
 
Hierarchical Fuzzy Control of the UPFC and SVC 

located in AEP's Inez Area 
 
 

Satish Maram 
 
 
 

Thesis submitted to the Department of Electrical and Computer Engineering of the  
 

Virginia Polytechnic Institute and State University 
 

in partial fulfillment of the requirements for the degree of 
 
 
 
 

Master of Sciences 
 

in 
 

Electrical Engineering 
 
 

Lamine Mili (Chair) 
Saifur Rahman 

Yilu Liu 
 
 
 

May 6th, 2003 
Falls Church, Virginia. 

 
 
 
 

Keywords: SVC, UPFC, Voltage Stability, Fuzzy control, Hierarchical control 
 
 
 
 

Copyright 2003, Satish Maram 
 



 
 

Hierarchical Fuzzy Control of the UPFC and SVC 
located in AEP's Inez Area 

 
 

Satish Maram 
 
 

Committee: Prof. Lamine Mili (Chair), Prof. Saifur Rahman, Prof. Yilu Liu 
 
 
 

(ABSTRACT) 
 
 
To reinforce its Inez network, which was operated close to its stability limits, American 

Electric Power (AEP) undertook two major developments, one being the installation of a 

Static Var Compensator (SVC) in November 1980 and the other one being the 

installation of the world’s first Unified Power Flow Controller (UPFC) in 1998. The 

controllers in the system include the Automatic Voltage Regulators (AVRs) of the 

generators, the controllers of the SVC, and UPFC. To coordinate the control actions of 

these controllers and prevent voltage instability resulting from their fighting against each 

other, a two level hierarchical control scheme using fuzzy logic has been developed and 

its performance was assessed via simulations. The second level of the hierarchy 

determines the set points of the local controllers of the AVRs, SVC, and UPFC and 

defines the switching sequences of the capacitor banks, the goal being to maximize the 

reactive reserve margins of the Inez subsystem. Numerous simulations were carried out 

on this system to determine the actions of the fuzzy controller required to prevent the 

occurrence of voltage collapse under double contingency. Simulations have revealed the 

occurrence of nonlinear interactions between the machines resulting in stable limit cycles, 

nonlinear oscillations undergoing period doubling leading to chaos and possible voltage 

collapse. The proposed fuzzy scheme provides a fast, simple, and effective way to stretch 

the stability limit of the system for double contingency conditions, up to 175 MW in 

some cases. This is a significant increase in the system capacity. 
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Chapter 1 
Introduction 
 

 

 

Problem Statement 

 

The traditional mid-west service territory of AEP hosts a collection of power 

plants mainly sited along the Ohio River and its tributaries.  In the eastern and southern 

parts of these water channels, a backbone of long transmission lines at the 765 kV and 

345 kV voltage levels energizes a 138-kV sub-transmission network that spans over the 

Tri-state and the Inez areas located in the central Appalachian region. The load in these 

areas consists of widely dispersed small rural communities and a fast growing industrial 

sector dominated by the coal mining industry [23].   As a result, the Inez 138-kV network 

has been pushed closer to its stability limits, leaving not enough reserve margins to 

withstand multiple contingencies or planned equipment outages.  Prior to the installation 

of voltage support equipment, the Inez sub-transmission network suffered from severe 

voltage depressions, sometimes leading to blackouts whenever major double 

contingencies occurred. 

 

To reinforce the Inez 138-kV network, AEP undertook two major developments 

in the area.  The first development took place in November 1980 with the connection of a 

±125-MVAR Static Var Compensator (SVC) along with four 50-MVAR mechanically-

switched shunt capacitors to the 138-kV bus bars of the Beaver Creek Station [23].  This 

gives a total reactive power capability of + 325 MVAR for the installed Static Var 

System (SVS).  The 138-kV bus-bar voltage is regulated by a control scheme providing a 

coordinated control of the four capacitor banks together with the two thyristor-controlled 

reactors (TCRs) and the two thyristor switched capacitors (TSCs) that form the SVC.  
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The second major development took place at the Inez Station [24-26] between 

mid 1997 and early 1998 with the installation of the world’s first Unified Power Flow 

Controller (UPFC).  The Inez project was carried out in two main phases [24].  During 

the first phase of the project, which was completed in July 1997, a ±160-MVAR Static 

Synchronous Compensator (STATCOM) was connected to the Inez 138-kV bus bars. The 

STATCOM’s role is manifold; it provides reactive support to the Inez area, regulates the 

voltage at the Inez station, and remotely switches on and off the series reactor at the Big 

Sandy Station and several other capacitor banks in the neighboring stations.   

 

During the second phase of the Inez project [24-26], which was completed in 

early 1998, a ±160-MVA Static Synchronous Series Compensator (SSSC) was connected 

to the dc terminals of the STATCOM to form a ±320-MVA UPFC.  In the event where 

the STATCOM is disconnected or a larger reactive power support is needed in the area, 

the SSSC can be converted into a second STATCOM thanks to the addition of a spare 

shunt transformer [7].  The controllers of the UPFC are able to independently control the 

voltage at the Inez station and the real and the reactive power flow at the newly installed 

950 MVA, 138-kV Inez-Big Sandy line [7].  As indicated in [24], they also regulate the 

voltages at the Johns Creek, Sprigg, and Logan Stations by sending switching signals to 

the six shunt capacitor banks sited there, four of them being newly installed.   

 

While it is shown in a simple example of a two-machine system [27] that the 

inclusion of an UPFC in one of the two tie-lines significantly increases the transient 

stability limits of the system, a comprehensive study still needs to be carried out in the 

Inez area. It is stated in [24] that it is required to optimize the setting of the UPFC 

controls so that the reactive reserves in the Inez area are maximized under contingencies.  

This optimization should account for all the interactions that may occur in the system, 

which comprises harmonic and control interactions. Control interactions are expected to 

occur between the AVRs of the generators at Big Sandy and Baker and the controllers of 

the SVC and UPFC, which also send control signals to the reactors and the ten shunt 

capacitor banks located in the area.  Interactions of these controllers with the dynamic 

loads of the subsystem may also occur.  If not coordinated, these controllers may fight 
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one against the other to produce instabilities.  Coordinating their actions is required to 

optimize the voltage stability margins in the Inez area and improve the damping of the 

transient and dynamic oscillations under contingencies. 

 

Stat- of-the art in fuzzy control as applied to power systems 

 

Over the last decade, fuzzy logic has gained a lot of appreciation from many 

engineering fields. The electric power industry is no exception. With the advent of 

powerful and cheap computers, digital control is being used in a growing number of 

power system applications. Many new effective algorithms have been developed and 

implemented in real time. Fuzzy logic is a new control approach with a great potential for 

real-time applications. 

 

According to Schoder, Hasanovic, and Feliachi [19], “Fuzzy control design is 

attractive for nonlinear systems applications because it does not require mathematical 

model, and it can cover a wide range of operating conditions.” The last few years have 

seen numerous papers being published applying fuzzy control to achieve better results in 

a wide array of power system tasks. Voltage stability, power system simulation, damping 

control, transient analysis, and load flow studies are few such applications.  

 

Efficient load flow methods [21], which make use of fuzzy logic to reduce the 

number of iterations and decrease computation time, have been developed and tested 

successfully. With increasing availability of fuzzy knowledge base, new types of fuzzy 

controllers for nonlinear systems have been proposed recently, like the one that uses 

sliding-mode control [31] to give good transient performance and system robustness. 

Fuzzy logic has also been used in transient stability analysis of power systems with SVC 

[32] and to design supervisory controllers for power system stabilizers [20]. Fuzzy-

controlled UPFC has been demonstrated to enhance transient and dynamic stability and 

power system damping [18, 19]. 
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Contribution of this Research 

 

Researchers have been showing a growing interest in fuzzy logic to design new 

controllers because of its ability to effectively implement nonlinear control without much 

complexity. The INEZ case is one such example where the interactions between 

nonlinear devices need to be controlled and coordinated. There has been considerable 

amount of work done to develop new controllers for the UPFC [18, 19] but none of them 

addresses the problem of control coordination of multiple FACTS devices by means of 

fuzzy logic. This research has filled this gap since it has achieved the design, 

development, and testing of a two-level hierarchical fuzzy scheme to control and 

coordinate the actions of the UPFC, the SVC, and the Automatic Voltage Regulators 

(AVRs) of the generators in the INEZ region.  

 

To this end, extensive simulation studies were performed to build the knowledge 

base used to develop the fuzzy rules. Prior to this control, the INEZ system suffered from 

voltage collapse under heavy loading and double contingency conditions despite the 

presence of the UPFC and SVC in the system. This could be attributed to the poor 

coordination of the controllers of these devices. The proposed fuzzy scheme provides a 

fast, simple and effective scheme to stretch the stability limit of the system for double 

contingency cases. In some cases, the loadability of the system was increased by about 

175 MW while operating under double contingencies. This is a significant increase in the 

system capacity.  

 

The two-level hierarchy that supervises the SVC and the UPFC facilitates fast 

availability of reactive power support in the event of major perturbations in the system, 

thus giving the system a certain amount of robustness against dynamic voltage 

instabilities. The possible mode interactions between the dynamic loads of the system and 

these controllers have also been accounted for, and suitable parameter adjustments of the 

SVC and FACTS controllers have been made via the fuzzy rules to provide effective 

damping of these oscillations. Finally, investigations have been done for the possible 

incorporation of pattern recognition into the fuzzy logic scheme to enhance its 
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performance and effectiveness. This incorporation would add a whole new dimension to 

the scheme making it applicable to any power network. 

 

Organization of this report 

 

The report is divided into 7 chapters. The first chapter is an introduction and 

provides the problem statement, state of the art, and contribution of this research. Chapter 

2 gives an introduction to the concepts and definitions related to voltage stability 

problems in power systems. It also gives a concise description of the stability situation in 

the INEZ system. The third chapter deals with basic operating principles of FACTS 

devices and provides detailed discussions about the structures, operation, and control of 

the SVC and the UPFC.  Chapter 4 presents a brief introduction to Fuzzy Logic Control 

(FLC) to show that this powerful and flexible method can be used at different levels of 

the hierarchical controller to accomplish the desired control.  In chapter 5, the details of 

the modeling of various components of the INEZ power system as implemented in 

Eurostag have been shown along with screen shots from the computer program Eurostag. 

The sixth chapter gives the results obtained during the course of this research. Numerous 

graphs showing the behavior of the system in various conditions have been included to 

illustrate the analysis. Lastly, Chapter 7 includes the conclusions and proposed future 

work to further this research. 
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Chapter 2 

Voltage Stability 
 

 

 

In recent years, voltage instability has been responsible for many major network 

collapses throughout the world; hence the growing interest of power engineers and 

researchers to address this problem. This chapter provides an introduction to the concepts 

and definitions related to voltage stability problems in power systems. It also gives a 

concise description of the stability problems of the INEZ system. Observations made 

from extensive simulations using the software program Eurostag have been included to 

give a better understanding about the dynamic behavior of this system under various 

operating conditions and contingencies. Static voltage stability analysis based on the P-V 

and V-Q curves has also been presented. Let us start this chapter with the definition of 

the term “Voltage Stability.”  

 

2.1 Definition of basic concepts 

 

According to Carson W. Taylor [1], “A power system at a given operating state is 

small-disturbance voltage stable if, following small disturbances, voltages near loads are 

identical or close to the pre-disturbance values.” In other words we can say voltage 

stability is the ability of the system to maintain steady voltages in a pre-decided range 

(typically 1 p.u. ± 10 %) after being subject to a disturbance. 

 

The maximum power transfer limit of the network does not necessarily determine 

the voltage stability limit. There are numerous factors that determine this limit as it can 

be seen briefly through the course of this chapter. 

 

In general, voltage stability involves disturbances of substantial magnitude. Such 

disturbances include large increases in loads and loss of heavily loaded lines, which leads 



Satish Maram Chapter 2. Voltage Stability  7 

to an increase in the amount of power transfer on other lines. The outcome of voltage 

instability is usually a progressive and uncontrollable voltage decay, which may lead to a 

complete voltage collapse (black out). The inability of the network to meet the reactive 

power demand is one of the major reasons for voltage instability. Voltage instability is 

most likely to occur in a highly stressed network (such as the INEZ network), leading to a 

voltage collapse in some of its parts and load shedding in other parts. 

 

2.2 Voltage Instability Problems 

  

 Voltage instability is of much concern in a growing number of power systems. This is 

mainly due to the ever-increasing demand for power in conjunction with the inherent 

difficulties in building new transmission lines to transport power from remote generation 

units to load centers, consequently, the existing transmission networks are being operated 

closer to their stability or capacity limits.  

 

 Regarding the INEZ area, it is a coal-mining region characterized by many highly 

concentrated loads. Over the last few years, the load in this area has increased multifold, 

where as no new transmission lines were built. The increased load has driven the system 

to operate close to its stability limits, making it highly vulnerable to voltage collapse in a 

double contingency case. This will be demonstrated in Figures 2.1, 2.2 and 2.3. These 

figures display the voltage profile of the INEZ system for no contingency, single 

contingency, and double contingencies, respectively.  Fig. 2.1 shows the INEZ system 

voltage profile in the no contingency case. As observed in that figure, all the voltages are 

close to 1 p.u and all the angles are small.  Fig. 2.2 depicts the load profile for a single 

contingency applied on Line 05JOHNSC-05SPRIG1.  For that case, the network is mildly 

stressed since one observes the following: 

 

1. The voltages of the buses to which UPFC, SVC, and capacitor banks are 

connected, remain very close to 1 p.u. while the voltages of the other buses 

have dropped significantly and the angles have undergone a large increase. 
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2. The voltages at the nodes located in the vicinity of the fault have dropped 

more than the other bus voltages.  

 

Note that in all the single contingencies being tested, similar results were obtained. 

 

Fig. 2.3 depicts the voltage profile of the INEZ system for double contingency. As 

seen, the nodal voltages pinpointed by ovals have dropped from 138 kV to a low 

value of about 100 kV.  On the whole, the network is highly stressed and on the verge 

of voltage collapse. 

 
2.3 Causes of Voltage Instabilities 

 

 In a power system, several disturbances may lead to voltage instability. These 

disturbances span from a couple of seconds to tens of minutes as depicted in Fig. 2.4.  

Few of them play a major role or participate significantly in a particular incident or 

scenario. The system characteristic and the type of disturbance determine their roles. 

 

Short-term  V oltage dynam ics Longer-Term  V oltage D ynam ics

Induction M otor Dynam ics Load/Power Transfer Increase 

Generator Excitation Dynam ics 

Power Plant operator 
M ech.Switched Capacitors/Reactors 

U ndervoltage load shedding 
Line overload 

SVC 

Protective Relays 

System  O perator 

0.1 1 10 100 1000 10000

1 M inute 10 M inutes 1 H our 

Seconds
 

Fig. 2.1. Time duration of disturbances affecting Voltage stability. (Adapted from [1]) 
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Fig. 2.2. Voltage Profile of the Inez System for no contingencies. 
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 Fig 2.4 shows two general classifications of voltage instability phenomena based on 

time frames of operation, namely: short term or transient voltage instability and long-

term voltage stability. Network topology and characteristics, especially electrical 

disturbances between load and generation centers, have a significant impact on the 

system’s voltage dynamics. 

 

2.3.1 Short-Term / Transient Dynamics 

 

 A usual time frame for short-term voltage dynamics is up to ten seconds, 

approximately.  The driving forces of this type of instabilities are the dynamic loads, 

which tend to restore the consumption of power and the system’s power electronic 

devices, which tend to damp them in a time frame of seconds.  Examples of such loads 

and devices include induction motors, HVDC and FACTS controllers and generator 

AVRs, to cite a few. Events falling under this short-term dynamics include induction 

motor stalling, oscillation of generators, and spikes due to switching on and off of 

devices. 

  

2.3.2 Longer-Term Voltage Dynamics 

 

 After the system sustains the disturbances causing short-term instability, other 

phenomena come into play. The latter operate in a time frame of a few minutes to a few 

tens of minutes.  Some examples of such events can be seen in Fig.2-4.  Few other 

examples in this category are frequency problems resulting from generation-load 

imbalance irrespective of the network. 

 

2.4 Analysis of Voltage Stability 

 

 This section provides an analysis of the stability of the INEZ network.  
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2.4.1 P-V Curves 

 

 The relationships between the active power transmitted, the receiving end voltages, 

and the reactive power injected are important when studying the characteristics of 

transmission systems. Fig 2.5 gives the family of normalized P-V curves for an 

elementary radial network. The voltage and power is plotted for various values of power 

factor with the sending side voltage kept constant. 

 

 

Fig. 2.5. Normalized P-V curves for a fixed source and reactance network. 

 

 The dashed line in Fig. 2.5 shows the locus of points of voltage collapse, referred to 

as the critical points or saddle node bifurcation points. These points determine the steady-

state loadability limits of the system for voltage stability of the network. Only the 

equilibrium points above the critical points represent stable operating conditions.  The 

loci below the dashed line are that of unstable equilibrium points. 
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 When used to study a large meshed network, P represents the total load in an area, 

and V represents the voltage at a critical bus or the bus under consideration. Voltages at 

several buses can be plotted versus P to understand the effect of load on each of them. 

The curves in Figure 2-6 represent the voltages at few buses of the INEZ system, which 

were chosen based on their response to changes in load. They are associated with the 

operation of the network for different loading conditions.  

 

 The curves were plotted by carrying out numerous load flow calculations on the 

INEZ system using the software program Eurostag. The load in the area was increased 

gradually while keeping the power factor constant. As seen in Fig.2.6, beyond the load of 

around 1000 MW, the voltage dropped rapidly below the accepted range of %10± , and 

beyond a load of 1100MW, the load flow program no longer converged. This is the 

steady-state voltage stability limit of the network. However, the maximum power 

transferred through the network can be increased with shunt compensation. One of the 

challenges for this research was to increase the loadability of the system using the 

coordinated action of the UPFC, the SVC, and the capacitor banks as will be shown in 

Chapter 5. 

 

2.5 Reactive Power Compensation and Control 

 

 One of the most effective ways to improve the power transfer capability and voltage 

stability of a system is reactive power compensation. There exist two classes of 

compensation methods. The first class is based on the connection type, namely series and 

shunt compensation, while the second class is based on the operation, namely, active and 

passive compensation. In active compensation, the voltage and other variables are 

controlled by a feedback control loops. Some common forms of reactive power 

compensation are series capacitors, shunt capacitor banks, series reactors, and static var 

compensators, to cite a few.  
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2.5.1 Reactive Power Transmission 

 

 As already discussed, one major aspect of voltage stability is the capability of a 

system to transfer reactive power from sources to sinks under steady operating 

conditions. Reactive power transmission is mainly dependent on the difference in nodal 

voltage magnitudes across the network.  It flows from a higher to a lower voltage value. 

This is similar to heat transfer from an object at a higher temperature to a body at a lower 

temperature. Note that transmission of reactive power across large nodal voltage angles, 

even with substantial voltage magnitude gradients, may be difficult to achieve. 
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Fig. 2.6. Plots of active load (P) vs. voltage (V) at various buses of the INEZ system. 
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Some of the reasons for minimizing transfer of reactive power through the network 

include the following: 

 

a. To minimize the real and reactive losses for economic considerations. This 

can be illustrated by the following simple set of equations [2]:  

 

 

Note that the real and reactive losses across the series impedance of the 

transmission line are given by I2R and I2X, respectively. Observing the above 

equations we can see that the losses are minimized when the reactive power 

transfer is low and the bus voltages are high; 

 

b. To minimize the temporary over-voltage and hence, achieve a faster recovery, 

the reactive power transfer mainly determines the magnitude of the over-

voltage.; 

 

c. Handling large amounts of reactive power consumed by the load requires 

equipment of larger size and rating, which leads to a higher cost of installation 

and operation. 

 

 We have seen that transmission of reactive power over long distances is not 

economically viable as it results in a prohibitive amount of losses. Hence, reactive power 

generation must be as close to the point of consumption as possible. The INEZ system 

has capacitor banks that are distributed over the entire system, with concentrated sources 

of reactive power at two buses, namely 05INEZ and 05BEAVRC. In addition to the 
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capacitor banks, the system has a UPFC and SVC, making the total reactive power rating 

of these buses as high as 425.6 MVAR at 05INEZ and 325 MVAR at 05BEAVRC. 

 

2.5.2 Shunt Capacitor Banks 

 

 Shunt capacitor banks are one of the most inexpensive methods of reactive power 

compensation aimed at providing voltage support to the transmission system. They are 

usually connected to the buses rather than to the lines, with the primary purposes being 

voltage control and load stabilization. By correcting the receiving end power factor, these 

banks can be used up to a certain limit to effectively increase the voltage stability limits 

of the system and help in preventing voltage collapse in many situations. 

 

 Shunt capacitor banks are often switched manually with voltage relay backups 

operating when the voltage goes out-of-range. Shunt capacitor banks are very useful in 

facilitating the operation of the generators near unity power factor, hence maximizing the 

fast acting reactive reserve and thereby improving voltage stability. The INEZ system has 

in all 10 capacitor banks to give a total shunt compensation of 526.4 MVAR distributed 

all over the network and providing reactive power support. 

 

 Mechanically-switched shunt capacitor banks have the advantage of much lower costs 

compared to the other methods of compensation like static var systems. However, they 

have a number of disadvantages and limitations from the voltage stability and control 

viewpoint. For example, unlike SVCs, they do not provide precise and rapid voltage 

control of the system. Also in systems heavily compensated by shunt capacitors, voltage 

regulation tends to be poor and stable operation is not possible beyond a certain level of 

compensation. The most important shortcoming of shunt capacitor banks is their inability 

to provide fast compensation under voltage contingencies. The reactive power output of 

these banks is proportional to the square of the voltage; consequently, in conditions 

where the voltage is dropping, the var support also drops, thus not serving its primary 

purpose. For transient voltage instability, the capacitor banks are not fast enough to 

prevent induction motor stalling. 
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2.5.3 Static Var Compensators 

 

 Static Var Compensators regulate the voltage up to their maximum capacitive limit 

and overcome the shortcomings of capacitor banks. These systems experience no voltage 

control or instability problems as long as they operate within their rated regulating range. 

Advantages of these systems are precise, fast voltage regulation, and transient free 

capacitor bank switching. 

 

 Static Var Compensators (SVCs) are more effective in preventing transient voltage 

oscillations in areas with concentrated motor loads, as in the case of the INEZ system, 

when compared to shunt capacitors. The SVCs performance is critical in cases of low 

voltage where the shunt capacitor’s output is lower than their rating. The modeling, 

construction, and operation of the SVC will be discussed in detail later in Chapter 3. At 

present, it would be enough to know that the SVCs perform better than the capacitor 

banks in most of the situations. 

 

2.6 Chapter Summary 

 

 This chapter gives an insight into the different aspects of voltage stability and the 

basic concepts associated with it. The behavior of the INEZ system to different levels of 

loading has been presented in the form of P-V curves plotted for various buses. We have 

seen that voltage stability and collapse is a dynamic phenomenon of large magnitude. 

Various methods aimed at increasing the voltage stability limit of the power system with 

reactive power compensation were also presented. 
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Chapter 3 
UPFC and SVC Modeling and Control 
 

 

 

Power electronic devices have had a revolutionary impact on the electric power 

systems around the world. The availability and application of thyristors has resulted in a 

new breed of thyristor-based fast operating devices devised for control and switching 

operations. Flexible AC Transmission System (FACTS) devices are new comings, which 

have found a wide spread application in the power industry for active and reactive power 

control. This chapter deals with basic operating principles of FACTS devices and 

provides detailed discussions about the structures, operation, and control of the SVC and 

the UPFC. 

 

 

3.1 Flexible AC Transmission System (FACTS) 

 

Devised by Hingorani [7], FACTS devices are based on power electronic 

controllers that enhance the capacity of the transmission lines. These controllers are fast 

and increase the stability operating limits of the transmission systems when their 

controllers are properly tuned. These devices provide control of the power system 

through appropriate compensation of network parameters, such as line series impedance, 

line shunt impedance, current, voltage, and real and reactive power. They help the 

operation of the power network closer to its thermal limits. The FACTS technology 

encompasses a combination of various controllers, each of which can be applied 

individually or in a co-ordination with other devices to control the interrelated parameters 

of the system as mentioned above.  

 

3.2 Types of FACTS controllers 
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FACTS controllers can be broadly divided into four categories, which include 

series controllers, shunt controllers, combined series-series controllers, and combined 

series-shunt controllers. Their operation and usage are described next. 

 

3.2.1 Principles of the Series Controllers 

 

A series controller may be regarded as a variable reactive or capacitive impedance 

whose value is adjusted to damp various oscillations that can take place in the system. 

This is achieved by injecting an appropriate voltage phasor in series with the line; this 

voltage phasor can be viewed as the voltage across an impedance in series with the line. 

If the line voltage is in phase quadrature with the line current, the series controller 

absorbs or produces reactive power, while if it is not, the controllers absorbs or produces 

real and reactive power. Examples of such controllers are Static Synchronous Series 

Compensator (SSSC), Thyristor-Switched Series Capacitor (TSSC), Thyristor-Controlled 

Series Reactor (TCSR), to cite a few. They can be effectively used to control current and 

power flow in the system and to damp system’s oscillations.  

 

3.2.2 Principles of the Shunt Controllers 

 

Shunt controllers are similar to the series controllers with the difference being that 

they inject current into the system at the point where they are connected. A variable shunt 

impedance connected to a line causes a variable current flow by injecting a current into 

the system. If the injected current is in phase quadrature with the line voltage, the 

controller adjusts reactive power while if the current is not in phase quadrature, the 

controller adjusts real power. Examples of such systems are Static Synchronous 

Generator (SSG), Static Var Compensator (SVC). They can be used as a good way to 

control the voltage in and around the point of connection by injecting active or reactive 

current into the system. 

 

3.2.3 Principles of the Combined Series-Series Controllers 
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A combined series-series controller may have two configurations. One 

configuration consists of series controllers operating in a coordinated manner in a 

multiline transmission system. The other configuration provides independent reactive 

power control for each line of a multiline transmission system and, at the same time, 

facilitates real power transfer through the power link. An example of this type of 

controller is the Interline Power Flow Controller (IPFC), which helps in balancing both 

the real and reactive power flows on the lines. 

 

3.2.4 Principles of Combined Series-Shunt Controllers 

 

A combined series-shunt controller may have two configurations, one being two 

separate series and shunt controllers that operate in a coordinated manner and the other 

one being an interconnected series and shunt components. In each configuration, the 

shunt component injects a current into the system while the series component injects a 

series voltage. When these two elements are unified, a real power can be exchanged 

between them via the power link. Examples of such controllers are UPFC and Thyristor-

Controlled Phase-Shifting Transformer (TCPST). These make use of the advantages of 

both series and shunt controllers and, hence, facilitate effective and independent 

power/current flow and line voltage control. 

 

3.3 Principles of the Static Var Compensators (SVCs) 

 

The IEEE definition of the SVC [7] is as follows: “A shunt connected static var 

generator or absorber whose output is adjusted to exchange capacitive or inductive 

current so as to maintain or control specific parameters of the electrical power system 

(typically bus voltage).” 

 

In other words, an SVC is a static var generator whose output is varied in order to 

maintain or control the specific parameters of an electric power system. SVCs are 

primarily used in power systems for voltage control or for improving system stability. 

This section presents a detailed overview of the principles and design of an SVC. 
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3.3.1 V-I characteristics of an SVC 

 

As shown in Fig 3.1., the dynamic characteristics of an SVC are the plots of bus 

voltages versus current or reactive power. In Fig 3.1., the voltage Vref is the voltage at the 

terminals of the SVC when it is neither absorbing nor generating any reactive power. The 

reference voltage value can be varied between the maximum and minimum limits, Vref max 

and Vref min, using the SVC control system. The linear range of the SVC control passing 

through Vref is the control range over which the voltage varies linearly with the current or 

reactive power. In this range, the power is varied from capacitive to inductive. 
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Fig. 3.1. Voltage – Current Characteristics of the SVC 

 

 

The slope or droop of the V-I characteristic is the ratio of change in voltage 

magnitude to the change in current magnitude over the linear control range. This slope is 

given by 
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Ω
∆
∆

=
I
VK sl ,      (3.1) 

 

where V∆  denotes the change in voltage magnitude (V) and I∆  denotes the change in 

current magnitude (I). 

 

The slope slK  can be changed by the control system. Ideally, for voltage 

regulation it is required to maintain a flat voltage profile with a slope equal to zero. In 

practice, it is desirable to incorporate a finite slope of about 3-5% for the following 

reasons: 

 

1. It reduces the reactive power rating of the SVC substantially for achieving similar 

control objectives; 

2. It prevents the SVC from reaching its reactive-power limits too frequently; 

3. It facilitates the sharing of reactive power among multiple compensators 

connected or operating in parallel. 

 

Once the SVC’s operating point crosses the linear controllable range, it enters the 

overload zone where it behaves like a fixed inductor or capacitor. 

 

3.3.2 Prevention of Voltage Instability with the SVC 

 

Voltage instability as discussed in the previous chapter is caused by the inability 

of the power system to meet the reactive power demand of the load. When the latter 

consists of induction motors, a drop in the bus voltage results in increased demand for 

reactive power and if the system cannot meet this demand, there will be a further decay in 

the voltage. This process may continue until a voltage collapse occurs. The voltage at a 

load bus is dependent on the magnitude of the load, the power factor, and the impedance 

of the line. For a given power factor, there exists a maximum power that can be 

transferred to the load and beyond which a voltage collapse inevitably occurs. In such a 
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case, appropriate control of the combined power factor of the load and that of the SVC 

could help preclude a too fast drop in the bus voltages as the load power increases and 

thereby, push further the point of voltage collapse. It also helps increase the damping 

capability of the system should a perturbation occurs. 

 

 

Thyristor Controlled Reactor + Thyristor 
Switched Capacitor + Fixed Capacitor 

Thyristor Controlled Reactor 
+ Fixed Capacitor 

 

Fig. 3.2. Block Diagrams of SVC [8]. 

 

 

3.3.3 Modeling of SVC in Eurostag 

 

In Eurostag, an SVC is modeled as a current injector at the bus to which it is 

connected. The Eurostag standard library utilizes the model described by Fig. 3.2. The 

generalized block diagram of the model used is depicted in Fig. 3.3 

 

Eurostag assumes that one or several TSCs of equivalent rating are used to 

provide smoothing effect to the step-wise variation of the capacitor banks. This facilitates 

a vernier control of the reactive power generation. Based on the description made by 

CIGRE, the model allows us to implement functions such as current and voltage 

measurement, regulator, blocking in case of low voltage conditions, and delay in the 

thyristors firing instants and smoothing of the control signal. 
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Fig. 3.3. Generalized Block diagram of SVC [8]. 

 

a. Current and Voltage Measurement 

The voltage of the bus to which the SVC is connected is measured and smoothed 

with a time constant. The current generated by the SVC is computed from the voltage and 

the admittance of the SVC. This current is multiplied by the slope of the V-I 

characteristics and smoothed with a time constant. 

 

b. Regulator 

The regulator includes a lead-lag function given by 

)21(
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+
+

= ,     (3.2) 

a variable gain, which helps to test the dynamic behavior of the system during the 

simulation, and a PID regulator. 

 

c. Overvoltage Delay 

A short circuit in the system causes the reactive power required by the controller 

to reach its maximum, which may lead to over-voltages on fault clearance. This model 

includes a protection loop that decreases the reactive power demand when the voltage 

value increases beyond a certain threshold value. 

 

d. Smoothing and Firing Delay 

The output of the regulator is smoothed and delayed with a real-time average 

value of 5ms. Before initiating control of the susceptance of the SVC, the amplitude of 

the signal is limited. There is a linear function between the control signal and the 

susceptance of the SVC. 
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3.4 Unified Power Flow Controller (UPFC) 

 

The UPFC is the most versatile FACTS controller with capabilities of voltage 

regulation, series compensation, and phase shifting. The UPFC is a member of the family 

of compensators and power flow controllers. The latter utilize the synchronous voltage 

source (SVS) concept to provide a unique comprehensive capability of transmission 

system control [9]. The UPFC is able to control simultaneously or selectively all the 

parameters affecting power flow patterns in a transmission network, including voltage 

magnitudes and phases, and real and reactive powers. These basic capabilities make the 

UPFC the most powerful device in the present day transmission and control systems. 

 

3.4.1 Basic Operating Principles 

 

As illustrated in Fig 3.4, the UPFC is a generalized SVS represented at the 

fundamental frequency by controllable voltage phasor of magnitude Vpq and angle 

injected in series with the transmission line. Note that the angle ρ can be controlled over 

the full range from 0 to π2 . For the system shown in Fig 3.4, the SVS exchanges both 

real and reactive power with the transmission system. In the UPFC, the real power 

supplied to or absorbed from the system is provided by one of the end buses to which it is 

connected. This meets the objective of the UPFC to control power flow rather than 

increasing the generation capacity of the system. 

 

As shown in Fig 3.5, the UPFC consists of two voltage-sourced converters, one in 

series and one in shunt, both using Gate Turn-Off (GTO) thyristor valves and operated 

from a common dc storage capacitor. This configuration facilitates free flow of real 

power between the ac terminals of the two converters in either direction while enabling 

each converter to independently generate or absorb reactive power at its own ac terminal. 

The series converter, referred to as Converter 2, injects a voltage with controllable 

magnitude Vpq and phase ρ in series with the line via an insertion transformer, thereby 

providing the main function of the UPFC. This injected voltage phasor acts as a 

synchronous ac voltage source that provides real and reactive power exchange between 
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the line and the ac systems. The reactive power exchanged at the terminal of series 

insertion transformer is generated internally while the real power exchanged is converted 

into dc power and appears on the dc link as a positive or negative real power demand. 

 

By contrast, the shunt converter, referred to as Converter 1, supplies or absorbs 

the real power demanded by Converter 2 on the common dc link and supports the real 

power exchange resulting from the series voltage injection. It converts the dc power 

demand of Converter 2 into ac and couples it to the transmission line via a shunt-

connected transformer. Converter 1 can also generate or absorb reactive power in 

addition to catering to the real power needs of Converter 2; consequently, it provides 

independent shunt reactive compensation for the line. It is to be noted that the reactive 

power exchanged is generated locally and hence, does not have to be transmitted by the 

line. On the other hand, there exists a closed path for the real power exchanged by the 

series voltage that is injected through the converters back to the line. 

 

Thus, there can be a reactive power exchange between Converter 1 and the line by 

controlled or unity power factor operation. This exchange is independent of the reactive 

power exchanged by Converter 2. 
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Fig. 3.4. Representation of the UPFC in a two-machine power system. 
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i 

 

Fig. 3.5. UPFC implemented by two back-to-back voltage source converters. 

 

3.4.2 Transmission Control Capabilities 

 

The UPFC can fulfill the functions of reactive shunt compensation, series 

compensation, and phase angle regulation. Hence it can meet multiple control objectives 

by injecting a voltage phasor with appropriate amplitude and phase angle to the terminal 

voltage. The basic UPFC power flow control functions are 

 

• Voltage regulation with continuously variable in-phase/out of phase voltage 

injection; 

• Line-impedance compensation or series reactive compensation by the series 

injected voltage. This injected voltage phasor can be kept constant over a broad 

range of the line current while the voltage across the compensating impedance 

varies with the line current; 

• Phase-shifting control that is achieved by injecting a voltage phasor with any 

particular angular relation with the terminal voltage. In other words the desired 

phase shift can be obtained without any change in the voltage magnitude;  
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• Simultaneous multifunction power flow control by an adequate adjustment of the 

terminal voltage, series impedance compensation, and phase shifting. This 

functional capability is unique to the UPFC; no other single conventional 

equipment has similar multifunction capability. 

 

3.4.3 Control and Dynamic Performance 

 

The ability of the UPFC to rapidly inject an ac-compensating voltage phasor with 

variable magnitude and angle in series with the line when needed, bestow it with superior 

operating characteristics. When equipped with suitable electronic controllers, the UPFC 

can not only establish an operating point within a wide range of possible P and Q flows 

on the line, but can also rapidly displace that operating point to another position. 

 

a. Control of the Shunt Converter 

The shunt converter draws a controlled current phasor from the line, the real part 

of which is determined by the real power requirement of the series converter while the 

reactive part can be set to any desired level within the converter’s capability. 

 

The shunt part of the UPFC has two modes of operation. The first operating mode 

achieves reactive power control. Here, the reference input is an inductive or capacitive 

Var request. This request is translated into a corresponding shunt current request by the 

shunt converter, which adjusts the gating of the converters to establish the desired 

current. The second operating mode achieves automatic voltage control. Here, the shunt 

converter reactive current is automatically regulated to maintain the transmission line 

voltage at the point of connection. 

 

b. Control of the Series Converter 

The series converter provides control over the angle of the voltage phasor injected in 

series with the line. Dependent on the operation mode of the UPFC, the voltage injected 

controls the power flow on the line. This converter has four operating modes, which are 

the direct voltage injection mode, the line impedance compensation mode, the phase 
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angle shifter mode and the automatic power flow control mode. They will be described 

next. 
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Fig. 3.6 Principle UPFC control scheme. 

 

 

 
 

Fig. 3.7. Principle of operation of the shunt part of the UPFC. 

 

 

Vshunt Action for 
Reactive Power 

Control

Action for 
Active Power 

Control

Vnet 1

I shunt 



Satish Maram                        Chapter 3. UPFC and SVC modeling and control  31 

 
Fig. 3.8. Principle of operation of the series part of the UPFC [8]. 

 

In the direct voltage injection mode, the voltage is generated with the magnitude 

and phase as required by the reference input. One such example is the operation to purely 

supply reactive power to the system. In the line impedance compensation mode, the 

magnitude of the injected voltage is controlled according to the magnitude of the line 

current in such a way that the series injection emulates a reactive impedance when 

viewed from the line. When the UPFC is operating in the phase angle shifter mode, the 

injected voltage is controlled with respect to the reference input so that the output bus 

voltage phasor is shifted by a certain angle. Lastly, when the UPFC is in the automatic 

power flow control mode, the magnitude and angle of the injected voltage phasor is 

controlled so as to adjust the line current to achieve the required real or reactive power 

flow. 

 

3.4.4 Modeling of UPFC in Eurostag 

 

The model is implemented such that the series action is represented by a voltage 

source inserted in series across the line and the shunt action is represented by a current 

source injected in parallel. The constraints due to the size of the converters, the dc-

voltage source, and the transformer, limit (i) the phase-shift angle and amplitude of the 

Vseries max

Vseries

φ

Initial Value Value after control
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voltage inserted by the shunt part and (ii) the current inserted by the series the part. Fig 

3.9 gives the UPFC’s dynamic model as implemented in Eurostag. The p-axis is in phase 

with voltage Vnet 1 and the q-axis leads the p-axis by 90o. 

 

a. Modeling principle of the series part 

In Eurostag, the UPFC is modeled as a combination of 2 current injectors to 

obtain the required operation. For the series-voltage control, the line at which the UPFC 

is located is opened and two current injectors are placed in both ends to adjust their 

voltages. 

 

 jVserpVserpVseries +=

jIserpIserpIseries +=

jIshtpIshtpIsht +=
1Vnet

 
 

Fig. 3.9. Dynamic model of UPFC in Eurostag [8]. 

 

b. Control of the series part 

The control of the active flows is obtained via the phase shift while the control of 

the reactive flow is achieved via the variation of the voltage amplitudes at the terminals. 

Fig. 3.10 illustrates the block diagram of the control of the series part. This control is 

implemented using the Macroblocks available in Eurostag. The series part has been 

provided with two types of protection, which are  

 

i. a current by-pass protection that brings the series voltage to zero in case the line is 

opened; 

ii. a hysteresis-type undervoltage protection that brings the series voltage to zero if the 

value of the injected voltage goes below a threshold value; 
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c. Modeling principle of the shunt part 

The function of the shunt part is to maintain the voltage through a reactive power 

injection into the network and to supply the active power required by the series part. The 

shunt part is modeled as a current injector whose components are adequately controlled. 

Fig. 3.11 gives the shunt part model as used in Eurostag. 

 

d. Control of the shunt part 

The control of the shunt part consists of two loops. One of these loops is the fast 

control of the dc-voltage at the capacitor terminals between the two converters. It has the 

fastest response and outputs the active current absorbed by the shunt part. The second 

loop provides a voltage control, outputting the reactive current to be supplied by the 

shunt part.  The latter comprises of an integral-type control of the voltage generated by 

the shunt converter. The calculation of the active current supplied by this shunt part is 

done such that the total active power generated by the shunt part almost instantly matches 

that used by the series part. In addition, the shunt part has an undervoltage protection 

which brings the reactive power to zero when the threshold is exceeded. The shunt part’s 

active current is given a certain priority to ensure that the capacitor voltage is being 

controlled more than the reactive power exchange. 
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Fig. 3.10. Control of the series part [Taken from 8]. 
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quantities 

 
Fig. 3.11. Model of Shunt part used in Eurostag (Taken from [8]). 

 

 
Fig. 3.12. Shunt part Control [Taken from 8]. 

 

To summarize, the two injectors are governed by four Macroblocks, three of 

which are linked to the series injector and one to the shunt part. The first Macroblock 

comprises the control system, measurements, and setpoints, and outputs the phase and 

magnitude of the series injection voltage. The second macroblock comprises the dc-

voltage control of the capacitor. 
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3.5 Chapter Summary 

 

The advent of FACTS devices has been a boon to the power industry. These 

devices provide fast and effective control of the various parameters of the power system 

to stretch their stability limits up to the thermal limits. The SVC has been in use from the 

last 37 years and ever since, it has been a very reliable source of reactive power to 

provide voltage support to the network. The UPFC is one of the most versatile FACTS 

devices, providing independent control of the voltage, real and reactive power of the 

transmission under its supervision. As quoted by Gyugi and Schauder [10], we may say, 

“The UPFC installation at Inez represents a milestone in establishing the superiority off 

modern transmission system control with the use of high power switching converters.” 
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Chapter 4 
Description of the Fuzzy hierarchical 

controller 
 

“What makes society turn is science, and the language of science is math, 

and the structure of math is logic, and the bedrock of logic is Aristotle, 

and that’s what goes out with fuzzy.”    —     Bart Kosko [6] 

 

 

Uncertainty in the form of ambiguity makes the real world a complex place. 

Humans have been able to address this problem of ambiguity with their ability to think 

and adapt to an ever changing environment. Because of their inability to think and adapt, 

computers and other electronic devices, though designed by human, are not capable of 

addressing complex and ambiguous situations.  

 

In this section, a brief introduction to Fuzzy Logic Control (FLC) is presented to 

show that this powerful and flexible method can be used at different levels of the 

hierarchical controller to accomplish the desired control.  At this stage, however, perhaps 

only the system level “coordination” is of most interest. 

 

4.1 Fuzzy Logic 

 

The dictionary meaning of the word “fuzzy” is “not clear, indistinct, non 

coherent, vague”. By contrast, in the technical sense, fuzzy systems are precisely defined 

systems, and fuzzy control is a precisely defined method of non-linear control. The main 

goal of fuzzy logic is to mimic (and improve on) “human-like” reasoning. “Fuzzy systems 

are knowledge-based or rule-based systems” [4]. Specifically, the key components of 

fuzzy system’s knowledge base are a set of IF-THEN rules obtained from human 
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knowledge and expertise. The fuzzy systems are multi-input-single-output mappings 

from a real-valued vector to a real-valued scalar. 

 

4.2 Why Fuzzy? 

 

Natural language is one of the most powerful forms of conveying information. 

The conventional mathematical methods have not fully tapped this potential of language. 

According to Timothy J. Ross [5], “scientists have said, the human thinking process is 

based primarily on conceptual patterns and mental images rather than on numerical 

quantities”. So if the problem of making computers with the ability to solve complex 

issues has to be solved, the human thought process has to be modeled. The best way to do 

this is to use models that attempt to emulate the natural language; the advent of fuzzy 

logic has put this power to proper use. 

 

Most if not all of the physical processes are non-linear and to model them, a 

reasonable amount of approximation is necessary. For simple systems, mathematical 

expressions give precise descriptions of the system behavior. For more complicated 

systems with significant amounts of data available, model-free methods provide robust 

methods to reduce ambiguity and uncertainty in the system. But for complex systems 

where not much numerical data exists, fuzzy reasoning furnishes a way to understand the 

system behavior by relying on approximate input-output approaches. The underlying 

strength of fuzzy logic is that it makes use of linguistic variables rather than numerical 

variables to represent imprecise data. 

 

4.3 Fuzzy Systems 

 

The starting point in the construction of a fuzzy system is the forming of a 

knowledge-base consisting of IF-THEN rules. These rules are obtained from human 

experts based on their respective domain of knowledge and from observations that they 

made. Combining these rules into a single system is a natural step forward that allows us 
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to obtain an output that achieves the assigned goals. Theoretically, based on rule 

combination, three types of fuzzy systems exist, which are 

 

a) pure fuzzy systems; 

b) Takagi-Sugeno-Kang fuzzy systems; 

c) fuzzy systems with fuzzifier and defuzzifier. 

 

The basic configurations of each of these systems are shown in Figures 4.1-4.3. 

The knowledge base consists of fuzzy IF-THEN rules. The fuzzifier transforms the real-

valued input variables into a fuzzy set and the defuzzifier transforms back these fuzzy 

sets into real-valued variable outputs. The system shown in Fig 4.3 incorporates all the 

essential features of fuzzy systems given by the definition.  

 

 

Fuzzy Inference 
Engine 

Fuzzy Rule 
Base 

Fuzzy Input 
sets 

Fuzzy output 
sets 

 
Fig. 4.1. Configuration of a pure Fuzzy system. 

 

4.4 Fuzzy Sets 

 

The key difference between classical sets and fuzzy sets is that in the former, the 

transition for an element in the universe between membership and non-membership in a 

given set is abrupt and well defined, that is the element either belongs or does not belong 

to the set. By contrast, for elements in fuzzy sets, the membership can be a gradual one, 

allowing for the boundaries for fuzzy sets to be vague and ambiguous. 
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Fuzzy Inference 
Engine 

Fuzzy Rule 
Base 

Real Valued 
Input Variables 

Real Valued 
Output Variables 

 
 

Fig. 4.2. Configuration of a Takagi-Sugeno-Kang fuzzy system 

 

4.4.1 Membership Function 

 

A fuzzy set is characterized by a membership function whose value ranges from 0 

to 1. It consists of members with varying degrees of membership based on the values of 

the membership function. In mathematical terms, the fuzzy set A in the universe U can be 

represented as a set of ordered pairs of an element x and its membership function )(xAµ . 

Formally we have  

    ( ){ }      )(, UxxxA A ∈= µ      (4.1) 

where U is continuous. The reader is referred to [4] and [5] for a detailed description of 

the fuzzy sets and the set operations that can be performed on them. 

 

A membership function is a continuous function in the range [0-1]. It is usually 

decided from human expertise and observations made and it can be either linear or non-

linear. Its choice is critical for the performance of the fuzzy logic system since it 

determines all the information contained in a fuzzy set. 

 

In the INEZ system dealt with in this report, the membership functions will help 

in automating the fuzzy control. The rules were framed through numerous simulations, 

which are carried out to determine the best possible set of rules aimed at pushing the 
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stability limits of the system to its maximum. The membership functions can be estimated 

by studying the behavior of the bus voltages for different loading conditions and for 

different contingency cases. They should be able to accommodate all the non-linearities 

of the system, making their determination a complex task. Examples of membership 

functions are given next. 

 

 

Fuzzy Inference 
Engine

Fuzzifier Defuzzifier 

Fuzzy Rule Base

Real valued 
Inputs 

Real valued 
Outputs 

Fuzzy input 
sets 

Fuzzy output 
sets 

 

Fig. 4.3. Configuration of a fuzzy system with fuzzifier and defuzzifier. 

 

 

4.5 Fuzzifier 

 

The fuzzifier is a mapping from the real valued point, Ux ∈* , to a corresponding 

fuzzy set UA ⊂′ , which is the input to the fuzzy inference engine. The fuzzifier needs to 

account for certain criteria while performing this mapping. The first of these criteria 

states that the input is a crisp point x*, so that its mapping in U is a fuzzy set A′ that has a 

large membership value. The second criterion states that the fuzzifier must be able to 

suppress the noise inherent in real valued inputs.  The third criterion is that the fuzzifier 

must be able to simplify the computations in the fuzzy inference engine. 

 



Satish Maram                   Chapter 4. Description of the fuzzy hierarchical controller   41 

Three types of fuzzifiers have been proposed by [4], which are singleton, Gaussian, and 

triangular fuzzifiers. They are defined as follows: 

 

• Singleton fuzzifier: This maps a real valued point Ux ∈* , with a membership 

function µA′(x) into a fuzzy singleton inUA′ . Specifically we have 

 

*
0
1

)(
xx

otherwise
if

xA

=





=′µ
   (4.2)

 

• Gaussian fuzzifier: This maps a real valued point Ux ∈*  into a fuzzy set UA ⊂′  

with a membership function given by 
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where { ai, i = 1,…,n } are positive parameters. 

 

• Triangular fuzzifier: This maps a real valued point Ux ∈*  into a fuzzy set 

UA ⊂′  with a membership function written as 
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where { bi, i = 1,…, n } are positive parameters. Note that all these fuzzifiers satisfy the 

first criterion as mentioned above, that is to say they have a large membership value at 

the input point. 

 

It can be observed that the singleton fuzzifier simplifies the computations 

involved in the fuzzy inference engine for any type of membership functions, while the 

other two fuzzifiers simplify the computations if the membership is either Gaussian or 
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triangular, respectively. On the other hand, the Gaussian and triangular fuzzifiers can 

suppress noise while the singleton fuzzifier cannot. 

 

4.6 Defuzzifier 

 

As the name suggests, the defuzzifier’s task is the reverse operation to the 

fuzzifier. It maps the fuzzy output set, V  ⊂′B , from the fuzzy inference engine to a real-

valued point (crisp point), V  *∈y . In other words, it can be said that the defuzzifier gives 

the real point that best describes the fuzzy set B′ . Naturally, there exist many choices for 

choosing this point, but the most suitable point can be determined by considering certain 

criteria. The point y* should represent B′  from an intuitive point of view; for example it 

should exhibit a high membership in B′ . Furthermore, the defuzzifier has to have 

computational simplicity; this is particularly important because most of the fuzzy 

controllers are usually used in real time. Lastly, the defuzzifier must have continuity. 

 

4.6.1 Centroid Defuzzifier 

 

  The centroid defuzzifier specifies the crisp point y* as the center of the area 

covered by the membership function of B′ . If the membership function is viewed as a 

probability density function of a random variable, the centroid defuzzifier gives its mean 

value. One inherent disadvantage of this method is that it is computational intensive. 

 

4.6.2 Center Average Defuzzifier 

 

  The center average defuzzifier takes the weighted averages of all the fuzzy sets 

that are output from the inference engine, where the weight of each set is based on the 

height of that particular set to determine the point y*. This is a good approximation since 

the fuzzy set B′  is either a union or an intersection of the inference engine’s output. This 

is the most commonly used defuzzifier in fuzzy systems because of it computational 

simplicity and intuitive plausibility. 

 



Satish Maram                   Chapter 4. Description of the fuzzy hierarchical controller   43 

4.6.3 Maximum Defuzzifier 

 

  The maximum defuzzifier chooses y* as the point at which the associated 

membership function achieves its maximum value. If more than one point satisfies this 

condition, then the maximum, or minimum, or mean of all such points is taken. While 

this type of defuzzifier is computationally simple and intuitively plausible, it lacks 

continuity wherein a small change in the value of B′  results in a large change in y*. 

 

4.7 Fuzzy Rule Base – IF-THEN rules. 

  

Fuzzy logic has been centered on the point that it makes use of linguistic variables 

as its rule base. Li-Xin Wang [4] said that “If a variable can take words in natural 

language as its values, it is called linguistic variable, where the words are characterized 

by fuzzy sets defined in the universe of discourse in which the variable is defined”.  

 

Examples of these linguistic variables are slow, medium, high, young and thin. 

There could be a combination of these variables too, i.e. “slow-young horse”, “a thin 

young female”. These characteristics are termed atomic terms while their combinations 

are called compounded terms. In real world, words are often used to describe 

characteristics rather than numerical values. For example, one would say “the car was 

going very fast” rather than say “the car was going at 100 miles per hour”. 

 

Terms such as slightly, very, more or less, etc. are called linguistic hedges since 

they add extra description to the variables, i.e. very-slow, more or less red, slightly high, 

etc. 

 

Let α be the basic linguistic atomic term defined as 

 

    α = ( )∫y yy /αµ ,     (4.5) 
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Some examples of hedges might be  expresses as [5]: 

 

 “Very”α can be expressed as say α2 = [ ( ) ]∫y yy /2
αµ ; 

 “Very, very”α can be expressed as say α4; 

 “Plus”α can be expressed as say α1.25; 

 “Slightly”α can be expressed as say α  = [ ( ) ]∫y yy /5.0
αµ . 

 

Each of the atomic and composite terms has a syntax represented by its linguistic 

label and a semantics given by its membership function. The latter gives the flexibility of 

an elastic meaning to a linguistic term and facilitates the incorporation of bias into its 

meaning. This forms one of the most important benefits of using fuzzy logic, by which it 

facilitates the encoding and automation of human knowledge expressed as natural 

language propositions. 

 

At the heart of the fuzzy rule base are the IF-THEN rules. A fuzzy IF-THEN rule 

is expressed as 

 IF<fuzzy proposition>, THEN <fuzzy proposition>. 

 

Propositions are linguistic variables or atomic terms as described previously. This 

type of rule-based system is different from the classical expert systems in that the rules 

may not necessarily be derived from human expertise; they may also be derived from 

other sources. Three types of linguistic variable forms exist. These are 

 

1) Assignment statements such as: 

 “A is not high and not very low”; 

 “Speed of car = fast”; 

 “Apple’s color = red”; 

 “Size of cup = large”. 

2) Conditional statements such as: 

 “IF the size of cup is large, THEN it holds more water”; 
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 “IF x is large, THEN temp is high”. 

3) Unconditional statements such as: 

 “Go to x”; 

 “Stop”; 

 “Turn the heat on”. 

 

It is interesting to study the relationship among the set of rules upon which the 

fuzzy system operates and understand how these rules are interpreted.  

 

In the INEZ case, the rules were framed on the basis of the observations made 

from simulations. Numerous load flow calculations were carried out to emulate the 

various possible contingency situations and to identify the best possible combination of 

capacitor bank switchings and parameter values (gains and set-points) of the voltage 

regulators and controllers. Examples of such rules are 

 

• “IF the line between 05INEZ and 05BSAND is open, THEN switch on one capacitor 

bank at 05INEZ”; 

 

• “IF the load at 05HATFLD increases by a large amount, THEN increase the setpoint 

of UPFC slightly”. 

 

These are a few basic rules; the major rules consist of multiple nested loops that take 

into account multiple contingencies. 

 

4.8 Description of the Fuzzy Inference Engine 

 

The fuzzy inference engine makes use of the fuzzy logic principles that allow us 

to combine the fuzzy IF – THEN rules in the rule base. The aim here is to form a 

mapping from the fuzzy input set, A′ , to the fuzzy output set, B′ . We have seen that a 

fuzzy IF-THEN rule is interpreted as a fuzzy relation between the input and output 

spaces, U and V, respectively. 



Satish Maram                   Chapter 4. Description of the fuzzy hierarchical controller   46 

When there is only one IF – THEN rule, then the mapping is quite easy. The main 

difficulty arises when a set of rules have to be interpreted since any practical fuzzy rule 

base has more than one rule. There are two ways to draw an inference in such a scenario 

with multiple rules, which are the composition-based inference and the individual rule-

based inference. They are described next. 

 

4.8.1 Composition based Inference 

 

In this method, all the rules are combined to form a single fuzzy relation in UxV, 

which is then interpreted as a case with a single IF – THEN rule. So, the performance of 

this method is centered on how this combination is done. A good way to approach this 

problem is to first understand what the set of rules mean intuitively and then, combine 

them via appropriate logical operators. 

 

There are two opposite arguments to the operators that could be used to combine 

the rules. These are the union and the intersection operators. The union operator is used 

when the rules are considered to be independent conditional statements. On the other 

hand, the intersection operator is used when the rules are viewed to be strongly coupled. 

 

4.8.2 Individual Rule-Based Inference 

 

In this type of inference, each rule provides a fuzzy set in the output space. These 

individual sets are combined to give a single output from the fuzzy inference engine. As 

in the case of the composition-based inference, they can be combined via the union or 

intersection operators. 

 

4.9 Hierarchical Fuzzy Control 

 

So far, we have seen various concepts associated with fuzzy logic and control. 

This section deals with the fuzzy control scheme that has been proposed for the INEZ 
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system. In this research, the proposed control system is limited to pre-framed rules 

derived from the numerous simulations carried out for various contingency cases.  

 

In order to design a fuzzy system with a good amount of accuracy, an increase in 

the number of input variables to the fuzzy system results in an exponential increase in the 

number of rules required. If there are n input variables and m fuzzy sets are defined for 

each of these, then the number of rules in the fuzzy system is mn. This can be shown with 

the help of a small example. Suppose there are 5 input variables and for each variable 3 

fuzzy sets are defined, then the total number of rules is 35 = 243. Now, suppose the 

number of fuzzy sets is increased to 5 (to increase the accuracy of the system), then the 

new number of the rules would be 55 = 3120. This is a significant increase in the number 

of rules. 

 

It is impractical to implement a fuzzy system with such an exponential growth of 

the number of rules. If we take the case of the INEZ system, there would be at least 2 

input variables from each bus, which are nodal voltage magnitude and phase angle. For a 

total of 16 buses, the number of variables would be 32 variables. Even if we take 2 fuzzy 

sets, the total number of rules to be framed would be 232 = 4294967296. This huge 

number would make the control system highly impractical for real-time applications. This 

problem is common to any type of control system. The complexity of the control scheme 

increases with the number of variables involved; hence the need for hierarchical control. 

 

The idea behind the construction of a two-level hierarchical scheme is to make a 

layered structure of control where each layer takes into account a certain number of 

variables and gives a single variable as the output. Hence the complexity of the system 

reduces, and along with it, the number of rules to be framed. For the INEZ case, the 

output is also in the form of layers where in the higher level of the control scheme, the 

gains and setpoints of the UPFC and SVC are controlled as the operating point of the 

system evolves. 
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Once the control parameters have reached their maximum limits, the second level 

comes into operation by switching on capacitors in a pre-defined sequence; the latter has 

been determined via extensive simulations carried on the system. This provides fast and 

effective control of the system voltage since the UPFC and SVC are fast acting devices 

with a time lag of couple of seconds in the worst case; hence avoiding wear and tear of 

the mechanically switched capacitors. This hierarchy can be implemented in linguistic 

terms with the help of nested IF loops. An example of such nested rules is given in 

Table4.1. 

 

 

Table 4.1:  Example of nested if loops exhibiting the hierarchy of operations 

 

IF the load at bus 05HATFLD increases by 5%, 

THEN change the setpoint of SVC to 1.06 and setpoint of UPFC to 1.06, 

AND IF line between 05BORLND and 05 HATFLD is open, 

THEN change the setpoint of SVC to 1.07 and setpoint of UPFC to 1.03, 

AND IF line between 05BUSSYV and 05THELMA is open, 

THEN change the setpoint of SVC to 1.1 and setpoint of UPFC to 1.08 

and switch on 2 capacitor banks at 05INEZ and one capacitor bank at 

05THELMA  

 

 

The IF-THEN loops given in Table 4.1 illustrate the hierarchical control structure 

displayed in Fig. 4.4 It can be observed that the first action taken is the change in 

setpoints of SVC and UPFC, while the capacitors are switched on after the maximum 

limits of the SVC and UPFC are reached. This provides fast and effective voltage control 

of the system.  
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Fig. 4.4.  Hierarchical voltage control scheme for the Inez system. 

 

The entire rule-base that has been proposed possesses a structure similar to the 

type described above. There are few inherent difficulties associated with this type of 

control. Because there are a large number of possible factors affecting the voltage at each 

bus, the number of cases to be investigated becomes extremely large. One approach to 

overcome this difficulty would be to resort to pattern recognition. The latter would allow 

us to identify similar sets of actions taken to control the voltage. From the numerous 

contingency cases that were simulated and from the knowledge that was gained about the 

appropriate actions that need to be taken to cope with voltage instability, clusters can be 

formed using a supervised learning method. This greatly simplifies the number of cases 

to be considered in real time because all the steps have been predetermined. The only 

real-time calculation that has to be performed is to identify the cluster to which the 

present system state belongs. There are extremely fast algorithms available to deal with 

this situation. The next section gives a brief review of the basic concepts and methods of 

pattern recognition. 
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4.10 Basic concepts of Pattern Recognition (PR) 

 

In one sense, we can define a “pattern” as a particular arrangement of structural 

elements. An example is cloud patterns. In another sense, a pattern can be defined as a 

prototype or model according to which objects are formed. An example is foundry 

patterns (molds), etc. Assigning an object to the class of patterns it belongs to can be 

termed Identification. 

 

According to Nadler and Smith [30], pattern recognition problem can be 

generalized and stated as follows: “Given a collection of objects belonging to a 

predefined set of classes and set of measurements on these objects, identify the class of 

membership of each of these objects by suitable analysis of the measurements”. The goal 

is here to design an optimal recognition system with the condition of optimality being to 

achieve the lowest possible error rate. 

 

As displayed in Fig.4.5, the process of identifying the membership class of an 

object can be broken down into a number of steps, which include measurement, noise 

filtering and signal conditioning, segmentation, description, and decision. Pattern 

Recognition systems are complex and hierarchical. This is to help solve complex 

problems since it is easier to solve it by dividing its contents into a set of smaller, less 

complex sub-problems assumed to be independent from each other. 

 

4.10.1 Sensors and Acquisition 

 

The data collected in digital form from the sensors provide input to the PR 

system. These sensors can be either online or offline. The offline mode of operation is 

carried out by storing the data in some memory location for future processing. 
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Fig. 4.5. Generic block diagram of a Pattern Recognition System. 

 

4.10.2 Signal Conditioning or Preprocessing 

 

Preprocessing operations are critical for the performance of a PR. They modify 

the raw measurements obtained from the Analog-to-Digital Converter (ADC) in some 

useful way. This is to improve the data, compress of data volume, segment and extract 

preliminary features, and facilitate object identification. 

 

4.10.3 Segmentation (Low level Feature Extraction) 

 

Segmentation algorithms are used to separate or isolate discrete objects from the 

information provided by a set of measurements. This is to facilitate further analysis and 

data processing for object classification. In order to carry out a reasonable segmentation, 
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it is necessary to detect certain features that may or may not be included in the list of 

features utilized for recognition later in the PR system. These are referred to as low-level 

features, because they are obtained from direct measurements. They help to achieve 

object segmentation, a task usually considered as part of preprocessing. 

 

4.10.4 Feature Extraction 

 

As functions of measurements, features are used for segmenting objects and 

grouping them into distinct classes. Features serve many purposes in a PR system, which 

include the following tasks: 

 

• Reduce the dimensionality of the pattern space where the classification is actually 

carried out; 

• Render the features more amenable to the decision process; 

• Select useful information and summarize them to enhance the reliability of object 

recognition. 

 

There are two basic approaches to feature design, which are 

 

• A number - crunching approach, based on the statistical theory, which seeks to 

obtain features by manipulating the measurements as purely numerical variables; 

• An approach that makes use of semantic content. This stems from structural PR 

where the features, in some intuitive way, correspond to human perception. 

 

4.10.5 Selecting Features 

 

For any PR problem, there are a huge number of possible features to be 

considered, of which only few are useful. While proper selection of features can greatly 

enhance the performance of the PR procedure, improper selection could lead in 

misleading interpretations. The accuracy of the results obtained from the PR method 

greatly relies on feature selection, making it a highly critical step in PR.  
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There is no general solution for feature selection. Features are generally designed 

by hand, using the experience, intuition, and/or cleverness of the designer. This is owing 

to the fact that the random variation in the measurements results in an inevitable 

randomness in the variables determining the features. In the INEZ voltage stability case, 

possible features could be the distance to voltage collapse in the form of reactive reserve 

margins, which are obtained from a continuation power flow method [33, 34]. Other 

possible features include the load index of the system, the derivative of the voltage with 

respect to the real and reactive power of the loads, and the reactive power distance to 

voltage collapse. 

 

4.10.6 Classification 

 

Classification is the final step in the grouping of unknown objects, referred to as 

the system condition. It gives a particular function that helps to form the clusters. 

Irrespective of the decision method, the number of decision classes must be at least one 

greater than the number of defined classes. The decision units can be combined to form 

hierarchical and compound structures, the aim being to obtain highly reliable final 

decisions. 

 

Once the clusters have been formed, the sequence of steps to be taken for each of 

these clusters are found out by simulating each of these conditions, and then deciding 

what would be the best possible sequence of operations to achieve maximum loadability 

and stability of the power system. The control actions to be taken would then be 

implemented using fuzzy logic, hence making the control system more efficient, 

effective, reliable and most important of all, fast. 
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4.11 Chapter Summary 

 

The field of fuzzy systems and control has been developing at a fast pace. 

Researchers around the world have been testing out the application of fuzzy logic to 

various problems, including power system applications. With the simplicity and speed of 

control that fuzzy logic offers, it is definitely a very good proposition to be pursued for 

implementing the hierarchical control proposed in this chapter. 

 

The rules are easily established from the desired operation of the overall system.  

The method is flexible in that the general structure of Fig. 4.3 is appropriate for many 

control or coordination problems.  The input/output signals of the system of Fig. 4.3 are 

nonlinear due to the way that the inference is carried out. By performing an interpolation 

between rules, this structure can approximate to any degree of accuracy any arbitrary 

smooth (nonlinear) mapping.  In addition, with regard to the flexibility of fuzzy logic 

systems, the type of control that is implemented can vary from nearly linear (i.e. PID 

control) to a strongly nonlinear control such as sliding-mode control. This is 

accomplished primarily by changing the parameters of the membership functions. 
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Chapter 5 
Design and Implementation of the INEZ 

system in Eurostag 
 

 

 

This chapter gives the details of the modeling of various components of the INEZ 

power system as implemented in Eurostag. Screen shots from the software have been 

included to give an idea about the implementation part of the models. It is to be noted that 

the data used in the entire modeling of various transmission system parameters are real-

time data provided by American Electric Power (AEP). 

 

5.1 Transmission Line Model 

 

The transmission line has been modeled as a pi-equivalent circuit that consists of 

a series impedance comprised of a series resistance R and series reactance X between the 

terminal nodes, and a shunt impedance comprised of a capacitive susceptance B and 

insulation conductance G connected between the conductor and the ground. 

 

R + jX 

(G + jB)/2 (G + jB)/2 

 
Fig. 5.1. Equivalent pi- circuit of a transmission line. 
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Fig. 5.2. Modeling of a line in Eurostag. Note: The original image has been adjusted to 

enhance visibility 

 

In Eurostag, the data required for the modeling of the line is as shown in the 

screen capture displayed in Fig 5.2. It is to be noted here that all the parameters data used 

in emulating the INEZ system in Eurostag are real time data provided by AEP. 

 

5.2 Load Modeling 

 

While the load in the INEZ area is primarily induction motors used for mining, it 

includes spread residential and commercial-type load too. In order to emulate these load, 

constant impedance load was modeled at all buses as shown in Fig 5.3. 
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Fig. 5.3. Constant impedance load as entered at each node in Eurostag. 

 

5.2.1 Dynamic Load Modeling 

 

The dynamic load has been modeled as 3 large 653.6-MVA induction motors 

connected to nodes 05DINGES, 05CEDARC, and 05BORLND, respectively. This 

modeling provides a reasonable approximation of the load over the entire INEZ region by 

making the total load about 70% dynamic and 30% constant impedance. The data entered 

for the induction motors are obtained from a standard library model given in Eurostag as 

displayed in Fig. 5.4 The induction motor can be modeled in two different ways in 

Eurostag [8]; the model that has been used in this case is the so-called “full” model. In 

this model, the dynamics of the rotor fluxes are calculated assuming the existence of a 

double rotor cage. This model provides a good compensation of the electrical torque 

during start-up and loading, thereby minimizing the slip. The induction motor is 

represented as a synchronous motor whose excitation winding is short-circuited. For a 

much more detailed explanation of the model used, the reader is referred to [8]. 
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Fig. 5.4. Parameter’s values of the induction motor model used to represent the load of 

the INEZ subsystem. 

 

5.3 Generator Modeling 

 

The INEZ system has 2 generators, one connected to Node 05BSAND and the 

other one connected to Node 05BAKER, with ratings of 260 MW (300 MVA) and 800 

MW (907MVA), respectively. Real time data provided by AEP was utilized to model 

these two generators in Eurostag. The generators were modeled as synchronous machines 

according to PARK’s classical theory [8]. Of the two generator’s models available in 

Eurostag was picked. It includes four equivalent models, which are the exciter winding, 

the damper winding in the direct axis with magnetic coupling with the exciter winding, 

and two dampers in the quadrature axis. 
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While in general, the stator transformation electromotive forces are neglected in 

Eurostag they are not to make the machine internal fluxes sensitive to the network’s 

frequency. The saturation of the magnetic circuits can be modeled according to two 

methods. In the first method, the generator parameters defined for the magnetic condition 

prevailing at the time of initial conditions are adjusted and kept constant throughout the 

whole simulation. In the second method, the coupling inductances in the two axes are 

mathematically modeled as a function of the position and amplitude of the air-gap flux. 

Also the step-up transformer is integrated into the generator model. Figures 5.5–5.6 show 

the parameters required by Eurostag to model the synchronous generators. 

 

5.4 Step-down Transformer Modeling 

 

There is one step-down transformer in the Inez system, which is connected 

between the 05BAKER and 05BSAND buses. Out of the 4 types of transformer models 

available in Eurostag, the simplified transformer with a fixed real transformer ratio has 

been used. The data required to model this type of transformer is shown in Fig 5.7. 

Suppose it is linking two voltage levels V1 and V2 with an apparent nominal power St and 

a short circuit voltage rated to p percent of V1. The rated current on side 1 is expressed by 

 

13V
SI T

nom =       (5.1) 

 

The leakage impedance on side 1 is expressed by [8]: 
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where C1=V1/V1b and C2=V2/V2b. As displayed in Fig. 5.7., the transformer equivalent 

circuit is composed of an ideal transformer, a series impedance taking into account losses 

due to load current and a shunt admittance representing no-load losses. 

 

 

 
 

Fig. 5.5. First set of data for a synchronous generator as modeled in Eurostag. 
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Fig. 5.6. Second set of data of a synchronous generator as modeled in Eurostag. 

 

 
 

V m V 1 
V 2 

Y o 

k Z 
Node 1 Node 2 

 
Fig. 5.7. Transformer equivalent circuit. 
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Fig. 5.8. Transformer modeling in Eurostag. 

 

5.5 Capacitor Banks 

 

The INEZ system has 10 capacitor banks spread throughout the network at 

different buses. These have been modeled as a set of capacitors connected in parallel on a 

node, yielding step values for the capacitances. It is possible to connect several banks to 

the same node. The banks can be switched on in steps at any time using the events 

available in the dynamic simulation tool of Eurostag. The capacitor banks in the INEZ 

system are as displayed in Fig. 5.9 and their representation in Eurostag is shown in Fig. 

5.11. 
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05BETSYL 

05CEDARC 
4 * 50 MVAR 

      
05BSANDY 

05LOVELY 

05HATFLD 

05JOHNSC 

2 * 52.8 MVAR 

 
Fig. 5.9. Capacitor banks at the Beaver Creek and Inez buses. 

 

5.6 Static Var Compensator (SVC) Modeling in Eurostag 

 

In Eurostag [8], the SVC is modeled as an impedance injector connected to the 

network at a particular node. The control of the SVC is achieved with Macroblocks. The 

standard model of SVC available in the library of Eurostag has been used to model the 

SVC of the INEZ system with changes made to the setpoint, rating, and gain. The 

structure of the SVC as used in Eurostag is shown in Fig. 5.11. 

 

 
Voltage at node 

G = 0 

B 
INTERSVC 

 
Fig. 5.10. Generalized Block diagram of SVC with conductance G and susceptance B [8]. 
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Eurostag provides two sets of parameters for the SVC, of which one set has been 

used because it gave better performance in terms of voltage support for this system. The 

SVC control is achieved by the macroblock main scheme as displayed in Fig. 5.15. 

 

 

 
Fig. 5.11. Capacitor bank as modeled in Eurostag. 

 

5.7 Unified Power Flow Controller (UPFC) 

 

In order to connect the UPFC to the transmission network at Node 05INEZ, a PQ node 

called UPFCNODE is created. The 05INEZ node and the UPFCNODE are joined by a series 

branch having a 1000-p.u. reactance in order to prevent the injector from stopping in case of line 

opening. The dynamic model of the UPFC used in Eurostag is depicted in fig 5.13. 
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The whole UPFC is represented by two current injectors, one acting as the shunt 

part and the other one acting as the series part. The shunt part injects reactive power into 

the network at the point of connection while the series part supplies a series voltage to 

provide voltage support. The UPFC control is implemented with 4 Macroblocks as shown 

in Fig. 5.15-5.18. The standard library model of the UPFC has been used to model the 

UPFC of the INEZ system with some changes made to the setpoint, control points, 

ratings, and gain. 

 

 
Fig. 5.12. SVC Implementation in Eurostag. 

 

 jVserpVserpVseries +=

jIserpIserpIseries +=

jIshtpIshtpIsht +=
1Vnet

 
Fig. 5.13. Dynamic model of UPFC in Eurostag [8]. 
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 05INEZ UPFCNODE 

IUPFC1 IUPFC2 

Current Injector 1 Current Injector 2 

Iline 

Vnet1 Vnet2 

 
Fig. 5.14. Model of the complete interface between the UPFC and the transmission 

network [8]. 

 

5.8 Chapter Summary 

 

This chapter gives a brief description of the devices used and their modeling in 

Eurostag.  The model diagrams, principles, and their implementation have been discussed 

with appropriate figures. Few mathematical equations giving a brief idea about the 

modeling of various devices have also been included. For further reference and detailed 

description of the models used, the user is referred to [8].  
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Fig. 5.15. Macroblock main scheme of the SVC [8]. 
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Fig. 5.16.  Macroblock upfc_se (series part control) connected to 05INEZ node [8].
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Fig. 5.17. Macroblock upfc_sh (shunt part control) connected to 05INEZ node [8].
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Fig. 5.18. Macroblock interup1 (Injector 1) connected to 05INEZ node [8].
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Fig. 5.19. Macroblock interup2 (Injector 2) connected to UPFCNODE [8]. 
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Chapter 6 
Simulation Results of the INEZ system 
 
 
 
 
 
 

This chapter presents and analyzes simulation results obtained on the INEZ 

system. Numerous graphs showing the behavior of the system in various conditions have 

been included to illustrate the analysis. Few interesting results have also been included 

and explained. 

 

6.1 Steady-State Analysis 

 

For the steady-state analysis, the P-V and the Q-V curves were plotted for the 

INEZ system. The P-V and Q-V curves were drawn by simultaneous and gradual increase 

of the P and Q load at each bus in steps of 1%. Figures 6.1 and 6.3 and Figures 6.2 and 

6.3 depict the P-V and Q-V curves of the system without and with the UPFC and SVC 

connected respectively.  In all these figures, a dashed vertical line indicates the P and Q 

values at which one of the bus voltages reaches its minimum admissible limit. This 

voltage limit is equal to a voltage drop of 10% from the nominal value of 138 kv, 

yielding a minimum voltage of 124.2 kv. Note that the voltages that undergo the fastest 

drop are those on buses 05BORLND, and 05DINGES. Interestingly, the minimum 

voltage limit is always reached first by the 05CEDARC bus voltage for both P and Q load 

increase. 

 

From Figures 6.1-6.4, it can be observed that there is a considerable increase in 

the loadability limits of the system. These graphs show that the UPFC and SVC help to 
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increase the loadability limit of the system by providing appropriate voltage support to 

the system. The UPFC and SVC gain, setpoints, and time constants are equal to the 

values provided in the library models of Eurostag. 
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Fig. 6.1. P-V plots of the system without UPFC and SVC. The minimum voltage of 
124 kV is reached at around a total load of 950MW on the system. 
 

6.2 Transient Analysis 

 

The transient behavior of the system was studied for three types of scenarios. In 

the first scenario, the total load on the system was evenly increased by 5% at all the buses 

without any topological changes in the system. In the second scenario, the total load was 

increased by 5% and after a short interval of 15 seconds, a single line was opened. This 

was repeated sequentially for all the lines and the bus voltage profiles were recorded and 

investigated. The third scenario was an increase of load by 5% followed by successive 

opening of two lines at a time in short time intervals of 25 seconds. The sections below 

give details of the observations made for each of these cases. 
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Fig. 6.2. P-V plots of the system with the UPFC and SVC. The minimum voltage of 
124 kV is reached at around a total load of 1275MW on the system. 
 

6.2.1  5%-Load increase on the system 

 

Figures 6.5-6.14 depict the system behavior for different contingency cases. Fig. 

6.5 and 6.6 display plots of the voltage magnitude and angle at 05INEZ and 05BAKER 

buses of the INEZ system without the UPFC and SVC connected to it. The system is 

operating under heavy loading conditions and close to its stability limits. At time t = 5 

seconds, as the load on the network is increased by 5%, the system undergoes a voltage 

collapse. This indicates that the system is highly vulnerable to voltage collapse in the 

event of load increase while operating under heavy loading. 
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Fig. 6.3. Q-V plots of the system without UPFC and SVC. The minimum voltage of 
124 kV is reached at around a total load of 640MVAR. 
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Fig. 6.4. Q-V of the system with the UPFC and SVC. The minimum voltage of 124 kV is 
reached at around a total load of 870MVAR. 
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Now the SVC and UPFC were connected to the system and the same case was 

rerun. The results obtained are shown in Figs. 6.7-6.8. It can be seen that the system 

voltage is stable for the same case as before, demonstrating the voltage support provided 

by the SVC and the UPFC. Note that similar results were obtained at all the other buses 

in the system.  

 

 

 
Fig. 6.5. Voltage magnitude and angle plot of the 05INEZ node with the UPFC and SVC 
not connected to the network. 
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Fig. 6.6. Voltage magnitude and angle plot of the 05Baker node with the UPFC and SVC 
not connected to the network. 

 

 

Fig. 6.7. Voltage magnitude and angle plot of the 05Inez node with the UPFC and SVC 
connected to the network. 
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Fig. 6.8. Voltage magnitude and angle plot of the 05Baker node with the UPFC and SVC 
connected to the network. 
 

6.2.2  Single-contingency Cases 

 

The system along with the UPFC and the SVC was tested for single contingency 

cases with the sequential opening of one line at a time. The procedure consisted of an 

increment of the P and Q load at every bus of the network by 5% at time t = 5 seconds 

followed by the opening of line between 05HATFLD and 05BORLND at time t = 20 

seconds. The results obtained are displayed in Figures 6.9-6.10. We observe that thanks 

to the damping action of the UPFC and the SVC, the system voltages regain their stability 
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after few highly damped oscillations. It is to be noted that at this stage, the parameters of 

the SVC and the UPFC have neither been tuned nor coordinated. 

 

 

 

Fig. 6.9. Voltage magnitude and angle plot of the 05Inez node with the UPFC and SVC 
connected to the network when Line 05HATFLD-05BORLND is disconnected at t=20 
seconds following an increment in P and Q load by 5% throughout the network. 
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Fig. 6.10. Voltage magnitude and angle plot of the 05Baker node with the UPFC and 
SVC connected to the network when Line 05HATFLD-05BORLND is disconnected at 
t=20 seconds following an increment in P and Q load by 5% throughout the network. 

 

6.2.3  Double-Contingency Cases 

 

In these series of simulation, double contingencies were simulated. First the P and 

Q load over the network was evenly increased by 5% followed by the opening of two 

lines at a time. Figs. 6.11 and 6.12 display the voltage and voltage angle plots for a 

double contingency case on Line 05HATFLD-05BORLND and Line 05BUSSYV-

05THELMA. Here, at time t = 5 seconds, the network load was increased; then at time t 

= 20 seconds the line between 05HATFLD and 05BORLND was opened, and finally at 

time t = 45 seconds, the line between 05BUSSYV and 05THELMA was disconnected. 

As observed, the system exhibits a voltage collapse even with the presence of the SVC 

and the UPFC. This was because their actions were neither coordinated nor their 
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parameters have been tuned. To overcome this problem, numerous simulations were 

carried out for different combinations of parameter values and capacitor bank 

configurations. The simulations were carried out in two steps. First, the set-points and 

gains of the SVC and UPFC were incrementally increased step by step and the stability of 

the system checked. Once their maximum values were reached while the system still 

suffered from voltage collapse, then switchings of capacitor banks were undertaken. This 

coordinated action resulted in a voltage profile as shown in Figs. 6.13 and 6.14. 

 

 

 

Fig. 6.11. Voltage magnitude and angle plot of the 05INEZ node with the UPFC and 
SVC connected to the network with Line 05HATFLD-05BORLND and Line 
05BUSSYV-05THELMA opened. 
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Fig. 6.12. Voltage magnitude and angle plot of the 05BAKER node with the UPFC and 
SVC connected to the network with Line 05HATFLD-05BORLND and Line 
05BUSSYV-05THELMA opened. 

 

 

Fig. 6.13. Voltage magnitude and angle plot of the 05INEZ node with the UPFC and 
SVC connected to the network with Line 05HATFLD-05BORLND and Line 
05BUSSYV-05THELMA opened and with actions of the controllers coordinated. 
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Fig. 6.14. Voltage and voltage angle plot of the 05BAKER node with the UPFC and SVC 
connected to the network with Line 05HATFLD-05BORLND and Line 05BUSSYV-
05THELMA opened and with actions of the controllers coordinated. 
 

It can be seen from Figures 6.13 and 6.14, that no voltage collapse occurs after the 

actions of the UPFC and SVC have been centrally coordinated by a second-level 

controller. Similar tests were conducted for numerous contingency cases and suitable set 

of actions were found out for each of these cases. 
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6.3 Fuzzy Logic Controller 

 

A fuzzy logic control scheme was implemented and tested. To this end, simple IF-

THEN rules were implemented. These rules were then manually implemented in 

Eurostag and the desired stable voltage profile was obtained. Listed in Table 6.1 are a 

few IF-THEN rules that have been used to implement the proposed two-level hierarchical 

scheme. 

 

Table 6.1:  Example of nested if loops exhibiting the hierarchy of operations 

IF the load at bus 05HATFLD increases by 5%, 

THEN change the setpoint of SVC to 1.06 and setpoint of UPFC to 1.06, 

AND IF line between 05BORLND and 05 HATFLD is open, 

THEN change the setpoint of SVC to 1.07 and setpoint of UPFC to 1.03, 

AND IF line between 05BUSSYV and 05THELMA is open, 

THEN change the setpoint of SVC to 1.1 and setpoint of UPFC to 1.08 

and switch on 2 capacitor banks at 05INEZ and one capacitor bank at 

05THELMA  

 

The rational of these IF-THEN statements is as follows: When the load at the bus 

05HATFLD increases by 5%, the setpoints of the SVC and the UPFC are both changed to 

1.06 p.u. The setpoint values have been determined from the simulations that were 

carried out on the system for optimum values. Now, following the increase of the load 

and the tripping of the line 05BORLND-05HATFLD, the setpoints of the SVC and the 

UPFC were both changed to 1.03 p.u. As in the previous case, the values of the setpoints 

have been determined based on the numerous simulations performed as described in 

section 6.2. 
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In the second set of simulations, a second contingency is performed by opening 

the line between 05BUSSYV and 05THELMA. It turns out here that adjustments of the 

SVC and UPFC setpoints are not sufficient to prevent voltage collapse; in addition 

connecting of some capacitor banks are required. The two capacitor banks needed to be 

switched on are those located at bus 05INEZ and at the bus 05THELMA. Similar types of 

rules have been framed for other contingency cases. In certain cases the stability lim,it of 

the system has been stretched by a value of about 175 MW. 

 

The implementation of fuzzy control can be automated by using the Macroblocks 

feature available in Eurostag. The automatic control was designed but not implemented 

owing to the fact that the implementation requires extensive transient analysis 

simulations and incorporation of protective devices. This would require taking into 

account the operating characteristics of these protective devices and their behavior in 

different contingency cases. 

 

6.4 Self-excited Dynamic Non-Linear Oscillations 

 

Instabilities in a power system are of a number of types. They include steady-state 

instability, transient instability, dynamic instability, frequency collapse, voltage collapse, 

and subsynchronous resonance, to cite just a few. 

 

So far we investigated steady-state and dynamic instabilities triggered by some 

perturbations. We will now explore self-excited non-linear dynamic oscillations due to 

the interactions between the synchronous generators and the induction motors of the 

dynamic loads.  
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The stability of an equilibrium point is indicated by the location of the eigen 

values of the Jacobian matrix evaluated at that point. For example, steady-state voltage 

collapse occurs at the saddle-node bifurcation point. This is the point of maximum 

loadability beyond which there is no equilibrium point. At this point, one of the 

eigenvalues becomes zero implying the singularity of the Jacobian matrix; the load flow 

program diverges. 

  

Due to non-linear dynamic interactions between the induction motors and the 

synchronous generators, another type of bifurcation, called the Hopf bifurcation, is 

anticipated to occur [14].  

 

 

H1 

H2 

S 

Q 

V 

 

Fig.6.15.  Variation of the voltage magnitude V with the reactive power load Q. 

 

The Hopf bifurcation point is the point beyond which a conjugate pair of eigen 

values of the Jacobian matrix transversally cross over the imaginary axis from the left-

hand-side onto the right side of the complex plane. Thus, the operating point goes into 

self-excited oscillatory mode. It is to be noted that in this case there is no voltage collapse 
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with the oscillations occurring around 1 p.u. In Fig. 6.15, the points H1 and H2 denote the 

Hopf bifurcation points and S denotes the saddle-node. The solid line denotes stable 

operating points and the dotted line represents the unstable foci. 

 

Let us investigate the dynamics of the INEZ system in the vicinity of the 

bifurcation point H1. The system possesses a stable equilibrium point at values of Q 

slightly less than H1. As the value of the Q load increases beyond H1, the equilibrium 

point loses stability and a limit cycle is born. As Q is increased further, the limit cycle 

undergoes a sequence of period-doubling bifurcations, culminating in a chaotic attractor. 

At this point, if the value of Q is increased by a value large enough, the oscillations grow 

to a higher value, possibly resulting in voltage collapse.  

 

Simulations were carried out on the INEZ to study these self-excited non-linear 

oscillations. The network load was gradually increased in small steps of 1 percent per 5 

seconds initially, and then much smaller steps in the end over an interval of 100 seconds 

and the voltage at various buses was plotted against the time in seconds. These plots are 

displayed in Figures 6.16 - 6.19. 
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 H1 H2 

S 

 

Fig. 6.16. Voltage versus Time plot at the 05BAKER node. There is a voltage collapse at 
time t = 105 seconds. 

 

 

Fig. 6.17. Zooming in at point H1 in Fig. 6.16, showing persistent oscillations at time 

t = 65 seconds. 
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Fig. 6.18. Zooming in on point H2 in Fig. 6.16, showing damped oscillations at time 

t = 85 seconds. 

 

In Figs. 6.17 and 6.18, it is observed that the oscillations are around 1 p.u, 

indicating that there is no voltage collapse, but rather frequency rich sustained 

oscillations. 

 

One interesting observation made was that these oscillations occurred only at 

buses where there was either a generator or a dynamic load attached to. As indicated in 

Fig 6.19, at all the other buses there was a voltage collapse with no oscillations. This 

point represents the saddle-node bifurcation point, S, as shown in Fig 6.15. These 

observations further confirm that the Hopf bifurcations occur only at buses where there 

are machines present. 
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Fig. 6.19. Voltage-Time plot at Node 05THELMA. 
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Chapter 7 
Conclusions 
 

 

 

Extensive studies of the behavior of the INEZ power system for different 

contingency cases revealed that this system performs well under light to medium load 

conditions, but is subject to instabilities and voltage collapse under heavy load 

conditions. This instability problem has been addressed by the fine tuning of the UPFC 

and the SVC, wherein the maximum loadability of the system has been increased by a 

considerable value, and thus enabling the system to operate closer to its thermal limits. 

This is owing to the presence of FACTS devices like the UPFC and SVC, which are fast 

and highly effective means of controlling the voltage and power flow on the network 

when appropriately tunes and coordinated. 

 

Control coordination of these devices is achieved by means of a two-level 

hierarchical fuzzy control scheme.  It serves as a centralized control that aims at damping 

the oscillations that may take place in the system should a single or a double contingency 

occur.  The control scheme has increased the overall loadability of the network by a 

significant value as substantiated through simulations using Eurostag. 

 

Simulation studies performed on the system have also revealed the existence of 

dynamic interactions between the synchronous generators and the induction motors, 

resulting in self-excited sustained non-linear oscillations. By an appropriate tuning of the 

parameters of the FACTS devices and the fuzzy controller, an effective damping of these 

self-excited oscillations was achieved.  
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Future work 

 

As a future work, automatic fuzzy control can be implemented. To this end, 

extensive transient studies need to be carried out to account for the actions of the 

protective devices in the system. Also more studies need to be performed on the dynamic 

interactions between the synchronous generators and induction motors. The control 

scheme needs to be further tuned to take the non-linear interactions into account and 

control the parameters of the UPFC and SVC accordingly to provide more effective 

damping of the resultant machine oscillations. 

 

As suggested in Chapter 4, another possible improvement to the implementation 

of fuzzy control would be the incorporation of pattern recognition to improve the 

coordination of the controllers’ actions.  
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