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Thesis Title : Power System Instability Prediction and Mitigation Using 

Synchrophasors. 

Major Field : Electrical Engineering 

Date of Degree : May 2014 

   

With the never ending growing needs for the human beings, the usage of electricity which is 

now essentially the backbone for every need, is growing. This growth in the demand of 

energy requires the expansion or new installations of current power reserves. Rather than 

achieving any of the fore mentioned tasks i.e. of expanding or installing new reserves for 

power, power system operators tend to push the existing power systems to the operating 

limits because of the cost constraint. This on one hand saves the cost but on other hand 

exposes whole of the power system to risk i.e. to operate the power system efficiently 

without a collapse or destabilizing the system. This makes the stability study of the power 

system critical. One of the vital outcome of this study is to detect the conditions that will 

make the system unstable and apply counter measures to mitigate it. In addition, the 

outcome of these studies are also used in designing and operating the power system to 

ensure stable operation under different probable contingencies. 

 

This thesis focuses on presenting a complete package for improving power system transient 

stability, starting from planning and designing phase till operational phase. From the 

design and planning perspective, a multi objective PMU placement technique to achieve 

maximum system observability with minimum cost is presented, along with this a new 

Kinetic Energy (KE) based Flexible Alternating Current Transmission System (FACTS) 

placement using Differential Evolution Algorithm (DEA) in order to improve transient 

stability of the power system; from the operational point of view, a novel strategy for 

operating the power system economically and feasibly along with the improvement in 

transient stability of the system. Moreover to this an Artificial Neural Network (ANN) 

based power system instability detector is designed to serve as an input to the PMU based 

Remedial Action System (RAS) namely braking resistor and Under Frequency Load 

Shedding (UFLS), which will take measures against the detected instability. The proposed 

algorithms and techniques have been simulated using MATLAB and SIMULINK and 

practically implemented using Real Time Digital Simulator (RTDS) with Power Hardware 

in Loop (PHIL) configuration. Simulation results revealed that the developed algorithms 

and techniques produce reliable and high-quality solutions. 
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ARABIC ASTRACT 

 ملخص الرسالة
 

 محمد وقار احمد   :الاسم الكامل
 

 تنبؤ و تقليل عدم استقرار نظام الطاقة الكهربائية باستخدام اجهزة قياسات الزاوية المتزامنة   :عنوان الرسالة
 

 الكهربائية الهندسة   التخصص:
 

 4102مايو   :تاريخ الدرجة العلمية

 

الآن بساسيا العميوا الرقيرك لكيل  تعتبير، واسيتخدام الكهربياا التيي  تنتهيي ببيداالمتزايدة للبشرية التي لا حتتياجات الامع 

منشيتت انشياا بو  احتتياطيات الطاقة الحاليةفي . يتطلب هذا النمو في الطلب على الطاقة في التوسع بشكل متزايدحتاجة 

مييل يتياطييات جدييدة للطاقية ، بدلا من تحقيق بك من المهام الميذوورة الديدارة بك توسييع بو تتبيي  احتو لكن جديدة . 

التكلرة. هذا من ناحتية يوفر تكلرية ولكين  قيدنظام الطاقة إلى افع بنظمة الطاقة القائمة على حتدوا التشغيل بسبب  مشغلو

نهييار بو تشغيل نظام الطاقة بكرااة اون حتيدو  امما يعني بهمية نظام الطاقة للخطر وامل على الجانب الآخر يعرض 

حيويية مين هيذ  النتيائ  الاراسية اسيتقرار نظيام الطاقية. واحتيدة مين  السيبب يوحيأ بهمييةهذا النظام.  زعزعة استقرار

الكشف عن الظروف التي من شيننها بن تجعيل النظيام  يير مسيتقر وتطبييق تيدابير مخيااة لتخرييف  لي .  يالدراسة ه

نظيام الطاقية لخيمان تشيغيل مسيتقر فيي  بالإحافة إلى  ل ، يتم استخدام نتائ  هذ  الدراسات بيخا في تدميم وتشغيل

 ظييييييييييييييييييييييييييييييييييييييل حتييييييييييييييييييييييييييييييييييييييالات الطييييييييييييييييييييييييييييييييييييييوار  المحتمليييييييييييييييييييييييييييييييييييييية مختلريييييييييييييييييييييييييييييييييييييية.

 

، بيداا مين التخطيي  و حتتيى مرحتلية اسيتقرار نظيام الطاقيةوتروز هذ  الأطروحتية عليى تقيديم مجموعية واملية لتحسيين 

 PMUهييزة تييم طييرن تقنييية متعييداة الاهييداف لوحييع اج، ناحتييية التدييميم والتخطييي  تدييميم المرحتليية التشييغيلية . ميين 

الجدييدة لوحيع  ( KEالطاقة الحرويية   بالاحافة الى تقنية تحقيق بقدى قدر من قابلية الملاحتظة النظام بنقل تكلرة ، ل

 اسيتقرار( مين بجيل تحسيين  DEA  باستخدام خوازمية التطور الترريقي  (FACTS) نظام نقل التيار المتراا المرن 

تشيغيل نظيام الطاقية اقتدياايا و عملييا تم وحع اسيتراتيجية جدييدة لشغيلية ، جهة النظر التومن  . اللحظي نظام الطاقة

فقيد تيم تديميم نظيام واشيف لعيدم الاسيتقرار فيي . وعيلاوة عليى  لي  تعمل بيخا على تحسين استقرار النظيام اللحظيي

 ( RAS  النظيام و الذك سيكون بمتابة مُدخل لانظمة علاج (  ANNالشبكة العدبية الاصطناعية   النظام باستخدام 

و (  UFLS   التي هي عبارة عن مقاومات وابحة و قطع لتيار في حتيياة انخرياض التيراا PMUالموجواة في بجهزة 

تم محاواة خوارزميات وتقنيات المقترحتة باستخدام التي ستقوم باتخاا اجرااات من شننها معالجة حتالة عدم الاستقرار. 

MATLAB  وSIMULINK رقمييية   السييتخدام محاويياة الوقيي  الحقيقييي وتنريييذها عمليييا باRTDS  اعييدااات ( مييع

(PHIL) جييواة عالييية يمكيين  حتلييوذ  اتقاميي  بانتيياج . وشيير  نتييائ  المحاويياة بن الخوارزميييات والتقنيييات المتقدميية

 الاعتماا عليها
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1 CHAPTER 1 

INTRODUCTION 

1.1 Overview 

The electrical grids are amongst the most complex systems worldwide. The power 

system planners and operators work hard to operate the system in a reliable manner to 

provide the safe and satisfied electric power to the customers. With the introduction of 

free marketing and deregulation of the power system, the economic factors are added to 

the power system operation, leading to new uncertainties and challenges to large 

interconnected power system. Power systems continue to be stressed as they are 

operated in many instances at or near their full capacities. In such a situation, power 

system protection and control becomes an important safeguard of power system and also 

the key enabler to meet the challenges of the electrical grid in the 21st century.[1] 

The technological advancement in this millennia has made us more dependent on 

electrical power than ever. Due to this dependency power systems are growing in size 
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and complexity which makes it more prone to failure as they are pushed to their limits by 

power system operators. Theses failures can prove to be disastrous and can lead to 

unamendable losses and system black outs. To know which failures will lead to make the 

system instable, power system stability studies are carried during the design, planning 

and even in the operational phase of the power system to figure out the actions to mitigate 

or avoid instability and time required to take these actions. These facts highlight the 

importance of the stability study of the power system. To add to these facts Table 1.1 [2] 

shows some history of blackouts in different parts of the world due to instability 

occurrence and failure to take action against it. To accurately identify the scenarios which 

will make the power system instable is still a challenging task even after such 

technological advancement in fields of measurement, protection and computation. 

Although it has been almost 80 years since the power systems came into being, stability 

is still a scorching topic for researchers. 

The lessons learned from several recent major blackouts revealed that current 

protection systems were not always sufficient to stop an uncontrolled cascading failure of 

the power system and, therefore, the application of existing protection system should be 

revisited. Phasor measurement units (PMUs) using synchronization signals from the 

satellite global positioning system (GPS) have recently evolved into mature tools with the 

potential to revolutionize the way electric power systems are monitored and controlled. 

Since PMUs were introduced into power system thirty years ago, their values have been 

proved by their extensive applications in power system operation and planning. In recent 

years, varieties of PMU application areas, including the area of power system stability, 

have been studied, proposed and implemented with their significant benefits. 
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TABLE 1.1: BLACKOUT HISTORY IN DIFFERENT PARTS OF WORLD 

 

Country 
Date of 

blackout 

Estimated time 

of blackout 
People affected 

Loss in 

USD 

New Zealand 20.02.1998 4 weeks 70,000 Not reported 

Brazil (70% of the 

territory) 
11.03.1999 5 hours 97,000,000 Not reported 

India 02.01.2001 12 hours 226,000,000 110 million 

U.S.A (North-

East) + Canada 

(Central) 

14.08.2003 4 days 50,000,000 6 billion 

Italy 28.09.2003 18 hours 56,000,000 (4 deaths) Not reported 

Indonesia 18.08.2005 7 hours 100,000,000 Not reported 

Spain 29.11.2004 
5 blackouts in 

10 days 
2,000,000 Not reported 

South West Europe 04.11.2006 2 hours 15,000,000 Not reported 

 

At present, a large number of PMUs have been installed and the wide area 

measurement system (WAMS) that gathers real-time phasor measurements by PMUs 

across broad geographical areas has been gradually implemented.[1] 

Flexible AC Transmission Systems (FACTS) is another worth specifying tool for 

power system enhancement. The emergence of facts some 20 years ago has changed the 

complete picture of power system operation. They have opened a new world in power 

system control. They have made power systems operations more flexible and secure. 
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They have ability to control, in fast and effective manner the three key players in power 

flow. These are circuit impedance, voltage magnitude and phase angle. This gain in 

flexibility in power flow is not a small achievement at all. The great economic and 

technical benefits of this to the power systems have been well proven. 

1.2 Thesis Motivation 

Due to the increasing importance, power system stability research studies have 

attracted widespread attention among researchers in power system technology. Accurate 

identification, detection and mitigation of instability in power network can reduce the risk of 

blackouts, speed up power restoration and thus enhancing the reliability and availability of power 

systems. A number of different areas for improving the power system stability are reconnoitered 

which are given as follows: 

1.2.1 PMU-based Instability detection and mitigation 

At present, PMUs have come out of their academic infancy with commercial 

viability. There are now about 24 commercial manufacturers of PMUs and pertinent 

industry standards have made possible the interoperability of units from different 

manufacturers [3], [4].A PMU has the potential to revolutionize the monitoring and 

control of electric power systems.  This device has the ability to measure current, 

voltage, and calculate the angle between the two. Phase angles from buses around the 

system can then be calculated in real time. This is possible because of two important 

advantages over traditional measurement; time stamping and synchronization. With 

the satellite GPS availability, digital   measurements at different part of power system can 

be performed synchronously to the accuracy of one micro-second. The ability of GPS to 
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provide a time reference signal, synchronized at widely separated locations has been 

widely recognized as having many applications in power-systems including the 

application for power system stability detection, monitoring and control. PMU-based 

instability detection and control algorithms are highly accurate and, therefore, needed to 

cope with the modern power system requirements. Being in very initial and crude stages 

these algorithms to identify and control power system instability are just simulated rather 

than being tested on real hardware. One of the biggest stimulus of this thesis is to develop 

and test such algorithm through real time simulations with real hardware in loop.  

1.2.2 Optimal Placement of FACTS Devices 

Another crucial player in the area of power system stability enhancement is FACTS 

devices. Installing FACTS devices in any power system is an investment issue. It offer 

flexibility in power flow at the expense of the cost. Therefore, it is necessary for any new 

installation of FACTS to be very well justified [5]–[9]. Most of the published literature 

on FACTS devices focuses on improving the small signal stability or voltage stability of 

the power system. There are rather very few papers being published on improving the 

transient stability of the power system. Being an under explored area, the ability of 

FACTS devices in the area of transient stability is still grim. This thesis aims to discover 

the ability of FACTS devices for improving power system transient stability and presents 

a new formulation for FACTS devices placement in power system for improving the 

transient stability. 

1.2.3 Transient Stable Optimal Power Flow 

In the past decade or so, the focus of the research has been to improve the transient 

stability of the power system without extra investment on the infrastructure of the power 
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system. Power system operators and researchers are continuously striving to achieve 

better transient performance of the system by altering the available control parameters of 

the system. This led to the formulation of Transient Stability Constrained Optimal Power 

Flow (TSCOPF). As from the literature this problem has been formulated as a single 

objective constrained optimization problem with targeted or selected faults. This kind of 

approach can improve the transient performance for the selected faults but for the faults 

other than the considered one, we cannot say anything about them. So, still we need an 

approach that can improve the global transient performance of the system. This thesis 

aims to present a novel true multi-objective formulation of the Optimal Power Flow, that 

will not only ensure that the system is operating economically, but will also improve the 

global transient performance of the system under consideration. 

1.3 Thesis Objectives 

With the motivations laid in the previous sub-section, the objective of this thesis are 

listed as follows: 

1. Proposing a novel approach for optimal placement of shunt FACTS device that is 

STATic synchronous COMpensator (STATCOM) in electrical network and solving it 

using population based technique and testing the placement for two control modes 

that are voltage control mode and reactive power control mode. 

2. Development of multi objective formulation for optimal PMU placement (OPP) 

problem and solving it using heuristic multi objective optimization algorithm. 
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3. Proposing a novel true multi objective optimal power flow in order to improve the 

transient stability of the power system with minimum cost and solving it using 

heuristic multi objective optimization algorithm. 

4. Development of PMU and Artificial Neural Network based transient instability 

predictor. 

5. Algorithm and prototype development of PMU based transient instability mitigation 

schemes namely braking resistor scheme and under frequency load shedding scheme 

(UFLS). 

1.4 Contributions: 

The main contributions of the work carried out under this thesis can be summarized as 

follows: 

 Proposal of novel kinetic energy and hybrid synchronism classifier based formulation 

for optimally placing shunt type FACTS devices in power system in order to improve 

the transient stability. 

 Development of optimal placement of shunt type FACTS device problem solver 

based on Differential Evolution Algorithm (DEA) to achieve maximum improvement 

in stability of the system with minimum number of FACTS devices. 

 Development of multi objective OPP problem solver based on Strength Pareto 

Evolutionary Algorithm (SPEA) to achieve full network observability with minimum 

PMU installation cost with maximizing PMU measurement redundancy. 
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 Proposal of novel multi objective Transient Stable Optimal Power Flow (TSOPF) 

based on kinetic energy and hybrid synchronism classifier to improve the transient 

stability of the system with minimum possible cost. 

 Development of multi objective TSOPF solver based on SPEA for maximizing 

transient stability and minimizing cost.  

 Implementation of real time hardware in loop schemes using RTDS and real time 

PMUs for transient instability mitigation. The said schemes will help to reduce the 

risk of blackouts and enhance power system’s availability and reliability. 

1.5 Thesis Organization 

The material of this thesis is organized in seven chapters. It starts, after this introductory 

chapter, with a literature survey addressing different problems that are under 

consideration in this work in Chapter 2. Chapter 3 is dedicated to the formulation of OPP 

problem formulation, SPEA Algorithm and its implementation on OPP problem. Chapter 

4 presents the formulation for STATCOM placement in the system and the Differential 

Evolution (DE) application for solving the STATCOM placement problem. Chapter 5 

present the formulation of Transiently Stable Optimal Power Flow and SPEA application 

for solution of the presented problem. Chapter 6 presents some overview of PMU 

technology and then PMU based transient instability detection and mitigation schemes 

are presented. Finally, Chapter 7 concludes the work with some highlights of the work 

and future pathways for the work are proposed.  
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2 CHAPTER 2 

LITERATURE REVIEW 

2.1 Transient Stability of Power System 

As per CIGRE Study Committee 38 and the IEEE Power System Dynamic Performance 

Committee [10] power system stability can be defined as follows: 

“Power system stability is the ability of an electric power system, for a given initial 

operating condition, to regain a state of operating equilibrium after being subjected to a 

physical disturbance, with most system variables bounded so that practically the entire 

system remains intact.” 

From the fore mentioned power system stability definition it is evident that for the 

preservance of integrity of most of the power system’s components should be in-service 

or intact other than those which has been isolated or tripped intentionally so as to counter 

the disturbance and to keep the system in operation. The ever changing loading 

conditions on the power system are considered small disturbance and the system is 
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capable enough to cope up with these small disturbances via load frequency control. The 

instantaneous tripping of significant portion of load or generation or a fault are 

considered as large disturbance and are referred as transient disturbance. In the post-

transient period the system reaches a new state of equilibrium provided if it is stable and 

usually human intervention or automatic controls are required to bring the system back to 

its original state (pre-disturbance period). 

Depending on the nature, the size of disturbance and the time span considered 

instability can take various forms. To device the method for countering the instability it is 

essential to identify the contributing factors, the categorization of stability greatly serves 

this purpose. Figure 2.1 [10] depicts the classification of power system stability in 

general and sub-classes. 

 

Figure 2.1: Classification of Power system stability [10].  
 

Historically the terms steady-state stability and dynamic stability has been used to 

refer different kind of stabilities, however IEEE and CIGRE [10], in order to avoid 
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confusion, merged the two fore mentioned terms as small disturbance stability. This 

survey emphasizes solely on the rotor angle stability analysis which is often regarded as 

transient stability analysis. 

IEEE and CIGRE [10] defines Rotor angle stability or Transient Stability as the 

ability of the interconnected system to remain in synchronism after being subjected to a 

severe disturbances. As a response to the disturbances the generator’s rotor angle 

experiences large excursions with an embedded nonlinear relationship between generator 

power and rotor angle. This kind of stability not only depends on the pre-fault conditions 

of the power system but also on the severity of disturbance.  

For modern power systems that are heavily interconnected by complex 

transmission network and large-scale with tens of synchronous machines, transient 

stability assessment or analysis is more suitably carried out by computer aided tools or 

simulations. For a particular system and specific disturbance the combination of 

differential and algebraic equations are solved iteratively. The dynamics governing the 

synchronous machine is represented by second order differential equation called as swing 

equation (2.1) and the network behavior i.e. power flow is represented by non-linear 

algebraic equation(2.2). 
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ὖ   = Electrical power output of generator i. 

ὖ  = Mechanical Power input of generator i. 

 .Rotor angle generator i =   ‏

Ὁ   = EMF behind transient reactance. 

ὓ   = Inertia constant of generator i. 

Ὃ   = Transfer conductance between branch i and j. 

ὄ   = Transfer suseptance of branch i and j. 

ὔ      = number of generators in the network.  

2.2 Numerical Simulation method 

2.2.1 Numerical Integration Method 

These methods are based on solving the swing equation via numerical integration where 

the exact solution to the transient stability problem can be obtained. Many techniques 

exist for solving non-linear ordinary differential equations (ODE’s). The widely used 

techniques in power system stability studies are Euler’s method, trapezoidal method, and 

Runge-Kutta method. These algorithms employ step-by-step solving method. For solving 

swing equation by these methods it is decomposed into two single order differential 

equations as (2.3) and (2.4)  

   (2.3) 
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