0.36599 

8 1.1 1.42787 1.4551 

Reactive Power Reserve -2.11085 -2.0888 

∆Q/∆V @V=1.0 10.8828 10.8911 

Qreq. for 1 pu Voltage 0.33959 0.36599 

Voltage at slope=0 0.5 0.5 

Change in Qreq. at 1.0 pu voltage 0.0264 
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BELMONT 24.9 kV 
Adding a fictitious Generator with following parameters: 

Rated Voltage 24.9 kV 

Capacity  500 MVA 

Power Factor 0.01 % 

Qmax 500 MVAR 

Qmin -500 MVAR 

  Case 1 Case 2 

Load Power (%) 25% 100% 

Load Power (MW) 0.373 1.49 

Initial Voltage (%) 96.77% 96.70% 

Following results were observed when reactive power required to maintain different voltage were 

done 

S.N. Operating Voltage (p.u.) 25% load 100% load 

1 0.4     

2 0.5 -2.66212 -2.65483 

3 0.6 -2.58879 -2.5813 

4 0.7 -2.24661 -2.23891 

5 0.8 -1.63395 -1.626 

6 0.9 -0.74804 -0.73986 

7 1 0.38784 0.39624 

8 1.1 1.7574 1.76605 

Reactive Power Reserve -2.66212 -2.65483 

∆Q/∆V @V=1.0 13.6956 13.6981 

Qreq. for 1 pu Voltage 0.38784 0.39624 

Voltage at slope=0 0.5 0.5 

Change in Qreq. at 1.0 pu voltage 0.0084 
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DESALINATION 24.9 kV 
Adding a fictitious Generator with following parameters: 

Rated Voltage 24.9 kV 

Capacity  1000 MVA 

Power Factor 0.01 % 

Qmax 1000 MVAR 

Qmin -1000 MVAR 

  Case 1 Case 2 

Load Power (%) 25% 100% 

Load Power (MW) 0.167 0.668 

Initial Voltage (%) 98.66% 98.65% 

Following results were observed when reactive power required to maintain different voltage were 

done 

S.N. Operating Voltage (p.u.) 25% load 100% load 

1 0.4 -5.86393 -5.86099 

2 0.5 -6.19815 -6.19506 

3 0.6 -5.98247 -5.97927 

4 0.7 -5.23183 -5.22853 

5 0.8 -3.94589 -3.94247 

6 0.9 -2.0806 -2.07705 

7 1 0.34864 0.35229 

8 1.1 3.2615 3.26528 

Reactive Power Reserve -6.19815 -6.19506 

∆Q/∆V @V=1.0 29.1286 29.1299 

Qreq. for 1 pu Voltage 0.34864 0.35229 

Voltage at slope=0 0.5 0.5 

Change in Qreq. at 1.0 pu voltage 0.00365 
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SPRING GARDEN 24.9 kV 
Adding a fictitious Generator with following parameters: 

Rated Voltage 24.9 kV 

Capacity  1000 MVA 

Power Factor 0.01 % 

Qmax 1000 MVAR 

Qmin -1000 MVAR 

  Case 1 Case 2 

Load Power (%) 25% 100% 

Load Power (MW) 3.364 13.44 

Initial Voltage (%) 99.02% 98.87% 

Following results were observed when reactive power required to maintain different voltage were 

done 

S.N. Operating Voltage (p.u.) 25% load 100% load 

1 0.4    
2 0.5     

3 0.6 -10   

4 0.7 -8.89524 -8.8235 

5 0.8 -6.76939 -6.70111 

6 0.9 -3.70757 -3.64126 

7 1 0.4292 0.49439 

8 1.1 5.30212 5.36676 

Reactive Power Reserve -10 -8.8235 

∆Q/∆V @V=1.0 48.7292 48.7237 

Qreq. for 1 pu Voltage 0.4292 0.49439 

Voltage at slope=0 0.6 0.7 

Change in Qreq. at 1.0 pu voltage 0.06519 

 

-12

-10

-8

-6

-4

-2

0

2

4

6

8

0 0.2 0.4 0.6 0.8 1 1.2

R
ea

ct
iv

e 
p

o
w

er
 (

p
.u

.)

Voltage (p.u.)

Q-V SP_24.9 kV

25% load 100% load



117 

APPENDIX C 

Effect of Cascading effect on system 

With the simulation including tripping of generators, it is seen that the voltage and 

frequency drop down to zero immediately after the tripping of the generators.  

Effect on Generation 

 

Effect of fault and generator tripping in generation 

Effect on Bus Voltage 
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Effect of fault and generator tripping in nearby bus voltage 

Effect on Bus Frequency 

 

Effect of fault and generator tripping in nearby bus frequency
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APPENDIX D 

Plotting Q-B from derivation: 

The derived equation relating reactive power required as a function of steady state stability 

limit B is shown in Chapter 2 as equation 2.18. It is quoted here. 

𝑄𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 = 0.5𝑃 +
𝐸𝑉

𝑋
[
𝑉

𝐸
−  √1 − (

𝑃𝑋

𝐸𝑉
)

2

] 

This ideal expression is plotted for power delivered to the load ranging from 0.25 p.u. to 

1.25 p.u. and for different system voltage conditions represented by the ratio K = E/V 

a. For K = E/V = 1.10 

 

QB plot for range of load when supply voltage is 1.1 times the receiving voltage 

b. For 𝐾 = 𝐸/𝑉 = 1.0 

-0.6000

-0.4000

-0.2000

0.0000

0.2000

0.4000

0.6000

0.8000

1.0000

2 3 4 5 6

R
ea

ct
iv

e 
P

o
w

er
 (

Q
)

Steady State Stability Limit (B)

Q-B Plot

Qg1(P1) Qg2(P2) Qg3(P3) Qg4(P4) Qg5(P5)



120 

 

QB plot for range of load when supply voltage is same as receiving voltage 

For K = E/V = 1, except for low values of B, the MVAR support required is totally 

independent of the steady state stability limit B. 

c. 𝐹𝑜𝑟 𝐾 = 𝐸/𝑉 = 0.9 

 

QB plot for range of load when supply voltage is 0.9 times the receiving voltage 
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For K = E/V less than 1, which could represent a poorly voltage regulated power system, 

the MVAR support required increases as the transmission strength increase as represented 

by a higher value of B.
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