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Abstract 
 

Modern electric power system is very complex and undergoes unforeseen rapid changes in 

terms of demand/generation patterns and trading activities that hinder the system security. 

For example, a steep rise in load or a certain critical line/equipment outage can cause line 

overload or undesirable voltage profile and such events can push the system towards 

instability and possibly even a black out. In order to cope with such situations, it is common 

practice to purchase the rights of asking for a reduction of load from certain customers. 

However, it is not an ideal situation from reliability perspective, financial as well as having 

critical load in the power system. Load curtailment is the collection of control strategies 

employed to reduce the electric power loading in the system and main aim is to push the 

disturbed system towards a new equilibrium state. Load curtailment may be required even 

when voltages at some buses are out of their safe operating limits, to prevent a possible 

voltage collapse.  

Flexible AC Transmission Systems (FACTS) controllers could be a suitable 

alternative to provide reactive power support at the load centres locally and hence keep the 

voltages within their safe operating limits. Due to high costs of FACTS devices, their proper 

location in the system must be ascertained. 

To deal with the above problem a new methodology has been proposed, in this thesis, 

in terms of sensitivity factors for the optimal location of Static Var Compensator (SVC) to 

minimize the system load curtailment requirements for maintaining the system security. In 

this work, SVC has been considered for the study to minimize the load curtailment. The 

effectiveness of the proposed method has been tested on IEEE 14-bus and practical 75-bus 

Indian systems. Optimal placement have been obtained for the base case loading and to verify 

its locations, an Optimal Power Flow (OPF) problem has been formulated with an objective 

to minimize the load curtailment and satisfying all operating constraints along with optimal 

settings of SVC which is used at suggested places from developed methodology. Moreover, 

the effects of SVC on load curtailment reduction, which are located at base case loading, 

have also been investigated for different operating conditions e.g., increased load or having 

different contractual obligation in the system.  
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Chapter 1 
 
Introduction 
 
1.1 General 
 
Modern power systems are becoming more vulnerable to operating limit violation and 

voltage instability problems due to large transmission networks, deregulation of the 

electricity industry and utilization of various renewable energy sources as well as 

different load patterns. The power system, at this stage, can become insecure and prone 

to voltage collapse due to lack of reactive power support. Generators have the capability 

of providing reactive power but are limited to a certain extent. Moreover, the reactive 

power produced by the generators cannot be effectively utilised if the demand for the 

reactive power is far from its location. Hence, to prevent the voltage collapse, load 

curtailment is an option which is adopted in many countries of the world. In real life, it is 

always preferable to have minimum load curtailment in the system since it is detrimental 

to the profit of the Power Company as well as consumers. Therefore, it is an important 

issue to be addressed in the electricity industry. 

Developments of new and advance devices, which can provide local reactive power 

support at the load buses, have been becoming the alternative to this type of power 

system problems. Many of these new apparatuses can be materialized only due to the 

latest development in high power electronics to be used in the main circuits combined 

with the control strategies that rely on the modern control systems. By using power 

electronic controllers a Flexible Alternating Current Transmission System (FACTS) [1, 

2, 3, 4, 6 and 7], have been produced which have a significant impact on the overall 

power systems performance improvement. Shunt FACTS controllers, such as Static Var 

Compensator (SVC) and Static Synchronous Compensator (STATCOM), are capable of 

effectively controlling the voltage profile by dynamically adjusting the reactive power 

output at the point of connection. 
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1.2 Flexible A.C. Transmission System (FACTS) 

Many of the ideas upon which the foundation of FACTS rests evolved over a period of 

many decades. Nevertheless, FACTS an integrated philosophy is a novel concept that 

was brought to fruition during the 1980s at the Electric Power Research Institute, the 

utility arm of North American utilities. The Flexible AC Transmission System (FACTS) 

is a concept that involves the application of high power electronic controllers in AC 

transmission networks which enable fast and reliable control of power flows and 

voltages. FACTS do not indicate a particular controller but a host of controllers which a 

system planner can choose, based on cost benefit analysis. The main objectives of a 

FACTS controller are as follows: 

1. Regulation of power flows in prescribed transmission routes. 

2. Secure loading of lines near their thermal limits. 

3. Prevention of cascading outages by contributing to emergency control. 

4. Damping of oscillations which can threaten security or limit the usable line 

capacity. 

5. Prevention of voltage collapse by providing reactive power support. 

The active and reactive power flows in a transmission line can be precisely     

controlled by injecting a series voltage phasor with desirable magnitude and phase angle, 

leading to an improvement in system stability and system reliability and reduction in 

operating cost and new transmission line investment cost. It is also possible to force 

power flow through a specific line and regulate the unwanted loop and parallel power 

flows by varying the impedance of the line. FACTS controllers have a significant impact 

on damping power system oscillations and compensating dynamic reactive power. 

FACTS can be divided into four categories based on their connection in the network. 

1. Shunt controllers:  These types of controllers are connected in shunt with the 

transmission line. They can be of variable impedance, variable source or a 

combination of both. SVC and STATCOM are two commonly used shunt FACTS 

controllers. The basic principle of all shunt FACTS controllers is that they inject 

current into the system at the point of connection. The fundamental difference in 
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operation principle between a SVC and a STATCOM is that STATCOM is with a 

converter based Var generation, functions as a shunt connected synchronous 

voltage source whereas SVC is with thyristor controlled reactors and thyristor 

switched capacitors, functions as a shunt connected controlled reactive 

admittance. The shunt controller injects or absorbs reactive power into or from 

the bus as long as the current injected by the controller remains in phase 

quadrature with the bus voltage. Any other phase relation will involve the 

handling of real power as well. STATCOM has the ability to exchange real power 

from the system if it is equipped with the energy storage element at its DC 

terminal. 

2. Series controllers: These types of controllers are connected in series with the 

transmission line. They can be of switched impedance or power electronics based 

variable source. TCSC, TCPAR and SSSC are among the series FACTS 

controllers. The basic principle of all series FACTS controllers is that they inject 

voltage in series with the line. In switched impedance controller, the variable 

impedance when multiplied with the current flow through the line represents an 

injected voltage in the line. The series controller injects or absorbs reactive power 

as long as the current injected by the controller remains in phase quadrature with 

the bus voltage. Any other phase relation will involve the handling of real power 

as well. 

3. Combined series-series controller: These controllers address the problem of 

compensating a number of transmission lines at a given substation. The Interline 

Power Flow Controller (IPFC) [10] is one such controller. The IPFC has a 

capability to directly transfer real power between the transmission lines through 

the common DC link together with independently controllable reactive series 

compensation of each individual line. This capability makes it possible to 

equalize both real and reactive power flow between the lines, transfer power 

demand from overloaded to underloaded lines, compensate against resistive line 

voltage drops and the corresponding reactive power demand, increase the 

effectiveness of the overall compensating system for dynamic disturbances. 
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4. Combined series-shunt controller: This is a combination of separate series and 

shunt controllers, which are controlled in a coordinated or unified manner. The 

Unified Power Flow Controller (UPFC) is one such controller. It is the most 

versatile and powerful device among the FACTS device family. It can operate as 

a shunt and/or series compensator, a power flow controller, a voltage regulator or 

a phase shifter depending on its main control strategy. In this way simultaneous 

control on bus voltage and transmission line power flow can be realized. It can 

also exchange real power between a bus and a transmission line through the 

common DC link, provided that the shunt and series parts of the UPFC are 

unified. 

However, these controllers are very expensive; hence, their optimal location must 

be properly ascertained to fulfill the specific objective. Due to lesser cost, SVC has been 

taken as the FACTS controller to minimize the load curtailment, in this thesis. 

1.3 Electricity Market Model and Challenges 

In different regions of the world, the electricity market [37,38] is rapidly changing from 

the centralised one to the decentralised one in which the market forces drive the price of 

electricity through increased competition.  In present electricity markets different types 

of contracts exist in which the supplier is bound to provide the amount of power stated in 

the contract under any circumstances. This makes the power system operate under 

stressed condition and circumstances arrive when load curtailment is unavoidable to keep 

the system operating under stable condition. In this section, some types of trading 

activity that exist in an electricity market are discussed to give an idea about the kind of 

contract between the supplier and the consumer at some selected nodes. However, the 

effects of these financial market constraints, in this thesis, have been considered only to 

see the technical feasibility on operation and control of power system.  

In a pool model, a centralized marketplace clears the market for buyers and 

sellers where electric power sellers or buyers submit bids and prices into the pool for the 

amounts of energy that they are willing to sell or buy. On the other hand, buyers compete 

for buying power and if their bids are too low, they may not be getting any power. In this 

market, low cost generators would essentially be rewarded [31]. In a bilateral contract 

model, the transactions may take place directly between selling and buying entities. 
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These transactions may be in the form of firm power contract or non firm power 

contracts and they are defined for a particular time interval of the day and its value may 

be time varying. This model may include different kinds of transactions such as bilateral 

transactions, multilateral transactions and ancillary services [32, 33 and 34]. A hybrid 

model combines the distributed competitive advantages of decentralized markets with the 

system security guarantees of centralized markets [35]. 

1.4 State-of-the-Art 

1.4.1 Load curtailment 

Load curtailment [21, 22, and 23] can be defined as the amount of load that must almost 

instantly be removed from a power system to keep the remaining portion of the system 

operational. It is one of the possible corrective actions to make the system functional at a 

new equilibrium point. Utilities offer the load curtailment programs to commercial and 

industrial building owners with an agreement to curtail energy use at the request of the 

utility in exchange with reduced electrical rates. Typically, these requests are made 

during periods of high load such as hot summer afternoons. Under these programs, 

building owners or managers, who has an agreement with the utility, can save a 

significant amount of money by reducing loads or turning off equipments. 

The some reasons for load curtailment are as follows: 

1. At a certain time, transmission congestion used to occur at various points in the 

system which, if not seriously dealt with, can lead to some contingency which in 

turn can lead to a total system black out after cascading outage taken place. 

Hence, load and generation rescheduled to maintain the system operational for the 

post contingency condition. 

2. Excess or deficit of reactive power at certain buses or area, in the system, can 

lead to voltage limit violation/instability which can eventually lead to a voltage 

collapse. The loads or areas have been disconnected at such critical points to keep 

the remaining system operating within limits. 
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3. It is difficult to transmit reactive power over long distances which in turn lead to 

serious problems at the buses which are far from the generation centre. Hence, 

load curtailment is required to keep the voltage on those buses under limits. 

The main drawback of this control action is that both the customers and the utility 

are likely to incur costs to add or retrofit controls and equipment in the customer’s 

facility. Moreover, both must also commit ongoing resources to track and manage the 

operation of the load curtailment and to provide reports. In overall perspective, curtailing 

loads should be as minimal as possible since it is detrimental to both system reliability 

and customer satisfaction. 

The work done in the thesis is applicable to any systems since the load curtailment 

studied, in this thesis, is due to violation of voltage limits thereby leading to the problem 

of reactive power. However, transmission limit has also been considered in problem 

formulation, in this thesis, but reactive power not much affects this limit.  

The only technical aspect of load curtailment has been taken into account in this 

thesis. The cost aspect of the load curtailment has not been taken into account; hence 

how much amount of load curtailed can be minimized by placing a FACTS device in the 

system has been studied in this thesis.  

SVC is used as the FACTS device over a conventional capacitor bank, in this 

thesis. A capacitor bank is enough for the under voltage problem which caused load 

curtailment. But for over voltage problem capacitor is insufficient and an inductor is 

required to absorb the reactive power to reduce the voltage. Hence, SVC is preferred over 

capacitor bank as it can generate or absorb the reactive power as per the requirement. 

Moreover FACTS devices are controlled by power electronics which enable faster 

response of the device. In present day scenario of power system, faster switching is 

essential for stability purpose. However, in this study, one can use capacitor and inductor 

for under and over voltage problems, respectively. Moreover, only one SVC has been 

connected at a time. 
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1.4.2 Optimal placement of FACTS controllers 

During the outages of some of the critical lines/equipments, power system may become 

insecure and vulnerable to the voltage collapse/instability due to lack of reactive power 

support and/or overloading of the network. Generators may have limited reactive power 

capability and, sometimes, their reactive power cannot be efficiently used if the reactive 

power requirement in the network is far from their locations. Further, these generators 

may have to reduce their real power output to fulfill the reactive power demand of the 

system, resulting in loss of opportunity in the electricity market. Moreover, low voltage 

profile in the system may cause load curtailment. Hence, reactive power compensators 

are required in the network to maintain the voltage profile and, thereby, improving the 

steady state and dynamic performances of the system. 

SVCs and STATCOMs are capable of effectively controlling the voltage profile by 

dynamically adjusting the reactive power output at the point of connection. However, 

these controllers are very expensive and, hence, their optimal locations in the network 

must be ascertained. Among these two FACTS controllers, SVC is more popular due to 

its lesser cost/size as compared to the STATCOM.  

In [13], optimal placement of FACTS controllers based on economic consideration 

is presented. An evolution algorithm is developed in [14] for optimal placement of 

FACTS controllers. In [15], a screening technique is developed for greatly reducing the 

computation involved in determining the optimal location of UPFC. In [16], a new 

reactive power spot price index has been suggested to determine the optimal location of 

SVC in the power system. Sensitivity indices have been developed in [17] to optimally 

place a FACTS controller to increase power system security. In [18], SVCs’ have been 

optimally placed in a transmission network in such a manner that its loading margin is 

maximised. A methodology for fast determination of optimal location of SVC based on 

system loadability and contingency analysis has been presented in [19]. The authors in 

[20] presented a scheme of hybrid optimisation using parallel simulated annealing and a 

Lagrangian multiplier for optimal SVC planning. 

Load curtailment evaluation has been done in [21] with respect to voltage stability 

margin where it has been observed that the amount of curtailment increases if more 
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voltage stability margin, form a possible collapse, is required in a system. In [22], two 

reliability models are presented for load curtailment due to transmission outages 

overlapping with periods of high load. Ref. [23], presents a service restoration problem 

formulation and solution algorithm for power distribution systems incorporating load 

curtailment. In [42], the author has developed sensitivity indices to optimally place a 

series FACTS device in a transmission line to minimize load curtailment requirements. 

But no systematic approach has been developed to optimally place a shunt FACTS 

device at a bus to minimize the load curtailment requirements. 

1.5 Motivation 

In the modern pace of rapid industrialisation, the load on the power system has increased 

drastically in almost all of the countries in the world leading to an increase in 

transmission network size as well. This raises serious challenge in operating the system 

in secure and reliable manner. The FACTS controllers are being increasingly used in the 

network to address some of these challenges. Although, FACTS controllers play an 

important role in improving the power system operating performance these devices are 

costly and need to be placed optimally in the power system network. 

In [29], SVC and TCSC has been randomly placed in the system and the effect on 

the reduction in the system load curtailment has been studied. This approach is somewhat 

suitable for small systems but is incongruous to large systems. Hence, a sensitivity based 

approach has been developed for optimal placement of SVC, in this thesis, to study the 

impact on load curtailments minimization. 

1.6 Thesis Organization 

The work carried, in this thesis, has been divided in five chapters. The present chapter 

describes the fundamentals of FACTS devices and the load curtailment. Moreover, the 

motivation behind the thesis has also been described in this chapter. 

Chapter 2 proposed a new set of load curtailment sensitivity factors, in terms of change 

in load curtailment requirement to change in SVC parameter, for optimal placement of 

SVC. The Optimal Power Flow (OPF) problem has been formulated as an objective to 

minimize the load curtailment, for different optimal SVC locations obtained through 
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proposed sensitivity factor. The results are verified on IEEE 14-bus and Indian 75-bus 

practical systems. The analysis has been carried out for normal loading conditions and 

conclusions are drawn. 

In Chapter 3, the effectiveness of the SVC, in term of load curtailment minimization, 

has been observed at increased load conditions. The active and reactive power load on 

each bus has been uniformly increased and the OPF has been run again and the impact of 

SVC in term of the minimization of the load curtailment has been investigated. The 

analysis has been carried out on the same two studied systems. However, same locations, 

obtained in chapter 2, have been used to see the impact. 

Chapter 4 has been investigated the only technical feasibility of different kinds of 

market scenarios which include a combination of a pool and a bilateral model, a pool and 

a multilateral contract and a pool, a bilateral and a multilateral contract. The 

effectiveness of the SVC, in term of load curtailment reduction, has been seen by running 

the OPF problem for the market scenarios. Again same SVC location orders have been 

used which were found in chapter 2. 

The Chapter 5, concludes the work done, in this thesis, and highlighted the scope for 

future research in this area. 
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Chapter 2 
 
Load Curtailment Sensitivity Factors for 
Optimal Placement of SVC 
 
2.1 Introduction 
 
The electric power industry, in the present, is very complex and undergoes unforeseen 

rapid changes in terms of demand/generation patterns and trading activities that hinder 

the system security. For example, a steep rise in load or a certain critical line/equipment 

outage can cause line overload or undesirable voltage profile and such events can push 

the system towards instability and possibly even a black out. In order to cope with such 

situations, it is common practice to purchase the rights of asking for a reduction of load 

from certain customers. However, it is not an ideal situation from reliability perspective 

as well as having critical load in the power system. Load curtailment is the collection of 

control strategies employed to reduce the electric power loading in the system and main 

aim is to push the disturbed system towards a new equilibrium state. Load curtailment 

may be required even when voltages at some buses deviate from their acceptable voltage 

limits. In such cases, reactive power is supplied locally to keep the voltages within limits. 

The main disadvantage of the reactive power over the active power is that it cannot be 

transmitted over long distances and hence, must be provided locally by some means. 

 

Flexible AC Transmission Systems (FACTS) [1, 2, 3, 4, 6, and 7] controllers can 

be a suitable alternative to provide such reactive power locally. Generators have the 

capability of controlling reactive power but the location of the reactive power demand 

can hinder their effects considerably. Due to high costs of FACTS devices, their proper 

location in the system must be ascertained.  

 

In [29], the impacts of TCSC and SVC on system load curtailments based on 

optimal power flow (OPF) are studied by placing the devices in the system on a hit and 

trial basis. But a “hit and trial” method is not a mathematical approach to find the optimal 
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location of these controllers and a proper mathematical method is suggested, in this 

thesis, as the costs of these devices are reasonably high. 

 

In this chapter, a new methodology, called as Load Curtailment Sensitivity Factors 

(LCSFSVC

 

), has been proposed in terms of the change in total system load curtailment 

requirement with respect to the change in SVC parameter. SVC is chosen for this 

purpose since it is cheaper. However, the cost of SVC has not been considered, in this 

thesis. 

2.2 System Modelling 
 
The modelling of a transmission line [5] and the static representation of SVC [2, 9] has 

been described in this part. 

 

2.2.1 Representation of transmission line 
 
A simple transmission line connected between bus-i and bus-j can be represented by its 

lumped π equivalent parameters [5] as shown below. 

    Bus-i                                                    Bus-j 
              Vi∠δi       Transmission Line            Vj∠δj 

        
 
    jBsh /2                                 jBsh /2 
 

yij=gij + jbij 

 
Figure 2.1: Static representation of transmission line 

 The complex voltages at bus-i and bus-j have been represented by Vi∠δi and 

Vj∠δj, respectively. The real (Pij) and reactive (Qij

)sincos(2
ijijijijjiijiij bgVVgVP δδ +−=

) powers from bus-i to bus-j can be 

written as 

     (2.1) 

)cosbsing(VV)
2

Bb(VQ ijijijijji
sh

ij
2
iij δδ −−+−=     (2.2) 
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Similarly, the real (Pji) and reactive (Qji

)sinbcosg(VVgVP ijijijijjiij
2
jji δδ −−=

) from bus-j to bus-i can be written as 

     (2.3) 

)cosbsing(VV)
2

Bb(VQ ijijijijji
sh

ij
2
jji δδ +++−=     (2.4) 

where,  

Bsh

δ

 is the full line charging impedance and 

ij = δi - δ

 

j 

2.2.2 Static representation of SVC 
 
The Static Var Compensator (SVC) [3,7] is a shunt connected Var generator or absorber 

whose output is adjusted to exchange capacitive or inductive current so as to maintain or 

control specific parameters of the electric power system, typically bus voltage. It includes 

separate equipment for leading and lagging Vars [14]. A simple connection diagram of 

SVC has been given in Figure 2.2. 

 

 

Figure 2.2: SVC connection to a bus 

The main types of SVC controllers presently used are as follows: 

1. Thyristor Controlled Reactor (TCR): In this type of SVC a reactor with thyristor 

valves is incorporated in each phase. Reactive power is varied by controlling the 
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current through the reactor using the thyristor valves. This type of SVC is 

characterized by smooth and continuous control. 

2. Fixed capacitor Thyristor Controlled Reactor (FC-TCR): In this type of SVC a 

TCR is used in combination with a fixed capacitor bank when reactive power 

generation is required. This is often the optimum solution for sub-transmission 

and distribution applications. The main characteristics of this type of SVC are 

smooth and continuous control, elimination of harmonics by tuning the fixed 

capacitors and compact design. 

3. Thyristor Switched Capacitor (TSC): In this type of SVC a shunt capacitor bank 

is divided into an appropriate number of branches. Each branch is individually 

switched on or off through anti-parallel connected thyristors. The main 

characteristics of this type of SVC are step and smooth control, no harmonics, 

low losses and flexibility. 

4. Thyristor Controlled Reactor–Thyristor Switched Capacitor (TCR–TSC): In this 

type of SVC the TCR and the TSC is combined to get an optimum solution in 

many cases. With a TCR–TSC SVC, continuously variable reactive power can be 

obtained across the entire control range, with full control of both the inductive 

and the capacitive parts of the compensator. The principal benefit is optimum 

performance during major disturbances in the system such as line faults and load 

rejections. This type of SVC is characterized by continuous control, elimination 

of harmonics through TSC control, low losses, redundancy, and flexibility [30]. 

 

Shunt FACTS device has been represented as injection at one node to which it is 

connected whereas a series FACTS device is generally taken as power injection at two 

nodes connected at both the ends of a line in which series FACTS controller exists. 

In the active control range, the susceptance (Bsvc) and, hence, the reactive current is 

varied according to the voltage regulation slope characteristics shown in Fig. 2.3. The 

slope value depends upon the desired voltage regulation, the desired sharing of reactive 

power among various sources and other needs in the system. Typically, it varies between 

1-5%. The SVC behaves like a shunt capacitor of maximum value (BCsvc) at the 

capacitive limit, and as fixed shunt reactor at minimum value (-BLsvc) corresponding to 

the inductive limit. These limits are reached when there are large variations in the bus 
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voltage. The inductive limit is reached when the bus voltage exceeds the upper limit, 

whereas the capacitive limit is reached when it falls below the lower limit. 

 

 

o 

Bus Voltage 

Normal Operating Range 

SVC Current 

Bmin 

Bmax 

BCmax 

 

Figure 2.3: SVC output characteristics 

 

The SVC can be represented by its shunt current injection model. The current 

injection ( SVCI ) into the bus, where the SVC is connected, can be written as, 

SVC SVCI jB V=                                                                                     (2.5) 

( )1 2 sin 2 ,

1, ,

C
SVC C TCR L

C L

L C

XB B B X
X X

X L X
C

π α α
π

ω
ω

 = − = − − +      

= =                                 (2.6)       

where, BSVC, α, XL, XC

The reactive power injected into the bus due to SVC can be expressed as, 

  are the shunt susceptance, firing angle, inductive reactance and 

capacitive reactance of the SVC, respectively. ω = 2πf, where f is the frequency of the 

supply. 

2
SVC SVCQ B V=             (2.7) 
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where, V is the voltage magnitude of the bus at which the SVC is connected. 

SVC is still considered as a lower cost alternative to STATCOM. A comparative 

study between STATCOM and SVC is given in the following table. 

Table 2.1: Comparison of SVC and STATCOM 

STATCOM SVC 

1. It acts as a voltage source behind a reactance. 

2. It is insensitive to transmission system 
harmonics. 

3. It has a larger dynamic range. 

4. It generates fewer harmonics. 

5. It has faster response (within ms) and better 
performance during transients. 

6. Both inductive and capacitive regions of 
operation are possible. 

7. It can maintain a stable voltage even with a 
very weak AC system. 

8. It can be used for small amounts of energy 
storage. 

9. Temporary overload capacity translates into 
improved voltage stability. 

1. It acts as a variable 
susceptance. 

2. It is sensitive to transmission 
system harmonic resonance. 

3. It has smaller dynamic range. 

4. It generates more harmonics. 

5. Its performance is slow during 
the transients. 

6. It operates mostly in capacitive 
region.  

7. It has difficulty in operating 
with a very weak AC system. 

 

2.3  Proposed Methodology for Optimal Location of SVC 

The basic criteria for the placement of SVC is derived from the basic equations of active 

and reactive power balance on every node as well as the total load curtailment in a 

system. 

The load curtailment (LC) in a system is given by 

∑
=

−=
n

1i
iavailireq )SS(LC         (2.8) 
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where, Sireq is the required complex power demand at a particular bus and Siavail

2
iavail

2
iavailiavail QPS +=

 is the 

available complex power to be supply at that particular bus. 

        (2.9) 

FACTS
ijiij

n

1j
jiijjiGiiavail P)}]sin(B)cos(G{VV[PP +−+−−= ∑

=

δδδδ   (2.10) 

FACTS
ijiij

n

1j
jiijjiGiiavail Q)}]cos(B)sin(G{VV[QQ +−−−−= ∑

=

δδδδ   (2.11) 

where, Gij and Bij are the real and imaginary elements of Y-bus matrix. Pi
FACTS and 

Qi
FACTS

 

 are the active and reactive powers injected at bus-i by the FACTS controller. 

In the presence of FACTS device, equation (2.8) can be a function of bus voltage 

magnitude (V), voltage angle (δ) and injected FACTS parameter (U), given as 

LC f (V, , U)δ=          (2.12) 

By Taylor’s expansion, equation (2.12) can be written as 

LC [S] [R][ U]
V
δ∆ 

∆ = + ∆ ∆ 
        (2.13) 

where, matrices S and R are given by 







∂
∂

∂
∂

=
V

LCLC]S[
δ

      

LC[R]
U

∂ =  ∂ 
 

[ ]
[ ] 












∆∆∆

∆∆∆
=








∆
∆

T
N32

T
N32

b

b

V........VV

........

V

δδδδ
 

b

T
1 2 N[ U] [ U U ................ U ]∆ = ∆ ∆ ∆  

where, ∆U represents injected FACTS parameter and Nb is the total number of buses in 

the system. 
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The dimension of matrix [S] is 1×(2Nb-2) since the derivatives corresponding to 

the slack bus are not included in the matrix. The dimension of matrix [R] is 1×N

While using SVC, equation (2.13) becomes. 

b. 

]B][R[
V

]S[LC SVC∆+







∆
∆

=∆
δ

       (2.14) 

where, 







∂
∂

=
SVCB

LC]R[  

The power balance equations at each node are given by 

FACTS
ijiij

n

1j
jiijjiDiGi P)}]sin(B)cos(G{VV[PP −−+−+= ∑

=

δδδδ    (2.15) 

FACTS
ijiij

n

1j
jiijjiDiGi Q)}]cos(B)sin(G{VV[QQ −−−−+= ∑

=

δδδδ   (2.16) 

The power balance equations, at steady state, can be expressed as a function of bus 

voltage (V), bus angle (δ) and shunt FACTS parameter (U). They can be written as 

PB0 f (V, , U)δ=          (2.17) 

QB0 f (V, , U)δ=          (2.18) 

By Taylor’s expansion 

B

B

P
[J] [K][ U]

Q V
δ∆ ∆   

= + ∆   ∆ ∆  
       (2.19) 

Assuming change in loads is met by the slack bus only, equation (2.19) can be written as 

[ ] 1J ( [K][ U])
V
δ −∆ 

= − ∆ ∆ 
        (2.20) 

where, matrices J and K are given by 

















∂
∂

∂
∂

∂
∂

∂
∂

=

V
ff
V
ff

]J[
QBQB

PBPB

δ

δ  
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PB

QB

f
U[K]
f
U

∂ 
 ∂=  
∂ 
 ∂ 

 

The dimension of matrix [J] is 2(Nb-1)× 2(Nb-1) and that of matrix [K] is 2(Nb-1) 
×N

For SVC equation (2.20) becomes 

b 

[ ] ])B][K[(J
V SVC

1 ∆−=







∆
∆ −δ

        (2.21) 

where,  



















∂
∂
∂
∂

=

SVC

QB

SVC

PB

B
f

B
f

]K[

 

Substituting equation (2.21) into equation (2.13) implies 

]B][R[]B][K[]J][S[LC SVCSVC
1 ∆+∆−=∆ −       (2.22) 

Therefore, 

1[ ][ ] [ ] [ ]−∆
= = − +
∆SVC

SVC

LCLCSF S J K R
B

       (2.23) 

Thus the sensitivity factors (LCSFSVC

The same analysis can be carried out for a series FACTS device with some minor 

changes in some of the matrices developed above. The matrix R will be a 1×N

) are derived as change in total load 

curtailment with respect to change in SVC parameter. 

l where Nl 

is the number of lines in the system. Similarly the dimension of matrix K will be a 2(Nb-

1) ×Nl

2.3.1 Criterion for Optimal Location of SVC 

. Hence, the sensitivity factors will be found with respect to the change in series 

FACTS parameter. 

 

The generator buses and the buses having voltage control devices have not been 

considered for SVC placement since these devices have some capabilities to control the 

active and reactive powers at the buses. At PV nodes, the generators are capable to 
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control both the power. At PQ nodes, the generators are not connected and so do not have 

any control over the power at these nodes. Hence, the sensitivity analysis is carried out 

on PQ nodes to place some external controller which can have control over power as 

SVC can control the reactive power. 

Moreover, it is assumed that all the losses are to be met by the slack bus in the 
system. 

2.4 Problem Formulation to Minimize the Load Curtailment 
Requirement 

The proposed approach for the optimal placement of SVC to minimize the total load 

curtailment of the system has been formulated as an OPF problem, assuming that the 

power factor at all load buses remain constant. The problem is formulated below. 

Minimize ∑
=

−=
bN

1i
lilireq )PP(LC        (2.24) 

Subject to the following constraints 

• Equality constraints: Power balance equations, given by equations (2.10 & 2.11) 

must be satisfied at all buses in the system. In order to keep the load power factor 

as constant, it is assumed that if a certain amount of real load is curtailed at a bus, 

corresponding reactive load must also be curtailed at that bus. Mathematically, it 

can be represented as 

lireq

li

lireq

li

Q
Q

P
P

=           (2.25) 

where, Pli

 P

 is the actual real power supply at bus-i 

lireq

 Q

 is the required real power demand at bus-i 

li

 Q

 is the actual reactive power supply at bus-i 

lireq

• Inequality constraints: The operating limits of various power system variables and 

the parameter of SVC are summarized below 

 is the required reactive power demand at bus-i 

max
gigi

min
gi QQQ ≤≤   i = 1, 2, 3……Nb

max
ii

min
i VVV ≤≤

     (2.26) 

  i = 1, 2, 3……Nb     (2.27) 
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max
ii

min
i δδδ ≤≤   i = 1, 2, 3……Nb

max
SVCSVC

min
SVC BBB ≤≤

     (2.28) 

         (2.29) 

Equations (2.26), (2.27) and (2.28) represent limits on reactive power generations, 

bus voltages and angles, respectively. Equation (2.29) represents the limit of the SVC 

control parameter. The angle constraint is more important in series FACTS devices and 

also in the study of dynamic stability of a system but here it has been taken into account 

so that the solution becomes feasible in the said particular state. 

 

 The OPF problem involves a nonlinear objective function combined with a set of 

nonlinear equality and inequality constraints. The problem is solved in software named 

GAMS using its SNOPT solver library. 

 

2.5 Simulation Results and Discussions 

The proposed sensitivity approach for optimal placement of SVC has been implemented 

on IEEE 14-bus and Indian 75-bus practical systems. The details of these systems are 

given in appendix A and B, respectively. The system base is 100 MVA. 

 

2.5.1 SVC placement in IEEE 14-bus system 

The sensitivity factors derived in equation (2.23) are given in Table 2.2 for the IEEE 14-

bus system. The top ten locations have been given in column 2 based on the sensitivity 

factors given in column 3. The ranks are given in such a way that the most suitable bus 

for the placement of SVC has been assigned the rank 1, followed by the other ranks 

suitable for the placement of SVC. 
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Table 2.2: Optimal SVC location orders based on proposed sensitivity factors 

Rank order Bus number Sensitivity factors 

(LCSFSVC) 

1 7 0.0990 

2 3 0.0985 

3 5 0.0975 

4 6 0.0974 

5 10 0.0943 

6 11 0.0940 

7 1 0.0914 

8 2 0.0913 

9 12 0.0912 

10 9 0.0900 

 

The values of minimum load curtailment obtained through OPF solution by placing SVC 

at each bus, one at a time are given in Table 2.3. 

 

Table 2.3: Load curtailment and optimal SVC parameters in IEEE 14-bus system 

Rank order Bus number Sensitivity factors 

(LCSFSVC

LC(pu) 

) 

BSVC (pu) 

1 7 0.0990 0.0501 0.097 

2 6 0.0974 0.0505 0.115 

3 10 0.0943 0.0788 0.056 

4 11 0.0940 0.0742 0.088 

5 12 0.0912 0.0860 0.097 

 

The best location for optimal placement of SVC is found as bus-7, followed by 

buses 6, 10, 11 and 12. The system load curtailment in the absence of SVC is 9.87 MW.  

The maximum and minimum limits of bus voltage magnitude are 1.01 pu and 0.99 pu, 

respectively. The value of BSVC is varied from -3 to 3 pu. The minimum value of load 

curtailment by placing SVC at bus-7 is found as 5.01 MW. The buses not fulfilling the 
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criteria laid in 2.3.1 have been excluded. The last column represents the value of the 

admittance of the SVC. The results of Table 2.3 have been also shown through bar chart 

in Figure 2.4. 

 
 

 

 

 

 

 

 

 

 

Figure 2.4: Variation of load curtailment according to ranks in IEEE 14-bus system 

 

2.5.2 SVC placement in Indian 75-bus system 

The sensitivity factors derived in equation (2.23) are provided in Table 2.4 for the Indian 

75-bus system. The top ten locations have been given in column 2 based on the 

sensitivity factors given in column 3.  
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Table 2.4: Optimal SVC location order based on proposed sensitivity factors 

Rank order Bus number Sensitivity factors 

(LCSFSVC) 

1 6 0.6249 

2 5 0.6196 

3 31 0.6077 

4 32 0.6065 

5 7 0.6054 

6 33 0.5954 

7 62 0.5814 

8 39 0.5791 

9 61 0.5413 

10 59 0.5380 

 

The values of minimum load curtailment obtained through OPF solution by placing SVC 

at each bus, one at a time are given in Table 2.5. 

 

Table 2.5: Load curtailment and sensitivity factors in Indian 75-bus system 

Rank order Bus number Sensitivity factors 

(LCSFSVC

LC(pu) 

) 

BSVC (pu) 

1 31 0.6077 1.4913 0.445 

2 32 0.6065 1.5062 0.420 

3 33 0.5954 1.6287 0.093 

4 62 0.5814 1.3414 0.609 

5 39 0.5791 1.5217 0.246 

 

The best location for optimal placement of SVC is found as bus-31, followed by 

buses 32, 33, 62 and 39. The system load curtailment in the absence of SVC is 167.63 

MW.  The maximum and minimum limits of bus voltage magnitude are 1.02 pu and 0.98 

pu, respectively. The value of BSVC is varied from -3 to 3 pu. The minimum value of load 
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curtailment by placing SVC at bus-31 is 149.13 MW. The results in Table 2.5 have been 

also shown through bar chart in Figure 2.5. 

Figure 2.5: Variation of load curtailment according to ranks in 75-bus Indian 

system 

 

2.6 Conclusions 

A new set of indices based on ac power flow has been established which can be defined 
as the ratio of change in total system load curtailment to the change in SVC control 
parameter, for its optimal placement. An OPF problem has been formulated, with 
minimization of required system load curtailment as an objective, to study the impact of 
the optimal SVC placement. The tests performed on IEEE 14-bus and Indian 75-bus 
practical systems and the results obtained reveal the following: 

• Based on the proposed sensitivity factors, the placement of SVC at that location 
results in the decrement of the required system load curtailment in their order for 
both the test systems. 

• The rank order of the locations, obtained by sensitivity analysis has been 
validated through OPF results in terms of decrement in required system load 
curtailment with the placement of SVC. The high ranked buses have indeed 
shown a larger reduction in total system load curtailment in both the systems. 
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Chapter 3 
 
Load Curtailment Minimization by SVC 
at increased load condition 
 
3.1 Introduction 

Power systems have become larger, more complex and heavily loaded. Political, 

economical, environmental, technical factors, demand increase, massive interconnections 

have led power systems to operate with their equipment very close to their limits [31]. 

Moreover, the loads and generation change rapidly in today’s deregulated power system, 

causing some transmission corridors to become overloaded. The overloading can trigger 

a change of events that may eventually lead to a system blackout.  

 

In the previous chapter, a new method has been developed based on sensitivity 

factors to optimally place the shunt FACTS controller to minimize the net system load 

curtailment requirement. As stated above the dynamic behaviour of modern power 

systems lead to check the effectiveness of the optimally placed SVC at increased load 

condition which is unavoidable. In this chapter, it is assumed that both the real and 

reactive power loads, at all buses, have been increased by same factor. Hence, due to 

uniform increment in load the developed load curtailment sensitivity factors suitably 

predict the similar location of SVC to reduce the required load curtailment requirement 

in the condition of overloading. However, aim of this chapter is to investigate the 

effectiveness of SVC at increased load conditions in terms of reduction in loads 

curtailment. 

 

In this chapter, optimal location of the SVC has been taken same as found in 

chapter 2 and only impact analysis has been carried out at increased load condition. The 

results have been obtained on IEEE 14-bus and 75-bus Indian systems to assess the 

impact of SVC in this case through the solution of OPF problem described in section 2.4.  
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3.2 Impact Assessment of Optimally Placed SVC 

In order to evaluate the impact of SVC, which was optimally placed in previous chapter, 

at the increased load condition, the active and reactive load in the system is increased by 

2% at all the buses in both the systems. 

3.3    Simulation Results and Discussions 

The proposed sensitivity approach has been tested in IEEE 14-bus system and Indian 75-

bus system for optimal placement of SVC. The system base is 100 MVA. 

3.3.1 SVC Placement in IEEE 14-bus system 

The location orders obtained in chapter 2 has been used here for study and tabulated in 

Table 3.1 for the IEEE 14-bus system. The values of the load curtailment obtained 

through OPF solution by placing SVC at each bus are also shown in Table 3.1. Only 5 

locations have been shown. 

Table 3.1: Load curtailment in IEEE 14-bus system 

Rank order Bus number Sensitivity factors 

(LCSFSVC

LC(pu) 

) 

BSVC (pu) 

1 7 0.1011 0.0539 0.102 

2 6 0.0996 0.0550 0.119 

3 10 0.0964 0.0843 0.066 

4 11 0.0962 0.0919 0.087 

5 12 0.0935 0.1068 0.098 

 

The system load curtailment in the absence of SVC is 11.66 MW.  The maximum 

and minimum limits of bus voltage magnitude are 1.01 pu and 0.99 pu, respectively. The 

value of BSVC

 

 is varied between ±3.00 pu. The minimum value of load curtailment by 

taking SVC at bus-7 is 5.39 MW. The last column represents the value of the optimal 

settings in term of SVC admittance. The results of Table 3.1 have been also shown 

through bar chart in Figure 3.1.  
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Figure 3.1: Variation of load curtailment in IEEE 14-bus system at increased load 
condition 

 

3.3.2 SVC placement in practical 75-bus Indian system 

The obtained location orders in previous chapter have been given in Table 3.2 for the 

study on 75-bus system. The values of the load curtailment obtained through OPF 

solution by placing SVC at each bus are also shown in Table 3.2. Only 5 SVC locations 

have been shown. 

Table 3.2: Load curtailment at increased load in 75-bus Indian system 

Rank order Bus number Sensitivity factors 

(LCSFSVC

LC(pu) 

) 

BSVC (pu) 

1 31 0.5666 1.8955 0.400 

2 32 0.5653 1.8981 0.384 

3 33 0.5545 1.9576 0.088 

4 62 0.5405 1.8518 0.500 

5 39 0.5378 1.9152 0.187 

 

The system load curtailment in the absence of SVC is 198.42 MW.  The maximum 

and minimum limits of bus voltage magnitude are 1.02 pu and 0.98 pu, respectively. The 

value of BSVC
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 is varied from -3 to 3 pu. The minimum value of load curtailment by 
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taking SVC at bus-31 is 189.55 MW. The results in Table 3.2 have been also shown 

through bar chart in Figure 3.2. The maximum reduction in load curtailment requirement 

has been found as around 9 MW by SVC. Therefore, SVC is also effective at increased 

load condition for reduction in load curtailment. 

 

 

 

 

 

 

 

 

Figure 3.2: Variation of load curtailment in 75-bus Indian system at increased load 
condition 

3.4 Conclusions 

The effectiveness of SVC, which was optimally placed based on sensitivity factors 

obtained in chapter 2, has been investigated under an increased load condition. The 

active and reactive powers on all the buses have been increased by 2% for both the 

systems. The results are obtained for top 5 ranks using an OPF formulation in GAMS. 

From the obtained results, SVC could be very useful for reducing load curtailment which 

is occurring due to lack of reactive power or voltage problem. 

As described above that objective of this chapter was not for optimal SVC 

placement. However, the results are coming according to their location order because 

taking uniform load change at all buses. 
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Chapter 4 
 
Load Curtailment Minimization by SVC 
Considering Electricity Market Scenarios 
 
4.1 Introduction 

In the modern era of electricity markets [31,32,37,38], customers have the right to choose 

their power suppliers thereby a seller node has the obligation to supply the contracted 

power to either a single or many customers, depending upon the number of contracted 

customers. Thus, the load at such contracted buses cannot be curtailed below a certain 

amount. The inclusion of such contracts must be taken into account in modelling the 

power systems. In real power systems several generation nodes can have contract to 

supply power to several load buses. 

These contracts and market scenarios must be taken into account when studying 

total system load curtailment. A generator bus having a contract with a load bus means 

that the generator bus cannot curtail the generated power below the amount stated in the 

contract, thus making the system constraints stiffer. 

In this chapter, the effect of SVC, which have been optimally placed based on the 

proposed load curtailment sensitivity factors, derived in chapter 2, and has been 

investigated in the presence of various market scenarios thereby imposing certain 

restrictions on load curtailment amount. Three kinds of market scenarios are studied and 

the impact of SVC on load curtailment has been evaluated. The analysis has been carried 

out on IEEE 14-bus and practical 75-bus Indian systems. 

4.2 Modelling of Bilateral and Multilateral contracts 

In a bilateral dispatch, the sellers and buyers enter into transactions where the amount of 

power traded and the associated prices are at the sole discretion of these parties and not a 

matter of system operator. These transactions are then brought to the system operator 

with the request that the contractual power be provided. The system operator then 

dispatches the required transactions and charges for the transmission usage, if there is no 
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violation of the static and dynamic security of the system. However, in this chapter, only 

technical constraints and its impact on load curtailment minimization have been 

considered. 

Mathematically, a bilateral transaction between a seller at bus-i and a buyer at bus-j 

has a following power balance relationship: 

0Gi DjP P− =                     (4.1) 

The multilateral contract is an extension of a bilateral contract where a seller has a 

contract with several buyers and vice versa. Mathematically, a multilateral contract 

involving more than one supplier and/or consumers can be represented as, 

0k k
Gi Dj

i j
P P− =∑ ∑  k=1, 2….tk

where, P

      (4.2) 

Gi and PDj are the power injections into the seller bus-i and power extractions at 

the buyer bus-j, respectively, and tk

4.3 Problem Formulation 

 is the total number of contracts. The real power 

losses, caused by various obligations, have been taken from slack bus generator, in this 

study. 

The bilateral and multilateral market models are included in objective function by 

including the constraints given by equations (4.1) and (4.2) in the OPF problem 

formulation. The power at the load bus cannot be curtailed below the amount specified in 

the contract; similarly the generation at the generator bus must be at least the amount 

specified in the contract plus losses incurred. First the single bilateral contracts have been 

considered followed by multilateral contracts and both bilateral and multilateral contracts 

simultaneously. 

4.4 Simulation Results and Discussions 

The simulations of the optimally placed SVC considering the market scenarios are 

carried out on IEEE 14-bus and 75-bus Indian systems. The results obtained on two 

systems are given below. 
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4.4.1. SVC placement in IEEE 14-bus system 

a) Single bilateral contract 

In this scenario, a single bilateral contract is considered between bus-2 as 

generator/supplier bus and bus-14 as load bus. The amount of contracted power is 10 

MW which means that bus-2 must generate/supply at least 10 MW while the load at bus-

14 cannot be curtailed below 10 MW. The load curtailment in the absence of SVC with 

all these constraints is 17.88 MW and other details are given in the Table 4.1. 

   Table 4.1: Values of load curtailment in 14-bus system (single bilateral contract) 

Rank order Bus number Sensitivity factors 

(LCSFSVC

LC(pu) 

) 

BSVC (pu) 

1 7 0.0990 0.0534 0.097 

2 6 0.0974 0.0547 0.115 

3 10 0.0943 0.1777 0.026 

4 11 0.0940 0.1378 0.073 

5 12 0.0912 0.1226 0.097 

 

The optimally located SVC, in chapter 2, has been used for this scenario as well. It 

has been seen that the load curtailment requirement increased due to stiffer constraints. 

b) Single multilateral contract 

In this scenario, a single multilateral contract has been considered and related results are 

shown in the Table 4.2. Generator bus-2 has an obligation to supply 10 MW to bus-14 

and 22 MW to bus-7. The load at buses 14 and 7 cannot be curtailed below 10 MW and 

22 MW, respectively. Therefore the bus-2 has to generate 32 MW in order to fulfil its 

obligations. The value of load curtailment for these constraints in the absence of SVC is 

18.291 MW. 
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Table 4.2: Values of load curtailment in 14-bus system (single multilateral contract) 

Rank order Bus number Sensitivity factors 

(LCSFSVC

LC(pu) 

) 

BSVC (pu) 

1 7 0.0990 0.0534 0.097 

2 6 0.0974 0.0547 0.115 

3 10 0.0943 0.1788 0.032 

4 11 0.0940 0.1387 0.073 

5 12 0.0912 0.1226 0.097 

 

c) Bilateral and multilateral contracts: 

In this scenario, a bilateral and a multilateral contract have been considered along with 

the pool model. The bilateral contract is between bus-2 and bus-7 in which the load at 

bus-7 is 22 MW, so the generator at bus-2 must generate 22 MW in order to fulfil its 

obligations. The multilateral contract is that the bus-3 has an obligation to supply 11 MW 

to bus-14 and 9 MW to bus-13. The load at bus-14 cannot be curtailed below 11 MW 

while the load at bus-13 cannot be curtailed below 9 MW. In order to fulfil this 

obligation, bus-3 has to generate at least 20 MW. The minimum load curtailment in the 

absence of SVC is 21.91 MW. The results are summarised in the Table 4.3. 

Table 4.3: Values of load curtailment in 14-bus system (bilateral and multilateral 
contracts) 

Rank order Bus number Sensitivity factors 

(LCSFSVC

LC(pu) 

) 

BSVC (pu) 

1 7 0.0990 0.0826 0.100 

2 6 0.0974 0.0871 0.116 

3 10 0.0943 0.2190 0.039 

4 11 0.0940 0.1810 0.061 

5 12 0.0912 0.1510 0.097 
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It has been seen from the results in Tables 4.1 to 4.3 that the load curtailment increased 

due to stiffer system constraints, as the load cannot be curtailed on the particular 

contracted buses. It has also been seen that the SVC works fine in the presence of 

different market scenarios. 

1.4.2 SVC placement in 75-bus Indian system 

a) Single bilateral contract 

In this case, a single bilateral contract has been considered between bus-2 as generator 

bus and bus-50 as load bus. The amount of power contracted is 200 MW which means 

that bus-2 must generate at least 200 MW while the load at bus-19 cannot be curtailed 

below 200 MW. The load curtailment in the absence of SVC in the presence of these 

constraints is 224.40 MW. Further details are given in the Table 4.4. 

 Table 4.4: Values of load curtailment in 75-bus system (single bilateral contract) 

Rank order Bus number Sensitivity factors 

(LCSFSVC

LC(pu) 

) 

BSVC (pu) 

1 31 0.6077 2.0411 0.519 

2 32 0.6065 2.0573 0.490 

3 33 0.5954 2.1767 0.138 

4 62 0.5814 1.8691 0.709 

5 39 0.5791 2.0334 0.341 

 

b)  Single multilateral contract 

A single multilateral contract has been considered, in this scenario. Generator bus-2 has 

an obligation to supply 200 MW to bus-50 and 50 MW to bus-64. The load at buses 50 

and 64 cannot be curtailed below 200 MW and 50 MW, respectively. Therefore the bus-2 

has to generate 250 MW in order to fulfil its obligations. The value of load curtailment 

for these constraints in the absence of SVC is 259.13 MW and other results are provided 

in the Table 4.5. 
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Table 4.5: Values of load curtailment in 75-bus system (single multilateral contract) 

Rank order Bus number Sensitivity factors 

(LCSFSVC

LC(pu) 

) 

BSVC (pu) 

1 31 0.6077 2.3718 0.552 

2 32 0.6065 2.3894 0.521 

3 33 0.5954 2.5123 0.160 

4 62 0.5814 2.1932 0.723 

5 39 0.5791 2.3466 0.387 

 

c) Bilateral and multilateral contracts 

A bilateral and a multilateral contract have been considered along with the pool model, in 

this case. The bilateral contract is between bus-2 and bus-50 in which the load at bus-50 

is 200 MW, so the generator at bus-2 must generate 200 MW in order to fulfil its 

obligations. The multilateral contract is that the bus-9 has an obligation to supply 30 MW 

to bus-66, 40 MW to bus-68 and 50 MW to bus-72. The load at bus-66 cannot be 

curtailed below 30 MW while the load at bus-68 cannot be curtailed below 40 MW and 

the load at bus-72 cannot be curtailed below 50 MW. In order to fulfil this obligation, 

bus-9 has to generate at least 120 MW. The minimum load curtailment in the absence of 

SVC is 273.28 MW. The corresponding results have been shown in the Table 4.6.  

Table 4.6: Values of load curtailment in 75-bus system (bilateral and multilateral 
contracts) 

Rank order Bus number Sensitivity factors 

(LCSFSVC

LC(pu) 

) 

BSVC (pu) 

1 31 0.6077 2.5247 0.534 

2 32 0.6065 2.5415 0.504 

3 33 0.5954 2.6617 0.148 

4 62 0.5814 2.3503 0.716 

5 39 0.5791 2.5065 0.375 
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It has been seen from above that the load curtailment increased due to stiffer 

system constraints, as the load cannot be curtailed on the particular contracted buses. It 

has also been seen that the SVC works fine in the presence of different market scenarios. 

The effectiveness of the SVC has been shown graphically in Figures 4.1 to 4.4. 

Figures 4.1 and 4.2 show the variation of load curtailment in different market scenarios 

for the IEEE 14-bus and 75-bus Indian systems, respectively, in the absence of SVC. 

Figures 4.3 and 4.4 reveal the variations of load curtailment in the system 

determined by the sensitivity factors for the 14-bus and 75-bus systems, respectively, in 

the presence of SVC. 
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Figure 4.1: Load curtailment with different market models without SVC (14-bus 
system) 

 

 

 

 

Figure 4.2: Load curtailment with different market models without SVC (75-bus 
system) 
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Figure 4.3: Load curtailment with different market models with SVC (14-bus 
system) 

 

 

Figure 4.4: Load curtailment with different market models with SVC (75-bus 
system) 
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4.5 Conclusions 

In chapter 2, only pool model was considered to check the effectiveness for the optimal 

placement of SVC. The effect of SVC has been checked in presence of bilateral, 

multilateral and combination of both bilateral and multilateral contracts and following 

conclusions are drawn: 

1. Without SVC the load curtailment requirement in the system increases due to 

stiffer constraints. 

2. Considering various market scenarios, SVC resulted in decrease of system load 

curtailment, but the value consistently increases in proportion with stiffer 

constraints apart from the cases when the SVC can cater for the bindings as per 

the contracts thereby proving the effectiveness of SVC in the studied market 

scenarios. 
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Chapter 5 
 
Conclusions 
 
5.1 General 

The deregulation of the electricity markets all over the world has posed a challenge to the 

stable, secure and reliable operations of the power system. The growing demand of the 

load on the power system combined with the expansion of transmission network has led 

to the voltage stress in the system in such a way that some of the areas are prone to 

voltage insecurity or voltage instability. An overloaded power system can eventually lead 

to a total system blackout. Moreover, reactive power transmission over long distance is 

not easy and due to lack of reactive power voltage goes beyond limits and finally resulted 

in load curtailment to avoid system instability or sometimes voltage collapse. The 

Flexible AC Transmission System (FACTS) controllers are gaining popularity due to 

their remarkable effects on power system static and dynamic stability. There are two 

shunt FACTS controllers available which can provide reactive power to the system to 

support reactive power deficit as well as voltage profile. Among the shunt type 

controllers i.e., Static Var Compensator (SVC) and Static Compensator (STATCOM), 

former has been popularly used due to their lesser cost and ability to provide voltage 

support to the bus at the point of its connection thereby leading to a an enhancement of 

system dynamic performance as well. 

Load curtailment reduction in a system has been considered an important operating 

challenge in the electricity markets. Various load curtailment schemes have been 

proposed in various research papers and journals. FACTS devices have the capability of 

supporting the reactive power as well as redirecting power flows in the lines thereby play 

a crucial role in the load curtailment reduction. Their optimal location must be properly 

ascertained due to their high cost. In some works, the FACTS devices are placed 

randomly in the system and the results found were indeed positive towards load 

curtailment reduction; however, such approaches are either not systematic or heavy 

calculations intensive. In this thesis, a simple mathematical approach has been designed 

to optimally place the SVC in the system for this purpose. 



42 

 

In this chapter, the major findings of the work have been elaborated together with 

some suggestions for future research work in this area.     

5.2 Summary of Significant Findings of the Work 

In chapter 2, load curtailment sensitivity factor has been developed in terms of change in 

system load curtailment requirement with respect to change in SVC parameters, for its 

optimal placement. An optimal power flow problem has been formulated in GAMS 

taking into account the minimization of total system load curtailment requirement as an 

objective for study the impact of optimal SVC placement and the results have been 

demonstrated on IEEE 14-bus and practical 75-bus Indian systems. The main conclusions 

are drawn from this work are as follows: 

1. A sensitivity based method has been proposed for the optimal location of SVC for 

the minimization of total system load curtailment requirement. 

2. The locations obtained are verified through OPF results in terms of reduction in 

total system load curtailment requirement. The top ranked locations for the SVC 

placement have indeed resulted in greater reduction in system load curtailment 

requirement followed by other locations for both the studied systems. 

3. The system load curtailment requirement has been significantly reduced when 

SVC is used at locations found in the chapter 2. 

4. In electricity market scenarios, the SVC has also a significant impact on the 

reduction of system load curtailment requirement even though having various 

technical constraints caused by imposing some financial as well as social 

obligations. 

5.3 Scope for Future Research 

Further research in this area can be done in the following ways: 

 In this thesis, SVC has been considered for the system studies. This can be 

extended for the placement of some other types of shunt FACTS controllers such 

as STATCOM. 
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 The proposed methodology, in this thesis, can be extended to series FACTS 

controllers such as TCSC, SSSC and UPFC. 

 Various load models can be taken into account for more practical results. 

 Static approach has been considered for optimal placement of SVC, in this work, 

however, a set of hybrid indices can be developed with the help of static and 

dynamic criteria. 

 A conventional method for optimization purpose, in this work, has been used but 

some other methods can be tried out, e.g., evolutionary, heuristic, GA and other 

AI technique. 
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Appendix A 
 
Data for the IEEE 14-bus system 
 

IEEE 14-bus system is shown in Fig. A.1. The system data (at 100 MVA base) is taken 

from [43] and the buses are renumbered. The bus data and the line data are given in the 

Table A.1 and A.2, respectively. 
 

 

 

Figure A.1: Single line diagram of the IEEE 14-bus system 
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Table A.1 Bus data (pu) 

Bus no. V Pm PG QL PL PGmin QGmax QGmin BGmax sh (external shunt) 

1 1.060 0.00 0.000 0.000 0.50 2.00 -0.45 1.00 0.0 
2 1.045 0.40 0.217 0.127 0.20 1.00 -0.40 0.50 0.00 
3 1.070 0.10 0.112 0.075 0.20 1.00 -0.06 0.24 0.00 
4 1.010 0.00 0.942 0.190 0.00 0.00 0.00 0.40 0.00 
5 1.090 0.00 0.000 0.000 0.00 0.00 -0.06 0.24 0.00 
6 1.000 0.00 0.000 0.000 0.00 0.00 0.00 0.00 0.00 
7 1.000 0.00 0.295 0.166 0.00 0.00 0.00 0.00 0.19 
8 1.000 0.00 0.076 0.016 0.00 0.00 0.00 0.00 0.00 
9 1.000 0.00 0.478 -0.039 0.00 0.00 0.00 0.00 0.00 

10 1.000 0.00 0.090 0.058 0.00 0.00 0.00 0.00 0.00 
11 1.000 0.00 0.035 0.018 0.00 0.00 0.00 0.00 0.00 
12 1.000 0.00 0.061 0.016 0.00 0.00 0.00 0.00 0.00 
13 1.000 0.00 0.135 0.058 0.00 0.00 0.00 0.00 0.00 
14 1.000 0.00 0.149 0.050 0.00 0.00 0.00 0.00 0.00 

 
 
 

Table A.2 Line data (pu) 
 

Line no. From To R X B
(full charging) 

sh Tap 

1 08 03 0.00000 0.25202 0.00000 0.962 
2 09 06 0.00000 0.20912 0.00000 0.978 
3 09 07 0.00000 0.55618 0.00000 0.969 
4 01 08 0.05403 0.22304 0.04920 1.000 
5 02 08 0.05695 0.17388 0.03400 1.000 
6 04 09 0.06701 0.17103 0.03460 1.000 
7 09 08 0.01335 0.04211 0.01280 1.000 
8 01 02 0.01938 0.05917 0.05280 1.000 
9 02 04 0.04699 0.19797 0.04380 1.000 

10 06 05 0.00000 0.17615 0.00000 1.000 
11 02 09 0.05811 0.17632 0.03740 1.000 
12 06 07 0.00000 0.11001 0.00000 1.000 
13 07 10 0.03181 0.08450 0.00000 1.000 
14 03 11 0.09498 0.19890 0.00000 1.000 
15 03 12 0.12291 0.25581 0.00000 1.000 
16 03 13 0.06615 0.13027 0.00000 1.000 
17 07 14 0.12711 0.27038 0.00000 1.000 
18 10 11 0.08205 0.19207 0.00000 1.000 
19 12 13 0.22092 0.19988 0.00000 1.000 
20 13 14 0.17093 0.34802 0.00000 1.000 
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Appendix B 
 
Data for the Practical 75-bus Indian 
System 
 

Figure B.1 is shown for practical 75-bus Indian system and simplified representation of 

the 132 and 33 kV [40] transmission systems, having 15 generators and 60 load buses. 

The bus data and line data are shown in the Tables B.1 and B.2, respectively.  
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Figure B.1: Single line diagram of the practical 75-bus Indian system 
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Table B.1: Bus data (pu) 
Bus no. V Pm PG QL QG QL QGmin BGmax sh 

1 1.030 7.49 0.0000 1.046 0.0000 -1.50 4.00 0.00 
2 1.050 2.60 0.0000 0.960 0.0000 -0.25 0.96 0.00 
3 1.010 1.80 0.0000 0.830 0.0000 -0.50 0.83 0.00 
4 1.040 1.00 0.0000 0.600 0.0000 -0.20 0.60 0.00 
5 1.040 1.80 0.0000 0.310 0.0000 -0.50 0.80 0.00 
6 1.050 1.20 0.0000 0.200 0.0000 -0.25 0.50 0.00 
7 1.050 0.60 0.0000 0.143 0.0000 -0.10 0.25 0.00 
8 1.020 0.80 0.0000 0.680 0.0000 -0.10 0.68 0.00 
9 1.050 5.50 0.0000 1.695 0.0000 -1.00 2.50 0.00 
10 1.010 0.80 0.0000 0.560 0.0000 -0.10 0.56 0.00 
11 1.020 1.09 0.0000 0.905 0.0000 -0.20 0.50 0.00 
12 1.040 18.00 0.0000 3.440 0.0000 -2.00 3.44 0.00 
13 1.050 9.00 0.0000 2.365 0.0000 -1.50 2.80 0.00 
14 1.030 1.50 0.0000 0.766 0.0000 -1.00 0.84 0.00 
15 1.010 4.54 0.0000 0.201 0.0000 -0.80 1.50 0.00 
16 1.005 0.00 -0.5869 0.000 0.2756 0.00 0.00 0.00 
17 1.015 0.00 0.0000 0.000 0.0000 0.00 0.00 -1.00 
18 0.987 0.00 0.0000 0.000 0.0000 0.00 0.00 0.00 
19 0.977 0.00 0.0000 0.000 0.0000 0.00 0.00 -0.50 
20 0.976 0.00 1.5637 0.000 0.3393 0.00 0.00 0.00 
21 0.995 0.00 0.0000 0.000 0.0000 0.00 0.00 0.00 
22 1.001 0.00 0.0000 0.000 0.0000 0.00 0.00 -0.50 
23 0.987 0.00 0.0000 0.000 0.0000 0.00 0.00 -1.00 
24 0.978 0.00 2.2795 0.000 0.4053 0.00 0.00 0.00 
25 0.992 0.00 2.1048 0.000 0.4343 0.00 0.00 0.00 
26 0.959 0.00 0.0000 0.000 0.0000 0.00 0.00 -1.63 
27 0.963 0.00 3.0600 0.000 0.4070 0.00 0.00 0.00 
28 1.003 0.00 1.2775 0.000 0.2835 0.00 0.00 0.00 
29 1.006 0.00 0.0000 0.000 0.0000 0.00 0.00 -0.50 
30 0.998 0.00 2.2646 0.000 0.4424 0.00 0.00 0.00 
31 1.030 0.00 0.0000 0.000 0.0000 0.00 0.00 0.00 
32 1.029 0.00 0.7811 0.000 0.1159 0.00 0.00 0.00 
33 1.033 0.00 0.0000 0.000 0.0000 0.00 0.00 0.00 
34 0.989 0.00 0.8170 0.000 0.8384 0.00 0.00 0.00 
35 1.021 0.00 0.0000 0.000 0.0000 0.00 0.00 -0.50 
36 0.979 0.00 0.0000 0.000 0.0000 0.00 0.00 -0.50 
37 0.958 0.00 1.4428 0.000 0.4093 0.00 0.00 0.00 
38 1.019 0.00 0.0000 0.000 0.0000 0.00 0.00 0.00 

. 

 

Table Contd….. 
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39 1.021 0.00 0.8512 0.000 0.2946 0.00 0.00 0.00 
40 0.987 0.00 0.0000 0.000 0.0000 0.00 0.00 0.00 
41 1.022 0.00 0.0000 0.000 0.0000 0.00 0.00 -2.23 
42 1.025 0.00 10.000 0.000 0.0000 0.00 0.00  0.63 
43 1.009 0.00 0.0000 0.000 0.0000 0.00 0.00 0.00 
44 1.010 0.00 0.0000 0.000 0.0000 0.00 0.00 0.00 
45 1.022 0.00 0.0000 0.000 0.0000 0.00 0.00 0.00 
46 0.962 0.00 1.5632 0.000 0.8336 0.00 0.00 0.00 
47 0.979 0.00 0.7455 0.000 0.0877 0.00 0.00 0.00 
48 0.970 0.00 0.5083 0.000 0.1397 0.00 0.00 0.00 
49 0.960 0.00 0.8572 0.000 0.5158 0.00 0.00 0.00 
50 0.963 0.00 2.0210 0.000 0.7494 0.00 0.00 0.00 
51 0.948 0.00 0.5776 0.000 0.0062 0.00 0.00 0.00 
52 0.948 0.00 0.9827 0.000 -0.1815 0.00 0.00 0.00 
53 0.996 0.00 0.8263 0.000 -0.0033 0.00 0.00 0.00 
54 0.982 0.00 1.6195 0.000 0.2900 0.00 0.00 0.00 
55 0.967 0.00 2.7423 0.000 0.3108 0.00 0.00 0.00 
56 1.000 0.00 1.4028 0.000 0.3432 0.00 0.00 0.00 
57 0.987 0.00 1.5278 0.000 0.1853 0.00 0.00 0.00 
58 0.989 0.00 0.9419 0.000 0.1129 0.00 0.00 0.00 
59 0.990 0.00 1.2189 0.000 0.1101 0.00 0.00 0.00 
60 0.976 0.00 0.7420 0.000 0.0742 0.00 0.00 0.00 
61 0.998 0.00 1.0650 0.000 0.0658 0.00 0.00 0.00 
62 1.012 0.00 1.0018 0.000 0.1813 0.00 0.00 0.00 
63 0.971 0.00 0.5801 0.000 0.0531 0.00 0.00 0.00 
64 0.957 0.00 0.5679 0.000 0.1333 0.00 0.00 0.00 
65 0.995 0.00 1.4784 0.000 0.1281 0.00 0.00 0.00 
66 0.964 0.00 0.3174 0.000 0.1518 0.00 0.00 0.00 
67 0.977 0.00 0.9643 0.000 0.1055 0.00 0.00 0.00 
68 0.977 0.00 0.4287 0.000 0.3360 0.00 0.00 0.00 
69 0.932 0.00 0.5594 0.000 0.3253 0.00 0.00 0.00 
70 0.974 0.00 0.2334 0.000 0.0230 0.00 0.00 0.00 
71 0.963 0.00 0.9173 0.000 0.2136 0.00 0.00 0.00 
72 0.976 0.00 0.5252 0.000 0.1176 0.00 0.00 0.00 
73 1.019 0.00 4.4700 0.000 0.0000 0.00 0.00 -0.50 
74 0.987 0.00 2.8800 0.000 0.0000 0.00 0.00 -2.50 
75 1.009 0.00 -4.4400 0.000 0.0000 0.00 0.00 0.00 
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Table B.2: Line data (pu) 

Line no. From To R X Bsh Tap (full) 
1 19 20 0.00065 0.02604 0.00000 1 
2 16 2 0.00123 0.02469 0.00000 1 
3 18 3 0.00000 0.02917 0.00000 1 
4 17 16 0.00065 0.02604 0.00000 1 
5 17 1 0.00073 0.01460 0.00000 1 
6 22 25 0.00065 0.02604 0.00000 1 
7 23 24 0.00065 0.02600 0.00000 1 
8 26 27 0.00065 0.02604 0.00000 1 
9 28 4 0.00306 0.06135 0.00000 1 
10 29 30 0.00043 0.01736 0.00000 1 
11 31 5 0.00235 0.04710 0.00000 1 
12 32 6 0.00514 0.10285 0.00000 1 
13 33 7 0.00549 0.10978 0.00000 1 
14 34 8 0.00000 0.04860 0.00000 1 
15 35 9 0.00049 0.01943 0.00000 1 
16 36 37 0.00065 0.02604 0.00000 1 
17 38 39 0.00130 0.05208 0.00000 1 
18 24 10 0.00243 0.04860 0.00000 1 
19 40 11 0.00770 0.02720 0.00000 1 
20 41 12 0.00016 0.00591 0.00000 1 
21 42 13 0.00030 0.01199 0.00000 1 
22 43 14 0.00000 0.02841 0.00000 1 
23 44 15 0.00000 0.02273 0.00000 1 
24 45 44 0.00056 0.02222 0.00000 1 
25 16 46 0.00810 0.03880 0.28060 0 
26 16 50 0.00993 0.04746 0.77286 0 
27 17 19 0.00468 0.04770 1.25900 0 
28 17 23 0.00785 0.07990 2.09476 0 
29 23 29 0.00806 0.08169 2.13616 0 
30 20 64 0.0183 0.09270 0.14780 0 
31 19 26 0.00294 0.02997 0.78412 0 
32 47 50 0.01093 0.05221 0.37784 0 
33 35 41 0.00031 0.00310 0.08112 0 
34 47 67 0.00662 0.03164 0.22902 0 
35 24 27 0.00505 0.02416 0.17460 0 
36 24 54 0.01291 0.06171 0.44654 0 
37 27 51 0.01600 0.08100 0.12880 0 
38 51 52 0.01550 0.07940 0.12600 0 
39 25 60 0.01660 0.08430 0.13440 0 
40 25 43 0.01270 0.06410 0.10440 0 
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Table contd…… 

41 34 54 0.01770 0.08510 0.60520 0 
42 54 28 0.01060 0.05060 0.36640 0 
43 28 43 0.00580 0.02900 0.04740 0 
44 28 56 0.00370 0.01780 0.06440 0 
45 56 30 0.00490 0.02370 0.17180 0 
46 30 57 0.00750 0.03840 0.06220 0 
47 53 30 0.00679 0.03412 0.05564 0 
48 53 61 0.00666 0.03390 0.05344 0 
49 30 61 0.01440 0.07310 0.11700 0 
50 57 58 0.00670 0.03390 0.05340 0 
51 57 59 0.00583 0.02956 0.04692 0 
52 59 39 0.01410 0.07180 0.11400 0 
53 39 31 0.01440 0.07250 0.11800 0 
54 39 33 0.00705 0.03590 0.22800 0 
55 54 63 0.00990 0.05090 0.08020 0 
56 55 63 0.00780 0.03980 0.0628 0 
57 61 62 0.01160 0.05830 0.09500 0 
58 62 32 0.00690 0.03500 0.22520 0 
59 31 32 0.00050 0.00253 0.01610 0 
60 35 36 0.00479 0.04880 1.27228 0 
61 46 37 0.01732 0.08784 0.13964 0 
62 19 36 0.00254 0.02584 0.67596 0 
63 17 35 0.00051 0.00517 0.13520 0 
64 20 40 0.00580 0.02940 0.18840 0 
65 40 48 0.00830 0.04240 0.06680 0 
66 74 41 0.00927 0.09429 0.46586 0 
67 74 41 0.00833 0.08478 2.21710 0 
68 74 73 0.00559 0.05686 1.48708 0 
69 26 22 0.00650 0.06617 1.73042 0 
70 29 22 0.00260 0.02646 0.69220 0 
71 26 41 0.00823 0.08375 0.19106 0 
72 48 49 0.00930 0.04750 0.07480 0 
73 49 40 0.01330 0.06680 0.10840 0 
74 38 29 0.00370 0.03762 0.97740 0 
75 38 22 0.00325 0.03307 0.86528 0 
76 18 47 0.00437 0.02552 0.18798 0 
77 30 65 0.00248 0.01186 0.08588 0 
78 41 42 0.00031 0.00310 0.08112 0 
79 42 74 0.00918 0.09306 2.43360 0 
80 20 66 0.01325 0.06667 0.10832 0 
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Table contd…. 

81 23 74 0.00015 0.00155 0.05408 0 
82 24 67 0.00124 0.00593 0.04294 0 
83 18 68 0.00336 0.01963 0.03716 0 
84 18 71 0.01344 0.07852 0.14460 0 
85 27 68 0.01344 0.07852 0.14460 0 
86 27 71 0.00336 0.01963 0.03616 0 
87 25 72 0.01598 0.08108 0.12872 0 
88 43 58 0.01315 0.06696 0.11556 0 
89 39 31 0.01440 0.07250 0.11800 0 
90 43 56 0.00499 0.02397 0.17046 0 
91 55 44 0.00998 0.04794 0.34092 0 
92 73 45 0.00121 0.01109 1.45630 0 
93 29 75 0.00051 0.00517 0.13520 0 
94 37 69 0.01212 0.06100 0.09912 0 
95 70 72 0.00878 0.04430 0.07160 0 
96 21 65 0.00083 0.00396 0.02862 0 
97 21 30 0.00695 0.03500 0.05686 0 
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