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Flexible Alternating Current Transmission Systef&CTS) are increasingly
being used to enhance the efficiency and religlalitpower system networks. FACTS
devices can influence the performance of existioggetive system components
(specifically distance relays) due to the fact fRACTS change power system quantities
such as line impedances, voltages, and currenstaidie relay may mal-operate when
FACTS devices are connected since they cause sbiine tipping characteristics to
change. This thesis investigates the impact oamlist relay performance due to
compensations using two types of FACTS controllStatic Synchronous Compensator
(STATCOM) and Static Synchronous Series Compen$8®8C). Analytical study on
the effects of STATCOM and SSSC on distance re@afopmance is conducted. A
detailed modeling and simulation of digital distamelay with three zones mho
characteristics are also presented along withificagion of the proposed models under
a variety of fault types and fault locations. Résfilom the analytical comparative study
are confirmed by the simulation results and botinatirate the fact that we need to
address distance relay performance under the eiffenodes of operation of STATCOM
and SSSC and that a redesign is essential to feteproblems such as in over/under

reaching.
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CHAPTER 1

INTRODUCTION

Generating, transmitting, and distributing electrical energy to consumers are achieved
through the power grid. The power grid is clearly a very large network with a huge
numbers of equipment and transmission lines. A fault, occurrence of any abnormal
condition, is still the main threat facing the grid infrastructure. Any fault can impact a

much larger area regardless of the small locality of the fault itself.

A fault is technically defined as any abnormal change in one of the power system
guantities such as current, voltage, or frequetitylhe transmission lines are the ones
with highest probability for a fault to occur and thus researchers’ attention has been
focused on them. Transmission lines can be underground cables or overhead cables and
they have their own advantages and disadvantages. A fault not only impacts transmission
lines but also other parts of the power grid such as generators, transformers, and of course
loads P]. Therefore, appropriate protective relays and circuit breakers are employed to
provide as much protection as possible for each section of the power system. Protective
Relays are devices trip circuit breaker when fault is detected. The inputs for these devices
could be voltage, current, temperature, and frequency and protective relays make

comparison with setting point to send tripping signal as the output. The fault is



unavoidable problem in power system network ancctlstomers demand higher levels

of reliability, it is essential to it increase thenctionality of relays by protecting them.

Recently, researchers aimed to enhance transmiasgocapability and reliability by
interconnecting power electronic control devicegansmission systems. These
electronic devices or FACTS (Flexible Alternatingr@nt Transmission System)
support the transmission system with capacity ecéraent, better power flow control,
and increased voltage stability and control. Emipigy=ACTS controllers to
transmission and networks systems helps to pustegbecity of transmission line close
to the thermal limit and aids in reducing the ecuimwand environmental problems from
installing new transmission line. Consequently,hage to face emerging problems that
may be created by such employments since theseedewill directly impact power
system quantities, and it can cause mal-operatiopre-existing protective relays
installed within the system prior to FACTS deploymf3]. Therefore, it is important to
investigate theperformance of existing protective relay on FACT®npensated

transmission lines.

1.1 Faults in Transmission Lines
A transmission line fault occurs when the insulati@tween phases or between
phases and ground fails. In this section, | widgant a review on faults including

common factors causing a fault in section 1.1.1faott effects in section 1.1.2.



1.1.1 Causes of Fault in Electrical Power System
Several reasons and events in our daily lives easea fault to occur. However,
the most common factors are well recognized andisually classified into two

classes based on the causing factors, natural factbhuman factors.

A. Natural factors
1. Lighting storm: lighting storm supply high voltageo transmission line and
this leads to break down the insulation betweers@har phases and ground.
2. High speed wind: the high speed wind move the ghasd it leads to reduce
the distances between phases or between phasesnaad. In this case the
fault happens even though there is not contactdestwhem because of the
variation in voltage especially at low voltage samssion line.
3. Fire: this factor has direct effect on insulati@tuse it burns the insulation
and leads to a fault.
4. Ice or snow: Gathering ice or snow on transmisBiwes leads to change the
conductivity for conductors of transmission line.
5. Earthquakes, falling tree, flying objects are airdtfactors that can cause
faults in electrical power transmission system aetivork.
B. Human factors
1. Faulty power or utility pole or tower because ofrfan impact such as in car

accidents or physical contact by human.



2. Human error in installing and maintenance work saglmaccurate settings,

and faulty connection.

1.1.2 Fault Effects

A- Commercial problems: Fault in electrical power sgsimay cause thermal
damage to equipment for both consumers and elattriitities [4].

B- Continuity of supply: in some power system netwarkpecially the network
which has one power source, a fault can causerdisciaty in delivery of
electrical energy to consumers.

C- Voltage variation: a good quality in power systéepends on the range of
voltage supply and it has to be between 114 V &&\Lfor consumers that
used 120 V, while fault is the main reason to \tgrie voltage 5].

D- Safety problem: The human life is the most impartaonsideration for
designing electrical system. Electrical systermudthbe isolated to avoid

killing or injuring people from explosion, fire,@ng, or shock4].

1.2 Types of Faults

1.2.1 Symmetrical Fault

This type of fault occurs when three phases ofstrassion line are shorted. The
fault current in this type can be calculated frangke-phase impedance because the
system still balanced as shown in figure BJ1 The magnitude of fault current is the

same for all three phases but with phase shiff [ZJ0(Assuming zero fault impedance)

4
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Figure 1.1: Network with fault at point F.

E"AND E" are voltage sources
Z'AND Z" are Network impedance
V voltage at F befor Fault occurs

I current at F befor Fault occurs

V=E —-1Z'= E" - IZ" (1.1)
= = (Z+ 7
If - V Z_!Z_N (1'2)

1.2.2 Symmetrical Component

There are many types of unsymmetrical systemdatetal power system
network. The best way to deal with unsymmetricatay is using symmetrical
component. The unbalanced voltages and curremisviler system can replace them by
three separate balanced Symmetrical ComponentseMeetors sets are described as the

positive, negative and zero sequence.



1- Positive-sequence components are representedeaspihasors having same
magnitude with + 12{phase angles and sequence abc, as shown in Figuia).1
2- Negative-sequence components are representeceasptisisors having same
magnitude with + 120phase angles and sequence acb, as shown in Figuie).
3- Zero-sequence components are represented as tiaserg having same

magnitude with zero phase angels, as shown in &it2 (c).

E.. Evz

(a) (b) (c)

Figure 1.2: (a) Positive-Sequence Components, @gahive-Sequence Components, and
(C) Zero-Sequence Components

The equations between phase and sequence voisggen below:

Ea = E—'l + EZ + E—'O (13)
E_'b = a2E1 + aEZ + EO (14)
E—‘C = aEl + aZEZ + EO (1.5)



Or
E, = %(Ea +akE, + a’E,)
E, = g(Ea + a?E, + aE,)

1 — —_ —
Ey = E(Ea'l'Eb + Ec)

We can also write these equations in a matrix foamsa

o gﬁl T

a
L

E“ml Eﬁl gm

1 1 1] [Eo
=[1 a? al|X|E
1 a a?

E,
1 ;v 1 17 [E
=31 a a?| x |E,
1 a? a E.

(1.6)
(1.7)

(1.8)

(1.9)

(1.10)



Figure 1.3: Resolution of a system of unbalancexors [7].

We can applied equations (1.9) and (1.10) for cisre

1] 1 1 1 Iy
L=[1 a® al|x|L (1.11)
1, 1 a a? I,
1o Jr 11 Iy
Ll=:|1 a x|l (1.12)
1, 1 a*> a I
When
a=12120°
a? = 12240°
a+ a*+1=0



1 1 1
A= |1 a? a]
1 a a?
171 2 72
’V%\la_*o ._N%\ia—*__o
| + +
50 v v2
| 5 5

(1.13)

z° 13
+

VD

—0

Figure 1.4: Sequence networks: (a) positive-seqig@ag positive-sequence; (a) positive-
sequence (only positive sequence has voltage sduice

From figure 1.4 we can write:

Va1 = Eq —Z1 Iy
Vao = 0—Zg Iao
Vaz =0—275 1o,

1.2.3 Unsymmetrical Fault in Transmission Line

(1.14)
(1.15)

(1.16)

Before fault happens in power system, it is cam®d as balanced system. The

types of fault that may occur in transmission limegrder of frequency of occurrence:

single line-to-ground, line-to-line, double line-goound, and balanced three-phase fault.

The designer put fault impedance on the path df Gaurent to reduce affecting of fault

current on equipment. If there is not impedance féult or short circuit will be called a

boltedfault. These types are called shunt fault becthesgoccur between two points



(phase and phase or phase and ground). Thereharetyppes of fault called series fault

such as one-conductor-open, and two-conductors-{&pen

Double-line- three-phase, 4%
ground, 9%

line-to-line, 13%

Figure 1.5: Faults probability of occurrence in gowransmission systems] |

10



1.2.3.1 Single line-to-ground Fault
Figure 1.6 shows three-phase generator with a &litgd-to-ground Fault at

phasea through fault impedance.

Figure 1.6: Single line-to-ground fault on phad&]a

V. =ZI, (1.17)
b=0 , I,=0 , and 7,=0

From equation (1.9) and (1.12) we get

11



—_ — — 1_
11212:Io:§1a
Vo =Va1 +Vaz + Vg

(1.18)

(1.19)

Substituting foW/,,, V,,, andV,, from (1.14,15,and 16) and noting= I, = I,, we get

Vo =Eq —Ioo(Z1 +Z; + Zy)
Substituting fo/, from (1.17) andI, = 31,, we get
3Zplao = Eq — lao(Z1 + Z5 + Zp)

or

T =—— Ffa
a0 = oo
(Z1+Z;+Z0+3Zf)

The fault current is

— -— 3E
Ia = 3 a0 — é
(Zl+ZZ+ZO+3Zf)

(1.20)

(1.21)

(1.22)

(1.23)

We can represent equations (1.18) and (1.22) eguence series equivalent circuit as

shown in figure (1.7).

12



Figure 1.7: Sequence network connection for lingraaund[7].

1.2.3.2 Line-to-Line Fault

Figure 1.8 shows three-phase generator with adiniee fault between phasbs

andc through fault impedance.

Va
— +
Z§| Vo
g ,
F
Ve

L

Figure 1.8: Line to line fault between phdsandc [7].

~
Q
I
(e}

(1.24)

13



From equation (1.9) and (1.12) we get the following

I,0=0 (1.28)
Vo = Ve =(a% = a)(Var — Vaz) = Zsly, (1.29)

Substituting foi/,; andV,,, from (1.14), (1.15),and (1.16) and notihg =

—TI,,, we get

(@® = A)[Eq — Is(Zy + Z3)] = Zfl, (1.30)
[Eq — 1a1(Z1 + Z5)] = me (1.31)
where

(a* - a)(a— a®) =3

[Eq — 1a1(Z1 + Z3)] = me (1.32)
Iy = (1.33)

A = (Zaz,+ zp)

The fault current is
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I=-I.=(" - &l = —V3jln (1.34)

Equations (1.27) and (1.33) can be represented egaivalent circuit as shown in figure

(1.9).

£

Figure 1.9: Sequence network connection for linkne[7].

1.2.3.3 Double Line-to-Ground Fault
Figure 1.10 shows three-phase generator with aditiee fault between phasks

andc through fault impedance to ground.

15



Figure 1.10: Double line-to-ground fabi¢g[7].

V= Ve=2p + I)

~
Il

Q

3
+
Q[\)
3
+
3

Substituting for the symmetrical component of cotsan (1.35), we get

I

(1.35)

(1.36)

(1.37)

(1.38)

(1.39)

Vy = Zp (0T + algy + Tgo + algy + a®In + oo ) = Zp (2140 — Iy — I2)



Vy = 3Z¢100 (1.40)
Substituting for/, from (1.40) and/,, from (1.39) into (1.37), we have
3Zflag = Vao + (@* + A)Vay = Voo — Vau (1.41)

Substituting for the symmetrical component of vgétain (1.41), we get

T _ Eq— me
loo = ——
Zot3Zy

(1.42)

Also, substituting for the symmetrical componenvoltages in (1.39), we get

Iy = il (1.43)

Z

~

Substituting forl,, andI,, into (1.36) and solving faf,;, we get

_ Ea

loy = —gomzy (1.44)
2 Zy+Zo+3Zf

The fault current is

T =I+1, =314 (1.45)

Equations (1.42) and (1.44) can be represented egaivalent circuit as shown in figure

(1.11).
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E, vl %4 Vo

T 3%,

Figure 1.11: Sequence network connection for dolifséeto groundocg[7].

1.3 Protective Relay

The main objective of protective relay is to de&ty abnormal change in power
system guantities such as voltage and current sand bring it back into operative
conditions when possible. When Relay detects thit Faprotective zone, the relay
sends signal to circuit breaker to clear and isdala¢ faulty section. The relays depend on
current and voltage and relays cannot afford thh kibltage and current, so we have to
use current transformer (CT) and voltage transfor{vi&) to reduce the magnitude of
faulty current and voltage values to avoid damaginegrelays. Currently available relays

are small in size and high in accuracy and classif four types. These are:

1- Electromechanical relays.
The earliest relay invented which use electrical mrechanical devices or a

combination of both to switch the breaker. Whenrtiay detects the fault, it
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forces mechanical contact using magnetic fieldgerocircuit breaker.
Galvanic isolation between inputs and outputsrisain advantage of this
relay. There are different types of this relay sashattracted armature,

moving coil, induction, thermal, motor operatedd amechanicald].

Static relays
When the first static relay was designed in 196@as based on electronic
devices to perform the relay characteristic inst&facbils and magnetic field.
The first version it was made by discreet devieehsas transistors and
diodes with resistors, capacitors and inductore ddivantages of this relay
are: smaller size, more accurate, and is eas@hange the characteristics of
the relay 6].
Digital relays

Digital relay is an advanced relay that uses antdatjgital conversion of
all measured quantities. Also, it uses micropromessimplement the
protection algorithm. This process uses counticgrigue or Discrete Fourier
Transforms (DFT) to implement the algorithm. Thgiw@il relay has hardware
and software components. In addition, it can bel asea part with another
type of relays by simply downloading the softwaréite RAM or EEPROM.
It has the ability to function offline for testiqmirposes. Typically, the

guantities used to detect faults are current, geltampedance, and phase of
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the protected transmission line. The disadvantageiorelay is it takes a

longer time to process when compared with statayse[6].

4- Numerical relays
Numerical relays are the advanced version of digglay. They use one or
more digital signal processors (DSP) optimizedréal time signal
processing, running the mathematical algorithmgHerprotection functions.
This relay is made as lower cost and size of miogssors, memory and 1/0
circuitry leads to a single item of hardware faaage of functions. Also, the
process in this relay faster than digital relaysuse the Discreet Signal

Processing can run in parallél.[

1.4 Protection of Transmission Line

Transmission lines operate at voltage levels f6@kV to 765 kV. The level of
voltage in transmission line is one of the mostantgnt factors considered in selecting
the protective approaches to be used. Overcurretegiion of distribution radial
feeders, distance protection of transmission linad, differential protection of

transmission lines are the most protective relggs$yin transmission line8][

1.4.1 Overcurrent Protection of Distribution Feeders
Protection of distribution feeder in transmissiime depends on the principle
operation of overcurrent relay. The magnitude aftfaurrent varies according to the

fault position. The fault currents are the highesen fault occurs close to the source, and
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its value will decay when the distance betweentfiaghtion and the source increases.
The principle operation of overcurrent relay depgead the magnitudes of fault currents

[8]. The following are the data required for a retayting pJ:

1- A one-line diagram of the power system includestyppe and rating of the
protection devices.

2

The impedances in ohms, per cent or per unitll gioaver transformers,

rotating machine and feeder circuits

3- The maximum and minimum values of short circultrea of the fault
currents.

4- The maximum load current through protection device

5- The starting current and their times of inductioators.

6- The transformer inrush, thermal withstands andatgecharacteristics.

7- Decrement curves showing the rate of decay ofahk current supplied by

the generators

8- Performance curves of the current transformers.

1.4.2 Distance Protection of Transmission Line

A distance relay is able to detect a fault in $raission line depends on the
impedance of transmission line which is a functibrength of transmission line or
power system cable. The reach point in distan@y edmes from the resistance and
capacitance per Kilometer which is known for sgeatfon of each conductor in
transmission line. The change in determine impeeléecause the fact that current will
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increase and voltage decrease when fault occuesefidre, the impedance will decrease
according to ohm’s law (Z= V/I), and when distamelay compare this value with per-
set value, it will be able to detect the fault aisdocation. The distance relay can only
detect fault for area between the reach pointsralay location, so it's necessary to select
the right reach point for distance relay on lertgiimsmission lineq). Distance relay will

discuss with more details in chapter 4.

Va

| CB CT
T v v Y
o A -

I
|
!——- 21Z J)C VT

Distance Relay

Figure 1.12: Basic distance protection sch¢h@d.

In the fig.1.12, the distance relay takes the gatand current from voltage
transform (VT) and current transform (CT). Therdcukate the apparent impedance, and

compare this value with setting value (reach pdmtjetect fault in transmission line
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1.4.3 Directional Relay for High-Voltage Transmission &in

Unlike the distance relay, the directional relagd to receive information from
both ends, and transfer the information using amamcation channel. That because the
effect of current in-feed in transmission line whieads to wrong decision for relay

based on one end information.

Relaying zones used for implementation of a blogkiitectional relay are shown
in Figure (1.12). Each relay has a forward ovetear(FO) and a backward reverse
(BR) setting. The FO setting is selected so thar#fay can sense the faults occurring in
the forward direction, overlooking the region froine relay position toward the adjacent
line terminal and beyond. The BR setting is sel@édo that the relay can sense the faults
occurring in a backward direction, causing a reafen§ power flow. If the relay R1 (At
location A) has sensed the fault at location Xzane FO, which is behind the relay R2
(At location B) of the line, then the relay is bked by relay R2 from operating. On the
other hand, when relay R2 senses a fault at latatioin a BR zone end, can
communicate to R1 not to trip by sending a bloclsigal. If a fault occurs at a location
between the two relays (as in location X2), thekiog signal will not be sent and both

relays will operate simultaneously.
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Figure 1.13: A schematic showing the blocking ppleof relaying with fault
directionality discrimination.

1.4.4 Differential Relay of High-Voltage Transmission kin

This type of relay use to protect transmissioadivhen the high-voltage
transmission lines are not sufficiently protectsthg the other types. Differential relay
make the decision by comparing the measurementstirm ends. It is provide 100%
protection of transmission lines with minimal etfeaused by the rest of system. For this
reason, differential relay used to protect hightagé transmission line that have a
strategic importance or have difficult applicatg&uch as series compensator or radial
system configuration. It can be classified accagdmthe type of the communication
media and the type of the measurement comparedliMetire, leased telephone lines,
microwave radio, and fiber-optic cables are mostrminication media used in
differential relay. The comparison inside the redgtyer phase comparison or both ends

directly compared. It may convert the currents sgaare waves or composite waveform
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converted into binary to use for phase comparibonase of both ends directly
compared, it samples of each current transmittedher or convert each current into
sequence current and composite signals from bdé $he material which use in
communication channels and comparison methods thakdifferential relay more

expensive than other type and that is considereddisadvantage for this relagj|

1.5 Thesis Statement

The distance relay performance is impacted bydotanecting new devices in the
protected transmission line. It is very importdrdttthe distance relays do not mal-
operate under system fault conditions as thisredlllt in the loss of stability or the
security of the system. This thesis presents a eoatipe study on the performance of
distance protection relays when integrated withiotgrt compensated transmission lines.
We show two compensation techniques, that is thatsdnd series connected Flexible

AC Transmission System (FACTS) Controllers.

1.6 Objective of this Research
1- Analytical study for the effect of series and shcmttroller on the performance of
distance relay.
2- Designing a distance relay to detect and clasdlityges of fault at varying fault

locations and show the ability to determine thdtfexcation.
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3- Draw the impedance trajectory for different fayjt¢ and locations with and
without FACTS controllers.
4- Compares the result of the effect of series andtstantroller on the performance

of distance relay.

1.7 Thesis Outline

The thesis is organized in six chapters. Chapfeptides an introduction and
background information on power transmission sygtentection, on faults in
transmission system, and on protective relays. @h&pcovers my results on the
pertinent literature consulted, introduction on tl@cept and application of FACTS
Controllers, and the principle operation of se(@SSC) and shunt (STATCOM)
controllers. The impact of STATCOM and SSSC ongédormance of distance relay is
studied analytically in chapter 3. In Chapter grdvide a detailed description of the
distance relay modeling using MATLAB/SIMULINK tooighile in Chapter 5
implementation issues and simulation results aesgnted. Finally, in Chapter 6

concludes the thesis and indicate the possibledwiork.
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CHAPTER 2

PERTINENT LITERATURE AND BACKGORUND

2.1 Pertinent Literature

In the presence of FACTS devices in the fault Idbp,voltage and current values
at distance relay locations will be changed in tady and transient state and the
impedance seen by distance relay will be affediahy researchers investigated the
FACTS devices impact on performances of distanieg/se

Zhou et al. 11] presented the apparent impedance calculatiosirigie line to
ground fault based on symmetrical components dhgek and currents at relay location.
Their simulation results have shown the impactiS&ynchronous Shunt Compensator
(STATCOM) on measured impedance for single lingrtmund and double line fault with
capacitive and inductive compensation. They founad the apparent impedance will
increase when the STATCOM generates reactive pangidecrease if the STATCOM
consumes reactive power, and when the fault locatioreased, the error in measuring
impedance and the influence ratio of STATCON wittrease. Effects of two types of
shunt controller FACTS devices, namely the statichronous shunt compensator and
static VAR compensator, were reported in Sidhd.4tld]. In their work, shunt
controllers were presented as shunt reactancddolai the transmission line

impedance and they used artificial neural networldetecting and classifying the faults.
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SVC and STATCOM can cause under-reach and incopreage selection. Also, this
work discussed the over-reach phenomena causeafipyng STATCOM in weak
systems only. The results showed the distance iglagt the best relay in a mid-point
STATCOM connected transmission line. In additioRATCOM caused incorrect phase
selection and increased the operation time of wigtaelay.

In Zhang et al.13] , new setting rule of the zones of distance rétamitigate
STATCOM effects when it's connected in a mid-poiflle suggested setting rules are
based on the simulation results to mitigate thererrimpedance measurement. Different
setting rules for under-reach and over-reach aypgsed in this work. Impedance relay
based on digital distance relay algorithm using MAB/SIMULINK environment is
presented in Alapati and Prasad wdt#][and they presented a mathematical model of
STATCOM. The analytical and simulation results skdwhe impact of STATCOM on
distance relay for single line to ground fault. Aaoting to their results, the distance relay
will not operate because the impedance trajectooys the fault out of protected area.
In Hemasundra et all$], detailed modeling of distance relay and STATC@id
presented using PSCAD/EMTDC. Different fault tyjpesl location are simulated with
different operation mode of STATCOM. The simulatr@sults showed the under-reach
and over- reach problems resulted from injectedtnempower to the system. The
locations of STATCOM and distance relay have aiSaant effect on apparent
impedance seen by protective relay.

Kazemi et al. 16] discussed the distance relay mal-operation wipgtied to

protected transmission line that has static symabue series compensator (SSSC).
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Mathematical calculations for apparent impedanga@sence of SSSC in transmission
line under different fault types are studied. Theyorted that SSSC injected voltage
caused a variation in the values of measured impuedd he work inJ7] has presented
detailed model of SSSC and its control. Analytstaldy based on voltages and currents
symmetrical components for single phase to groantt fo show the impact of SSSC on
distance relay performance is investigated. Theilsition results showed that the error in
apparent resistance increased in capacitive mode than in inductive mode and the
apparent reactance error increased in inductiveernaate than in the capacitive mode.
The apparent resistance and reactance increasesenge SSSC and the impact of SSSC
is smaller for farther A-G faults. New equivalegtrsnetrical components of a 48-pulse
SSSC and apparent impedance calculations for ghageund and phase to phase fault
are presented iri8]. The simulation results showed the apparent taasie and

reactance values were increased in both capaeitisenductive compensation mode due
to the effect of coupling transformer leakage ingrexe.

Khederzadeh et al19] presented the impact of VSC-Based multiline FACTS
controller on performances of distance relay. Simgflase to ground and phase to phase
fault with multiline FACTS controller are studiedalytically. The simulation results
showed the distance relay mal-operate when powerdbntrolled in the system using
multiple line FACTS controller such as generaliz@ified power-flow controller
(GUPFC). In the workZ0], a comparison between apparent impedance for
uncompensated and compensated line with UPFC lmasedw pi-model is presented.

Detailed modeling of UPFC during power swing coiaditand impact of different
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operation mode of a UPFC are investigated. Thelation results showed that the
impedance circle increased in STATCOM operation enad inductive mode of SSSC
while the impedance circle decreased in capaaitivde of SSSC. Also, the speed of
impedance trajectory movement increase with ddfegration mode of UPFC.

It should be noted that most reported work showedrhpact of one type of
FACTS devices on distance relay for single phaggdand fault. Also noteworthy is the
fact that employing STATCOM as shunt reactanceltegun a disagreement between
the analytical and simulation resulfi]. In fact, this is a possibility since the magui¢u
of the compensating reactance should not be equidgs than) the line reactance to
avoid reaching resonance and over-reach which rmaabsed by capacitive mode
operation of STATCOM. These situations or operationditions did not occur in
simulations. In this thesis, a detailed modelingligital distance relay is presented and
we verified the proposed model under a varietyaoftftypes and fault locations. Impact
of shunt FACTS controller (STATCOM) and series FAZGontroller (SSSC) on
performances of distance relay are analyticallgstigated. In the rest of this chapter, an

introduction and application of the FACTS contradlare presented.

2.2 Background on Flexible AC Transmission System

The FACTS is power electronic based devices us@dpoove the quality of power
system and increase power transfer in transmissistem. FACTS devices have an
ability to control transmission system parametehsas voltage, current, impedance, and

phase angle to maintain the system in the higleest bf reliability. FACTS technology
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is a collection of controllers can be applied indixally or in coordination with other and

can be classified into four types as follow8k [

Series Controllers: these can be series capacit@actor or a power electronic
based variable source. Series Controllers injeltage in series in phase angle 90
degree with line current. Due to the quadraturdeabgtween the voltage and
current, Series Controllers only generate or abssabtive power. Examples of
series controllers are Static Synchronous Seriespéasator (SSSC), GTO
Thyristor-Controlled Series Capacitor (GCSC), Thi-Switched Series
Capacitor (TSSC), Thyristor-Controlled Series Capa¢TCSC).

Shunt Controllers: they may be variable impedawagable source or
combination of these. They injected current in® slistem at the connecting

point in phase angle 8@vith the line voltage. Shunt Controllers only gete or

absorb reactive power due to the injected currepbase quadrature with line
voltage. Examples of Shunt Controllers are StayieccBronous compensator
(STATCOM), Static Synchronous Generator (SSG),Skr Compensator
(SVC).

Combined Series-Series Controllers: these are &io@eh two or more separate
series controllers, and used in a coordinated mianreemultiline transmission
system. They compensate the reactive power inleaghand also exchange the

real power the power link. These controllers batathe real and reactive power
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in the lines and increase transmission system’alulty. An example of
Combined Series-Series Controllers is Interline &oow Controller (IPFC).

» Combined series-shunt Controllers: this type ofticdiers could be a
combination of shunt or series controllers. Thggahvoltage in series in the line
by the series controller part and inject curreta the system via the shunt
controller part. When series and shunt controlbersnect together via power link,
the real power will exchange between them. An exaraf Combined Series-

Shunt Controllers is the unified Power Flow Corego(UPFC).

Series controllers affect directly on the voltagarrent, and power flow, therefore
using series-connected for controlling current/pofle@v and damping oscillations is
much useful than shunt connected. Shunt contraliatee best FACTS controller for
voltage control and voltage oscillations aroundgbmt of connection. The series
controllers can be used for some shunt applicatimasvice versa. Regulating voltage at
substation bus using shunt controller is more &ffeavhile compensating voltage drop
in transmission system by injecting voltage ineeis lower cost. In multiline
transmission system, we can connect a separaés semtroller in each line or connect
as shunt controller at the substation. The segagaller connection needs to have
smaller MVA rating than Shunt controller. Also, aiype of shunt controllers does not
control the power flow in transmission system. Beeaof these reasons, companied
shunt and series controller is the best to comtiaf operational parameters of

transmission system such as line impedance, voitegmitude and phas2l].
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There are many benefits from using FACTS technokgh as:

» Increasing existing transmission lines capabilities
» Regulating voltage of transmission lines

» Improving transient and steady-state stability

» Improving damping of power oscillation

» Correcting power factor

» Eliminating current harmonic

» Improving HVDC-link performancelp]- [22].

2.3 Static Synchronous Compensator (STATCOM)

Static Synchronous Compensator (STATCOM) is ont@fshunt type FACTS
controllers and it can be based on a voltage-sduwceurrent-sourced converter. The
STATCOM converts the input voltad¥,.) into three phase output voltages with desired
amplitude, frequency, and phase. In other wordspthtput voltage of the inverter must

be in synchronous operation with the system voltagger any condition.

The best location of STATCOM is an application degent. For example, the best
location for STATCOM is at the midpoint of a trarnission line connecting two systems
because the voltage sag is the largest at the midyhile the best location for a radial

feed to a load system would be at the load end. T®&I@M generates or absorbs reactive
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power to control power system parameters and maitttam within an acceptable level

[3].

Figure 2.1 shows the STATCOM for a voltage-sourceaverter. The STATCOM
will be in capacitive mode, generating reactive pow the ac system, and the current
(Isy) flows from the converter to ac system when theldaode of output voltage,) is
greater than the ac system voltagg) If the amplitude level of converter output vgiéa
is less that the ac system voltage, the currehflal from the ac system to the
converter and the STATCOM will be in inductive mgaésorbing reactive power from
the ac system®[B]. A multilevel inverter is appropriate converterdesign STATCOM
due to the fact that the output voltage of the iterenust be very close to sinusoidal
waveform p4]. In this work, four 12-pulse three-level Gatenaff Thyristor (GTO)
inverters are used to convert the dc voltage intstiy sinusoidal three phase output

voltages.
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Figure 2.1 : STATCOM based on voltage-sourced/eder

2.4 Static Synchronous Series Compensator (SSSC)

Static Synchronous Series Compensator is the oger@s type FACTS controllers
and it can be based on a voltage-sourced or cesmemted converter. SSSC is connected
in series with transmission line through a coupliragsformer as shown in figure 2.2.
SSSC convert the input voltaggd to the three phase output voltage lags or leads |
current with 90 degree. The outputs of the conveate three phase voltages at
fundamental frequency with controllable amplitusel @hase angle. SSSC is able to
exchange real power when its dc terminals conndotedternal dc source or energy

storage 3].
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Figure 2.2: Static Synchronous Series Compensat®don a voltage-sourced converter

When the injected voltage leads the line currdr@,3SSC provide series capacitive
compensation of line current. In this case, the impedance will decrease and the
transmitted power in transmission system will i@ The SSSC provide series
inductive compensation of line current, if the oigd voltage lags the line current. In
inductive compensation, the line impedance wiltéase and the transmitted power in

transmission system will decrea28]f
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CHAPTER 3

APPARENT IMPEDANCE ANALYSIS

3.1 Apparent Impedance calculation at Relay Location

The measured impedance seen by distance relaydshewqual to actual
impedance of the transmission line. It is calcudig dividing the voltage and current at
relay location Yr/ Ir). The voltage and current at relay point will biéedent for each

type of fault as shown in table 326].

Table 3.1: Voltage and Current Signals at RelayPoi

Fault type Vg Ir
AG Van la + Klo
BG Von Ip + Klo
CG Ven lc + Klo
AB/ABG Van — Von la— b
AC/ACG Van — Ven la— I
BC/BCG Von = Ven lp— I
ABC/ABCG Van OR Vbn OR \é, laOR LOR L
Where:

A, B, C indicates faulty phase, G indicates Ground.
la In, Ic indicates current phases.
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Van Von Ven indicates voltage phases.
K = (Zo- Z1) | Z3, residual compensation factor.
lo = (la+ Ip + 10)/3 : zero-sequence current

Zo, Z1 zero-sequence impedance , positive-sequence impedaspectively.

Note: in three phase fault, the phase voltage an@ist must be for the same phase. If

VR equal toVay, the kmust be equal tq.l

We can draw an equivalent circuit for the secbetween relay and fault location as

shown in figure 3.1.

Ir 4l

VR

o

Figure 3.1: Equivalent circuit during a fault loafth zero fault resistance

In figure 3.1 we have
VR, Ir: voltage and current at Relay location
Z,: The actual impedance of transmission line

From Figure 3.1 will get

z, =& (3.1)

I
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3.2 Measured Impedance in STATCOM Compensated Trangmisime

The STATCOM is connected in parallel in transmiedioe to regulate the
voltage at the connecting point. It is represeatedurrent source due to the fact of it
injecting or consuming current, and it will separtite transmission line into two parts as
shown figure 3.2. This study shows how the STATCCW®arly affect the measured
impedance when it is employed within the fault lodpe error in measuring impedance
due to different locations and different operatingdes of STATCOM will be discussed

analytically in this section.

o

Vi s D

o

Figure 3.2: Transmission line with midpoint STATCQdquivalent circuit during a fault
loop.

In Figure 3.2, we have

sy STATCOM shunt current

Z1=(1-d) 4,
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Zi,=d2

d is a coefficient calculated from the ratio of thistance between fault location and

STATCOM location to the distance between fault tasaand relay location.

By converting the current source to voltage soste®vn in Figure 3.2, we can measure

the apparent impedance of transmission line agvist|

Ve = Va1 ¥ IsnZiz + Vzio (3-2)

Dividing equation (3.2) by, will have

VR VzL IsnZy, VzL
VR _ 1y IshZiz 2 (3.3)
I IR I I

SubstituteVr/lr = Zapp, Vzui/lr = Z11, VzuIr = Z12into equation (3.3), the apparent

impedance of transmission line will be

Is
Zapp = ZLl + ZLZ + ﬁZLZ (34)

Also
Zi1+ Z,, = Z, (the actual impedance of transmission line)

Zi,=dZ,

Zapp = Z1+ =2 (dZy) (3.5)

R
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From equation 3.5, the amount of error for meagjlmoedance-lgi (dZ.) ) is affected
R

by two factors: 1) compensation ratio (Crl—fi) and 2) the distance between the fault
R

location and STATCOM location.
The compensation ratio is used to identify STATC@kée operation modes:

- Cr>0, represents STATCOM in capacitive mode deddirection of I, )is
from STATCOM to ac system. The apparent impedareea by distance relay
will be greater than the actual impedance.

- Cr<0, represent the STATCOM in inductive mode treddirection of k;, )is
from ac system to STATCOM. The apparent impedareea by distance relay
will be smaller than the actual impedance.

- Cr =0, represent that there is not exchange reapbwer between STATCOM
and ac system. The apparent impedance seen bpaistay will be equal to the
actual impedance.

Figure 3.3 shows the error in impedance measurentieretto STATCOM operation
modes When the SATATCOM in capacitive mode (Cr Xl impedance is greater than
the actual impedance and the distance relay inrenegeh operation mode. The over-
reach operation mode of distance relay is causedductive mode of STATCOM (Cr <
0). Also, it is clear that the apparent impedasocequal to the actual impedance (d =0)

when fault occurs before STATCOM location
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Figure 3.3: The error in impedance measuremerdiffarent fault location and different
mode of STATCOM, The STATCOM installed at 100 km.
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3.3 Measured Impedance in SSSC Compensated Transmissmn

The SSSC is one of most important FACTS controllsesd to control the power
and current flow in transmission system. In themarSSSC, the ac output voltage of
inverter leads or lags the line current by 90 degidie SSSC is a variable voltage source
connected in series with transmission line and BKATCOM, SSSC break the

transmission line in to two parts as shown in feg8r4.

Ir

VR

o

Figure 3.4: Equivalent circuit during a fault lopjith SSSC.

Where

Vini; SSSC injected voltage

From figure 3.4, we get

Ve = Va1 = Vinj + Vziz (3.6)
Dividing equation (3.6) byr, will have

14 174 Vinij Vv
R _ Yz Tinj , VZL2 (3_7)
IR IR IR IR
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SubstituteVr/lr = Zapp, Vz11/lr = Z11, V212l Ir = Z15 into equation (3.7), the apparent

impedance of transmission line will be
Also

Zii+ Z, = Z;, (The actual impedance of transmission line)

7, —n (3.8)

IR

Zapp =

Substitutel; = w in equation (3.8), the apparent impedance will be
L

Vinj
Zapp = ZL - . ZL (39)

VR= Vinj

From equation 3.9, the amount of error for meaguinmpedance will be{v%ZL).
R~ Vinj

The compensation ratio (Cr;%") is used to identify SSSC three operation modes:
R~ Vinj

- Cr<O0represents SSSC in capacitive mode andhjeeted voltage leads the line
current. The apparent impedance seen by distatfeaewél be smaller than the
actual impedance.

- Cr>0, represent the SSSC in inductive mode amdhijbected voltage lags the
line current. The apparent impedance seen by distariay will be greater than

the actual impedance.
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impedance.

Cr = 0, represent that there is not exchange reaptwer between SSSC and ac

system. The apparent impedance seen by distaragewdl be equal to the actual

Figure 3.5 shows the apparent impedance due to $8&@tion modes. When the

SSSC in capacitive mode (Cr < 0), the impedansenaller than the actual impedance

and the distance relay in over-reach operation mble under-reach operation mode of

distance relay is caused by inductive mode of STAMICr > 0). Also, it is clear that

the apparent impedance is equal to the actual iamged when fault occurs before SSSC

location
100 T T o T T
o _ Vinj=0.2
Inductive Mode Vinj=0.1
80 I - 1
o Vinj =0
70 |- ~ // . 1
,/" - Vinj =- 0.1
8 e //
S 60| ~ 1
g e / Vinj =- 0.2
_§ 506 ~ /
=4
@
B S
g “r Vs !
* / Capactive Mode
20 - / .
10 =
_
/ 1 1

(o=
o

Figure 3.5: The apparent impedance seen by distateefor different fault location and

1 1
50 100 150 200
Fault Location

different mode of SSSC, The SSSC installed at 100 k
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CHAPTER 4

PROPOSED METHODOLOGY: MODELING OF DISTANCE RELAY IN
TRANSMISSION LINE

4.1 Introduction

MATLAB/SIMULINK package is a powerful package offea good environment
to model and simulate a variety of Digital ProteetRelays. MATLAB/SIMULINK
libraries content almost all power system requinet®isuch as three phase sources,
transformers, transmission lines, three phase loaaddition, it includes many other
items which help to implement Digital Relay Protectsuch as Voltage Transformer
(VT), Current Transformer (CT), voltage and currer@asurements, and three phase fault
maker. Logical components and signal processingrigs, Analog to Digital converter,
Filters, phasor estimation, which are provided bgulink toolbox are used to modeling

digital protective relayd].

Measurements of the voltage and current for eaals@\Vn, Vion, Ven la b, Ic) at
the relay location and computing of impedance atingrto fault type used enabled us to
models of the distance relay. Comparing the medsmpedance with impedance setting
values for each zone allows for a fault or no f&tdtbe declared and provided its zone

information if any. The distance relay model alBoves for an activation of a tripping
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signal which is transmitted to the suitable cirduaker to isolate the faulty zone from
the rest of the system or network. Therefore, Ufoon distance relay model using

MATLAB/SIMULINK package in this chapter.

4.2 Modeling Distance Relay Requirement

In the MATLAB/SIMULINK, each subsystem is establesi separately and they
are connected together to compose the larger pioaresmission system. This feature
allows us to test each subsystem individually dg simulations of the larger system
can be more forward. The subsystems we proposduhaszl on the main functions of a

typical digital distance relayf]. These are:

Fault detection and classification.

-
1

N
1

Apparent impedance measurement.
3- Zone detection.

4

Tripping signal.

4.2.1 Fault Detection and Classification

Designing Fault detection and classificationasyvimportant in distance relay to
avoid unnecessary tripping of circuit breakers. voyppiate selection for fault types will
minimize errors such as in cases where a trippirigree phase results when only one
phase clearance is required. Also, it is necegsacglculate the apparent impedance

because every types of fault has own impedanceitigo
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The following steps are used in the design of agstiem:

1- Measuring the current for each phase at relaytimeaising Three-Phase V-I

Measurement block.

2- Comparing the fault current with pre-fault currémteach phase usidfand If
Action subsystems. The output of the comparatdriveilone at the time that the

current exceeds the pre-fault current (referencesnt).

(1) P{ut if(ut > 4000)

If the current greater than pre_faul

1 »lint 1 ot

Out1

Constant If Action
Subsystem

Figure 4.1: Fault comparator structure

3- Classifying the fault type using logical componedmsed method since the output of
comparator is binary. Table 4.1 shows the possilplets and desired outputs (fault
type) cases. Then, we can find the type of faultdsplving input data by using

Karnaugh-Maps or other techniqugs].
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Table 4.1 : Inputs and Desired Outputs for FaulieDigon and Classification Subsystem

Q

I BG | CG | ABG | AB | BCG | BC | ACG

>
(@)

ABCG | ABC

OOOOOOHOOOO%

Rk PR RPIRFROO|lO|O
R|RP|RIR|lO|lO|O|rR| R O|lE
Rk O|OR| IR ORI O|R|e
orRoRoRPoREEPO
o|lo|o|o|o|o|o|o|o|—|o
o|lo|o|o|o|o|o|o|o|o|r
o|o|o|r|Oo|o|o|o|o|o|o
o|lo|r|Oo|o|o|o|o|o|o|o
ellelilellellellellellell Jllelle]
ellelilellellellellell Hlellelle]
o|lo|o|o|o|—|o|o|o|o|o
o|lo|o|o|r|o|jo|lo|o|o|o
ol |O|o|o|o|o|o|o|o|o
llellellelleolleollollolleo}llelle]

For example, to find AG fault using Karnaugh-Mapsthods, we generate

BC

00 01 11 10

QLo o]

SO

ThenAG = Ia.Ib.Ic this means indicator phase A to ground fawgtiltefrom

I, AND (NOT (I,)) AND(NOT(I,))

We can implement this equation using logical congmbs in MATLAB/SIMULINK.

49



NOT b A0 (T
Ib - AG
NOT >
le -
- AND

Figure 4.2: Fault detection and classification kltar AG fault using logical components

All other fault types were also implemented andiltssare summarized in Table 4.2.

Table 4.2: Fault Classification Based on Digitanh@pmnents

Types of fault Digital input signals
AG l.AND (NOT §) AND (NOT {) AND Ig
BG (NOT L)AND I, AND (NOT ) AND Ig
CG (NOT la) AND (NOT §) AND | AND I
AB l.AND I, AND (NOT {) AND (NOT §)
ABG IaAND I, AND (NOT §) AND Is
AC IAND (NOT ) AND kL AND (NOT &)
ACG IaAND (NOT }) AND k AND Ig
BC (NOT la) AND I, AND | AND (NOT &)
BCG (NOT la) AND I, AND Lk AND s
ABC IaAND I, AND | AND (NOT &)
ABCG IaAND I, AND k. AND I

Figure.4. 4and figure 4.5 show the fault detectiod classification subsystem.

The inputs of this subsystem are phase currentshenoutputs are the signals which will
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determine which impedance algorithm for the apparepedance calculation for each

type of possible fault. Table 4.2 presents the pughused with each fault type.

'y
L4
po—————0)
4 ABC
o 0
1
.—.I—;‘ AR2 P NOT =
A ™ N%T] PN , »2)
comparator :_ AB
AND!
- 2
IAIA2 M NOT ]
18 Abst — NOTH g ! >@
comparator » AC
e
IAIAZ P NoT PAND g
'y
‘ o oommofz s rANE . ¢
AG
o 4
Ld
¥
| 8
AND4
IWD

vyvw

ANDS

-t | -ch
<>
v
()

mE

vyvw

ANDS

- <
B

Figure 4.3: Fault detection and classificatiorckl¢ignored grounding because it is
unnecessary to select impedance algorithm bechadault with or without ground has
same impedance algorithm)
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Figure 4.4: Fault detection and classificatiorchldhis figure is also available in

appendix A
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Figure 4.5: Overall fault detection and classificat

4.2.2 Apparent Impedance Measurement

Apparent impedance measurement block includempkdance algorithms to
calculate the apparent impedance by measuremewblfages and currents at relay
location. The output signal from fault detectiordaassification block select which

impedance algorithm must be used.
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Table 4.3 shows the impedance algorithm for vartgpss of fault.

Table 4.3: Fault Impedance Calculation on DiffeeeRaults

Fault type Algorithm

AG Van/ (la + Klo)

BG Vin! (Ip + Klo)

CG Ven! (Ic + Klpg)
AB/ABG (Van—Von) / (la— o)
ACIACG (Van—Ven) / (la— k)
BC/BCG (Vbn— Ven) / (Ib— L)

ABC/ABCG (Van/ 1) OR (Von/ 1) OR (Ven/ 10

Where:

A, B, C indicates faulty phase, G indicates Ground.
la Ip, Ic indicates current phases.

Van Von Venindicates voltage phases.

K = (Zo- Z1) | 32, residual compensation factor.
lo=(lat Ip + Ic)/3 : zero-sequence current

Zo, Z3 zero-sequence impedance , positive-sequence impedaspectively

Apparent impedance measurement block receive tl@ges and currents in
discrete form from V-1 measurement and processetivgauts to get the magnitude and

phase angle for each input which are required lmutze the apparent impedance.
The processes in this block are;

1- Extract the input vector into three separate sgynalng DEMUX block.
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N
1

Convert the complex input signal into magnitudd phase angle.
3- Use the impedance algorithm.

4

Convert the calculated impedance from magnitudeaagte into real

(transmission line resistance) and imaginary (irassion line reactance).

5

Send the outputs to Work Space to use them foridgaine impedance trajectory

Enable
Y ——
 —— s Ll P »
angle |— v X _@
Subsystem2 Divide Divide1 resistance
}
Terminator2
cosine
_'.+ ’
»- sin N
‘ — reactance
mag Add Divide2
i :
sine
angle
Subsystem1

Terminator1

Figure 4.6: Apparent impedance model for threesptfault
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Divide
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Figure 4.7: Apparent impedance model for DLG (fetween phase A and B)
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Figure 4.8: Apparent impedance model for SLG fatge A), this figure is also available
in appendix

Figures(4.6), (4. 7), and (4.8) show the apparapedance measurement
subsystems for three-phase fault, double line fanltl single line to ground fault
respectively. These blocks are built by using Ee&lbsystem Block, which works
when it receives an enabling signal. Figure 10 shihw overall apparent impedance

block.
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Figure 4.9: Overall apparent impedance measuresurstystem, this figure is also
available in appendix
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4.2.3 Zone Detection

According the principle operation of distance yelhie transmissions line is
divided into several zones. Practical distanceyrb&s three zones§]| but we can divide
the transmission line into five zones. If distanekay indicate the fault in zone 1,
distance relay will send tripping signal into cittdoreaker immediately, while there is a
time delay if the fault in zone 2 or zone 3. Maagtbrs select the number of zones and
the tripping delay such as power system configonaéind coordination the distance relay

with other protected relay.

Figure 4.10 shows the zone detection subsystenupeadusing
MATLAB/SIMULING. This block received the input sighfrom apparent impedance

measurement block, and the output is the numbeoré

Table 4.4: Setting Point of Three Zones Distanciayre

Zones Setting Point

Zonel Cover 80% to 85% of protect line
Zone2 120% of protect line

Zone3 220% of protect line
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Figure 4.10: Zone detection subsystem

4.2.4 Tripping Signal

This subsystem received the number of zone frone betection subsystem and

the operation in this subsystem is delaying trig@ignals as shown in figure 4.11.

Table 4.5: The Typical Time Delay for Three Zonasténce Relay

Zones Time Delay
Zonel Oms (instantaneously)
Zone2 250ms

Zone3 800ms
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tripping signal
Constant2 If Adtion 2ms
Subsystem? »
L4
Logical
Operator
Constant3 If Action
Subsystem?

Figure 4.11: Our model for the tripping signal sydtem. The input is the number of
zone to isolate and the output is the tripping aign

4.3 MHO Characteristics

Mho characteristic is an important to understdmaidehavior of distance relay,
and it is considered as a final stage of distaatagyr This characteristic is drawn by
using M-file MATLAB, and it shows the related bewvethe resistance and the reactance
of transmission line. Every circle in the shapeaespnts the setting impedance for each

zone which has to be calculated first.
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I

Zonel
Zone2 | |
Zone3

Figure 4.12: Three zones Mho Characteristics, taxiX is transmission line resistance

in (Q), R, and the Y-axis is the transmission line raace in ), X.

4.4 The Complete System Distance Relay Model

Fig 4.13 shows the whole modeling of distance rélagk is built by
MATLAB/SIMULING. The inputs of distance relay ar&éase voltages and
currents, and the outputs are fault types indisatzone indicator, the values of
transmission line resistance and reactance toatsefbr drawing impedance

trajectory, and tripping signal.
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Figure 4.13: Distance relay model showing its ispare the currents and voltages
measured at relay location and outputs are fapéigyndicators, tripping signals, and
transmission line resistance and reactance
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CHAPTER 5

EXPERIMENTAL RESULTS AND ANALYSIS

5.1 Power System Parameters
As a case study, simulation is modeled on a 500iKyle circuit transmission lines,
300 km in length, connected to a source at oneasrghown in figure 5.1. This system

simulated with MATLAB/SIMULINK package.

] : — s
I: c Relay Location e e
u '-\_.._:—‘ A [lig ™ .y ] A 3, =
[ l '—- S !

i u_. . c ¢ | :I . - s *
0em « 5K

—
o Lot X l
3} Y 9
sle )z
g |
Treetme ot - o
TreeePrase Fastl Tras-Prae fagd Wi
|

e

¥l

Figure 5.1: Simulation power system in MATLAB/SIMUNK, this figure is also
available in appendix
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1- Three-Phase Source Data

The Three-Phase Source block implements a balahoegtphase voltage source
with internal R-L impedance. The three voltage sesrare connected in Y with a

grounded neutral. The source data are given ineTafl.

Table 5.1: Source Data

Parameter Data
Phase —to —Phase rms voltage (V) 500 KV
Positive sequence source resistance 0.8929 ohms
Positive sequence inductance 16.58 mH
Base voltage (Vrms ph-ph): 500 KV
Power system frequency 60 Hz

2- Three-Phase Transmission line Data

The Three-Phase PI Section Line block used to imeig a balanced three-phase

transmission line. The transmission line data arery

in Table 5.2.
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Table 5.2: Transmission Line Data

Parameter Data
Positive sequence resistance 0.01273n
Zero sequence resistance 0.3884m
Positive sequence inductance 0.9337 mH/km
Zero sequence inductance 4.1264 mH/km

3- Three-Phase Load

The Three-Phase Series RLC Load block used to mgai¢ a three-phase
balanced load as a series combination of RLC elesn&hree-Phase Load is
connected in Y with a grounded neutral. Three-Phasel data are given in Table

5.3.

Table 5.3: Three-Phase Load Data

Parameter Data
Nominal phase-to-phase voltage 500 KV
Nominal frequency 60 Hz
Active power P 208 MW
Inductive reactive power QL 156 MW
Capacitive reactive power Qc 0 MW
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4- Distance Relay Zone Settings

The setting zones of distance relay are calculiated the values of the positive

sequence resistance and inductance in transmisségoas shown in table 5.4.

Table 5.4: Three Zones Setting Impedance

Zones Setting Values(Q2)

Zonel 85%TL1(85km) 29.9392.87.9288
Zone2 TL1+20%TL2(120km) 42.2672.87.9288
Zone3 TL1+TL2+20%TL3(220km 77.489287.9288

5.2 Simulation Results and Discussion

To study the impact of STATCOM and SSSC on perforreeaof distance relay, we
used 48-puls STATCOM and SSSC were designed by MMBIBIMULINK
environment and they have many applications likgiliege voltage by setting the desired
reference voltage, fix the reactive power, andHix reactive curren2p]. The FACTS

devices installed at 100 km of transmission linsla®wn in figures 5.2 and 5.3.
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The following procedure is used for the simulatafrthe system under study:

1- Run the model without FACTS devices

2- Run the model with STATCOM controller with diffeteoperation mode
3- Run the model with SSSC controller with differepeaation mode

4- Generate the impedance trajectory for 1,2,3

5- Compare and discuss the results in 4

5.2.1 Single line to ground fault
Single line to ground fault is the most common faukransmission lines. AG, BG,
and CG are simulated using different locations. illg@edance trajectory for any single

line to ground fault is the same, therefore, AQtfauil be presented as an example in

this thesis.
100 — . v o : - T T 100
w 22 km without STATCOM
* | 219km with STATCOM 222km with STATCOM
50219 km without STATCOM&\ 8 N
70 W = ‘ ~
h |/
60 60 ) (2,
© ©
x x [ \
40 40 |
50 km without STATCOM 50 km|without STATCOM |
e /" -«—— 50 km with STATCOM % ‘ <— 50 km with STATCOM
20 20
10 10
0 — 0 —
10 10
50 -40 30 20 10 0 10 20 30 40 50 -50 -40 30 20 10 0 10 20 30 40 50
R R
(@) (b)
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Figure 5.4: Impedance trajectory for phase A taigtbfault without and with
STATCOM installed at 100 km, (a) STATCOM in capa@tmode, (b) STATCOM in
inductive mode.

200 . 200
s o Zonel
180 t
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-50 0 50 3 100 150 200 R
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Figure 5.5: Impedance trajectory for phase A taigtbfault without and with SSSC
installed at 100 km, (a) SSSC in capacitive mobleSESSC in inductive mode.

When a fault occurs before FACTS location ( sush #ault at 50 km ), the
apparent impedance seen by distance relay is agtled actual impedance regardless of
the type and operation mode of FACTS devices awsho figures (5.4) and (5.5). In

case of a fault at 219 km with capacitive compeasathe fault occurs in zone

3 but the impedance trajectory shows the faultiisob protected area of zone 3(220km)
as shown in figures 5.4 (a). When a Fault is ati@82wvith inductive compensation, the
fault occurs out of protected area for zone 3 betitnpedance trajectory shows the fault

is in zone 3 as evident from figures 5.4 (b).
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Figure 5.5 shows the impedance trajectory witlamat with SSSC for both
capacitive and inductive modes. Distance relay moll operate because the apparent
impedance for fault occurs after SSSC locatioruistioe protected area of zone 3. The
impedance seen by distance relay is much largaerabtual impedance due to the value

of zero-sequence current as shown in table 5.5.

Table 5.5: The Effective Parameters of Measuringakpnt Impedance During Single
Line to Ground Fault

Fault | Without With Inductive SSSC | With Capacitive SSSC
lam A [lom A [VagV [1amA [lomA [VagV [lam A [lomA | VagV

L ocation

50 km 10K 290(C 35K 10k 290C | 35 kv 10k 290( 35k

150 km 400( 100C | 38.5K | 274(C 82 39.3K 360( 86.67 39.7K

219 km 287( 687 39K | 262( 8C 39.5K | 276( 8C 39.9K

where
Iam: Maximum value of phase A current
lo,m: Maximum value of Zero current
Vag: Maximum value of phase A Voltage.
Note that the impedance formula used to calcutseapparent impedance is
Van! (la+ Klp)
We use Figures 5.6 and 5.7 to present the differeraisured impedance values as

seen by distance relay with and without STATCOM #relimpact SSSC has on distance
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relay for different fault locations respectivelyot figures are for phase A to ground

fault enforced every 10 km for both capacitive arlctive compensation.

90
ﬁ 80 —===withoutSTATCOM——
O 70 —|nductive compesation
<Z( Capacitive Compensation
A 60
o
= 50
— 40
i —
% 30
o
% 20
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FAULT LOCATION (km)

Figure 5.6: Apparent impedance measurement foereifit fault locations and a variety
of STATCOM operation modes for AG fault.
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Figure 5.7: Apparent impedance measurement foereifit fault locations and a variety
of SSSC operation modes for AG fault.

Analyzing the results of single line to ground faohe can deduce the following:

1- The STATCOM and SSSC impact the measuring impedahea they are
located within the fault loop.

2- In STATCOM compensated transmission line, the agampedance seen by
distance relay will be greater than the actual idapee (under-reach) in case of
capacitive compensation, and it will be smallenthatual impedance (over-
reach) in case of inductive compensation.

3- In SSSC compensated transmission line, the appangetiance seen by distance
relay will be greater than the actual impedancel¢mmneach) in both capacitive

and inductive compensation.

73



4- The fault location has a significant effect on éneor value of measuring
impedance in case of STATCOM while it has mininféet on it in case of

SSSC.

5.2.2 Line to Line and Double Line to Ground fault

In a very similar manner to single line to grouadlt, we applied double line
fault before and after FACTS locations to showithpact of these devices on distance
relay performance. AB, ABG, BC, BCG, AC, and ACGlfaypes are simulated and

results also in similar impedance trajectory.

180f -+

With STATCOM (capacitive)

160
68

140

Zonel

Zone2

Zone3 | 66l
+ 60 km With STATCOM

60 km without STATCOM

180 km Without STATCOM 1 X
+ 180 km With STATCOM ( capacitive)
- 180 km With STATCOM (Inductive) | 4

120

100

80

60
62

© With STATCOM (Inductive)

(@) (b)

Figure 5.8: Impedance trajectory for double linglfavithout and with STATCOM for
both inductive and capacitive mode, (a) fault aggplbefore (60km) and after (180km)
STATCOM location, (b) Zoomed picture for fault &0km.
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() (b)

Figure 5.9: Impedance trajectory for double lingltfavithout and with SSSC for both
inductive and capacitive mode, (a) fault applietbleeSSSC location at 90km, (b) fault
applied after SSSC location at 160km

The apparent impedance for double line and ddui#go ground fault is equal to
the actual impedance when fault occurs before FA@awces as shown in figures 5.8(a)
and 5.9(a). In case of STATCOM compensated trarssomgine, the apparent impedance
is larger than the actual impedance (under-reaxtydpacitive operation mode of
STATCOM. Over-reach can appear when the STATCOM iaductive mode because

the apparent impedance is smaller than the achymdance as shown in figure 5.8(b).

Figure 5.9(b) shows the fault occurs after SSQ@tlon and how the measured
impedance affected in series compensated tranemise. The apparent impedance
seen by distance relay is larger than actual impesland the distance relay will operate
in under-reach condition when the SSSC consuméivegmower (inductive mode). In
case of generating reactive power (capacitive mdte)apparent impedance is smaller

the actual impedance and distance relay will oparabver-reach condition.
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The amount of error of measuring impedance dukd®@ffect of FACTS devices
will increase when the distance between fault iocaand FACTS controller location is

increased as shown in figures 5.10 and 5.11.

e \\/ithout STATCOM e Capacitive STATCOM Inductive STATCOM

90 ~
80 -
@ 70 -
® 60 -
E- 50 -
— 40 -
L 30 -
o 20
10 -

90 100 110 120 130 140 150 160 170 180 190 200 210 220
Fault Location(km)

Figure 5.10: Apparent impedance measurement feerdift fault locations and a variety
of STATCOM operation modes for ABG fault.
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90 100 110 120 130 140 150 160 170 180 190 200 210 220
Fault Location(km)

Figure 5.11: Apparent impedance measurement fiareint fault locations and a variety
of SSSC operation modes for ABG fault.

5.2.3 Three Phase Fault and Three Phase Fault with Ground

The impedance trajectory for three phase fault cbatween the FACTS and
distance relay location are the same regardlestypleeand operation mode of FACTS
controller as shown in figures 5.12(a) and 5.13[ag apparent impedance will be larger
than actual impedance in capacitive mode of shomiroller or inductive mode of series
controller as shown in figures 5.12(b) and 5.13{lhe error in measured impedance in
case of series compensated transmission line i tanger than in the case of the shunt
compensated transmission line. When the distaregeln fault and FACTS locations

are increased, the error in measured impedanceabsdlincrease as shown in figures

5.14 and 5.15.
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Figure 5.12: Impedance trajectory without and wlifferent operation mode of
STATCOM, (a) fault applied before STATCOM locatian80km, (b) fault applied after
STATCOM location at 200km

With SSSC (Capacitive)]

with SSSC (Inductive) ¥~ Without SSSC

(a)

(b)

Figure 5.13: Impedance trajectory without and wdifferent operation mode of SSSC,
(a) fault applied before SSSC location at 30km fdl)t applied after SSSC location at

130km
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Figure 5.14: Apparent impedance measurement fterdift fault locations and a variety
of STATCOM operation modes for ABCG fault.
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Figure 5.15: Apparent impedance measurement fterdifit fault locations and a
variety of SSSC operation modes for ABCG fault.

79



CHAPTER 6

CONCLUSION AND FUTURE WORK

Flexible AC Transmission Systems (FACTS) devicagehbeen widely used in
the last two decades to improve power system gighiicrease controllability and
flexibility of transmission system, and to increasiciency of transmitted power in
existing transmission lines. Based on the prinagbleperation of FACTS controllers, the
power system quantities such as voltages, curegrdsmpedances are affected and
change rapidly when compensated. It is, thereforgortant to investigate the impact of
FACTS Controllers on the power system protectivaey.

In this thesis, shunt (STATCOM) and series (SS&®}rollers’ impact on the
performance of distance relays are studied anallgidDetailed modeling of distance
relay using MATLAB/SIMULINK environment is presenteDifferent fault types and
locations with different FACTS controllers’ typesdaoperation modes are simulated.

The analytical and simulation results in this teggeld the following conclusions:

1- The proposed distance relay is tested without cctimgeFACTS controllers
under different fault types and locations. The datian results have shown the
ability to detect and classify any fault type amghhlevel of accuracy to

determine fault location.
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6-

When the fault occurs between the relay and FA@ES&tion, the apparent
impedance will not change and it will be equal ¢tual impedance regardless of
the types and operation modes of FACTS controller.

In case of single line to ground fault with SSS@pensator, the distance relay
will not operate (under-reach) for both capacitwel inductive operation modes.
The apparent impedance seen by distance relaydk tatger than actual
impedance due to the zero sequence component ofjéloted voltage of a SSSC.
In case of STATCOM compensated transmission lindetrreach phenomena of
distance relay caused by capacitive operation mb&8 ATCOM, and over-
reach caused by inductive operation mode of STATCDre is no significant
difference of the error in measuring impedancedftierent fault types.

In case of DLG fault with SSSC compensator, theaagmt reactance decreased
and the apparent impedance increased in capaojpietion mode. In inductive
compensating the apparent reactance increasedamgparent resistance
decreased. The effect of inductive operation mdaeSSC is more severe
compared to that of capacitive mode which resaltsore cases of relay mal-
operation.

The apparent impedance is larger than actual immmed@r inductive
compensating and is smaller than actual impedadbé capacitive
compensating when SSSC was employed under a these fault.

In all fault case studies, the error in the measurgedance seen by distance

relay increases as the fault location varies fré"&FS location to the end of the
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relay reach line. Moreover, the effect of faultddon on the measured impedance

in case of STATCOM is higher than that in SSSC.

In general, the effect of SSSC is more severe 81T COM on distance relay
performance especially in most common fault tygad® Line to Ground). The typical
distance relay is not the best protective relayFCTS compensated transmission line.

Concerning recommendation for future work, | woliké to suggest the following:

1- The proposed work can be extended by applying airtelchniques to the
transmission lines compensated by other FACTS ds\sach as Interline Power
Flow Controller (IPFC) and Unified Power Flow Cariter (UPFC).

2- Design a new scheme for distances relays thatesaliility to change the
setting rule of the zones according to the effeESACTS controllers on power
system quantities that is we must desigmaaptiverelay protective system.

3- Investigate the impact of FACTS controllers in rexale to address the effects of
FACTS controller on tripping time delay since thetayed operation of distance
relay can negatively affect system stability. Thizrk could be conducted using
real time simulation software suchMETOMAC (Network Torsion Machine
Control), EMTDC (Electromagnetic Transients inchgiDC), or any other real

time simulation software.
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APPENDIX

System Diagrams
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Figure A.1: Fault detection and classificatioadi.
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Figure A.5: Simulation power system with STATCOM



Iy aes0

(¥AW 001 ‘AM00S) J21101ju0) 56§ Paseg-019 ‘as|nd-gy
B (13pow pairesaq) 2555

1neame

S50955TC 8L
S0

93

R VR
- - 1a2.005 358y4-3ay |
® A\l
auRIEEI A
[1appeag saeyg-san)] wy 007 SNRIgImYgRan) gL
2 b ; 2 J 2 )
& \om o L & \om “ a
v (3 v

¢ V| LU 201
ey ) ‘D =
w09
0 LHC)

o

100

_MY|

Figure A.6: Simulation power system with SSSC



	Western Michigan University
	ScholarWorks at WMU
	6-2015

	Performance Analysis of Distance Relay on Shunt/Series Facts-Compensated Transmission Line
	Ahmed Kareem Lafta Al-Behadili
	Recommended Citation


	Ahmed Albehadili 7-1-2015_1

