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Abst ract

Elec tric power utilities in many countries around the world face deregulati on

and privatization. The utilities are often separated into generation. transmission and

distribution companies in order to encourage competition and provide customers

with the choice of selecting their electrical energy provider . Environm ental concerns,

right-o f-way and cost have delayed the construct ion of new tra nsmiss ion lines . The

demand for electric power has continued 10 grow and this must be met by increased

transfe r of power through avai lable transmissio n lines .

The overall aim of the research presented in this thesis is to examine the

application of Unified Power Row Controller (UPFe) in power system operation.

For this device a general model is derived and used in power system analysis . This

model is referred to as the injec tion mode l which is valid for load flow ana lysis. The

model has been very helpful for understanding the impac t of UPFC on power system

opera tion . As a part of UPFC applica tion, Avai lable Transfer Capability (ATC) has

bee n studied with differenl methods of calcu lating ATC . The impact of the UPFC in

increasing the avai lable transfer capability of the power system has been studied.

Test results using differe nt power system models are presen ted throughout the thesis

to illustrate the effectiveness of Unified Power Flow Contro ller.
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Chapter 1

Introduction to Flexible A.C Transm ission System

1.1 Introduction

Electric utility planners are currently faced with a major challenge in meeting

the increased load demand with high reliability and minimum investme nt in new

transmission facilities. Laying of additional para llel lines and acquiri ng necessary right

of ways or raising system ope rating voltages may all be pro hibitive from economica l

and other cons idera tions.

Optimal utilization of transmission lines has thus become a strict requirement

on energy systems in view of limited ava ilability of transmission corridors. With the

growing requirement of transmissio n of bulk power 10 expanding load centers over

restricted right of ways, the need to usc transmiss ion faci lities in an optimum and

efficient manner is being increasingly felt ( I) .

Demand of electrica l energy continues to grow steadily . Elect ricity grid

upgrade, and especially the construction of new transmission lines, cannot keep pace

with the growing power plant capacity and energy demand. Finding suitable right of



ways is particularly difficult in the industrialized countries, and gaining the necessary

approval is time consuming particularly due to environmental considerations.

Due to these constraints it has become a great challenge to utilize the existing

power lines more efficiently. This challenge can be considered from two aspects. In

the first place there is a need to improve the transient and steady stale stability of long

distance high voltage transmission lines. The power transfer capability of long

transmission lines is limited from both steady state and transient stability point of

view. The other aspect is the flexibility a deregulation energy market requires. Power

system operation to ensure that the electricity supply contracts can be fulfilled in a

deregulated market needs innovative features. This chapter discusses the limits for

power transfer over an interconnected power system. The principle of shunt and series

compensation is presented next. Overview of different Flexible A.C Transmission

System (FACTS) Controllers and their potential to overcome some of the limits in

existing power system are also illustrated in this chapter.

1.2 Limits to Power Flow in a Transmission System

It is desired to utilize the transmission capacity to its best use taking into

account loading capability and contingency conditions, but there is a limit to the

loading capability of transmission lines.

The limits to power flow over transmission lines are classified as [2]

Thermal

Voltage drop Limits

Stability



• Loop Flow

Thermal Limits: Thermal limit of a transmission line is a function of the temperature ,

environmental conditions, physica l structure of the conductor , and ground clearance.

Line losses convert electrical energy to heat and heat weakens the power lines

conductor . This "lost" electrical power heats the power lines and causes the conductor

to expand and the line to sag. At some temperature the conductor becomes soft enough

to be permanently damaged by the line's weight. At a higher temperature the

conductor will melt and break. Hence thennallimit imposes a limit on the power flow

through the transmission line.

Voltage drop limits: As load increases, voltage at receiving substation decreases . For

the equipments to operate properly, the voltage should not be allowed to fall below a

specified value. This limits the power transfer.

Stability Limits: These are a number of stability concerns that limit the transmission

capability . These include:

Transient Stability

Steady State stability

Voltage collapse

Loop Row

T ra nsient Stab ility: During fault on a transmission line, at a generator station, or at a

substation there is a possibility of rotor angle increasing very rapidly. This leads 10

reduction in transfer of power from generating end to the sending end. However,



mechanical power produced by the turbine remains constant during the fault, and there

is consequently an imbalance between mechanical power input to the generator and

electrical power output, with mechanical power being in excess. This excess

mechanical power is converted to accelerating power and the generator increases its

rotational velocity. This may cause the generator to lose synchronism if the fault is not

cleared quickly. The resulting system response involves large excursions of generator

angles and is influenced by the nonlinear power-angle relationship. The transient

stability of generator depends upon the generator loading, fault clearing time and

generator reactance etc. [3J.

Steady State Stabi lity: II is defined as the ability of the power system 10 maintain

synchronism under small disturbances. Such disturbances occur continually on the

system because of small variations in loads and generation. The disturbances are

considered sufficiently small for linearization of system equations 10 be permissible

for purpose of analysis (3].

Voltage Collapse: A system enters a state of voltage instability when a disturbance,

increase in load demand. or change in system condition causes a progressive and

uncontrollable drop in voltage. Voltage collapse is the process by which the sequence

of events accompanying voltage instability leads to low unacceptable voltage profile

in a significant part of the power system [3)

Loop Flow: In an interconnected power system, power flowing between a generator

and a customer moves through all lines connecting the two points. Power follows the

path of the least resistance according to the Jaws of physics. Power flow is inversely



proportiona l to transmissi on line impedance rather than curre nt capacity of

transmission lines. Neig hboring trans mission systems are usually connected together

in a large network. This results in an exchange of power between dif ferent areas, and

is termed as loop power flow. Loop flows are difficu lt to control and can damage the

transmissio n equiprnents . This phenomenon is explained below with a simp le example

of a two bus system .

Conside r a simple case of power flow through two parallel lines as shown in

Figure l.l below. Power flow is proport ional to the inverse of the transmission line

impedance . This law governing the power flow suggests that the line with lower

impedance may be overloaded and the line with higher impedance might not be fully

loaded to its transmission capacity . In Figure 1.1, genera tors at two different sites are

sending power to the load through two parallel lines. Line carrying power P I and P2

have ratings of 75 MW and 250 MW respec tively.

lOOMW
Generat ion

PI = IOOMW
300MW

G'"O-1I---_~
P2=200MW-Figure 1.1 Power flow in a Two Bus System

One of the generato rs is generating 30U MW and other 100 MW to meet the load

demand of 400 MW. For the situation shown in Figure 1.1 the line carryi ng power PI

is overloaded . Assuming there are no control devices to reroute power between the



lines, flow is primarily controlled by changing the pattern of generation output or

frequently by reducing the load as shown in Figure 1.2.

An alternative to such a case of operation is altering the pattern of

generation, or one of the line carrying power P2 could be installed with a load sharing

device (Controller) . The available generation sources supply a given load for each

control area in the most economic manner in real-time generation. The object ive is to

minimize the total generation cost. The disadvantages of altering the generation is that

it would be no longer economical for the customer as the cost of generation may be

high. By controlling the impedance or phase angle, or through series injection of

appropriate voltage in the line, power flow can be contro lled as desired.

Figure 1.3 shows that with the help of a controller the line overload can be

relieved, more power can be pushed through the line resulting in the line being used 10

its transmission capacity. The overall COS! of generation is also reduced.

225MW
PJ=75 MW

J75 MW
Generation - Generation

&1 Xl =,IO

~X2=,05

400 MW Load-Figure 1.2 Power flow after altering generation



PI =75 MW

400 MW Load

Figure 1.3 Power System with a controller

1.2.1 Basics of AC Power Transmission

The main componen ts of an ac power transmission system are generators,

transmission lines, distribution lines and loads, with their related auxiliaries and

protection equipment. The generators arc rotating synchronous machines. The

transmission systems are designed to operate at high, medium, and low, alternating

voltages. The loads may be synchronous. non-synchronous and passive, consuming

generall y both real and reactive power. The modem power system is a complex

network of transmission lines interconnecting all the generator stations and all the

major loading points in the power system. These lines carry large block of power to

meet the demands at various parts of the power system.

Alternating current transmission Jines are characterize d by their distributed

circuit parameters: the series resistance and inductance and the shunt conductance and

capacitance. The characteristic behavior of the transmission line is primarily

determined by the series inductance and shunt capacitance . A representation of the



transmission line. together with the sending-end and receiving-end generators. IS

shown in Figure 1.4 [2).

~ r
V,

I

LinelnduClanc e
Line Capacrtarce

Figure 1.4 Lumped element representation of a lossless transmission line [2J

Th e power tra nsmitted thr ough t he trans mis sio n lin e is give n by

p= V,V,Sinb'

Z"SinfJ

Where

V, is the magn itude of the se nd ing-e nd vo ltage

V, is th e ma gnitude of the rece iving- e nd voltage

b' is the phas e ang le be twee n V. and V, (tra ns mis sion or load ang le) .

Zo is Ihe su rge o r characteristi c im peda nce o f t he t ra nsmiss ion gr ve n

by

1.2

I and c are the series inductance per unit length and shunt capacitance per unit length

respectively. e is the electricallength of the line expressed in radians by



e=¥ a = Ila, A is the wavelength, fJ is the number of complete waves per unit line

length and a is the length of the line.

1.3

It is well known that the voltage along the transmission line remains constant only at

surge impedance or natural loading when the transmitted power is P,,= V,,2/4, where

V" is the nominal or rated voltage of the line. However, transmission lines rarely have

surge impedance loading. At lighter loads the receiving end voltage increases and for

heavier loads it decreases [2].

Conside r a simple two machine system, which has an inductive

transmission line with zero shunt capacitance, as shown in Figure 1.5 with the

corresponding power transmission vs. angle characteristic as shown in Figure 1.6.

XI2 I XI2

fLTTI
Figure 1.5 Two machine power system with inductive line [2]



·,11

• p.. ,

8 (radian )

Figure 1.6 Power transmission vs. angle characteristi c

The relationships between real power P, reactive power Q and angle;; are

shown in Figure 1.6. At a constant voltage (V,=V,.=V) and fixed transmission system

(Xe constant) the transmitted power is a function of englee . The real power, P, cannot

be controlled without changing the reactive power demand on the sending and

receiving ends [2).

1.2.2 Steady State Limit of Power Transmission

v'
The maximum powerP.,., =X ' transmittable over a line at a given

transmission voltage is determined by the line reactance X and thus sets the limit for

steady state power transmission. In real-time. practical limit for an actual transmission

line with resistance R may be imposed by the / 'R loss that heats the conductor. At a

high temperature , the characteristics of the conductor would irreversibly change (e.g.,

it could get deformed with permanent sag). This sets the thermal limit for the



maximum power that can be transmitted. Basically. for long lines the reactance X and

for short lines the resistance R limits the power transfer. As the line length increases,

the power flow is limited by steady state stability [4).

1.3 Line Compensation and Power Flow Control

The steady-state power transfer can be increased and the voltage profile along

the line can be improved by appropriate reactive compensation. The main purpose of

reactive compensation is to change the natural characteristics of the transmission line

to make it more compatible with the prevailing load demand. Thus, shunt connected

switched reactors are applied to minimize line overvonage under light load conditions

and shunt connected fixed or mechanically switched capacitors are used to maintain

voltages under heavy load conditions. In some cases there is need to change the

naturally imposed transmission angle of the line. In this case, a phase shifter can be

used to control the angle of the line independent of prevailing overall transmission

angles.

1.3.1 Shunt Compensation

Consider a simple two machine (two bus) transmission system model in

which a static var compensator (SVC) is shunt connected at the midpoint of the

transmission line as shown in Figure 1.7. A static var compensator generates or

absorbs shunt reactive power at its point of connection in the transmission line. This

compensator is represented by a sinusoidal voltage source (of the fundamental



frequency). in phase with the midpoint voltage, Vm, with an amplitude identical to

that of the sending and receiving end voltages (Vm=V.=V,=V ).

The midpoint compensator in effect divides the transmission line into two

independent pans: the first part, with an impedance of XJ2, carries power from

sending end to the midpoint, and the second segment also with an Impedance of XJ2,

carries power from the midpoint to the second receiving end. There is only an

exchange of reactive power with the transmission line in this process.

0.1 Ism Imr 0.1

'"
~

I
~ '"

Ideal
com). J'

(P=Q

r
J' v,

v. 'V

I
Figure!.7 Two machine power system with an ideal midpoint reactive compensator

12J
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4V ' /

Q' =-X('r C"")/p = 2V' ,in":

I P X 2

V '
/~~==-- ~P.= Xsin8

/; (radian)

Figure 1.8 Power transmission vs. angle charac teristic

The relations hip among real power P, reactive power Q, and angle S for this case of

shunt compensation is plotted in Figure 1.8 where as P, and Q p are changed real and

reacti ve power. The figure shows that the midpoint shunt compensation can

significantly increase the transmittable power. The concept of transmission line

segmentation can be extended to the use of multiple compensators located at equa l

segmen ts of transmiss ion line. Theoretically, the transmittable power would double

with each doub ling of segments for the same overall line length. As the number of

segments are increased the voltage variation along the line would rapidly decrease,

approaching the ideal case of constant voltage profile .



Eventually, with a sufficiently large number of line segments, an ideal

distributed compensation system could theoretically be established which would have

the characteristics of surge impedance loading, but would have no power transmission

limitations, and would maintain a flat voltage profile at any load [2],

1.3.2 Series Compensation

Series capacitive compensation decreases the overall effective series

transmission impedance of the line from the sending-end to the receiving-end . The

impedance of the series connected compensating capacitor cancels a portion of the

actual line reactance and thereby the effective transmission impedance is reduced as if

the line was physically shonened. The maximum power transfer capability of a

transmission line may be significantly increased by the use of series capacitor banks.

Consider the previous simple two-machine model with a series capacitor

compensa ted line, composed of two identical segments shown in Figure 1.9.

Xcl2 XJ2 I XJ2 Xcl2 p

r·Tll
Figure 1.9 Two machine power system with series capacitive compensation [2]



"

[, (rad ian)

Figure 1.10 Power trans mission vs. angle characte ristic

The relationship among the real power P, series capacitor reactive power Q,c. and

compe nsation k (degree of series compensation) is shown in Figure 1.10. It can be

observed that the transmutable power rapidly increases with the degree of series

compensation k. Similarly. the reactive power supplied by the series capacitor also

increases sharply with k and varies with angle b in a similar manner 10 the line

reactive power. Series capaci tors have been used to compensa te for very long

overhead lines. There has been an increasing recogn ition of the advantages of

compensating shon er, but heavily loaded, lines by using series capacitors.
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1.3.3 Phase Angle Control

In power system operations, it is possible that power transmission angle

required for the optimal use of a transmiss ion line would be incompatible with the

prope r opera tion of the overall transmission system . Such cases would occur . for

example, when power between two buses is transmitted over parallel lines of different

electrical length or when two buses are interned whose prevailing angle difference is

sufficient to establish a power flow. In these cases a phase shifter or phase angle

regulator is frequently applied . The concept is explained with the two machine system

in which a phase shifter is inserted in between the sending-end generator (bus) and the

transmission line, as illustrated in Figure l.l 1. The phase shifter can be

v, ...L.. X

t t
V.. rt V, "'\...

I I
Figure 1.11 Two machine power system with a phase shifter [2]

considered as a sinusoidal ac voltage source with controllab le amplit ude and phase

angle. In other words , the sending end voltage V, beco mes the sum of generator

voltage and the voltage v o provided by the phase shifter. The power can be kept at

its peak value after angle J exceeds n l 2 (the peak power angle ) by controll ing the

amplitude of quadrature voltage V (T so that the effective phase angle between the

sending and receiving end voltages stays at fi/2 . This way, the power transmitted
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through the transmission line may be increased significa ntly even though the phase

shifter does nol increase the steady state power transmission limit. The relationship

between real power P and angles e5 and a is shown plotted in Figure 1.12. It is seen

that, although Ihe phase shifter does not increase the Iransminable power of the

uncompen sated line, yet it makes it possible to keep the power at its maximum value

at any angle r5in the range If 12 c ,')'< tr / 2 + a by, in effect , shifting the P versus e5

curve 10 the right. It should be noted that the P versus e5 curve can also be shifted to

the left by insertin g the voltage of the phase shifter with an opposi te polarity [2J.

Figure 1.12 Power transmission 'IS. angle characteristic



IS

1.4 Flexible A.C TransmissionSystems

Basic transmission problems that have caused inefficient use of

transm ission and other assets have motivat ed power system engineers to consider

powe r elec tronics based system for traditional compensation techniques

The Flexib le A.C Transmission System (FACTS) technology

developed to overcome the prob lems in the power systems due to increase in demand

and supply of power and restriction on const ruction of transmiss ion lines because of

necessary right of ways. The main objectives of FACTS technology are

To increase the power transfer capab ility of transmission systems.

To keep power flow over designated routes.

The first objective implies that power flow in a given line shou ld be able to

be increased up to the thermal limit by forcing the necessary current through the series

line impedance . FACTS technology helps in operating the transmission lines at their

thermal limits which results in transmitting more power . This motive does not mean

to say that the lines would normally be operated at their thermal limit loading (the

transmission losses would be unacceptable), but this option would be available , if

needed to handle severe system contingenc ies. However, by providing the necessary

rotational and voltage stability using FACTS controllers, instead of large steady-state

margins, the nonna l power transfer over the transmission lines is expected to increase

significantly (5).
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1.4.1 FACTS Controllers

The generation of FACTS controllers has incorporated two different

approaches, both resulting in a comprehensive group of controllers able to address

targeted transmission problems. The first group of controllers employs reactive

impedances or a tap changing transformer with thyristor switches as controlled

elements; the second group uses self-ccmmutared converters as controlled voltage

sources . In the next section the two groups of controllers are discussed in detail.

1.4.2 Thyristor Controlled FACTS Controllers

The thyristor controlled FACTS controllers, static var compensator (SVC),

thyristor controlled series capacitor (TCSC) and phase shifter, employ conventional

thyristors in circui t arrangements that are oper ated by sophisticated controls. All these

controllers govern one of the parameters controlling the power now in the

transmission system , the SVC for voltage , TCSC for transmission line impedance and

phase shifter for transmiss ion phase angle. All of these have a commo n characteristic

that (he necessary reactive power required for the line is generated or absorbed by the

traditio nal capacitor or reactor banks and the thyristor swi tches are used only for the

combined reactive impedance these banks present to the ac system. The basic

operating principles and charac teristics of these conve ntional FACTS controllers are

summarized below .



1.4.3 Stat ic VAR Compensa tor

A shunt-connected static var compensator employs thyristor-switched

capacitors (TSC's) and thyristor -controlled reactors (TCR's). With proper coordination

of the thyristor capacitor switching and reactor control, the react ive power output can

be varied continuously between the capacitive and inductive ratings of the equipment.

The compensator is normally operated to regulate the voltage at the bus. The

maximum obtainable capacitive current decre ases linearly with system voltage since

SVC beco mes a fixed capacitor when the maximum capaciti ve output is reached .

Therefore, the voltage support capabilit y of the conventional thyristor-controlled static

var compensator rapidly deteriorates with decreasing system voltage. In addition 10

voltage suppo rt. SVCs are also employed for transient and dynamic stabili ty. One of

the config uration using a fixed capacitor with a thyris tor controlled reactor is shown in

Figure 1.13. Static var compen sators are extensive ly empl oyed in electric utility

systems.

'.

{]2i
Figure 1.13 Fixed capacitor-Thyristor controlled reactor type SVC
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1.4.4 Thyristor Controlled Series Capacitor

The basic TCSC module comprises of series capacitor in parallel with a

TCR. A metal oxide varistor, essentially a resistor is connected across the series

capacitor to prevent the occurrence of high capacitor over-voltages. The degree of

series compensation in the capaci tive operating region is increase d by increas ing the

thyristor conduction period and thereby the current in the TCR. The principle of

variable series compensat ion is to simply increase the fundame ntal frequency across a

fixed capacito r in a series compensated line. In a thyristor switched capacitor (TSC)

scheme , the amount of series compensation is contro lled by increasing or decreas ing

the number of capacitor banks in series. TCSC config uration uses thyristor-controlled

reactors (TCRs) in parallel with segments ofa capacitor as shown in Figure 1.14. The

TCSC can be continuously controlled in the capacit ive or inductive zone. The

impedance of the transmission line can be adjusted using TCSC 10 meet the

performance requirements .

Figure 1.14 Thyristor Controlled Series Compe nsator Scheme



1.4.5 Phase Shiller

The princ iples for using a phase shifting transformer with a thyristo r tap-

changer are well establishe d. Mostly phase shifters with a mechanical tap-changer

provide quadratu re voltage injection . A thyristor controlled phase shifti ng transforme r

consists of a shunt connected excitation transformer (IT), a series insertion

transformer and a thyristor switch arrangeme nt connecting a selected comb inat ion of

lap voltages 10 the secondary of the insertion transformers. The phase angle between

the voltage injected by the phase shifter and the line current is arbitrary , dete rmined by

the parame ters of the overall syste m. The thyris tor controlled phase-shifting

transformer could be used to regulate thc transmiss ion angle to maintain balanced

power flow in multiple transmission paths . In general , the phase shifter excha nges real

and reactive power with the ac system through the series insertion transformer. A

thyristor contro lled phase shifting arrangement is shown in Figure 1.15.

v,

Figure 1.15 Schematic diagram of a phase shifter 12]



1.4.6 Converter Based FACTS Controllers

The second group of FACTS controllers emp loys self commutat ed voltage

source converters to realize rapidly controllable, static synchronous ac voltage or

current sources. This approach including thyristor switched capacitors and thyristor

controlled reactors generally provides better performance characteristics and are

applicable for transm ission voltage . line impedance . and angle cont rol as compared to

conventional compensation methods. It has the unique potential 10 exchange real

power directly with the ae system in addi tion 10 provide independently controllabl e

reactive power compensation, there by giving a powerful option for power flow

control.

Some of the recently proposed FACTS controllers employing switching

converter based synchronous voltage sources are, the Static Synchro nous

Compensator (STATCOM), the Static Synchronous Series Compens ator (SSSC), the

unified Power now controller (UPFC)

1.4.7 Static Synchronous Compensator (STATCOM)

The basic operating behavior of STATCOM is similar to a synchronous

condenser. If the synchronous voltage source (SVS) is used for reactive shunt

compensation like a static var compensator; the source of de energy can be replaced

by a small de capacito r as shown in Figure 1.16. The steady state power exchanges

between the SVS and the ac system is only reactive .



The converter can charge the capacitor to the required voltage level when SVS

is used for reactive power generation. The converter absorbs a small amount of real

power from the ac system to replenish its internal losses and keep the capacitor

voltage at the desired level. The ability of the STATCOM to produce full capacitive

output current at low system voltage also makes it highly effective in improving the

transient stability. The control mechanism can be used to increase or decrease the

capacitor voltage and thereby the amplitude of the output voltage of the convener, for

the purpose of controlling the var generation or absorption.

Figure L16 Static Synchronous Compensator [I]

1.4.8 Static Synchronous Series Compensator (SSSC)

A voltage source inverter could be used in series with the transmission line.

This device is called static synchronous compensator as shown in Figure 1.17. An

SSSC is capable of interchange of active and reactive power with the system. The



injected voltage could be controlled in magni tude and phase if sufficient energy source

is provided . The SSSC behaves like a controllable series capac itor and a controllab le

series reactor . The basic difference is that the voltage injected by the SSSC is not

related to the line curre nt and can be independently controlled.

Figure 1.17 Stat ic Synchrono us Series Compen sator [2]

1.4.9 Unified Power Flow Controller (UPFC)

The unified power flow contro ller utilizes the synchronous voltage source

(SVS ) concept for providing a unique ly comprehensive capa bility for transmissi on

system control. It can provide the functional capability of independently controlling

both the real and reactive power flow of the line.

Y,

Figure 1.18 Two mach ine system with the Unified Power Flow Controller [2).



As shown in Figure 1.18, UPFC is represented by a controllable voltage

source in series with the line. The voltage injected by the UPFC in series with the line

is Vpq (O:::Vpq 5V1"1"'.".) at angle p (0::: p:::3600). The line current flows through the

series voltage source, Vpq and result in exchange of real and reactive power. This

implies that voltage source Vpq generally exchanges both real and reactive power with

the transmission line. A converter-based SVS can internally generate or absorb the

reactive power, but the real power it exchanges with, must be supplied 10, or absorbed

from its de terminals. The available source of power is the sending-end generator. The

shunt converter is assumed to be operated at unity power factor, as its main function is

to transfer the real power demand of the series converter to the sending end generator.

It is reasonable to stipulate that the sending-end generator must provide the SVS

exchanges with the transmission line to accomplish the desired flow of power. A

possible practical implementation of this coupling is a back-to-back converter

arrangement, in which the shunt series connected converter, provides the real power

(from the sending-end bus) the series -cor mected converter exchanges with the line.

The basic block diagram of the Unified Power flow controller as shown in Figure

1.19.

Figure 1.19 Unified Power Flow Controller



1.5 Summary

This chapter has focused on the basics of the AC power transmission to

provide a necessary background for understanding the power electro nics based

devices. Before the advent of FACTS technology, the transmission capabilit y of

transmission lines was increased by traditional line compensatio n techniques . The

main objectiv e of FACTS is to increase the useable transmission capac ity of lines and

control the flow of power. The arrangement of voltage source conveners in FACTS

devices can provide individual voltage, impedance and angle regulation or ,

alternatively real and reactive power flow control and thus can adapt to short term

contingencies and future system modifications. The installation of FACTS controllers

particularly the convener types with multiple power flow control capabi lity has

revclutic nalized the field of power transmissio n and distributio n. Economic evaluat ion

and practical considerations suggest that FACTS devices have significa nt capability to

enhance the operatio n of a power system by overcom ing some of the traditional limits.

1.6 Objective and Organization of the thes is

The objective of this thesis is to develop and verify a mode l for FACTS

device used in controlling the power flow in energy systems. The model is intended to

be simple in realization, easy to implement and applicable to different power system

configurations. In this thesis, the terms FACTS Controllers and FACfS devices are

uscdi nterchangeably.



Chapter 2 of this thesis presents the fundamentals of UPFC, principle of operation of

UPFC, various converter topologies and control modes of UPFC. A detailed analysis

of convene r switching technique has been demonstrated with simulation results.

Chapter 3 discusses the injection model of UPFC. The UPFC model used in the

simulation is derived and explained. The UPFC model has been included in a Newton

Raphson load flow algorithm. Chapter 4 illustrates the application of UPFC for

power flow controL The UPFC has been used to reduce overloads in a transmission

line and improve the voltage at the buses. Various test systems have been used to

show the effectiveness of the UPFC. Chapter 5 discusses the area of available

transmission capability in electric power systems. A number of methods to calculate

transfer capability have been discussed. The effect of UPFC is studied and

demonstrated with different power systems. The results clearly illustrate the

effectiveness of UPFC in enhancing the Available Transfer Capability of power

systems. In Chapter 7, the summary of the thesis highlighting the contribution of the

research and suggestions for future work are outlined.
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Chapter 2

The Unified Power Flow Controller

2.1 Introduction

The power transm itted over a transmission line is a function of the line

impedance , the magnitude of sending-e nd voltage, receiving-end voltage and the

phase angle between the voltages. As presented in chapter I , traditional techniq ues of

reactive line compensat ion and step like voltage adjustment arc generally used to alter

these parameters to achieve optimal power transm ission control.

The unified power flow controller (UPFC) is a member of the group of FACTS

devices which utilizes synchro nous volta ge source concept for provid ing a

comprehensive capability for transmission system control. Within the structure of

traditional power transmissio n concepts, the UPFC is able to contro l simultaneously or

selectively all the parameters affecting power now in trans mission line. It can also
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provide the unique capabi lity of indepe ndently controll ing bot h the rea l and reactive

pO'oo,'crflow in the tra nsmission line. These ba sic fea tures make the unified power flow

controller the most powerful device presently available for transmission system

control. This cha pter presents opera ting characteristics and features of the UPFC. The

various features have been supported by simulat ion results.

2.2 Operating principles and characteristics of UPFC

The unified power flow contro ller employs Iwo switching converters, which

are considered as voltage source inverters using gate tum off (GI O) thyristor

switches, as illustrated in Figure 2.1. These converte rs, labeled "Converter I" and

"Converter 2" are operated from a common de link provi ded by a de storage capacit or.

This arrangement functio ns as an ideal ac to ac power converter in which the real

power can freely flow in either direction betwee n the ac term inals of the two

conve rters and each converter can independently generate reactive powe r at its own ac

output term inal.

Converter output provides the main function of the UPFC by injec ting an ac

voltage Vpq (O::;Vpq:5Vpqm,u) at phase angle p(<>::: p:.::J60")at the power freque ncy, in

series with the line with an insert ion series trans former. This injecte d voltage can be

considered essentially as an ac synchronous voltage source . The transm ission line

current flows thro ugh the voltage source resulti ng in real and reactive power excha nge

between it and the ac syste m. The real power exch anged at the ac terminal (i.e., at the

terminal of the series insert ion transfo rmer) is converted by the converter into de
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power which appears at the de link as positive or negative real power demand. The

reactive power exchanged at the ae terminal is generated internally by the converter.

shun t side seri es

~1~
Figure 2.1: Basic circui t arrangeme nt of the UPFC

series s ide

ICD

The basic function of convener 1 is to supply or absorb the real power

demanded by convener 2 at the common de link. This de link power is conve rted back

to ac and coupled to the transmission line via a shunt connected transformer.

Converter 1 can also generate or absorb controllab le react ive power, if it is required

and thereby it can provide independent shunt reactive compensation for the line. There

is a closed path for the real power exchanged by the action of series voltage injection

through converters 1 and 2 back to the line. The reactive power exchanged is supplied

or absorbed locally by convener 1 and 2 back 10 the line.

Conv ener I can be operated at a unity power facto r or can exchange reactive

power with the line independent of any reactive power exchange by convener 2.

Hence there is no reactive power flow throug h the UPFC.



The functional capability of the unified power flow controller from the traditional

transmission concept is based on shunt compensat ion, series compensation and phase

shifting. The UPFC can fulfill all these functions and thereby meet multiple control

objectives by adding the injected voltage Vpqwith appropriate amplitude and phase

angle, to the terminal voltage V. Using phasor representa tion, the basic UPFC control

functions are illustrated in Figure 2.2.

(bj (c) (dj

Figure 2.2 Phasor diagram showing contro l capability of UPFC [ I I

Figure 2.2 (a) shows terminal voltage regulation similar to that which can be

obta ined with a transfonncr tap-changer having infinitely small steps. Vpq=tN is

injected in-phase (or anti-phase) with V

Figure 2.2 (b) shows series reactive compensation where Vpq=Vc is injected in

quadrature with line current I. The series voltage injected in the transmission line can



be varied in proportion to the line current to imitate the compensation obtained with a

series capacrror or reactor.

Figure 2.2 (c) shows phase angle regulation. Vpq=V" is injected at an angle

with respect to V, that achieves the desired phase shift without any change in

magnitude. This mode can function as a phase angle regulator.

Multi function power flow control is executed by simultaneous terminal

voltage regulation, series capacitive compensation and phase angle as shown in Figure

2.2 (d) where Vpq=,iV+Vo+V", All the parameters controlling the flow of power in

the transmission line can be controlled simultaneous ly. The powerfu l features of the

UPFC can be used to maintain real and reactive power flow in the line at desired

levels. The UPFC controls the magnitude and angular position of the injected voltage

so as to maintain or vary the real and reactive power flow in the line to satisfy load

demand and system operating conditions

2.3 Real and Reactive Power Control using UPFC

A simple two machine system with sending-end voltage V•. receiving-end

voltage V" and line impedance X is shown in Figure 2.3 (a). Figure 2.3 (b) shows the

system voltages in the form of a phasor diagram with transmission angles /) and



(b)

Q"Q,

(radian)

(e )

Figure 2.3 (a) A simple two machine system (b) Related voltage
phasor, (c) Real and reactive power versus trans mission angle.

In Figure 2.3 (c) the transmitted power P (P"" {V2/X} sin 0) and the reactive power

Q=Q.=QR (Q= (V2/X I { Lc osfi ]') supplied at the ends of the line are shown plotted as

a function of the angle 0 (i.e., O:::O~"). The eleme ntary system of Figure 2.3 (a) has

been used as a building block to explain the capability of the IJPF C to control the real

power P and reactive power Q. and QII.. at the sending-end and the receiving end of

line respectiv ely.
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Figure 2.4 shows the power system of Figure 2.3 (a) included with II UPFC.

The UPFC is represented by a controllable voltage source in series with the line

which, as explained in the previous section, can generate or absorb reactive power

from the sending-end generator. The voltage injected by the UPFC in series with the

Figure 2.4 Two machine system with the Unified Power Flow Controller [2].

line is represented by VP'l having magnitude Vpq (O:';;:Vpq$Vpq"",.) and angle p

(O:';;:p$3600). The line current flows through the series voltage source, Vpq' and results

in both real and reactive power exchange with the line. To represent the UPFC

properly, the series voltage source is designed to generate only the reactive power Q pq

it exchanges with the line. Thus the real power Ppq it exchanges with the line is

assumed to be transferred to the sending end generator as if a perfect exchange for real

power flow between it and the sending end generator exists. This is compatible with

the UPFC structure in which the dc link between the two voltage source converte rs

maintains a bi-directional coupling for real power between the injected series voltage

and the sending bus. In Figure 2.4 the shunt reactive compensation capability of the



UPFC is not utilized. The UPFC shunt inverter is assumed to operate at unity power

factor. Its main function is to transfer the rea l power demand of the series inverter to

the sending end generator . The opera ting principle of the UPFC is explained with the

help of a simple two bus power system [6].

2.3.1 UPFCin a two-bus power system

--+Q,

Figure 2.5 Conceptua l represen tation of UPFC in a two-Bus Power System

The power flow control capability of the UPFC can be illustr ated by the real

and reactive power transmission characteristics of the simple two machine system

shown in Figure 2.5. The system consists of sending and receiving end voltage

sources. A voltage of appropriate magnitude VI"l and phase angle p is added to the

(Sending-end) terminal voltage V,.

The system voltages in phasor fonn are defined below:

V. = V e~ J I1 2

V, = V eil/l

VPo' =V"" e
iP
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The complex power flow is given by V, Ir ' and can be written as P.+jQ" where ..

means the conjugate. Current flowing through the line is given by

I r =V.~+vP't -V,
j X

Subst ituting the value of Lin V,I;

Vs +Vpq-v, .
P,+jQr= V, C--jX- - l

Taking V, inside the equation

. (v:v, +V;V,., -V:VrJ '
p,+JQ , = jX

Substit uting the value of voltage

(
y, " +VV '(~" L v,]

Pr+jQ , = e 7/ .

(2.1)

(2.2)

(2.3)

equation (2.3) gives

(2 .4 )

Expressing ei°as coso+js ino and expanding equation 2.4 gives

Taking the conjugate of equation 2.5 gives

[

Ii . . . s ]V 1 cos(<5)+ VVI"lcos(-+ P)_ V.2 - )( V 2 sm(o)+ W "" sm(- + p»
Pr+jQ .= 2 2

- JX

(2.5)

(2. 6)



Separa ting the real and imaginary parts of equatio n 2.6 the following equat ion . is

obtained.

P, and Q. can be separatel y writte n as

J
p v 1 sin(o ) + W ",sin(2"+p)

, - X X (2 .8)

(2.9)

(2 . 10)

(2 .11)

are the real and react ive powers characterizing the power transm ission of the

uncompensated sys tem at a given angle o.Since: ang le p is freely variable bet ween 0

and 21: at any trans mission angle 0 (~). with these capabili ties of the UPFC

explai ned above, the convent ional terms of series compe nsation. phase shifting. etc .

beco me irrelevant; the UPFC simply contro ls the magnitud e: and angular pos ition of

injec ted vo ltage.

It can be observed from Figure 2.4 that the transmission linc sees V,+VP"I as the

effective sending end voltage. The UPFC affect s the voltage (both its magnitude and
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angle) across the transmission line and thus it is able to control, by varying the

magnitu de and angle afVP'!' the transmission real power as well as the reactive power

demand of the line at any given transmission angle between the sending -end and

rece iving-end voltages .

Figure 2.6 shows the controlla ble area of real power P and reactive power

demand Q attained with the UP FC for the voltage inject ed at di fferen t angles 8=0",

0=30", 0=60% =90". The centers of control regions are defined by the P.,(O). QOf(S)

coordi nates. Figure 2.6( a) illustra tes the case when the transmission (phase) angle is

zero (0=0). As Vpq=Ois zero, P, Q, and Q. are all ze ro. Th e ci rcle is the loc us of all

values of real power P and reactive power Qf obtained for a fixed value of injected

voltage phasor rotated at full revolution of (o-;;p::53600). The area within this circle

defi nes all P and Q, values obtainable by cont rolling the magn itude Vpqma, and angle p

of phaso rVpq•

The circle in the {P. Q,l plane defines all P and Q, values atta inab le with the

UPFC of a given rating. As an example, the UPFC with the voltage rating of Vpq p.u

is able to estab lish Vpq p.u. power flow in e ither direct ion , withou t imposing an y

reac tive power demand on either the send ing-end or the rece iv ing-end generator. The

UPFC can also force the system at one end to supply react ive power for , or absorb that

from , the system at the other end f7j.



Figure 2.6 Control region of the attainable real power P and receiving-end reactive
power demand Q, with a UPFC-controlled transmission line at 0=0"(a)

0=30" (b) 0=600 (c) 0=90" (d) (I]

2.4 Converter Topologies
Converters are used to convert de power into ac power at desired output

voltage and frequency. The force comrnurated inverters ean be classified into current

source converters and voltage source converters. The two basic categories of self

commutating converters are explained below.

The current source converter converts power between an adjustab le current

source and a single or three phase load. Since the input power is 'usually supplied at a

constant voltage, the converter system consists of the two stages .



Figure 2.7 shows that the curren t source receives power from a fixed voltage ac

or de bus and supplies an adju stab le dc current at the output terminals. This stage

emp loys a contro lled bridge rectifier or a de chopper. The curren t source converter is

connected with the "current source" . It conve rts the de current at the input to an ac

current at the output termina ls. The de current always flows in one direction and

power flow would reverse with change in direction of dc curren t. The amp litude of

the ac current can be controlled only indirectly by controll ing the magnit ude of the de

input curre nt produced by the current source.

Figure 2.7 shows the converte r box with a simple symbo l because the current

source conve rter may be based on diode s, conven tional thyristors or the tum off

devices.

de Power

Figure 2.7 Curren t Sourced Converter] I]

Conve rters fed by a de source with small internal impedance are ca lled voltage

sourced converters. Converters emp loying thyris tors connected in bridge configur ation

are called bridge conveners.
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Figure 2.8 Voltage Sourced Convert e r [1]

Figure 2,8 shows the basic operat ion of a voltage sourced converter. The structure of

the converter shows a box with a gate tum-off thyristor and diode . The input side of

the convener has single polarity supported by a capacitor. The size of the capacitor is

very large to accommodate currents that accompany the switching sequence of the

convener . The voltage of the capacitor is kept constant. The de current can flow in

either direction and it can exchange de power with the connected de system in either

direction . The generated ae voltage connects to the ae system through an inductor.

The voltage source is interlaced with the transmission line through an insertion

transforme r in a UPFC. The main advantag e is its capabi lity to transfer power in either

dire ction. The UPFC employs two three phase voltage source convene rs, one

connected in series and other in shun t with the line. With these conveners, the ac

output vol tage magn itude, phase angle and the frequenc y can be contro lled, by varying

the width of the voltage pulses, and/or the amplitude of the dc bus voltage . Anot her

approach is to have multiple pulses per half cycle, and then vary the width of the

pulses to vary the amplitude of the ac voltage . The mai n reason for doin g so is to be

able to vary the ac output voltage and to reduce the low order harmonic s [8}.



2.5 Control Circuit

Control circuit constitutes a major pan of the complete UPFC device. The

control circuit is divided functionally into internal (convener) control and external

control. The internal control operates the two converter so as to produce the desired

injected voltage. In this section a brief introduction is given to the techniques a

voltage source converter employs to generate variable ac output voltage. The

technique is based on pulse width modulation. The capability of injecting voltage

with specified magnitude and angle in series with the transmission line lies with the

UPFC. The voltage is generated from the voltage sourced converter using sinusoidal

pulse width modulation (SPWM) technique, a control within the inverter and is also

known as duty-cycle regulation. This method of regulation of voltage employs

variation of the conduction time per cycle to alter the rms output voltage of the

inverter. It is required to vary the magnitude of the ac output voltage without having to

change the magnitude of the de voltage. The three phase converter can accomplish the

desired criteria. With these converters the ac output voltage can be controlled by

varying the width of the voltage pulses, and/or by varying the amplitude of de bus

voltage.

The sinusoidal pulse width modulation has been explained with reference

to control requirements of the circuit. In this method, the firing instants of the GTO' s of

the conveners are decided by the interactions of rectified sinusoid voltage of amplitude

A2 with a triangular wave of amplitude AI. Both these waveforms are synchronized

with respect to the mains supply. The output voltage is varied by changing the



amplitude of the rectified sinusoid or the ratio AllA I as it would change the width of

the pulse. The ratio A2IAI is called the modulation index. The triangular wave can be

timed to have either peak or zero with the zero of the sinusoid [9J. As an example, the

following section explains how a voltage sourced converter can be used to generate and

control the voltage which is injected in to the transmission line through an insertion

transformer.

2.5.1 Voltage Source Con verter Using SPWM

To demonstrate the concept of voltage sourced converter, the circuit in Figure

2.9 has been simulated using PSCADIEMTDC simulation software [10]. The basic

building block to simulate a voltage sourced converter is the generation of firing

pulses for the GTOs connected in the circuit. Figure 2.9 shows the system used for

generating the pulse width modulated signal for the voltage sourced converter. The

three sinusoidal signals separated by 1200 are generated using built-in basic PSCAD

blocks and are compared with a triangular wave using a triangular wave generator.

Both the signals are compared using a comparator.

The output of the comparator with a desired modulation index is a

Pulse width modulated signal fed 10 the GTO's of the three phase voltage source

converter. Figure 2.10 shows the complete system for generating the variable voltage

through a voltage sourced converter.



Figure 2.9: Circuit arrangement for SPWM

Figure 2.10 cons ists of a rectifier , a d.c source and a voltage sourced converter. In

general. the input voltage from a three phase source operati ng at 60 Hz frequency is

fed to the three phase full wave rectifier; it is made up of diodes co nnected in parallel

and gives sill pulse ripples at the output voltage. The diodes are numbered in order of

conduction sequences, as 12,23, 34, 4S, S6 and 6 1. The pair of diodes which are

connected between the pair of supply lines having the highest value of line-to-line

voltage would conduc t. The output of the rectifier is fed co the inverter . The voltage

source converter is made up of an asymmetric tum-off device such as oro with a

parallel diodes connected in reverse . Some tum -off devices, such as the IOBT's and

IOCT's, may have a parallel reverse diode built in as a part of comp lete integrated

device for suitable voltage source converters as show n in Figure 2.10. However, for

high power conveners, provision of separate diodes is advantageous. In real lime,

there would be several tum off device
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Figure 2.10 Circu it arrangement for generation of injected voltage.

units in series for high voltage applications .. The gating signals of three phase

inverters should he adva nced or delayed by 1200 with respec t to each other in order 10

obtain thre e-phase balanced voltages [11). Eac h GTD conducts for 1800 and three

o ro rem ain on at any instant of time. A three-phase inverter may be conside red as

three single-phase inverters and the output of each single phase inverter is shifted by

120°. Inverter output voltage can be controlled by introducing ac regulator between the

inverter and the load. This method has the drawback that it gives a high harmonic

content. Hence, the output voltage is contro lled by vary ing the pulse width of the

gating signals.

An important advantage of this scheme is that at low output voltages , the

relative harmonic content does not increase. The output of the voltage sourced

converter has bee n shown in Figure 2.11. Th e first plot in Figure 2.11 is the inverter

out put current r.. in phase A. the secon d plot shows the inverter output voltage of phase

a-b. E.b'and the third plot shows the phase voltage E. of the inverter. If the dc input
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voltage to the inverter is varied to compensate for source voltage fluctuat ions, the

inverter can be des igned for the maximum value of output voltage des ired [12].

2.5.2 Control of Shunt and Series Converter

The circuit arrangement of two coupled conveners offers series voltage

injection along with independently controllable reactive power exchange and

facilitates several control modes for the UPFC. Reactive shun! compensation and free

control of series voltage injection are the options to the approach selected for power

flow controL

The shunt inverter is operated in such a way so as 10 draw controlled current

from the ac bus. The current reference is chosen to satisfy the shunt reactive power

reference and (in UPFC configuration) to provide any real power needed to balance

the real power of the series inverter. A small amount of real power is also drawn to

meet the power losses of the inverter and magnetics. The shunt reactive power

reference can be either capacitive or inductive. In var control mode, the simple var

request is maintained by the control system regardless of bus voltage variation. The

magnitude and angle of the voltage injected in series with the line is controlled by the

The series inverter generates a voltage vector (across the line-side terminal of

the insertion transformer ) with magnitude and phase angle requested by the reference

input. In automatic power flow mode, series injected voltage is detennined

automatically and continuously by a vector control system 10 ensure that the desired
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values of real and reactive power ( P and Q) (looking in to the transmission line) are

mainta ined despite syste m changes. The basic function of series compensation is 10

contro l the magnitude of the injected voltage in proportion to the line current, so that

serie s insertion emulates reactive impedance when viewed from the line. The injected

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

voltage is phase shifted rela tive to the input voltage by an angle specified by thc

reference input (13].

2.6 Summary

This chapter has presented the detai ls of UPFC . Compared to other power flow

control devices , such as STATCOM, TCS C etc , UPFC is unique in us capability 10

control both real and reactive power in a transm ission system . Variou s control features

of UPFC with voltage control techniques have been discussed with suppo rting

simulations results . The featu res provided by UPFC can be effecti vely used 10 control

power flow over long dista nce high voltage transmissi on lines.
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Chapter 3

Modeling of Unified Power Flow Controller for Load

Flow Studies

3.1 Introduction

In this chapter, a generalmodel is derived for the unified power flow

controller. This model which is referred 10 as injection model is helpful in

understa nding the impact of UPFC on a power system. This model can easi ly be

implemented in existing power system analysis program s, particularly for load flow

studies . Thi s chap ter present s the incorporation of the derived UPFC mode l for load

flow analysis studies.

Few mode ls have been developed for the UPFC to study its effect on power

system. With such a comprehens ive control capability, UPFC has the ability 10

provide real time control of power flows within a power system 10 meet predefined

opera ting target. This may be very helpfu l in the continuing deregu lation of power
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industry. Power systems connected with UPFCs can precisely control the power

exchanged in power transactions.

This approach of modeling incorpo rates , a series reactance together with a

set of active and reactive power injections at each end of the series reactance. These

powers are expressed as function of the termina l, nodal voltages , and the voltage of

a series source which represe nts the UPFC series converter.

3.2 Injection Model of Series Controllable Device

Figure 3.1 shows the eq uivalent circuit diagram of a series contro llable

device (Se D) or a series connected voltage source, which is located between nodes

i and j in a power system. A UPFC injects a voltage V.. in series with the

transmission line through a series transformer. The active power P", involved in the

series injection is taken from the transmission line through a shunt transformer (i.e.

P,h)·

The UPFC generates or absorbs the needed reactive power (i.e. Q,<and QsIl )

locally by the switching operation of its converters, while there is no transfer of

reactive power through the dc link. In Figure 3. 1 x, is the effective reactance of the

UPFC seen from the transmission line side of the series transformer. The shunt

converte r must supply or absorb the required amount of active power to the series

converter via the DC link. Typically this amount is less than the MVA rating of the

converter which allows the shunt converter to provide reactive power com pensation



10 the sending end. In this manner the conveners of the UPFC may generate or

absorb reactive power internally. Figure 3.2 shows the vector diagram of a series

controllable device [14].

v, v

IX,

v,

Figure 3.1: Equivalent circuit diagram of a Series Controllable Device

v V.

I ..

Figure 3.2: Vector diagram of the Series Controllable Device
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3.2.1 Injection model of UPFC

To obtain an injection model for a UPFC, the series pan of the UPFC as

shown in Figure 3.3 is considered first.

v, v,

Figure 3.3 Representation of the series connec ted voltage source

The series connected voltage source is modeled by an ideal series voltage v,.

which is controllable in magnitude and phase, that is, V" = rV,e iY where

O:sir :$r.... and O$y$ 2H. V· represents a fictitious voltage behind the series

(3.1)

The injection model is obtained as shown in Figure 3.4 by replacing the voltage

source V•• by a current source f "i = - jb ,V" in parallel with x; Note that b.=i lx,

The current source [inj corresponds to inject ion powers S, and Sj which are defined

by

S,=V, (- I., )"

S, =V,(I.,)"

(3 .2)



The injection power S,and Sj are simplified as

Si ""V,(jb ,rVie irr

'= - rb,v, 2sin(r)- j rb,V/ cos(y)

s , =vA-j b, rVjc1r )"

'= rb,VY j si n (8~ + y )+ j rb,VjVj cos(8~ + y )

(3 .3)

(3 4)

Figure 3.4: Replacement of the series voltage source by a current source.

Figure 3.5 shows the injection model of the series part of the UPFC (series

connected voltage source) as two dependent loads.

p'=-n al(S,) . Q.=-imag(S,)

PJ=-real (S j )' Q j= -ima g( S j )

(3.5)



j x,
v-v.ze L-----J" "

P; :: rby/ siny PJ = - rb,VY jsi n(B,; +y)

Qi = rb,V/ cosy Qj =-rby ,vjcos(Bv+ r)

Figure 3.5: Injection model of the serie s part of the UPFC

3.3 The UPFC Model

The serie s connected voltage source injects a voltage in the transm ission

line resulti ng in exchange of acti ve power. The shunt connected voltage source is

used mainly to provide the active power which is injected to the network through

the series connected voltage source.

(3.6)

Equation 3.6 is valid when the losses of the UPFC are neglected. The apparent

power supplied by Ihe serie s voltage source converter is calculated as

. (V-V,)'S" = V" l" = relYVi - . 
s»,

(3.7)

Acti ve and reactive power supplied by the series voltage source are given as



(3.8)

(3.9)

P,; = - rb,vy; sin(OI' + y)
QIj =- rb,V1V

j
cos{Oq + y)

3.3.1 The injection model

Assuming an ideal l)PFC (i.e. losses are neglected in the UPFC). r ,h=p.<

For the UPFC, Q'h is independently contro llable , and it is assumed that Q'h=O' Q.h

can also have a nonzero value. The injection model of the UPFC is constructed

from the series connected voltage source model shown in Figure 3.5 by adding

P'h+jQ MI to bus i . The mod e l shows that the net active powe r exchange with the

power system is zero as expected for a lossless UPFC. Figure 3.6 shows the

injection model of the UPFC.

"'l='=f"'
P" = rb,VY ; sin(Ov +y)
Q" =rh,V;2 cosy

Figure 3.6 Injection model of the UPFC
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In Figure 3.6

p. = rb,V,V.;sin{8~ + r )
p. = - p..

Q. = rl>.v,' = (y)
QII = - rh,Y,l' jcoo(8. + r)

where r and r and are control variables of UPFC.

(3.10)

For the purpose of developing a control strategy for the UPFC it is useful to apply

the following contro l variables [15]:

where u,= rc05(Y) •ul=r sin(y)

T=~ and p =arclan(~)

Substituting (3.11) and (3 .12) into (3.10) , the following is obta ined :

Q.. '" u,b,V/

(3. 13)

(3.14)
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The reactive power delivered or absorbed by conve rter I is independently

controllable by UPFC and can be modeled as a separate controllable shunt reactive

source. It is assumed that Q,.,...I =0.

The model shows that the net active power interchange of UPFC with the

power system is zero, as expec ted for a losstess UPFC. It is assumed that conve ner

1 only delivers active power flow. In this way, the VA rating of convener I is

selected as:

Soonvl=maxIPc,,"vl('Y)1

However, this capac ity is only utilized for a certa in operating conditi on and for the

rest of the time, there is some available capacity. This remaining capacity can be

utilized if conve rter I delivers or absorbs reactive power. AI any oper ating point

(r;y), the react ive power available is

(3.15)

The UPFC's injection model has been used by enab ling three paramete rs to

be controlled at the same to time to get the desired control . namely the shunt

reactive power . Qconvlo magnitude r. and the angle y of the series injected voltage

[16] . The various modes of UPFC operation are explained in the fol lowing section.
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3.3.2 Modes of Operation

Bus voltage magnitu de can be suppo rted at both sides of UPFC. At the

series side, voltage Vj is supported through r-loop with appropriate adjustment of

angle y. AI the shunt side, Vi-feed bac k enables support through QCOf\vl-loop. If

losses are neglected. the active powerrequirement is equal for both converters

Pcon" 1 =PC"" "2=Re(V,.I ~ )

=rbYYj sin(Oq + y)- rbY/ sin(y)

(equation 3.8)

Thereby, the nominal rating S ootwl of the shunt convene r 1 is given as the maximum

reactive power demanded by the injected series voltage source maxlpn...I(r,y) I.

Since this MVA capacity is not always fully utilized, there usually remains some

capacity available for producing reactive power and thereby controlling the voltage

Vi. Thus, during the simulation it is necessary to chec k for maximum available

reactive capacity maxIQc,,","I

(3.16)

Series co mpensation mode of the UPFC could be attained by setting angle y

to y=1tl2. The voltage is injected in qudarat ure with the current t j. The current I ij

is generally defined as

(3. 17)
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but this expres sion is not very convenient due to division by r (V,=rVi ) which could

take zero value. In the series compensation mode , the follow ing relat ion is appli ed

instead [14].

I . ~~,' +(Q" -Q- ,,)'
V,

(3.18)

Phase shifting mode of the UPFC could be achieved by operating it as a

phase angle regulator (PAR). Voltage is injected with respect to V, that achieves

the desired a phase shift without any change in magnitude. Thus the UPFC can

function as a perfect phase shifter. From the practical view point, it is also

importa nt to note that , in contrast to conventional phase shifters, the ae system does

not have to supply the react ive power the phase shifting proces s dema nds since it is

internally generated by the UPFC converter[17J .

3.4 UPFC Injection Model For Load Flow Studies

The UPFC injection model can be easily implemented in load flow

programs. If a UPFC is located between node i and node j in a power system, the

admittance matrix must be modified to consider the new bus (corresponding to V'

in Figure 3.3) and include the reactance X, of the UPFC. The Jacobian matrix is

modified by the addition of appropriate injection powers.

The model is implemented in a full Newton-Raphson program. Newton

Raphson method is found to be more efficient and practical. There are two



equatio ns for each load bus and one equation for each voltage controlled bus.

Expand ing the power flow equat ions in Taylor' s series results in the following set

of linear equat ions

dP1k
) ap}K)

",orOJ, ~ .

oP." apY l .
L\P,,(I ) To: dl~. 1 M~"

(3.19)
dQ~>l aQi' ) ~dIv1' )1

To: or.I .
dQ~" ) dQ~I )

liQ~l ) To": Olv.1 Alv!" ~

In the above equation, bus I is assumed to be the slack bus. liPn and liQn are the

difference between the scheduled and calculated values, known as powe r residual s.

The matrix which conta ins the partial derivatives is called the Jacobian matrix.

Elements of the Jacobian matrix are the partial derivatives of power flow equation s

evaluated at 6 0j(kl and liIV/ kll. The Jacobian matrix gives the linearised relationship

between small changes in voltage angle <.\On and voltage magnitude lilVnl. In short

form, it can be written as

[AP] [H NIM ]
liQ == J L liV IV

(3.20)

The state variables corresponding to the UPFC are combined with the

network voltage magnitudes and angles in a single frame of reference for a unified

solution through Newton-Raphson method . The UPFC equations are comb ined



with the linearised system of equations correspond ing to the rest of the network .

The resuhing system equation is represented as

[f(X)]. (IIl6X J

where J is the Jacobian matrix and [ax] is the mismatch vector,

Equation 3.10 is included in the power mismatch equations.

LW(i)= LW(i)-P,;

~P(j )= M'(j)-PSj

. Q(i): ' Q(i)-Q,

L'>.Q(i)= ~Q(i)-Q'j

(3,21)

The change is reflected in the ax vector. The original dimensio ns of the mismatch

vector are not altered at all. The Jacobian matrix is modified by addition of

appropriate injectio n powers. The Jacobian matrix is modified as given in Table

3.1.

Table 3.1 Modification of Jacobian matrix

H (;,;) - H O(i.i ) -Q,j N (i,. ) -N" (o.i) -P'J

ll ' i.J) = H D(,.J) + Q " N 'i, i ) = N "(i,J) -P'J

H (j .i ) = H " (j .;) + Q.'ij N(J.i) = N D(j. ;) +P'J

IIU,J) = H "(j ,J) -qsj N {J.J) = N "U,J)+P'J

J (i" j = J " (i,i ) ~i. , } = L"(i,i ) + 2 Q "

J {i ,! ) =}"(i.J) ~' . J I =LD(, . jj

J V ,i) = J"U,Ij- P>j ~J.i } =L'U.;)+Q'i

J (j ,J) = J"(J,J) + PI} ~J, i ) =L:U . J ) +Q'J
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The flow chart for performi ng the load flow after including the UPFC mode l is

given in Figure 3.7.

Specify the magrutcd e of seriesimecred voltage. lnitializcthe phase angIe
of the serie s injecte d voltage to zero. Also spccify the magmeude ofs hunt
inverte r reactive power. Set iteration count K=j

Yo>

I Printr esuhs I
Figure 3.7 Flow chart for determin ing Load flow solution including the UPFC

mode l.



The elements of the Jacobian are calculated from the above equation s. The

Jacobian is used to compute the to X vector. The new voltage and magnitude are

computed and the process is continued until the residuals toPi and toQi are less than

the specified tolerance.

3.5 Summary

In this chapter a general UPFC model has been presented This model has

been included in a Newton-Raphson load flow algorithm. The model of the UPFC

and control equations are discussed. The UPFC mode! is very flexible, and it takes

into account the various UPFC operating modes as well as interaction with the

network. Load flow studies using the model are presented in the next chapter.



Chapter 4

Control of Power System Operation using Unified

Power Flow Controller

4.1 Introduction

In interconnected power systems , elec tric power flows through hig h vo ltage

transmission lines that connect generating stations and load centers. With the

changing struct ure of the electric industry, it is likely that some of the trans miss ion

lines are overloaded and some transmission lines carry power well below their

capaci ty. As discu ssed before. FACTS devices have the potentia l to control po wer

flow in a power system. Speci fically, this chapter illus trates the effec tive ness of

UPFC for powe r flow control.

The UPFC model derived in the previous chapter has been used to perfo rm

load flow studies . Four stand ard power system study systems are used to

demons trate the effectiveness of UPFC.



4.2 5 Bus system

In order to investigate the feasibility of the proposed model, a standard five-

bus power system [18] shown in Figure 4.1 is used. The network has been modified

to include a UPFC in line 1-3 near bus 3. An additional node Nbus (6) is used to

consider the UPFC model. The UPFC is used to change the power flow in the

transmission line between bus 1 and bus 3 from 72 MW to 98 MW. By increasing

this power flow, the loading in the line between bus I and bus 2 is reduced. In

addition, the voltage at bus 3 is improved 10 1 per unit.

Soulh (2)
Figure: 4.1 Five Bus System [18]
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Table 4.1 presents the relevant load flow results. Table 4. 1 shows that the UPFC is

effective in controlling the power flow through the transmission line and improving

the voltage at the load bus.

Table 4.1 Comparison between power flow results with and without UPFC

Power flows & V,_\.06 Vl- LO V, .9433 V' ''' .9469 Vs=·9554 V~= .9433

Volta s es P,.z=142.64 PI.,=47 .55 e,..= ·7.51 P•.s"' ·2,62 Pl.j=64 ·41 P.. -,=67.98

Without UPFC PH =12A5 Pu=46.35

Power flows & V, 1 06 Vz=I,O V, 1.00 ' V• .993 1 Vs_ ·97 14 V.= I,OI22

Voltag es P'_l",116.28 Pn =36.53 Pl..=5.94 P' .l",2,66 Pl.j=59.21 P.. ,=91.78

with UPFC P'-li=98.70" Pl-0337.24

Voltages (V) in per unit

Power Flow (P) in MW

• Bus Voltage(Per unit) improved using UPFC

.. Line flow (MW) at desired value with UPFC

UPFC parameters: IV.. I=0.12; y=9(f

V.. is the induced series voltage. The magnitu de of V", is co ntrollable by

UPFC. If we define r=]VscVIVil. , then o<r<rma•. The angle 1 is contro llable by

UPFC from 0 to 21l . The parameters of UPFC have been selected to achieve Ihe

desired power flow. The maximum value of the injected voltage is the input to the



system and the angle is varied from zero to 21t . With this the contro l area of the

power flow can be determined. In this examp le UPFC has been used for relieving

the overload in the system. It can also be used for voltage control on the selected

bus. For contro lling the voltage at a particular bus the voltage is injected in phase

or antiphase with the voltage depending upon the requirement [19].

Figure 4.2 shows the influence of UPFC on active power flow of the line for

variation of y from zero to 2]( and r from zero to rmn • The real power is a function

of the injected voltage and angle. The power through the line changes as the

injected voltage and the angle at which the voltage is injected in the transmiss ion

line is changed.

Figure 4.3 shows the change of reactive power flow of the line for a change

in the injected voltage and angle. Controlling the injected voltage and its angle can

control the flow of reactive power through the transmission line 120).
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4.3 IEEE-24 Bus Reliability test system

Figure 4.4 shows the single line diagram of the 24 bus IEEE reliability test

system [21J. The transmission lines are at two voltages 230 kV and 138 kV. The

peak load of the system is 2850 MW. The system total installed capacity is 3405

MW. The generat ion dispatch used in the base case is given in Table 4.2 .

Table 4.2 IEEE 24 Bus Reliability System generation dispatch

The 230 KV system is the rep part of Figure 4.4 with 230/138 KV tie

station at Buses 11, 12 and 24. One of the lines (8-9) in the system is in over

loaded state with low voltage at bus 8. It is desired to relieve the over load from the

line in the system ; one of the ways is to use a load sharing device or install new

transmiss ion line. The UPFC has been installed in this system and is used to boos t

the voltage at Bus 8 and relieve the overload from line 8 to 9 and increase the line

flow betwee n line 8 to 10. The original network has been modified to include a

UPFC in line 8-10 near bus 10. An additional node Nbus (25) is used to co nsider

the UPFC model. It is decided to change the power flow in the transmiss ion line

between bus 8 and bus 10 from 145 MW to 17 1 MW and improve the voltage at

Bus 8. By increasing this power flow, the loading in the line between bus 8 and



Figu re 4.4 : Single line diagram of the 24-Bus Relia bility Test System bus 9
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is reduced. In addition, the voltage at bus 8 is also improved. Table 4.3

presents the relevant load flow results with and without UPFC. This table

shows that the UPFC is effective in controlling the power flow through the

transmission line and improving the voltage at the bus. From Table 4.3 it is

seen that the voltage has improved at bus 8 from 0.94 p.u to 0.99 p.u and

power flow has changed in the transmission line (8-10) from 145 MW to

171 MW,

Table 4.3 Compariso n between power flow results with and without UPFC

Power flows VrO,94 V,=.94 Y._ LO) V7'-1.01 Vl'z .99 V, 1.01
& Voltage s P, .q=152 P,. ,o=I45 Pu=41.70 Pl-F 126.47 P j .1o=21.l3 P '.1=18.06
Withoul
UPH:

Powe r flow s Vq=.952 V1=·99 V.= I.04 V,=1.01 Vs=·997 V,= L06
& Volt.ages P,-,= 125 Pu s=17L4" P I-6=44 ·74 P' _:F 123.89 Ps-,o=17 P'_1=15.91
witll UPFC Pll _IO",]85

Voltages (V) in per unit

Power Row (P) in MW

• Bus Voltage (Per unit) improved using UPFC

*'"[inc flow (Mega Watt) at desired Value Using UPFC

UPFC parameters: JV;I=0. 12; y=900



4.4 IEEE 30 Bus test system

Figure 4.5 shows the single line diagram of IEEE 30 bus test system (22J.

The system contains 30 buses, 41 transmission lines and 6 generators. One of the

lines (Bus 1 - Bus 3) in the system is overloaded. It is desired to relieve the

overload from line I to 3 using the UPFC. By increasing the power flow in the line

between bus 1 and bus 2, the line between bus I and bus 3 is relieved of the

overload. An UPFC placed between line 1 and 2 is used to change the power flow

in the transmission line between bus 1 and bus 2 from 177 MW 10 200 MW. An

additional node Nbus (31) is used to consider the UPFC model.

By injecting the voltage of suitable magnitude, the flow in the line between

bus I and bus 2 has been changed and the line between bus 1 and bus 3 has been

relieved of the overload. Table 4.4 presents the relevant load flow results with and

without UPFC. This table also shows that the UPFC is effective in controlling the

power flow through the transmission line. Many operating conditions have been

investigated to achieve the optimal operation of the system with UPFC. Table 4.4

shows the change in the power flow in the line I to 2. Initial power flow through

the line was 177 MW. With UPFC placed in the line, power flow in the line has

increased [0 200 MW and line Ito 3 is relieved of the overload.
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Table 4.4 Comparison betwee n power flow results with and without UPFC

Pow er OOW5 & VI'"t.06 V1",J.04 Vj - L03 V. =1.02 Vl",1.0 1 V.",1.01

Voltages P '.1= 177.24 Pz.<",45.45 Pl-3"'S3.83 Pl..=78 .60 PH =82.78 Pl_.=61. 92

Withou t UPFC

Power l1ows& V,=I.06 Yl=l.04 V1=1.04 V.=1.02 Yj=I.OI V..=1.0

Voltag es P' .11",200· P2-l=55 P,_l=63.33 e,..:59.31 PH : S5.92 Pl_.=69 .!

With UPFC Pl l.Z"'I90

Voltages (V) in per unit

Power Flow (P) in MW

* line flow (Mega Wall) at desired Value Using UPFC

UPFC parameters : IV",I=0.1; y=900

4.5 39· Bus New England test system

Figure 4.6 shows the 39-bus New Englan d lest syste m which consis ts of 46

trans miss ion lines, 10 gene rators and 12 transfo rmers . The system com ponent data

is as shown in Table 4.5. The power system base case load flow summa ry is shown

in Ta ble 4.6.
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Table 4.5: New England 39- bus power system component data

Buses

Gen erators

Bus shunts

Lines

Table 4.6: New England 39-bus power system base case

Total generation

Total load

Losses

Real Power (MW)

6192.8

6150.1 I
42.74

React ive Power (Mvar)

1256.3

1408.9 I
-152.56

The system shown in Figure 4.6 has one of the lines (16-15) in overloaded

state. It is desired to relieve the overlo ad from the line by installi ng a UP FC in the

system. By increasing the power flow in the line betwee n bus 16 and bus 17,

overloud in line between bus 16 and bus 15 can be relieved. An additional node

Nb us (40) is added to include the UPFC model.

The UPFC has been placed between bus 16 and 17 near bus 16. By

injccting voltage of suitable magnitude in the transmission line the flow in the line

between bus 16 and bus 17 has been change d to 312 MW and line flow betwee n

bus 16 and bus 15 has been reduce d to 180 MW from the initial flow of 287 MW.

By pushing more power throu gh the trans missio n line the unused capacity of the

transmission lines can be used. The trans mission limits for this system are chosen

arbi trarily .
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Figure 4.6 Single line diagram of the 39-bus power system
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Table 4.7 Comparison betwee n power flow res ults with and without UPFC

Power llows & V ,~_ L0427 V,j=L024 2 V" 9% 2 Vll =O·989 V JI=.9849

Voltages PI1_I.=205.78 P'6-u=287.77 PlS.,, =3 3.5 P' 6-u=297.52 P" .1O=344,6

With<>utupr-c

Powerflnws& V,.=1.0423 V,, =I. 0265 V,,:.997 VIl=O.9896 VIl=·9893

Vu ltages PI1-oo=312.3" P,o-" .. 180.79 P' l.,.=l4Q P'6-1J",327.40 P II_ I~3 17 .2

With UPFC P.,....=313.03

Voltage s (V) in per unit

Power Flow (P) in MW

'" Line flow (M W) at desired value Using UPFC

UPF C parameters: IVsci =0.09 ; '1=270"

4.6 Summary

This chapter illustrates the effectiveness of the UPFC in con trolling power

flow in a power system . It has been shown that the UPFC can be used to reduce

overloads in the transmi ssion line and improve the voltage at the buses. The power

flow control range on one or a set of transmission lines in the system can be

prec isely computed. It can be concluded that by diverti ng the flow of powe r from

overloaded lines to under loaded lines the unused transmis sion capacity of the lines

can be used effec tively. The strong control capabili ty of the UPFC to control bus
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voltage and power flows offers a great potential in solving many of the problems

facing the electric utilities in a competitive environment.
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Chapter 5

Available Tran sfer Capabili ty Enha ncement Using

Unified Power Flow Controller

5.1 Introduction

A fuller understanding of transmission capacity is caking on greater importance

in planning and operating electric power systems. This is due to at least three distinct

reasons: (1) The actual expansion of transmission grid is severely limited by

environmenta l constraints; (2) In a changing industry, system inputs such as

generation and demand may have significantly different patterns than in a regulated

industry; (3) There have been many recent developments in technologies capab le of

varying transmission characteristics in a flexible manner.

While these reasons may not appear to be directly inter-related. they all

demons trate the crucia l role of the transmission grid in flexible energy management.

It is the presence of the transmission grid that makes the economics of power industry



deregu lation a qualitatively different problem than the dereg ulation problem of many

other industries .

5.2 Various notions of transfer capability

Describi ng and quantifying transmission capability in a meshed power system

network is elusive [23] . It is difficult to pin down. Somewhat analogous to the traffic

capability of large city, every vehicle is going somewhere but not all have the same

desti nation. Some have the same origin but follow different paths while others have

identical final end but come from different sources . Clearly, some circuits can become

highly congested under certain conditions, thereby limiting the flow in specific

directio ns.

5.2.1 What is Available Transfer Capability ?

One concept of available transmissio n capability (ATC) in a power system is

defined as the amount that the power injection in a bus in a power system can be

changed without violating any operating constraints in the system (23]. ATC is

importa nt for both economic and engineering reaso ns. All transmiss ion grids are

limited in the amount of power they can transmit. As discussed earlier , these limits can

be thermal limits, steady state stability limits etc.

In a deregulated market it is important to know how much a power company

can change their injections and maintain a stab le operati ng point If one power

company increases its injections, that action may cause the flows on transmission lines
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somew here in the system to increase with the result that another company cannot

increase its injec tions in a way it desires.

Grid owners are very interes ted in ATe issues, e.g. , how much their grid can

transmit , where are the weak links in the grid, how much can the transm itted power

increase before they have to invest in new equipment ere. Other question s of concern

to grid owners are how other compa nies power trans miss ion will influence the ATe in

the grid.

5.3 Definitions used in the industry

First connngeney incremental transfer capability (24): II is the amount of

power, incrementa l above normal base power trans fer that can be transferred over the

transmis sion network in a reliable manner, based on the followi ng conditions:

With all transmiss ion facilities in service , all facility loadings are within normal

ratings and ull voltages are within normal limits.

The bulk power system is capable of absorb ing the dynamic power swings and

remains stable followin g a dis turbance resulting in loss of any single generating

unit, transmission circuit or transformer.

After the dynamic power swings followi ng a disturbance resulting in a loss of

any single generating unit, transmissio n circu it or transformer, but before

operator-directed system adjustments are made, all transmissio n facility loadings

are within emergency ratings and all voltages are within emergen cy limits.



This indicates how much the power transmission can be increased without

any changes in the system and still keep the system inside all security and stabili ty

limits. A loss of some equipment will not cause any collapse.

Second continge ncy inc re mental t ra nsfer capa bility : It is the amount of

power, incremental above normal base power transfer tha t can be transferred over the

transm ission network in a reliable manner, based on the following conditions :

With all transmi ssion facilities in service, all faci lity loadings are within norma l

ratings and all voltages are within nonna lli mits.

The bulk power system is capable of absorb ing the dynamic power swings and

remains stable following a disturba nce result ing in a sequential and overlapping

outage of two facilities - either being a generating unit, transmissio n circuit or

transformer - with system adjustment s made between the two outages are required.

After the dynamic power swings following a disturbance result ing in a loss of the

second facility - either a generating unit, transmission circu it or transforme r- but

before further operator- directed system adjustme nts are made, all transmission

facility loadings are within emergency ratings and all voltages are within

emerge ncy limits .

If two outages of equipmen t occur, the system must still be able to handle the

power transm ission. With adjustme nts, the system can be held inside the safety limits
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Installed incremental transfer capa bility: It is the amount of power.

incremental above norm al base power transfers that can be trans ferred over the

transmission network without giving consideration 10 the effect of transmission

facility outages . All facility loadings are within normal ratings and all voltages are

within norma l limits.

This definition applies to normal operation and not to any contingency, and

states how much the transmission of power can be increased.

5.4 Methods of calculating ATC

The first step in calculat ing ATe is the de termination of total transfer

capability me). TIC is the largest flow through the selecte d interface which causes

no thermal overloads , voltage limit violations, voltage collapse and lor other system

security problems such as transient stability (25). The ATC for the selected interface

is the TIC minus base case flow and appropriate transmission margins. The

transmission margin included in calcu lation of ATC is transmission reliabi lity margin

(TRM), it is the portion of TIC that can not be used for reserva tion of firm

transmission service because of uncertainties in system operation. ATC determination

requires consideration of generation dispatch, system configuration, scheduled

transfers, system contingencies and projected customer demand. Few of the methods

available for ATC calculation are summarized below .



Singl e linear step ATe [26]: The single linear step approach is the most

common ATC method and duplicates the ATC analysis done by many reliability

organizations. This method of ATC analysis uses only information about the present

system state and sensitivities about the present system state. These sensitivities lire

embodied in power transfer distribution factor (PTDF) calculations. A power transfer

distribution factor is a measure of the sensitivity of a flow to an injection or

extraction at a given location. There are two types of PTDFs: operating point

dependent, which come from the load flow, and traditional PTDFs, which are derived

from the DC power flow model. In any case, the PTDFs take into account at the same

time injection and extraction of power at some points or at specific group of points

defining the transfer. There is no need to run the power flow. The idea behind the

PTDFs is to use the linear sensitivity instead of nonlinear power flow solution to

arrive at the transfer limits quickly. A PTDF is measured with respect to a slack bus

ora location.

Consider a transmission line with a limit of 10 MW and present loading of 5

MW and a PTDF of 10%. The estimated maximum transfer without causing overload

on line is: Transfer limitation = (Limit - Present loading)IPTDF= (10-5)/0.1=50 MW.

Line Outage Distribution Factors (LODFs) are a sensitivity measure of how a change

in a line's status affects the flows on other lines in the system. On an energized line,

the LODF calculation determines the percentage of the present line flow that will be

shown up on other transmission lines after the outage of the line. When including

contingency analysis, then OTDF (Outage Transfer Distribution Factor) and
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linearized estimates of post-outage flows are used to determine the Transfer

Limitation. Transfer Limitation e (Limit - Post Outage Loading) I OTDF. If the

transfer limitatio n for all lines during each cont ingency is determ ined, then the ATC

is equa l to the smallest transfer limitation.

Continuation Power Flow Analysis (CPF) [3J : It is well known that the Jacobian

matrix of the power-flow equatio ns becomes singular at the voltage stability limit.

Conventiona l load flow algorithms are prone to convergence problems at operating

conditio ns near the voltage stability limit. The continuatio n power-flow analys is

overcomes this prob lem by reform ulating the load flow equations so that they rema in

well condi tioned at all possible loading conditions [3]. This approach uses an itera tive

process where , from a known initial solution, the solution for a specified pattern of

load increase can be obta ined. Specifically for ATC calculations, co ntinuation power

flow method can be used to specify the desired generation and load pattern increase

and determine the power flow solution at the point where a thenna l or voltage stability

limits the transfer . Compared 10 applying standard load flow algorithms repeatedly,

continua tion power flow method makes it possib le to include voltage stability as well.

Optimal Power flow based method [27): The general formulation of an optimal

power flow problem is

Minimize ;':;2:. F (PGi )

Subject to the constrain ts

(5 .1)



g,(X,u)=0

h,,(x,u):S;O
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(5.2)

(5.3)

The most common objective is the minimization of the total fuel cost. The

equa lity const raints (equation 5.2) ensure that the load flow equa tions are satisfied .

Equa tion (5.3) specifies the inequality constraints like the limit on power flow through

transmission lines, bus voltage, real and reactive power limits of generation etc . This

formulation can be easily modified for ATe compu tation . The objective function will

be the transfer between the source and sink areas and this will bemaxi mized subject 10

both equality and inequality co nstraints. Thermal limits and voltage limits can be

easily included in the inequality constraints. However including stabili ty and voltage

collapse condition is a great challenge .

Repeated Power Flow (RPF) : RPF enables transfers by increasing the load (only

real) at every load bus in the sink area and increasi ng the injected real power at the

generator buses in the source area in incremental steps until limits are incurred [28].

In order to compute ATC from one location (Bus A) to another location (Bus

B) and ATC's for selected transmiss ion paths between them, the following procedu re

is used. Bus A and Bus B are any two different buses in the system

I) Se lect a case from the list of cases to be studied .
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2) Esta blish and solve the base case power flow in whic h the system load is supplied

without violating any transmission limits . Obtain the base case, flows on selected

transmission paths.

3) Use RPF to make a step increase in power transfer. Increase the generation (source

at the bus A). Increase the real load at bus B (sink) by same amoun t.

4) Establish and solve the power flow .

5) Check the solution up to step 2, whether any limit is vio lated. If there is any

violation, decrease the transfer power by the minimum amount necessary to

eliminate the violation and then go to step 6. If no limit is violated , go to step 3.

6) Compu te the ATe level. This is the ATe value for the selected case.

7) Select the next case and return to step 2. If all cases have been selected , go to step

8.

8) Compute the ATC for the source/ sink transfer case. It is the minimum value of all

ATClevels.

In the research presented in this thesis ATC is calcu lated using repeated

power flow. The reason for using this method is that RPF can be easi ly done using

available load flow software. The results are illustrated for a 6 bus syste m show n in

Figure 5.1, which con tains II transm ission lines and 3 gene rators [29]. The system

component data is show n in Table 5.1. The power system base ease is shown in Table

5.2.



Table 5.1: 6- bus power system component data

90

Buses

Generators

Lines

Table 5.2: e-bus power system base case

Real Power (MW)

Total generation 218

Tota l load 2 10

Losses 7.88.. ,
1, ' l p.

ho t "" ,11 log'

1 ,~
-1.1 h9

Reactive Power (Mvar)

179.8

2 10

-30.05

1,f1p .

f+-- - - - - - ---4j -I." "9

Figure: 5.1 Single line diagram of 6-bus power syste m [29]



The ATC is calculated between bus 2 and bus 6. To calculate ATC between the

two buses the generation at bus 2 is increased and the load is also increased by the

same amount at bus 6. The power flow is run and flows on all transmission lines are

monitored. If the power flow (MW) exceeds the MW limit of the transmission line

there would be no more transfer of power between the two buses, otherwise again an

incremental amount of power transfer is performed between the two buses till any of

the transmission line reaches its MW limit. In this case line 1 ~5 reaches its limit when

52.49 MW is transferred between bus 2 and bus 6. Any additional amount of

transferred power beyond this value would cause an overload on the line. The

difference between power flows computed after increasing generation and load, and

base case gives the required ATC between the two buses. Applying the proposed

method, ATC can be found by taking the difference of the increased generation or load

from the base case. The results are shown in Table 5.3. The above case is also

explained with details of possible transactions. The single linear step ATC is obtained

using an option available with the PowerWorld simulator.

Table 5.3: ATC results for fi-Bus System

From To ATC with single linear step ATC with Repeated

ATe Power Flow

2 6 52.49MW 47 MW

3 5 4I. 59M W 40MW



Figure 5.2 shows the base case loading of the system. When a transfer of 52.49

MW is obtained between bus 2 and bus 6, line 1-5 reaches its MW limit: this is the

maximum amount of power that can be transferred between the two buses. ATe of

52.49 MW means that this is the maximum amount of power that can be transferred

between two buscsfin this case buses 2 and 6) so that no transmission line is

overloaded. Figure 5.3 shows that line 1-5 reaches its MW limit when 52.49 MW is

transferred between bus 2 and bus 6.

Figure 5.2: Single line diagram of 6 bus system in normal state



Figure 5.3: Single line diagram of 6 bus system showing line 1-5

operating near its thermallim it.

One more transaction has been considered between bus 3 and bus 5. To

calculate ATC between the two buses the generation at bus 3 is increased and load is

also increased by the same amount at bus 5. The power flow is run and flows on all

transmission lines are monitored. Transfer of power would change thc flow of power

in the transmission lines. Figure 5,4 shows the base ease loading of the system when

no power is being transferred. When a transfer of 41.59 MW is performed between

bus 3 and bus 5, line 1-5 reaches its MW limit; this is the maximum amount of transfer

that can be performed between the two buses and is the ATC. Figure 5.5 shows that
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Figure 5.4: Single line diagram of 6 bus system in normal state

line 1-5 reaches near its MW limit if power of 41.59 MW is pushed through the

transmission line. The concept can be further explained by a simple example of 6 bus

system. Consider that a consumer at bus 6 wants to purchase power from a genera ting

station in the system. There are two generators near bus 6, one is at bus 2 and the other

at bus 3. Assume that Generation cost is cheaper at bus 2 as com pared to generation at

bus 3. The maximum power transfer from generator to the bus is limited by the MW

limit of the lines. One option with the consumer is to purchase power from bus 2;

whic h can be up to a maximum of 52.49 MW. Jf this consu mer tries to purchase more

power, the transmis sion lines in the path or somewhere else in the system wou ld get

overloaded .
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Figure 5.5: Single line diagram of 6 bus system in overloaded state

Thus, after purchasing the limited amount of power from gene rator at bus 2 the

consumer has to look for another generating company which could supply power as

per the consumer's requirement, or to purchase power from bus 3 (2nd generator)

which is cos tly, or purchase power from some other connected netwo rk.

This motivates competitio n among the generating companies to provide power

at a cheaper cost and in 11reliable manner. A generat ion company can increase the cost

and the consumer would have to pay more price if the consumer does not find any

other source to fulfill the requirements.



5.5 ATCenhancement using UPFC

As presented in chapter 4, UPFC's can control power flow in a system. They

can be used to increase ATe . UPFC can be effectively used to relieve the loading of

the transmission line which has reached its limit. The UPFC is placed in a suitable

location and its parameters are dete rmined so that power flow can be redirected . The

UPFC has been simulated using the injection model and a new load flow solution is

determined. With the UPFC, the generat ion and load are increased till the transfer is

limited by the constraint. A commercially available load flow program Power World

Simulator [30] has been used to determine the desired ATe in the system without the

UPFC. The increase in the ATC achieved using the UPFC for different power

systems are discussed in the next section.

5.6 Application to sample power systems

The proposed method has been applied to three sample power systems. The

ATC of the transmission system is illustrated using IEEE Reliability Test System [21].

The system has 24 buses, 10 generators and 38 transmission lines. The second system

is the 39-bus New England test system, which contains 46 transmission lines, 10

generators and 12 transformers. The third system studied is a model of BC Hydro' s

196-bus power system. The system has been derived from a Western Systems

Coordination council 8313-bus power system file. This system has twenty two 500

KV lines. A detailed description of this system has been discussed in a separate

section. The base case load flow study was performed on all the systems considere d,
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and it was fou nd that some of the lines were ove rloaded. Thu s, it was decide d 10 install

the UPFC in the ove rloade d transmission line or the adjoining line. Voltage violat ion

has not been taken into account while relieving the ove rload. ATe has consid ered only

those transmission lines which reached their limit because of transfer between the

buses. A Newton-Raphson ac load flow program has been developed in Matlab (31]

for the load flow studies.

5.6.1 IEEE 24-Bus Reliability test system

Figure 5.6 shows the single line diagram of the 24 bus IEEE reliability test

system [21]. The transmiss ion lines are at two voltages 230 kV and 138 kv. The peak

load of the system is 2850 MW. The system IOtal installed capacity is 3405 MW . The

gene ration dispatch used in the base case is given in Table 5.4 .

Table 5.4: IEEE 24 Bus Reliabili ty System genera tion dispatch

The 230 KV system is the top pan of Figure 5.6 with 230/138 KV tie stati on at

Buses I I , 12 and 24. This generation disp atch was assumed to remain unchanged

when the ATC was calculated . ATC has been comp uted for two pair of buses (one at a

time); Buses 23 and 15, Buses 10 and 3 in the system. The ATC com puted for two

pairs of buses has been shown in Table 5.5. ATC has bee n dete rmined by using
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Figure5.6: Single line diagram of the 24-Bus Reliability Test System
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repealed load flow and single linear step ATC. Despite the fact that Bus 10 has no

generator, it is the major channel for transfer of power from one system to the other.

The most limiting element for the case in which the ATC has been compute d from Bus

23 to Bus 15 is line 15-16. Generator has been connected 10 bus 23 and load has been

connected to bus 15. The transfer was performed between these two buses and the

flow on this line (15-16) was found equal 10its line rating of 500 MW.

Any additio nal amount of power transfer beyond this value would ca use an

overload on line 15-16. For transfer of power between bus 10 and bus 3, the most

limiting element is line 8-10. The same procedure is followed to determine the ATC

between the bus 8 and bus 10. The results in Table 5.5 have been verified using the

load flow option of a continuation power flow program [32J. RPF enables transfer by

increasing the real load at the desired load bus and injecting the real power at

generator buses in the source area in incremental steps until limits are reached.

By installing a UPFC in the limiting line, the flow of power from overloaded lines is

diverted to under loaded lines and still more power could be pushed through the line.

The results in Table 5.6 show the change in ATC with UPFC at different location in

the system using repeated power flow (RPF). Comparing the results in Table 5.5 and

Table 5.6 it is seen that there has been considerable increase of power transfer

between the two buses with the use of UPFC. The ATC in the base case for transfer

between bus 23 and bus 15 is 816 MW and has been increased to 920 MW using

UPFC which is a considerable increase in the power transfer. Simulation studies also

show that the effect of UPFC has been significant on high voltage transmission lines.



Table 5.5: Base Case ATC Results for 24 Bus power sys tem

From To ATC with ATCwith Transmission Line

Bu, Bu, Repeated Power Single Linear at Limit

Flow Step ATC

23 15 840 MW 816 MW 15· 16 1500 MW

10 3 250MW 262.6MW 10-3 1 175 MW

Table 5.6: ATC Results with UPFC

From Bus To Bus Locat ion ATe

23 15 Of UPFC

15-16 920MW

15-21 895MW

15·24 880MW

10 J 8· 10 410MW

8-9 367 MW

8-7 340M W

' 00
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5.6.2 39·Bus New England test system

Figure 5.7 shows the 39·bus New England test system, which consists of 46

transmission lines, 10 generators and 12 transformers.The system component datu is

as shown in Table 5.7. The power system base case load flow summary is shown in

Table S.8.

Table 5.7: New England 39- bus power system componentdata

Buses

Generators

Lines

Table 5.8: New England 39-bus power sys tem base case

Table 5.9 shows that the most limiting elemen t for the case in which

ATC was compu ted from bus 30 to bus 7 is line 2-3. When the transfer was

performed between bus 30 and 7 the line 2-3 was found to be equal to the line

rating of 500 MW. The maximum power that can be transferred between two

buses without any violation of transmission constraint was found to be 230 MW.

Any addilional amount of transferred power beyond this value would overloa d this

line. The results in Table 5.10 show the increase in ATC with UPFC insta lled in

the limiting lines. By installing a UPFC in the limiting line power can be diverted
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to other under loaded lines and still more power can be pushed through the limiting

line which would eventually increase the power transfer between the buses. The ATC

in the base case for transfer between bus 30 and bus 7 is 207 MW and by installing :I

UPFC betwee n the lines the ATC has been increased to 380 MW. The transm ission

line limits have been chose n arbitraril y. With UPFC the ATC has been increased

considerably.

Table 5.9: Base Case ATC Results for 39- Bus power system

From Bus TaBus ATC with ATCwith

Repeated Single Linear Step Transmission Line at

Power Flow ATC Limi t

30 7 230 MW 207 MW 2-3 500 MW

34 18 495 MW 480 MW 17-16 500 MW

30 25 250 MW 232.5MW 2-30 500 MW

Tab le 5.10: ATC Results with UPFC

From Bus TaBus Location of UPFC ATC

30 7 2-3 380 MW

34 18 17-16 750 MW

30 25 2-30 440 MW
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5.6.3 An overview of 196-bus BeHydro power system

One of the power system models used in the research is BC Hydro l%-bus

power system [33). In this power system, most of the available sources of

hydroelectric power are dis tant from the southwest part of the province , where most of

the dema nd is located .

Figure 5.8 shows the enti re SOOkVnetwork and the sub transmiss ion network

of the major load centers of Lower Mainland (arou nd the city of Vancouver) and the

south part of Vancouver Island (around the city of Victoria). The transmission network

is interconnected with the Trans-Alta Utilitie s system in the province of Alberta , the

West Kootenay power and Light System in the southeast part of British Columb ia, and

the interconnected Western system of the U.S.A in the south. Figure 5.9 shows the

geographic location of Be Hydro transmission network.

The major generation system of BC Hydro consists of those on the Peace and

Columbia rivers. (Table 5.11 shows the information of the main power plants of BC

Hydro power system). The Peace River System (G.M Shrum and Peace Canyon

generating stations), localed at the northern part of the Province, has a generating

capacity of 3400 MW. The majority of this capacity is transmitted about 1000 km

through 500 kV transmission lines to the load centers.
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P. Canyon

G.M.S(9-10)
G.M.S(1-5) G.M.S (6-8)

4 126

Figure 5.8: Main structure of BC Hydro power system
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Figure 5.9 Geographic location of Be H ydro transmission network



Table 5.11: BC Hydro main power plant summary [33]

Powe r T",. Capa Cil)' Bus Po wer Powe r Terminal V(lha~e

Station (Hydro or (MW) Num ber rje nerano n Generalioll v onage An~ le

Name Thermal ) (MW) (Mvar) (P ,U / l V) (Dc 're e)
Burra rd T hermal 91 2 4015 0 -138.32 0.965 / 15.9 ·36 .40

Chea lr;.mus NA' NA 4026 144.00 18.74 1.021 14 .1 -24.2.'\
Gord enM. H ydro 2730 404 2 1122.00 -205 .35 0.978 / 13.5 -1.:;>3

Shrum 404 7 663.39 261.67 1.049 /14 .5 -2 .24
(G. M. S) 4047 400,00 -96.9 0.979 /13 .5 ·2,65
Kootenay Hydro 3" 4064 529.00 -46.76 0.969 / 13.4 4.52

Canal
Kell L. k N A NA "'69 0 21.55 1.0 141 12.7 -25.64

L.M. E IV NA NA 4081 209 ,00 8.53 1.00 /13 .8 -32 .99
Mica H ro 1736 4088 1700.00 38,58 0.961 /1 5.4 6.50
Peace Hydro 700 4111 530.00 23.15 0.985 / 13.6 ·3.47

C an on
RevelStoke H ro 1843 4117 1818.75 105.00 1.009 /1 6.1 0
Seven Mile H ro 594 4130 590,00 - 19.86 0.985 /13 ,6 -1.02

V. LT NA N A 4140 0 -36.09 1,006 /12 ,7 -45.84

II
414 1 0 -36.09 1,023 / 130 -45.87

NA NA 4142 279.00 -28.06 1.00/ 13.8 -40.17
NA NA 4153 55.00 9 .93 1.05 /1 4.5 -9.84
NA NA 4154 0 -67.5 0.928 / 11,6 -19.32
NA NA 4182 0 150.5 I. Jl9 / 2 1 -42.22

Kemano NA NA 4186 810 294.69 1.078 / 14 ,9 -4.93
Bridge River Hydro 480 4210 175.00 2,30 1.02 /14.1 -15.76

42 11 200.00 2.30 1.023/ 14, l -18.45
Data from Po werworld Viewer Data froml% _busload flow

The Columbia River System (Mica, Revelstoke, Seven Miles and Kooteny

Canal generating stations), located in the south of interior region of the province, has a

generating capacity of 4730 MW at distances ranging from 200 to 500 km from the

load centers. The transfer over part of the 500 kV network feeding the Lower

Mainland and Vancouver Island is limited by voltage stability 133].

The BC Hydro power system data file used in the research is generated using

the power system model for the WSCC (Western Systems Coordination Council)
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8313-bus power system file. Table 5.12 shows the power sys tem compo nent data, and

Tab le 5.13 shows the WSCC 8313-hus power system base case load flow summary.

The data were obtai ned from the web site :

hllp:llwww.ferc.fed.uslI75/1715.htffi. This data is for the 1998 summer loading

condi tion.

One of the procedures for the derivation of the 196-bus Be Hydro power

system data file is explained below [33] :

( I) Obtain the basic power system parameters (bus data and transm ission line data)

from WSCC.RAW file on the above website and change it to CDF (IEEE

Common Data Format) file .

(2) Find the I I lie transmission lines connecting Be Hydro power system to the

other subsystems and all the power transferred through the tie lines using

Powerworld Viewer software (test edit ion ), which is availab le on web site :

http://www.QOwerworld.com.

(3) Cut off all the tie trans mission lines between BC Hydro and all the other

subsys tems, and install the equivalent rea l power and reactive power exchange

through the tie lines on the buses in BC Hydro acco rdingly.

(4) Cha nge initia l values for iteratio n in the new BC Hydro power system data fi le

so that the initia l values are close to the converged value for power flow. Thus,

the final equivalent BC Hydro 196-bus power system CDF data file is obtai ned.

Table 5. 14 shows the BC Hydro 196-bus power system component data. Table

5.15 shows the Be Hydro 196-bus power system base case load flow .



Tabl e 5.12: WSCC 8313 - bus power syste m compo nent data

Buses 8313

Generators 1320

Bus shunts 1059

Lines 7767

Transformers 2951

Phase Shifters 16

DC Converters 6

Table 5.13 : WSCC 8313-bus power system base case

Real Power (MW) Reactive Powe r {Mvar} I
Total generation 132686.78 256 19.00

Total load 127642.73 31644.42 I
Losses 4557.74 5939 1.75

Table 5.14: BC Hydro 196- bus power system component data
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Buses

Generators

Lines

Table 5.15: BC Hydro 196-bus power system base case

Total generation

Total load

Losses

Real Power (MW)

8246.1

6384.8

392 .3

Reactive Power (Mvar)

-145.2

3052.5

. 7094.83



110

The ATC computed between five pair of buses (one at a lime) are shown in

Table 5.16. For the base case the ATC has been calculated using repeated power flow

and single linear step ATC. Table 5.16 shows that the most limiting element for thc

case in which ATC was computed from bus 4043 to bus 4114 is line 409 7.4 114. The

flow on this line was found equal 10 the line rating of 110 MW. In case of repeated

power flow the transfer is petformed between bus 404 3 and bus 4114, bus 4043 is

considered as a generator and bus 4114 is considered as a load. The maximum power

that can be transferred between the two buses without any violation of transmission

constraint was fou nd to be 80 MW.

Any addit ional amount of power beyond this value would ca use an overlo ad on

line 4097-41 14. By installing a UPFC in the over loaded line more powe r can be

transmitted by diverting the flow from overloaded lines to under loaded lines (where

transmission capac ity is not being fully utilized). Table 5.17 shows a conside rable

increase in ATC by using UPFC in transmission line. The base ATC from bus 404 3 to

bus 4114 has been increased to 160 MW, The same pattern of increase has followed

the other transfers presented in Table 5.17. It is possible to arrive at an optimal

location of UPFC by analyzing the sensit ivity of the UPFCs to the power transfer in

the system [34J, These studies show that the UPFC has been able to increase the

power trans fer to a consi derable amount.



Tab le 5.16: Base Case ATC Results for 196 Bus power system

From To ATC with ATCwith

B" B" Repealed Power Single Linear Step Transmission Line at Limit

Flow ATC

4043 4114 80 MW 78.06 MW 4097-4 114 110 MW

4210 4258 115 MW 97 MW 4014-4210 200 MW

4 130 4252 105 MW 92.66 MW 4129-4130 675MW

408 8 4144 440 MW 420 MW 4OSJ-4088 1828 MW

4047 4163 160 MW 149.82 MW 4046 -4047 630 MW

Table 5.17: ATC Results with UPFC

From Bus To Bus Location of UPFC ATC

4043 4114 4097-411 4 160 MW

4210 4258 4014-4210 230 MW

4 130 4252 4 129-4130 200 MW

4088 4 144 4083-4088 688 MW

4047 4163 4046-4047 270 MW
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5.7 Summary

The chapter has reviewed the area of transmission capability in electric power

systems A number of methods to calculate transfer capability have been discussed.

Improvement of transfer capability is an important topic in the current deregulation

environment. Fast power flow control capabilities offered by FACTS provide a

powerful tool for system operation in a open access environment.

Bottlenecks in the transmission system can be mitigated by proper placement of

suitable FACTS systems. They enable steady-state optimization of system resources in

order to alleviate overloads, reduce losses and achieve optimal generation dispatch. The

UPFC has been used 10 enhance the available transmission capability of the

transmission system. By shifting power flow from overloaded 10 underloaded

transmission lines, FACTS devices can increase the capacity of individual transmission

corridors. The effect of UPFC is studied and demonstrated with different power

systems. The results clearly illustrate the effectiveness of UPFC in enhancing the

Available Transfer Capability of power systems.
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Chapter 6

Conclusion and Futur e Work

6.1 Contributions of the research

The interconnected power system is designed and operated to transfer large

quantities of electricity over long distances. There is a need to improve the

performance of existing power system and use the available resources of power in an

optimal manner. Flexible A C Transmission system has played a major role in

relieving these basic problems of transmission resulting in efficient, transmission and

distribution of power. UPFC is one of the most powerful devices currently used for

power flow control in electrical utilities.

This thesis has presented the modeling and application of unified power flow

controller in power systems. The two applications discussed are control of power flow

and increase of available transfer capability in power system using unified power flow

controller. Various power flow control devices have been discussed in the introduction

with a detailed analysis of UPFC. Operation of UPFC is based on the principle of

voltage injection in the transmission line with an insertion transformer. The basic
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configuratio n of UPFC consists of voltage source conveners connected in shunt and

series with the transmission line. The converters have been simulated using PSCAD

software in order to invest igate the behavior of the voltage injected in the transmission

line.

Appropriate model for UPFC has been developed and analyzed for

incorporation in power flow program. The model has been incorporated in a Newton

Raphson power flow program. The model is based on a series control device and can

provide the necessary functional flexibility for power flow control. This approach of

modeling has the option of power flow and voltage control simultaneously. All these

different modes can also be controlled separately. Various features of UPFC have been

explained with reference to the contro l capability of UPFC and its effect on the

system.

A detailed study has been earned out on various test power systems to show

the power flow control features of UPFC. The UPFC has been used to relieve the

overload from the transmission lines. Application of UPFC has been demonstrated in

the area of available transfer capabi lity. Various methods of calculat ing ATC have

been investigated . ATC of some small systems have been eva luated using Powerworld

software and repeated power flow method.

UPFC has played a major role by diverting the flow of power and increasing

the available transfer capability of the system. The results for ATC, calculated without

UPFC have been verified using different methods of calculating ATC. UPFC has been

used to increase the ATC by installing it at suitab le locations in the power system. The

simulations and analysis were carried out on IEEE test systems and BC-Hydro 196
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Bus system. The results show that ATe has been considerably improved with UPFC

and has improved the perfonnance of power system

A recent study by the department of energy in U.S.A [35J. presen ted the need

to incorporate innovative technologies for electric power transmission. The research

presented in this thesis has the potential to be a part of the new technology expected to

meel the challe nges in electric power transmission

6.2 Suggestions for Future Work

The location of UPFC as presented in the studies of this thesis has been

decided arbitrari ly. II is poss ible to investigate the application of opt imization methods

to decide the location of the UPFC 10 meet a specific objective with the lowest

possible cost.

The work reported in this thesis can be extended in the following areas:

To observe the impact of UPFC on damp ing of elec tro mecha nical osci llations.

Contro l of UPFC for transient stability improvement

Investigate the effectiveness of multiple UPFCs in an interconnected power

system

To observe the effectiveness of UPFC for voltage stability analysis.
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