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ABSTRACT

Effect of Flexible AC Transmission System(FACTS) Devices on Distance Relay

Performance in a Transmission line

ALWAN, Natheer Ahmed
Master, Department of Electrical and Electronics Engineering
Supervisor: Prof. Dr. Dogan CALIKOGLU
November 2017,64 pages

Based on the limited expansion and development of power transmission
networks, the power system continuously works under a large load due to increase of
the demand. It is therefore necessary to make full use of the power transmission
system to meet the demand for electrical power as much as possible, hence, less need
to build new transmission lines. The technology of FACTS (Flexible AC
Transmission Systems) provides a way to take full advantage of transmission lines as
well as new and updated transmission lines. However, the presence of such devices is
associated with transmission line leads to changes that need to be addressed in order
to protect the system from issues such as large changes of resistance, voltages and
line currents.

This problem have been handled previously, so in this work we investigated
Mho distance relay characteristics have been selected as characteristics for the phase
element in the distance relay. The Iraqi protection sector uses these characteristics for
all distance relays in the 400kV transmission lines of the Iragi national grid.’
Distance relay performance is defined in terms of reach accuracy and operating
time. Reach accuracy is a comparison of the fault impedance reach of the relay

under practical conditions with the distance relay setting impedance’. In this study

viii



we investigated the impact of mainly two FACTS devices: The Static Synchronous
Compensator (STATCOM) and the Unified Power Flow Controller (UPFC) on the
distance protection relaying system so as to recognize the important problems that
protection engineers need to consider during the stages of design and operation of
protection systems.

Simulation studies are carried out using MATLAB/SIMULINK. First, the
distance relay has been modeled and validated with FACTS device models using test
systems from the literature. Then, the distance relay performance is analyzed and the
effects of various fault and loading conditions with FACTS devices are analyzed.
Generally, the results show that the apparent impedance seen by a protection relay
would vary from that of a system without FACTS devices. This may cause the relay
sequence to be disrupted, resulting in an unreliable operation to protect the power
system during faults. Furthermore, the results show clearly the dependency of the
distance relay operation on many design and operational factors. These include the
FACTS device type and its purpose, the FACTS device connection point or location,

the fault type and fault point location along the line and the power flow.

Key words: Distance relay, Flexible AC Transmission System(FACTS)Devices,
STATCOM, UPFC



OZET

iletim Hatlarindaki Esnek AC iletim Sistemleri Cihazlarimin Mesafeli Réle
Performansina Etkisi

ALWAN, Natheer Ahmed
Yiksek Lisans, Elektrik ve Elektronik Miihendisligi
Tez Danigmani: Prof. Dr. Dogan CALIKOGLU
Kasim 2017, 64 sayfa

Gug iletim hatlarindaki sinirl gelisme ve bliyiime temelinde artan talep ylziinden
gii¢ sistemi daima biiyiik bir yiik altinda ¢alismaktadir. Bu nedenle, elektrik enerjisi
talebini miimkiin oldugunca karsilamak i¢in giic iletim sisteminden tam olarak
faydalanmak gerekir. Boylelikle yeni iletim hatlar1 insa etmek igin daha az
gereksinim duyulur. FACTS (Esnek AC iletim Sistemleri) teknolojisi iletim
hatlarmin yan1 sira yeni ve giincellenmis iletim hatlarindan tam olarak faydalanmak
icin olanak saglamaktadir. Bununla birlikte, bu tiir aygitlarin varligi, sistemin
direncin, voltajlarin ve hat akimlarmin biiylik degisiklikleri gibi sorunlardan
korunmasi i¢in ele alinmasi gereken hat nakliye hatlariyla ilgilidir.

Bu problem daha o6nce de islenmis olup, boylelikle bu c¢alismada, mesafe
rolesindeki faz elementleri icin 6zellikler olarak Mho mesafe rolesi 6zelliklerini
arastirmis bulunmaktayiz. Irak giivenlik sektorii, Irak ulusal sebekesinin 400 kV
iletim hatlarindaki tiim mesafe roleleri i¢in bu O6zelliklerden istifade etmektedir.
Mesafe rolesi performansi, kesinligin elde edilmesi ve igletim siiresi kapsaminda
aciklanmistir. Kesinligi elde edilmesi, mesafe rolesi ayar empedansi ile pratik sartlar
kapsaminda rdlenin hatali bir empedans erisiminin mukayesesidir. Bu tez, iki farkl

FACT cihazinin sisteme baslica etkisini belirlemek i¢in uygulanan detayli ¢alismanin

X



sonuglarini ortaya koymaktadir, Statik es zamanli kompansatér (STATCOM) ve
birlestirilmis giic akim denetleyici(UPFC) koruma muhendislerinin tasarlama ve
koruma sistemleri igletimi asamalarini goz oniinde bulunduracagi énemli sorunlari
fark edebilmek icin mesafe koruma rélesi sistemidir.

Simiilasyon ¢alismalart MATLAB/SIMULINK kullanilarak gerceklestirilmistir. Ik
Once mesafe rolesi , literatiirdeki test sistemleri kullanilarak FACTS ara¢ modelleri
ile modellendirilmis ve dogrulanmistir. Ardindan mesafe rélesi performansi analiz
edilmis, ve cesitli ariza ve ylikleme kosullarinin FACTS cihazlan ile etkileri analiz
edilmistir. Genellikle koruma rdle ile ortaya c¢ikan goriiniir empedans FACTS
cihazlar1 olmayan bir sistemindekinden farkli olacagi gosterebilmektedir. Role
sirasinin bozulmasia neden olabilir, ariza boyunca gii¢ sistemini korumak igin
giivenilmez bir isletim ile sonuglanmasina neden olmaktadir. Buna ek olarak,
sonuclar mesafe rolesi isletiminin birgok tasarim ve isletim faktorlerine bagliligini
acikca ortaya koymaktadir. Bunlar, FACTS cihaz ¢esidini ve amacini, FACTS cihaz
baglant1 noktas1 veya konumunu, ariza ¢esidini ve hat ve giic akimi boyunca ariza
nokta konumunu da kapsamaktadir.

Anahtar Kelimeler: Mesafe Roéle, Esnek AC Iletim Sistemleri(FACTS),
STATCOM,UPFC.
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CHAPTER ONE

Introduction and Literature Survey

1.1 Introduction

Electric power systems are consisting of generating, transmitting and distributing
to deliver electrical energy to consumer by power transmission system. These power
systems are the most complex and costly systems. Faults within these power systems
are an unavoidable reality, electrical faults impose strain on all levels of this
infrastructure, if left uncorrected, these faults would quickly destroy this
infrastructure and lead to the breakdown of the power system. This fact identifies the
need for an auxiliary system responsible for the protection of the infrastructure from
faults and abnormal operation [1].

Distance relay is one of the most important protection elements in transmission line
and it is flexible and economically that provide inexpensive protection, reliable and fast
for power transmission lines with electrical fault circumstances [3]. Through observation
the voltage and current for line as measured at the relaying point, the distance relay
compares the system impedance with a pre-set reference stating the impedance of the
protected line and decides if or not a fault condition occur on the line. when a fault is
detected, the distance relay sends a trip signal to the circuit breaker to isolate and
disconnect the faulted section. [4].

Distance relay models can be divided into two classes. The first class is the
“Phasor-based models,” the input to relay model includes the fundamental frequency

components of currents and voltages; therefore, there is no need for filters. The input



signal differences are fed into the appropriate relay elements along with the settings
in vector form.

The second category models the “Ground element model,” This model is very
similar to the phase mho relay with two modifications. First, the compensated zero-
sequence current (mlo) is calculated and added to each phase current. Second, the
phase voltages and compensated phase currents become the new operating quantities
instead of the line values used in the phase relays. Otherwise, the functionality,
settings and construction of the ground mho relay are identical to the phase mho
relay [45].

FACTS devices are founded on the use of power electronics reliable high-speed,
advanced control technology, high-power micro-computers and powerful analytical
tools. [9].

This work illustrates the effect of FACTS compensators on the performance of
distance relays with both analytic and simulation techniques. The effects of these devices
and without presence of FACTS devices have seen on the relay by comparing R-X
characteristics and the apparent impedance for various fault situations and different
locations.

Table (1.1) shows a number of problems that can be corrected using suitable
types of FACTS devices [6].

Table 1.1: Employment of FACTS devices

FACTS Voltage Transient | Oscillation Q Pf?xvvsr
type control stability damping | compensation control
STATCOM,
SVC Yes Yes Yes Yes NO
SSSC,
TCSC, Yes Yes Yes NO Yes
TCSR
UPFC Yes Yes Yes Yes Yes
IPFC Yes Yes Yes NO Yes




1.3 Literature Survey

The operation of transmission lines, including FACTS devices, has attracted wide
spread interest as it improves the power transmit ability in long transmission
lines [5, 6,9, 11]. On the other hand, the introduction of FACTS brings new
challenges as the apparent impedance of the lines is changed dynamically. Therefore,
the reach setting of the distance relay is safely influenced based on the modes of
operation of the FACTS device.

Several studies have been conducted to evaluate distance relay performance based
on transmission systems with FACTS devices. The followings are some related
articles:

The work employed a UPFC device to study its effect on the tripping outlines of a
distance relay with different UPFC control parameters and SLG faults through
different values of fault resistance. The limitations in the work were the disregarding
of other types of fault along with limited operating conditions of the UPFC [8].

This study analyzed and investigated the effects of mid-point STATCOM
compensation on the performance of resistance-based relays under normal operating
situations and fault circumstances at various load angles. The changes in line loading
and power flow direction, fault resistance and FACTS device location were among
the parameters that were not addressed [12].

The work analyzed and investigated the effects the Static Synchronous Series
Compensator (SSSC) on the line and its locations; the simulation shows the impacts
on the distance relay performance for various fault situations. The author also
involved the impact of the operational mode of the SSSC [13].

The authors clearly showed the impact of mid-point 48-pulse GTO STATCOM
devices on distance relay performance with a system built in MATLAB/SIMULINK
for two fault types at different locations. The simulation and analytical results show
setting principles for distance relays with the impact of the STATCOM. It is to be
noted that the setting strategy did not take into account the change of the STATCOM
location and line loading [7] [14].

The work investigated the three most important and applicable states of a UPFC,
namely location, magnitude of voltage and phase angle. The apparent impedance

measured through a distance relay in the presence of the UPFC was expressed by



mathematical equations and the results were confirmed by a simulation in the
PSCAD/EMTDC software environment to show how much a distance protection
relay affects the UPFC on a transmission line [10].

They are presented a calculation procedure and simulation results of the apparent
impedance for a series capacitor (SC) compensated transmission line. In [15], a
single circuit transmission line was considered, while in [16], a double circuit line
was considered for study. with different locations of the SC on the transmission line.
The outcomes present the impact of series capacitors (SC) on a distance protection
relay in various locations [15] [16].

They are investigated the effects of the STATCOM connected at the midpoint of a
radial system on the apparent impedance that is seen by a distance protection relay as
having been evaluated for various fault types using PSCAD software. For the work
in [17], two fault types were considered, namely SLG and L-L faults, while in [18],
SLG, L-L and 3Ph faults were treated. The results show an inverse effect of the
STATCOM device on the distance protection relay with faults in one location only
[17] [18].

This work illustrated the direct effects of Static Var Compensator (SVC) devices,
like a Thyristor Control Reactor (TCR) and Thyristor Switching Capacitor (TSC)
insertion. Based on simulations and analytical procedures, the total impedance of a
protected transmission line Zag and impedance seen by a mho distance relay shows
the influence of various rates of thyristor firing angles. These angles injected
different substances (Btcr or Brsc) which showed a direct effect on the total
impedance of the protected line [19].

The work analyzed the impacts of the Interline Power Flow Controller (IPFC) on
apparent impedance that is seen by the distance relay for diver’s shunt faults. The
author used IPFC of six pulses of VSC, investigated by two SSSCs at the DC link.
The simulation results showed the combination of IPFC in the multiline system’s
impacts on the actual impedance of a fault seen by the distance relay, which is
because of the injection/absorption of real/reactive power by the IPFC on the
multiline system. As a result, the disturbance in the actual impedance fault drive of

the relay mal-operates and so the relay under-reaches or over-reaches [22].



In this work, the effect of FACTS devices on distance relay performance has

been investigated using two types of FACTS devices, namely the Static Synchronous
Compensator (STATCOM) and the Unified Power Flow Controller (UPFC). The
study was carried out with different fault types and positions, load conditions and
FACTS locations using MATLAB/SIMULINK.

1.4 Aim of the Work

The objectives of this work can be enumerated as follows:

Execute an extensive study to research the effects of FACTS devices on distance
protection relaying. Different FACTS devices and locations, different load
conditions and fault types and positions are among the varying factors to be
considered so as to recognize the significant matters that protection engineers

need to observe when designing and developing a distance protection system.

. Develop a distance relay model using the MATLAB/SIMULINK software based

on selected relay characteristics and apparent impedance equations for different
fault types.

Derive an equation for the apparent impedance measured through a distance
protection relay for transmission lines including FACTS devices.

Deduce a rule-of-thumb method to mitigate the effects of FACTS devices on
distance relay settings based on the results obtained.

Verify the developed MATLAB/SIMULINK models via implementation of
standard documented systems from the literature and from comparisons of

results.



1.5 THESIS OUTLINE

This work is organized in five chapters involving the present chapter and one
Appendix. The other chapters include:

Chapter Two: investigates power system faults and introduces distance protection

fundamentals and characteristics.

Chapter Three: focuses on the operations of FACTS devices (STATCOM and
UPFC) and the apparent impedance of distance relays in the case of

transmission lines which include FACTS devices.

Chapter Four: presents modeling of the mho distance relay and provides information
about the used FACTS models and studied systems in addition to
the verification process of the model.

Chapter Five: Introduces the final conclusions in addition to suggestions for future

work.



CHAPTER TWO

Power System Protection

2.1 Introduction

The main goal of protecting the power system is to isolate any damaged parts
of the electrical system quickly so as to ensure continuity of current in other parts of
the power system. Faults and equipment failures normally cause problem areas. A
protection system is a group of devices, plots on a graph, and strategies joined to
reveal faults, which disconnects the smallest possible faulty areas as quickly as
possible. Due to the high probability of power system failures, a protection system

must provide different schemes to detect and relieve such failures [2, 23].

2.2 Power System Faults

To study protection systems, it is important to develop an understanding of the
types of fault that can be present in three-phase electrical systems. Each type of fault
will create distinct voltage and current signals. To log the faults in any equipment
and protect the equipment from each type of fault, it is necessary to recognize and
use the proper signals. A three-phase system is subjected to the following types of
fault [24]:

i. 3Ph (Three-Phase) ungrounded fault
ii. 3Ph-G (Three-Phase grounded) fault

iii. Ph-Ph (Phase-to-Phase) ungrounded fault
7



iv. Ph-Ph-G (Phase-to-Phase grounded) fault
v. Ph-G (Phase-to-Ground) fault

It is obvious that apart from faults i and ii above, the remainder may involve
any one or two of the three phase faults. Those involving the three phases are termed
as symmetrical faults while faults which un-equally affect the 3Ph are termed as
unsymmetrical. Unsymmetrical faults are the most common. Typically, a 3Ph fault is
the most dangerous task on the circuit breaker due to the high fault currents.
However, there are cases where a Ph-G fault may produce higher fault current than a
three-phase fault. This is the condition where the reactance of a zero-sequence at the
point of fault is less than the reactance of the positive sequence.

An L-L fault is considered to be a minimum fault current having less severity
on a power system than other fault types [25]. In 3Ph balanced faulty systems, it is
adequate to calculate the currents and voltages in one phase and accept that the
currents and voltages in the other two phases that are clearly equal in magnitude and
phase displaced by an angle of £120°. Fig. (2.1(a)) shows the connection diagram of
such faults through fault impedance (Zf). In unbalanced systems, this simplification

is not valid.

If2 l

b b 9
I l I J'
c C .
I_:{: J{ I:'-:: l Zf
I
() (c)
(a) 3Ph fault, (b) SL-G fault, (c) L-L fault

Figure 2.1: Connection diagram for various faults through Z¢



Unbalance can occur in three-phase transmission systems due to faults, loads of
single-phase, un-transposed transmission lines and non-equilateral conductor
spacing [23]. Whenever an unbalanced faulty system is to be analyzed, the
convenient and common method used is that of symmetrical components, developed

firstly by C. L. Fortescue in 1918 [2]. Figs. (2.1(b) and (c)) show the connection

diagrams of such faults.
. ' a
7, Vi | pos. seq net | 32
L

I‘ . Ia. -- Il: - x i T‘
- — A0
y Va2 | neg seq net
. ot net \\ - i
pos. seq. net Zt Va o G - =
i § ol Ialv
Vi |zero seq. net
-l
(a) Ph-Gfault (b) Ph-Ph fault -
(¢) 3pPh fault

Figure 2.2: Fault system sequence network connection

Table 2.1: Sequence current voltage relations

Fault type (and phase) Relation
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3(Va- Vi) =i V31T, Zs 1 I = - V3 Ly,
(Va —Va) =1 Zs
Vg
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In Fig. (2.2), the connection diagram of the system sequence networks is
shown schematically for the three above mentioned fault states. Table 2.1
summarizes the necessary equations for the sequence current-voltage relations for the
three fault types. The derivations of the shown relations are very well documented in
standard power system text books [23-28]. In case a bolted or solid short circuit fault
is to be considered, only Zs =0 is introduced in the above-mentioned relations. The
analysis of unbalanced three-phase systems provides the foundation for deriving the
apparent impedance which is seen by a distance relay under the mentioned fault

types.
2.3 Protective Relays

A protective relay is the most important piece of equipment used in the
protection of power systems. Relays use signals obtained from the power system (the
signal can be, electrical, mechanical, heat, etc.) and process them resulting in an
action output signal [24].

The advancement in science and engineering has led to the development of
relays started electromechanically, followed by solid-state, digital and numerical
relays. The primary concern of this work is to “simulate and use distance relays in a

power transmission system incorporating FACTS devices.”

2.4 Distance Relay Protection

Distance relay devices are the most important among the protective devices
used with power transmission lines especially at high voltages. This type of
equipment has an important advantage compared to overcurrent relays. Distance
relay devices eliminate long clearing times for the fault near the power sources

required by an overcurrent relay if used for the purpose. [26].

2.5 Distance Relay Protection Principles

Distance relays measure the impedance between the relay location and the fault
point. As the transmission line impedance/km remains relatively stable, those relays
essentially react to the distance to the fault. This protection philosophy has found

favor as the set-points are based on the impedance of the line that is relatively stable
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and easy to determine. As these set-points do not vary considerably with load
currents or short circuit levels, distance relay settings can remain constant regardless

of the many changes in the transmission network [24].

A CT CB Z; =R; HjX; B
£ HE—o— T '
1
I
VT Trip - Fault
VS@C IS@C
Relay
Zseen - &
I

Figure 2.3: Distance relay principle operation

The basic principle of distance protection (figuratively shown in Figure 2.3) is
that it follows the output of the voltage division measured by the relay on the current
passing through it where the impedance is directly proportional to the distance of the
fault. The distance of the fault can then be known by its impedance. If the measured
impedance is less than the impedance of the reach point, a fault is assumed on the

line between the relay and the reach point [27].

2.6 Distance relay Performance

‘Distance  relay  performance is defined in terms  of reach
accuracy and operating time. Reach accuracy is a comparison of the actual ohmic
reach of the relay under practical conditions with the relay setting value in ohms.
Reach accuracy particularly depends on the level of voltage presented to the relay
under fault conditions. The impedance measuring techniques employed in
particular relay designs also have an impact. Operating times can vary with fault
current, with fault position relative to the relay setting, and with the point on the
voltage wave at which the fault occurs.

Depending on the measuring techniques employed in a particular relay design,
measuring signal transient errors, such as those produced by Capacitor Voltage

Transformers or saturating CT’s, can also adversely delay relay operation for faults
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close to the reach point. It is usual for electromechanical and static distance relays
to claim both maximum and minimum operating times.

However, for modern digital or numerical distance relays, the variation between
these is small over a wide range of system operating conditions and fault

positions.’

2.7 Distance Relay Protection Zones

Carefully chosen distance relays vary the impedances in coupled links with
various time delays related with those settings. Carefully chosen reach settings and
shut-down times for different protection zones can be properly regulated between the
power system and the distance relays. The distance relays have three protection
zones. However, depending on the application, additional zones can be inserted in
sequence [27, 28]. The following section provides ideal settings for three zones of a
basic distance protection system. Fig. (2.4) shows the migration zones related to the

time of their planning operation.

Zyr_ Zyr
Time Zy; v
Zy )}E% Z)
e BB apa "
0 25 =D S 8 A e B e o 22 A S —
ZIH#* ZIK
v Zk
Time L Zskr _ Z3kr

Zone 1 = 80-85% of protected line impedance

Zone 2 (minimum) = 120% of protected line

Zone 2 (maximum) < Protected line + 50% of shortest second line
Zone 3F = 1.2 (protected line + longest second line)

Zone 3R = 20% of protected line

X = Circuit breaker tripping time

Y = Discriminating time

Figure 2.4: Three zone distance protection typical time/distance characteristics

2.7.1 Zone 1 setting

This is set between 80% and 85% of the length of transmission line impedance
(depending on relay accuracy). The remaining 20-15% of the line impedance is a

safety boundary to ensure that there is no hazard of the over-reaching Zone 1
12
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protection on the protected line because of current and voltage transformer errors and
the inexactness in the data of setting line impedance as well as relay setting errors
and measurements. No intentional delay is provided to Zone 1 protection
(i.e., instantaneous). The remaining 15-20% of the line will be covered by Zone 2 of

the distance protection [26, 27].

2.7.2 Zone 2 setting

These are controlled in different ways along the next line of the line to be
protected and the form of the network connected to it (especially when there is more
than one line outside the same station). However, in all the areas, Zone 2 should
cover the area not covered by Zone 1, which represents 15-20% of Zone 1. At the
same time, Zone 2 is a backup safeguard. One of the most common control limits
used is that Zone 2 is equal to the length of the line to be protected plus 20%
(sometimes 50%) of the shortest length of the line to be protected. [26, 27].

2.7.3 Zone 3 setting

These are often covered so that the line to be fully protected and the next line
are also complete (20% of the length of the third line may be added to this length) It
is required that the impedance be less than the total impedance of the line plus the
impedance of the transformer located in the next station because if the impedance of
Zone 3 is greater than the total of these obstacles, it means that the protective device
can be affected by the faults that can be on the secondary side of the transformer (i.e.,
in the distribution circuits), and this is called Load Encroachment. Fig. (2.5) shows a
schematic of the mho characteristic and three zone characteristics. The third zone is

shown offset to provide bus back up protection [26, 27].
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Busbar zone™

Figure 2.5: Busbar zone of an offset mho relay

2.8 Effect of Source Impedance on Distance Relay

The capability of a distance relay depends on the accurate measurement reach-
point defect at the lower voltage at the relay position under these terms over the
stated value. These voltages, with respect to relay design, may take in conditions of

the maximum equivalent (Zs/Z.) which is the source to line impedance ratio (S.I.R.).

Rflay Line % System retay f
System Line
a) Long line with low S.I.R ort line with hi 1LR.
(@) Long line with low S (b) short line with high S

Figure 2.6: Source impedance and line impedance

A distance relay cannot be used for the protection of short lines because of the
high S.I.LR., as in Fig. (2.6) showing the voltage at a relay point for different types of
fault that can be derived in terms of S.L.R. showing the effect of the source
impedance on the performance of the distance relay. Fig. (2.7) shows the difference
of the relay voltage point with the source to line impedance ratio (S.I.R.). A single
line diagram of the circuit in Fig. (2.8) symbolizes any three-phase fault condition of
the power system. The voltage V used in the impedance loop is the voltage of the
open circuit of the power system and R is the relay location; Irand VR, respectively,

are the current and voltage that are measured by the relay.
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The impedances Zsand Z respectively are the source and line impedances due
to their respective locations with regard to the position of the relay. Zs source
impedance measures the fault level in the relaying point.
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Figure 2.7: Voltage at relay point with S.1.R.
R
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Figure 2.8: Power system configuration
VR = IR Z|_ where IR =
Zs+ZL
Therefore: (2.1)
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The above relationships between Vrand Zs/Z, are proper for all types of short
circuits according to the rules below [26]:

I. Phase fault, Vphpn IS a represented source voltage and Zs/Z, represents the ratio
of the positive sequence of the source impedance to the line impedance. Vris
the relay voltage phase-phase and Ir is the relay current phase-phase for the

faulty phases.

1

VREh-ph) = 75—V (PR — PR) oo, 2.2)

Zs1
(ZL1>+1
ii. Earth fault VV Phase-Ground is the source voltage and Zs/Zy is the ratio of the

composite of the positive and zero sequence impedances. Vr is the relay

voltage phase-ground and Ir is the relay current for the phase faulted.

1
VR(SLG) = (ZS‘l)(T)_i_l V(SLG) ............................................................................... (23)

Z11)\2+q
Where Zs = 2Zs1 + Zso = Zs1(2 + p)
and ZL = 2Z11 + Zio = Z11(2 + Q)

—Zso o _ZLo
P=-—0=-—

]
Zsq Z11

2.9 Distance Relay Maloperation

Distance relay maloperation, concerning its settings, can be visualized
considering relay under-reach and relay over-reach status. These are given in the

following subsections.

2.9.1 Distance relay under-reach

The distance protective relay can see a near-fault as if it is far away (if the fault
IS positive) in the sense that the relay sees a greater impedance than the real

impedance, which is known as:

Z —_
% Under-reach = =2=—=£



where “’Zr = relay reach setting’’, and “’Zr = effective reach’’.

One of the reasons for the under-reach is the high impedance fault, where the
relay sees high impedance than real impedance and therefore cannot cover the full
range of it [26]. Other causes for distance relay under-reach can be line series or

shunt compensation [29].

2.9.2 Distance relay over-reach

The distance protective relay can see a distant fault as if it were nearby (if the
fault is negative), meaning that the device sees an impedance less than the real

impedance, which is defined as:

Zp—Z
% Over-reach = % * L1000 (2.5)
R

where; <’Zr = relay reach setting’’ and *’Zr = effective reach’’.

The most common problem of over-reach is the exit of one of the parallel lines
when it goes out of service for the survival of the other lines [26]. Series or shunt
compensation in the transmission line can be among the causes of a relay to

overreach [29].

2.10 Computation of the Apparent Impedance

In any case of fault type, the voltage and current of the relay point are used to
activate the suitable relay element based on measured positive sequence signals.
Therefore, the distance relay zone setting is depended on the line positive sequence
impedance. Hence, appropriate voltage and current inputs and a processing algorithm
are required to calculate the line positive sequence impedance seen at the relay point.

For normal balanced operations and/or symmetrical three-phase faults, only the
phase voltage and current at the relay point may suffice to obtain the positive
sequence impedance. On the other hand, under unbalance operations and/or
unsymmetrical fault conditions, the other voltage and current sequences are also

presented. The presence of the negative and zero sequence components prohibits
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direct use Ohm’s Law to calculate the positive sequence phase of currents and
voltages will be needed for measurements to be processed in order to facilitate the
provision of the line positive sequence impedance under various fault
conditions [25].
Appendix provides in detail the diagrams and necessary derivations of the measured
positive sequence impedances to the faults for the various system fault conditions.

The conclusion of the results of Appendix are presented in Tables 2.2 and 2.3.

Table 2.2: Apparent impedance equations for multi-phase faults

Apparent Impedance Suitable for Faults
'a’-'b' Ungrounded
Vo=V, V=V, 'a’-'b' Grounded
L-1, I,—-1, “ab 3-Phase Ungrounded
3-Phase Grounded
'b'-'¢' Ungrounded
Vb=V Vi =V, 7 'b'-'¢' Grounded
I, -1, I, -1, “tbe 3-Phase Ungrounded
3-Phase Grounded
'c’-"a' Ungrounded
Ve=Va Vi =V, 7 'c'-'a' Grounded
[.—1,  I,—-1, “tca 3-Phase Ungrounded
3-Phase Grounded
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Table 2.3: Apparent impedance equations for phase-to-ground faults

Apparent Impedance Suitable for Faults

Va 'a' to Ground

=712
[, +ml, -

Vi, ]
— =741 'b' to Ground
I, + ml, -

Ve .
— =7 ¢ '¢' to Ground
[. + ml, -

2.11 Comparators for Distance Protection

It is possible to use the apparent impedance directly to implement distance
protection by comparing the measured impedance with some type of impedance
characteristic represented by a geometric shape, such as a circle or box. The
performance of the apparent impedance approach, however, has been shown to suffer
from many practical conditions of load flow and fault impedance [30]. Improved
performance can be obtained by utilizing methods that are based on signal
comparisons. Most modern microprocessor distance relays use methods similar to
those detailed below.

The operating characteristics of distance relays can be obtained by either
amplitude comparison or phase comparison of the sets of vectors derived from the
signals of the current and voltage of the protected line. Equivalent performance is
obtained in either case; however, phase comparison is more easily understood and
more widely implemented in modern relays [31]. Hence, this study will focus only
on the phase comparison implementation.

A general distance relay characteristic is derived by a two-input phase

comparator of vectors Syand Sz, given by Equation (2.6) [32].

SlzerR_Klvr

S2 = Ko Vi + K3 |y Zg + KgVipol
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where:

S1 is the phasor of the operating voltage;

S is the phasor of the polarization voltage;

I; is the current of the particular fault loop;

V: is the voltage of the particular impedance loop;
Zr is the reach of the distance detector;

VpoL is the memory or cross-polarization voltage; and

K1, K2, K3 and K4 are complex constants defining the relay characteristics.
The parameters V;, and I, are the appropriate loop voltages and currents as calculated
in Appendix A. Examples are listed below:

Vi = Va— Vy for the A - B element;

Ir = la— Ip for the A - B element;

and/or,

V: = V, for the A-Ground element;

Ir = la + m lo for the A-Ground element.
The angular displacement of vectors Sy and Sz if S1 leads S is considered positive.

The phase comparator operates if the following condition is satisfied [33]:

—90° < £S1 — £S5, <90°
OF e 2.7)
| £S1— £S2 | <90°

The use of this approach in the development of the distance relay characteristics will

be presented in the following section.

2.12 Distance Protection Characteristics

The ‘K’ parameters of vectors S;and Sy define the shape, size and position of
the distance characteristic on the impedance plane [34]. These characteristics
typically take the form of circles (e.g., impedance, mho and lens) and straight lines

(e.g., reactance and quadrilateral). However, the numerical relays may be design
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operating characteristics of approximately any shape. The most commonly used
operating characteristics by distance relays are impedance, mho self-polarized, mho
cross-polarized, reactance, and quadrilateral characteristics [35].

The method used for the acquisition of different operating characteristics
through the phase comparator is given in the following sections [33]. Special
attention is given to the mho self-polarized characteristic because this has been

selected as a characteristic for the distance relay that has been modeled in this study.
2.12.1 Impedance characteristics

The impedance relay characteristic is defined as a circle in the impedance plane
with zero as its center. This characteristic is obtained by setting: K, K2, K3 =1 and

K4 = 0. Hence, Equation (2.6) becomes:

S]_ = Ir /R — Vr
So= Vi + Ir ZR } ................................................ 2.8)

To represent the impedance relay characteristic, it is necessary to represent the
voltage phasors S; and S in the impedance plane. This is accomplished by dividing
the above equations by the current (Ir), yielding:

S’l = ZR - Zr
Sh=Z+7Zr } .................................................................................................. (2.9)

where; Z, is the apparent impedance seen by distance relay and Zr is the reach of the
distance detector.

Fig. (2.9(a)) demonstrates an example of the impedance relay with the
operating conditions being met. It can be seen that with Zr measured inside the
characteristic circle, the angular variation between S'tand S'> will be less than 90°,
which fulfils the operating condition. Fig. (2.9(b)) shows an example of the
impedance relay with the operating conditions not being met. It can be seen that with
Zr measured outside of the characteristic circle, the angular variation between S'; and

S'> will be greater than 90°, which does not fulfill the operating condition.
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Figure 2.9: Impedance characteristics on R-X diagram

This simple geometric demonstration can be repeated for all points on the R-X
plane to demonstrate that only points decline inside the characteristic circle centered
on the origin with a radius of |Zg| that will cause the relay to operate. The impedance
relay has three main disadvantages. These are not directional; therefore, it requires a
directional element to have correct differentiation. It is affected by the fault arc
resistance and is highly sensitive to oscillations in the power system as it covers a
large area with its circular characteristic.

2.12.2 Mho self-polarized characteristics

The mho relay characteristic is defined as a circle in the impedance plane
which passes through the origin. This characteristic is obtained by setting K, Ko =1

an Ks, K4 = 0. Hence, Equation (2.6) becomes:
S1=lkZr— Vi

82:Vr
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These phasors represent the simplest of mho characteristics; they are self-
polarized. They are referred to as self-polarized because the only phasor in the
polarization vector (S2) is the voltage of the impedance loop being measured.

To represent mho relay characteristic, it is necessary to represent the voltage
phasors Si:and Sz in the impedance plane. Again, this is accomplished by dividing the
above equations on the current (Ir), yielding:

S’l = ZR - Zr
S'2=2;

Fig. (2.10a) presents an example of the mho relay with the operating conditions
being met. It can be seen that with Z, measured inside the characteristic circle, the
angular variation between S'1 and S*> will be less than 90 degrees, which fulfils the
operating condition. Fig. (2.10(b)) shows an example of the mho relay with the
operating conditions not being met. It can be seen that with Z; measured outside of

the characteristic circle, the angular variation between S'y and S™'> will be greater than

90 degrees, which does not fulfill the operating condition.

X | X |

ang(S;)

0 R 0 R
a) Operating condition b) Non-operating condition

Figure 2.10: Diagram of Mho self-polarized characteristic on R-X

This simple geometric demonstration can be repeated for all points in the R-X
plane to demonstrate that only points falling within the circle, centered at (Zr/2) with
a radius of |Zr|/2 will cause the relay to operate. The mho characteristic, in general, is

a popular design because it can be made from a single comparator, has well-defined
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reach, is firmly fixed directionally, and is made to allow fault resistance quite well
without serious over-reaching faults because of the load [30].

2.13 Effect of Arc Resistance on Reach of Distance Relay

In cases of firm faults, the measured impedance by the relay is equal to the
impedance until the fault point. However, the fault may not be firm, i.e., it might
include an electric arc. With arc faults, it has been found that the drop fault voltages
and the eventual current in phase, show that the impedance is completely
resistive [33].

For the reactance characteristic, the setting of the reactance relay does not vary
in the presence of arc resistance due to its being designed to measure only the
reactance component of the line. It may be seen from the relay characteristics, shown
in Fig. (2.11), that, theoretically, any rise in the resistance component of the fault
impedance will not effect the relay reach as the relay will continue to measure the

same Vvalue of the reactance (X) [33, 36].

Line fault characteristic

Restrain

Illl'll_lllf

]
)
Setting = X, ! Reactance seen
| '
- = X >R
lmpodanca seen
Trip Trip

Y

Figure 2.11: Effect of arc resistance on the reach of reactance relay

However, there is arc resistance (R.) of the two currents in the system due to

the fault current, fault resistance and impedance. Fig. (2.12(b)) shows the vector
diagram for a reactance relay at G on the line having a leading source angle. From

this, it can be seen that the reactance D presented to the relay is less than the actual
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line reactance to the fault X. Similarly, a relay at H on the line having a lagging
source angle would under-reach [26]. This may appear as a complex impedance [30].
This is explained by reference to Fig. (2.12(a)), which shows a fault with high
resistance Rr fed from both ends of the transmission line carrying load current. For
simplicity, the power system has been reduced to an equivalent two-machine system.
In the example shown, source voltage Ec is considered to be leading Ex due to the
pre-fault load transfer. Under fault conditions, the fault current Iris the vector sum Ig
and Iy fed from each end of the Ir, which is not in phase with Icand Iy measured by
the relays at G and H. The Ir will appear to these relays as a complex Ig, and as a
result, the relay over-reaches. Similarly, the relay at H on the line with a lagging

source angle would under-reach [26].
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Figure 2.12: Apparent impedance with high arc resistance

For a mho characteristic distance relay, an arcing fault condition is changed at
the fault angle due to the increase in value of the resistive component. For this
reason, a mho relay is characteristic of having an angle equivalent to the line angle,
under arcing conditions, and under-reaching. A mho relay is utilized with its relay
characteristic angle (RCA) that is set lower than the line angle, so it can take a few
values of arc resistance without leading to under-reach. Furthermore, when setting
the relay, the variation between the line angle g and the relay angle ¢ must be
recognized. The characteristic result is shown in Fig. (2.13), where AB identifies the
length of the protected line.
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Then the ¢ is set lower than S, the actual value of the protected line, and AB
will equal the value of the relay setting. AQ is multiplied by cos(8 — ¢) [26]. The

requirements of the AQ relay setting are as follows:

The RCA in general can be adjusted to be 45°, 60°, 75° and so on. This setting
of 45° is used for high voltage (33 kV or 11 kV) distribution lines. The 60° setting is
used for 66 kV or 132 kV lines while the 75° setting is used for 275 kV and 400 kV
lines [36].

AP Relay impedance setting _
¢ Relay characteristic angle setting
AB Protected line
K PQ Arc resistance
B Line angle

Figure 2.13: Mho distance relay with increased arc resistance coverage

2.14 Effect of DC Components on Distance Relay Performance

Generally, the fault current contains DC compensation in addition to the
frequency component of the AC power. The proportion of DC to AC current
component depends on the instantaneous voltage cycle which occurs as a fault and
the value of degradation of the DC compensation depends on the X/R of the system.

To know how the presence of the DC component in the fault current affects the
apparent impedance that is seen by the distance relay, we consider a 100-kilometer

transmission line protected through a distance relay
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with Zone 1 covering the 80% of the length of the transmission line
(i.e,80 km). If we assume a 3Ph fault with a maximum DC component at 85 km of
distance relay locations (i.e., out of zonel), the apparent impedance route will be
seen by the distance relay, shown in Fig. (2.14a). On the other hand, Fig. (2.14b)
illustrates the route of the apparent impedance for the same fault, but here with no
DC component (the DC component has been removed by using a phasor simulation
in MATLAB/SIMULINK).

In Fig. (2.14(a)), the DC component causes transient oscillations in the
apparent impedance which results in vortex-like shapes as the measured impedances
approach the steady-state. As such, these oscillations may cause the relay to
overreach (i.e., the Zone 2 fault may be treated as Zone 1). For correct performance
of the distance relay, the DC component must be filtered out. Most commercially
available microprocessor-based relays employ sophisticated filtering techniques. As
an example, the GE Multiline D30 uses a modified MIMIC-type digital filter [37].
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Figure 2.14: Effect of DC component on apparent impedance
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CHAPTER THREE

Flexible AC Transmission Systems

3.1 Introduction

FACTS devices have come into view in power systems due to the development
of power electronics in their components for power and high voltage. In power
systems, they provide higher controllability through power electronics devices. In
different applications, we can insert FACTS devices worldwide, and modern types of
FACTS devices are suitable for insertion in practice. This technology provides the
best capability to operate in different circumstances and it improves the usage due to
its presence [38, 39]. This chapter presents the possible types of FACTS devices and
their advantages. We shed light on two types of second-generation FACTS devices,
namely STATCOM and UPFC. The impact of these two devices is investigated
regarding distance relay performance. Their description and bases of operations are
briefly presented.

3.2 Types of FACTS

FACTS devices are power electronics devices based on the equipment in a
system, which can quickly affect voltages, currents, impedances and/or phase angles
in transmission systems. In a power system, the devices may improve security and

flexibility. Generally, FACTS devices can be classified into four classes [6, 40]:
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i. Series devices

Generally, these devices inject voltage in series with a line (Fig. 3.1(b)). The
current is multiplied by the variable impedance flowing through it. It represents a
series voltage that is injected into the line. As a phase quadrature of the voltage with
the current of line, the series device provides or expends changeable reactive power.
The purposes of the application of series controllers are to control the current, power
flow and damp oscillations. The most widely used types of series of FACTS devices
in the transmission grid are TCSC and SSSC.

-—o—

i R
(8) (b) P

dc power
- ﬁ‘ ' dc power link
)ﬂ( T U}

(d)

|,__}[;<_ _ Line _l '_ S _'-"f_{

| -
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0

Figure 3.1: FACTS devices fundamental types:
(a) FACTS devices general symbols; (b) series device; (c) shunt device;

(d) series-series device; (f) series-shunt device; (h) series with storage

device; (i) shunt with storage device.
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ii. Shunt devices:

Generally, these devices inject current into the system at the connection point
(Fig. (3.1 (c)) where the line is connected to a variable shunt impedance and
represents the current injected into the line that causes a changeable current flow.
This device is a good way to control voltage around the connection point by injecting
a reactive current (leading or lagging). The more utilized type of shunt FACTS in the
transportation grid are the Static VR Compensation(SVC) and the STATCOM.

iii. Combined device series-series:

This device consists of a series of devices and separate circuits that are
controlled in a regulated manner in a multi-line transportation system, as illustrated
in Fig. (3.1(d)).

iv. Combined device series-shunt:

These consist of a shunt and a series of devices that are separated and
controlled in a coordinated manner. A Unified Power Flow Controller (UPFC)
consists of a series of shunt devices joined together via a DC link (Fig. (3.1(f)). In
practice, shunt controllers inject current into the system and series controllers inject
current into the line. However, when unifying the shunt and series devices, the real
power can be interchanged between the series and shunt devices by the DC power
link. Depending on the FACTS devices that are used in the control, it is categorized
as:

e Variable impedance type (i.e., SVC, TCSR, etc.)
e Voltage Sourced -Converter (SC-based (i.e., STATCOM, UPFC, etc.)
FACTS devices based on VSC have many uses in addition to changeable
impedance types. For instance, a shunt (STATCOM) is more precise than a Voltage
Sourced- Converter (VSC) for the same value and it is technically outstanding. It
may provide demanded reactive current and even bus voltages at low values and it
may be designed to have an in structure short-term overload ability. Likewise, a
shunt (STATCOM) may provide active power if its DC terminals have an energy

source or large energy storage [41].
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3.3 Voltage Source Converter

The Voltage-Source Converter (VSC) is the basic building block of many of the
modern FACTS devices such as STATCOM, SSSC, and UPFC. The voltage-sourced
converter generates AC voltage from a DC voltage, where the magnitude, the phase
angle and the frequency of the AC output voltage can be controlled. The voltage-
source converter DC voltage is supported by capacitor(s) large enough to at least
handle a sustained charge/discharge current without a significant change in the DC
voltage. Two VSC technologies can be used for the VSCs: [6]

* VSC using GTO-based square-wave inverters and special interconnection
transformers. Typically, four three-level inverters are used to build a 48-step
voltage waveform. Special interconnection transformers are used to neutralize
harmonics contained in the square waves generated by individual inverters. In
this type of VSC, the fundamental component of voltage is proportional to the

voltage V.. Therefore, V. has to vary for controlling the injected voltage.

* VSC using IGBT-based PWM inverters. This type of inverter uses Pulse-Width
Modulation (PWM) technique to synthesize a sinusoidal waveform from a DC
voltage with a typical chopping frequency of a few kilohertz. Harmonics are
cancelled by connecting filters at the AC side of the VSC. This type of VSC uses

a fixed DC voltage V.. Voltage is varied by changing the modulation index

(MI=V__/V _ . )of the PWM modulator.
ref carrier

3.4 Static Synchronous Compensator (STATCOM)

The Static Synchronous Compensator (STATCOM) is a shunt compensation
device that is able to provide and/or consume reactive power. It has numerous
outputs to control nominated elements of an electrical power system (Fig. (3.2)).
Specifically, the STATCOM is a converter of a voltage source from input DC
voltage to AC outputs to provide a group of 3Ph, and in each phase two phases are
doubled and are identical to the AC voltage system by a relatively small reactance
(that is supplied through each interface reactor or the leakage inductance of a

coupling transformer). The energy storage capacitor provides DC voltage [42].
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3.4.1 Principle STATCOM operation

The shunt device regulates voltage in its terminals by controlling the amount of
reactive power that is supplied into or consumed by the power system. If the system
voltage is low (i.e., under the STATCOM reference voltage), the STATCOM
supplies reactive power (STATCOM capacitive). If system voltage is high (i.e.,
above the STATCOM reference voltage), it consumes reactive power (STATCOM
inductive). Reactive power differentiation is performed by a VSC that is linked on
the secondary side of a coupling transformer. The VSC utilizes power electronic
devices to assemble an AC voltage from a DC voltage source, such as a GTO, IGBT
or IGCT.
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Figure 3.2: Single line of a STATCOM device
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Figure 3.3: The STATCOM principle
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Fig. (3.3) illustrates the operating principle of the STATCOM showing the
active and reactive power moving out between sources Vi and V2. In the above
figure, V1 symbolizes the voltage of the system to be controlled and V2 is the voltage
generated through the VSC. The generated voltage V2 is in phase with Vi
(@statcom = 0), only the reactive power flows (P = 0). When the generated voltage
is lower than the voltage system, Q flows from the voltage system to the generated
voltage (the STATCOM absorbs the reactive power). In an opposite manner, when
the generated voltage is greater than the system voltage, Q flows from the generated
voltage to the system voltage (the STATCOM generates reactive power). The value

of the reactive power is shown in below equation:

Vi(V1=V3)

O 2y & & . (3.1)

X

The VSC on the DC side is the voltage source of the DC connected to the
capacitor. The generated voltage is slightly phase shifted behind the system voltage
to compensate for the VSC losses and the transformer maintains the capacitor
charge [43].

3.4.2 STATCOM V-I characteristic

Fig. (3.4) illustrates the ideal STATCOM V-I characteristics. This device may
be operated above its total output current zone until the voltage levels become very
low in the system. Moreover, we can say that the STATCOM can maintain the
maximum capacitive or inductive of output current of the AC system voltage
independently. In addition, the STATCOM generates or absorbs the maximum VAR
that changes linearly with the AC voltage system [6].

33



I
Transient J/’J:":
rating -—-f__.,.—-l'"' : :
E,.,.- 0.75 : :
: o5 —1
" B
] !
- 1 .
I le_maax 0 It paax I

Figure 3.4: The STATCOM V-I characteristics

3.5 Unified Power Flow Controller (UPF)

The Unified Power Flow Controller (UPF) is a combined FACTS device
consisting of a shunt (STATCOM) device and a series (SSSC) device, as shown in
Fig. (3.5), which are connected through a common DC link to permit the power to
flow bi-directionally between the output of the series (SSSC) and the shunt
(STATCOM) devices. The UPFC controls the flow of the active and reactive power
through the line without an external electric source of energy, and it controls the
amount of reactive power that is supplied to the line at the point of
installation [43, 44]. The fundamental function of the STATCOM device at the
UPFC is to provide or consume the real power required by the SSSC device at the
UPFC and at the mutual DC link to support the real power exchange of voltage
injections into the SSSC [6].
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Figure 3.5: The UPFC device

In Fig. (3.6), when the value of the Vs injected voltage stays constant and when
the V1 phase angle for bus voltage sending varies from 0 to 360 degrees, the position
described by the terminal point of vector V. which is the UPFC bus voltage
(V2=V1+Vs), as shown in the phasor diagram being a circle of the format in
Fig. (3.6). As the phase angle (0) is a variation of the injected voltage of the series,
the two-line ends of the phase shift (5) between voltages V2 and V3 are also varied.
This leads to the ability to control both the active power (P) and the reactive power

(Q) being transmitted at one-line end [41].
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Figure 3.6: UPFC single-line diagram and voltages and currents phasor diagram
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3.6 Summary of FACTS devices

Economically, more energy can be transferred through existing or new
transport networks with unobstructed availability at lower investment costs, or in
situations that are far less costly than larger networks. The use of FACTS in existing

lines and substations is to achieve the following:
1. Increased synchronous stability.
2. Increased power transmission capability.
3. Increased voltage stability in the grid.
4. Improved load sharing capability.
5. Decreased system transmission losses.

The selection of FACTS may not be clear in each case, but the subject of the
system studies, taking into account all the basic requirements and requirements of the
system, may need to be clear in order to arrive at the optimal technical and economic

solutions.

3.7 Apparent Impedance Analysis

This section presents a mathematical analysis of the influence of the two types
of FACTS devices on the apparent impedance seen by the distance protection relay
for compensation installed at the midpoint the transmission lines. The same

procedure can be applied to other locations of FACTS devices.

3.7.1 Apparent impedance equation in the presence of a STATCOM

The simplified network of a power system is obvious in Fig. (3.7). In the second
section of compensated line, there is a fault (i.e., after the STATCOM position) since
for a fault before the STATCOM, the apparent impedance of the distance relay is
calculated by using the conventional equation. From the previous sections, the
STATCOM device presents a shunt branch containing a voltage source with

impedance in series, shown in the Fig. (3.7). The apparent impedance is derived from
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the phenomenon seen by relaying the phase-to-ground and three phases in the next
sub-sections (the same procedure can be used for other types of fault) [17].

EI’ Z, ‘“’i* 05z (HOSZ v, (-HZ {Z"_I Ei
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Figure 3.7: Simplified faulted network for a power system with a STATCOM device

A-SLG fault (Phase to ground):

In the relay point, the voltage sequences for the L-L fault after the shunt compensator
device (fault location, H> 0.5) can be shown as:

Vrx = 0.5 Zix Ise + (H = 0.5)Z1x (Ishx + 15x) + FRfvvvevereeeeeeeieseienceenee (3.2)
where:
x =1, 2, or 0; a affix indicate the sequence component;
VR x = in the relay location voltage sequence (Vr1, Vr2, Vro);

H = fault location from the relay to the fault point in per unit of the total line

length;
Ish x = the shunt device current sequence;
Isx = in the relay location currents sequence;
Irx = in the fault resistance current sequence;
R ¢ = fault resistance;

Z_x = the line impedance sequence components.
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The voltage is obtained at the relay location by adding the three sequence

Components:
VR ZVRL T VR F VRO oottt eeeeee e (3.3)

After simplification we get:
VREHZit s+ TL+ T2+ T3 (3.4)
where:
Is=ls1 + Is2 + Iso; T1 =H lso(Zro — Z11);
Ish = Isn1 + Isn2 + Isho; T2 = (H — 0.5)Z1lsho(Zro — Z11);
L= ls+ It + lsn; T3 = (H — 0.5)Z1alsn + 1Ry,

Z1 = Z12 (The line impedances are assumed equal for positive and negative

sequence.)

The shunt compensation device and the current of the zero sequence can be rejected
because there will not be a current injection of zero sequence due to the utilization of
the delta connection at one side of the coupling transformer for the STATCOM.
Therefore, Equation (3.4) can be reduced to Equation (3.5) and with simplification

we get:
VR =H Zi1 (Is + mlso) + (H = 0.5)Z1alsh + HRF vvoveeeoeeereeeeeeseseeeeeeseieseines (3.5)
where:

m = (Zwo — Z11)/Z11 which is the zero-sequence current compensation factor.

The ground unit measuring in the distance relay utilizes the phase voltage at
the relay location (Vr) and the identical phase current appropriately compensated by
the current of zero-sequence (Ir) so that it correctly measures the impedance of the
positive sequence of the line. As a result, the apparent impedance seen by the ground

unit distance is given as:

%4 %
A (3.6)

Irelay Ig

where Ir = (Is+ m lso)
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Substituting Equation (3.5) into Equation (3.6), the apparent impedance seen
by the ground distance unit of the relay is specified by:

Z=H7Zu1+ (H—=0.5)Zt1 (Ish/IR) +Re(Tt/IR) c.eevriiiiiiiiiiiiiiii (3.7)
When the fault resistance is negligible, Equation (3.7) becomes:

Z=HZi1+ (H—=0.5)ZL1(Ish/IR) ccceeriiiiiiiiiiiiiieiiee e (3.8)
B-3Ph fault (Three phase):

The apparent impedance seen by the relay for a 3Ph fault can be derived; only the

final equation (Equation (3.8)) is given as a summary:

|74
Zrelay =

reley = H Zyy 4 (H = 0.5)ZL1(Ish/1S) coooresesseserssrsssesssenen (3.9)

I relay

where Vrelay IS the line voltage and lreiay is the identical line current.

From Equations (3.8) and (3.9), the first term (H Z.1) symbolizes the line
impedance to the fault point for a firm fault without shunt compensation at the
midpoint. Therefore, the error in the apparent impedance appears due to the shunt

compensation, which is given as:
error — (H - O.S)ZLl(Ish/IR) ............................................................................... (310)

This inexactitude because of the shunt device is proportional to the location of
the fault (H) and the ratio of the current in the shunt device on the current of the relay
(Isn/IR).

The positive quantity of this current ratio, related to the FACTS device of
injected current, will drive to a higher impedance seen by the relay, which may result
in relay under-reach. Furthermore, the negative quantity of the current ratio may
result in the relay experiencing a fault at a location nearer than the actual fault
location hence leading to an overreaching effect. This may occur if the shunt FACTS
absorb the reactive current instead of the injecting current.
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3.7.2 Apparent impedance equation in the presence of the UPFC

This section shows the mathematical analysis of the effect of the series-shunt
compensation (i.e., the UPFC) on the apparent impedance observed by the distance
relay. The impedance computations are derived for the midpoint compensation of the
transmission line with the UPFC. Fig. (3.8) shows the schematic diagram of the

compensated line for a distance protection study.
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Figure 3.8: Sample power network with UPFC

The operation of the distance relay is analyzed with an existing UPFC, as
shown in Fig. (3.8). A fault occurs after the UPFC device. For the fault to occur
before the UPFC (or without UPFC), the apparent impedance seen by the distance
relay may be calculated using conventional equations. Fig. (3.9) illustrates the

sequence network of the system from the relay position [10].

A-SLG fault (phase to ground):

When an SLG fault occurs on the right side of the UPFC and the distance is
(n*L) from the relay point, the positive, negative and zero sequence networks of the

system during the fault are illustrated in Fig. (3.9). The mathematical analysis starts

as follows:

Vis = l15 0.5 Z1 + Vpg + lttine(N = 0.5)Z1 + REILfe.ceoveoeeeieeeeeeeeeeeeeeeee e (3.11)
Vs = lps 0.5 Z2 + Vaapg + laline(N — 0.5)Z2 + Relof.ecvvoveoieeeeeeeveeeeeee e (3.12)
Vos = los 0.5 Zo + Vopg + lotine(N — 0.5)Z0 + REI0F.....vvevveeeeeereesrieeeeeeeeeeese e (3.13)
where:

luiine = l1s + lash Lotine = los + losh
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loline = los + losh, and
V1s, Vs, Vos are at the relay location of the sequence phase voltages;
V1pg, V2pg, Vopg are the series sequence phase voltages injected by the UPFC;
I1s, Ios, los are at the relay location of e Sequence phase currents;
l1iine, l2line, loline are in the transmission line of the sequence phase currents;
l11, l2f, lof are in the faults of the sequence phase currents;
I1sh, l2sh, losh are the shunt sequence phase currents injected by the UPFC;
Z1, Zo are the transmission line sequence impedances; and
n is the per-unit distance of the fault from the relay location.
From above, the voltage at the relay point can be derived as:
Vs=n1sZ1+ Vpg+ Ut + Uz + Us + Relifovoiieeeceeeee e, (3.14)

where:

Vs =Vis + Vas + Vos; Ur = n los(Zo — Z1)

Is = l1s + los + los; Uz = Isn(n — 0.5)Z1

Ish = lish + losh + losh; Uz = (n—0.5) Tosh (Zo — Z1)

Vg = Vipg + Vapg + Vopg;

In practice, one side of the shunt transformer is always delta connected and
there is no zero-sequence current provided by the UPFC, which is to say losh = 0.

Then, Equation (3.14) can be reformulated as:

Vs =nIs Z1+Vpq + n los(Zo — Z1) + Ish(n — 0.5)Z1 + Relf eeerrrererrerrerrerrennns (3.15)
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Figure 3.9: The system from the relay location to fault sequence networks
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In transmission systems without a UPFC, for an SLG fault, the apparent

impedance of the distance relay can be computed by using the following equation:

A T Y (3.16)

-Z
2071 IR Irelay

where:
Vr and Ir are the phase voltage and phase current at the relay point, respectively Iro
is the zero- sequence phase current lrelay is the relaying current
The apparent impedance in the presence of a UPFC can be obtained by

substituting Equation (3.15) into (3.16), as follows:
Z =N ZJ_ + (qu/lrelay) + (Ish/lrelay)(n - 05)21 + Rf(lf/lrelay) ...................... (317)
When the fault resistance is negligible, Equation (3.17) becomes:

Z=n Zj_ + (qu/lrelay) + (Ish/lrelay)(n - 05)21 ........................................... (318)
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B-3 Ph fault (Three phase):

The apparent impedance, observed by the relay for the 3Ph fault can be derived

by using only the last equation (Equation 3.18), given in summary:

Zeay = 2L = 1 Z + (Vp/IS) + (I/1S)(N = 0.5)Z1 e (3.19)

relay
where Vrelay IS the line voltage and lreliay is the corresponding line current.

In the two equations (3.18 and 3.19), it can be observed that if the traditional
distance relay is used in the transportation system using UPFC during the fault, the
apparent impedance observed by the relay has two sections: first, a positive sequence
impedance from the relay point to fault point, that is what the distance relay is set to
measure; the second is, because of the effect of UPFC on the apparent impedance, it
could be classified even further into two sections; one results from the shunt current
(Ish) injected by the shunt part and the other effect of the series voltage (Vpq) is
provided by the series part. Therefore, the distance relay will undergo overreach or

under-reach depending on the operational conditions of the UPFC.
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CHAPTER FOUR

Modeling and Studied Systems

4.1 Introduction

The effect of the STATCOM and UPFC involving their related controls on the
performance of distance relay are studied using the MATLAB/SIMULINK block set.
This chapter presents the Simulink models that have been developed for the
simulation of the power system, FACTS device and distance relay along with the
particular faults under study. The preparatory calculations of the distance relay zone

settings are also presented.

4.2 Distance Relay Modeling

The MATLAB/SIMULINK library does not contain a model for distance
relays; therefore, it is necessary to build a model for the distance relay and verify it.
Software models have been used in the form of equations representing the
operational characteristics of relays for a long time by researchers, manufacturers
and consultants to design relays and verify their performances. These paradigms
portray characteristics that are introduced in different methods, such as interaction
versus resistance. The information on which these models are established is either
obtainable from manufacturers’ publications and patents, or from technical papers

describing the performance of the relay [32].
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Numerical relay models can be divided into two classes. The first class is the
“Phasor-based models,” which regards only the basic frequency component of
voltages and currents and were the first to be the most utilized by manufactures and
researchers to design relays and check their performance. The second category
models the “Transient relay model,” which takes into account the high frequency and
disintegrating DC component of voltages and currents in addition to the fundamental
frequency components. This type is rarely used as it needs sophisticated filters to
remove the DC and high frequency components [45]. Due to the troublesome effect
of the DC components on distance relay performance and since this work is not
primarily concerned with signal analysis techniques, the phasor-based model of the

distance relay is selected here.

4.3 Distance Relay Phasor Model

The most commonly used input to the relay model is the basic frequency
components of currents and voltages. Initially, the models of this kind are used to
check whether the performances of the relays are acceptable. In the following
paragraphs, models of the phase and ground element are presented in
MATLAB/SIMULINK for the phasor-based distance relay.

4.3.1 Phase element model

Mho characteristics were selected as characteristics for the phase element in
the distance relay. The Iragi protection sector uses these characteristics for all
distance relays in 400 kV transmission lines in the Iragi national grid. To implement
the basic mho characteristic (i.e. the self-polarized mho characteristic), a circle is
drawn crossing through the origin and the desired zone reach limit along the line
impedance phasor. The center of the circle will fall at 1/2 of the zone reaching along
the line impedance phasor. Fig. (4.1) shows a simple mho characteristic for Zone 1,
Zone 2 and Zone 3. The mho characteristic is inherently directional without the need
for directional elements. The relay model was developed to implement the mho
characteristic relay algorithms is shown in Fig. (4.2). The input to relay model

includes the fundamental frequency components of currents and voltages; therefore,
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there is no need for filters. The input signal differences are fed into the appropriate

relay elements along with the settings in vector form.
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Figure 4.1: Sample of 3 zones with self-polarized mho distance relay characteristic

The contents of each element are shown in Fig. (4.3). Each element contains
two parts. Fig. (4.3(a)) is for the apparent positive sequence impedance calculations.
Fig. (4.3(b)) is for the generation of trip signals. If the angular criterion of the mho
characteristic is met, an ‘on-delay’ timer will activate and trip the breaker after an

appropriate delay.
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4.3.2 Ground element model

The mho characteristic for the ground distance relay is identical to the mho

characteristics of the phase distance relay. The modeled R-X diagram for the mho
ground element is identical to the phase element one and similar to that shown in
Fig. (4.1).

Fig. (4.4) illustrates the ground element model developed to implement the

phase relays.
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ground mho relay algorithms. This model is very similar to the phase mho relay with
two modifications. First, the compensated zero-sequence current (mlo) is calculated
and added to each phase current. Second, the phase voltages and compensated phase

currents become the new operating quantities instead of the line values used in the



Otherwise, the functionality, settings and construction of the ground mho relay

are identical to the phase mho relay.
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Figure 4.4: Distance relay Mho model for phases to ground fault

4.4 FACTS Devices Model

In this work, only the STATCOM and the UPFC are considered. The
MATLAB/SIMULINK library contains models for these two FACTS devices;
therefore, there is no need to model these devices and their models can be directly
used with modifications for input parameters to become suitable for use in the
particular systems studied. The following sections briefly present the necessary

requirements for each model.
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4.4.1 STATCOM device model

The STATCOM block, shown in Fig. (4.5), is a phasor-based model. It does
not contain a detailed representation of the power electronics involved. This block
models an IGBT-based on the STATCOM.

o Trip

oA
STATCOM m |
B

Figure 4.5: STATCOM phasor model

The STATCOM model parameters are: [46].

* The nominal line-to-line system voltage in Vrms and the nominal
system frequency in Hertz

» The nominal power of the converter in VA

» The positive-sequence resistance and inductance of the converter

« The nominal voltage of the DC link in Volts

» The total capacitance of the DC link in Farads

The value of all the above parameters can be changed as desired, and in this work,

the STATCOM device is used as a voltage regulator.

4.4.2 UPFC device model

The UPFC block, shown in Fig. (4.6), is a phasor model which does not
contain detailed representation of the power electronics involved. The UPFC block
models an IGBT-based UPFC.
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Figure 4.6: UPFC phasor model

The UPFC model parameters are [47]:

» The nominal line-to-line voltage in Vrms and the nominal system frequency
in hertz.

» The nominal rating of the shunt converter in VA.

» The positive-sequence resistance R and inductance L of the shunt converter.

» The rating of the series converter in VA and the maximum value of the
injected voltage V_conv.

» The positive-sequence resistance and inductance of the series converter.

« The nominal voltage of the DC link in volts.

» The total capacitance of the DC link in farads.

The value of all the above parameters can be changed as desired, and in this

work the UPFC device is used as a power flow controller and as a voltage regulator.

4.5 The Systems studied

As mentioned earlier, the MATLAB/SIMULINK block set has been used for
all simulations of performance throughout this work. In order to verify the models
built for the STATCOM and UPFC devices, two test systems (system-1 and
system-2) from literature were considered [7]. Section 4.6 below demonstrates the

verification process of the model with system parameters given in Table 4.1.
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Table 4.1: System Parameters

Power System Parameters
Equiv. Source Generator A 6500 MVA, 500 kV, 50 Hz
Equiv. Source Generator B 9000 MVA, 500 kV, 50 Hz
Line Length 100 km
Positive Sequence Line Resistance (R1) 0.0255 Q/km
Zero Sequence Line Resistance (Ro) 0.3864 Q/km
Positive Sequence Line Inductance (L1) 0.9341e-3 H/km
Zero Sequence Line Inductance (Lo) 4.1284e-3 H/Km
Positive Sequence Line Capacitance (C») 12.74e-9 F/km
Zero Sequence Line Capacitance (Co) 7.751e-9 F/km

4.6 The Verification Process

The two systems considered here are to be used in order to verify the models
built for the distance relay, the STATCOM and UPFC. All necessary data are results

comparisons, which are also shown.

4.6.1 System-1 study (STATCOM)

This test system is considered here for the verification of the performance of
the distance relay model with a STATCOM device in operation. The system is a
500-kilovolt transmission with a mid-point connected STATCOM. The distance

relay is considered to be situated at position Ra, as shown in Fig. (4.7).

(G

-«\ Ra Ral |Rbl Rb
a
O

) Linel 1.ine2 G

&/

100 Km 100 Km

|ISTATCOM |

Figure 4.7: System-1 diagram(STATCOM)
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The STATCOM model used in reference [7] was a GTO-based model with
interconnection transformers for harmonics elimination. Table 4.1 shows the system
data and Fig. (4.8) illustrates the Simulink model of system-1 incorporating the
STATCOM. The distance relay is connected on the bus-B1 side. The STATCOM
used here is of the IGBT-phasor type.

Tles — — 1 - — — s [
e P —— | - — e
[ I. - - - .

Equiv 5000V B1 Lire1 B2 e Line3 B3  Eguiv 500K
200 MOV 2000 W,

= &

[
Three-Fhase Fault

Crstarom eeliy_model

STRTEON

Figure 4.8: Simulink model for STATCOM

An extensive series of simulation studies were conducted on the system-1
model and under as close conditions as possible to those of reference [7]. The
simulation faults considered were 3Ph-G and SLG with a STATCOM device

connected at the mid-point.

4.6.2 Effect of Fault Location

The apparent and actual impedance we obtained from simulating the power
system when the STATCOM is at the mid-point is shown in Table (4.2), from which
we observe that the faults in the three phases without the STATCOM and the
apparent impedance of the protection relay are approximately the same with some

values that are slightly higher than the actual impedance.
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Table 4.2: Comparison of the actual Impedances with the STATCOM and without the STATCOM

Fault Actual Impedance Relay Apparent Relay
Location without response Impedance with response

(Km) STATCOM Z1 72 STATCOM Z1 72
110 2.9 +39.0 Trip | Trip 2.9 +j39.1 Trip | Trip
120 3.1+j426 Trip | Trip 3.2+j42.8 Trip | Trip
130 3.4 +j46.2 - | Trip 3.5+ j46.5 - Trip
140 3.7 +49.9 - | Trip 3.8 +j50.2 - Trip
150 4.0 +j53.5 - | Trip 4.1+ j54.0 - Trip
160 4.2 +j57.2 - | Trip 4.3+j57.8 - Trip
170 4.5 +j60.9 - | Trip 4.6 +j61.6 - Trip
180 4.8 +(64.6 - | Trip 5.0 + 65.4 - Trip
190 5.0 + 68.3 - | Trip 5.3 +69.3 - Trip

Fig. (4.9) and Fig. (4.10) shows the differences of resistance and reactance
when the STATCOM is installed at the mid-point as well as without the STATCOM.
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Figure 4.9: Comparison of Apparent Resistance with Actual Resistance
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Figure 4.10: Comparison of Apparent reactance with Actual reactance

Fault locations illustrate that faults occur without a STATCOM, and as we
know, that when a fault occurs without a STATCOM, it does not affect the
performance of the distance relay. Moreover, both curves have similar slopes to that
point. However, the fault location for resistance and reactance with the STATCOM
has a higher amount than without a STATCOM, which is due to the STATCOM
being within the fault loop and generating reactive power to the system, which
probably includes that relay under- reaching in the case with a STATCOM.

4.6.3 Effect of STATCOM Location

The location of the STATCOM is also important in analyzing the performance
of the protection relay and it impacts on the impedance measured by the protection
relay. In order to analyze its effects, we put the STATCOM at the beginning of the
line at a distance of 40 km away from the source of the generation with a fault on the
three phases at 190 km the measured impedance will be 5.5+ j70.7, this is the largest
comparison of the value of the STATCOM at the midpoint of 5.3 + j69.3 while the

real impedance measured by the distance relay is 5.0 +j68.3. Therefore, the
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STATCOM has a greater effect on the performance of the protection relay if it is

connected at the beginning of the line.

Table 4.3: Comparison of the apparent impedance with respect to fault location in the STATCOM case

Fault location | Apparent impedance without Apparent impedance with
(Km) STATCOM STATCOM
45 1.2+j15.9 1.2+j15.7
55 1.4+j19.4 1.4+j19.5
65 1.7+j23.0 1.7+j23.2
75 1.2+j26.5 1.2+j26.8
85 2.2+j30.0 2.3+j30.5
95 2.5+j33.7 2.6+j34.2

4.7 System-2 study (UPFC)

This test system is considered here for the verification of the performance of
the distance relay model with a UPFC device in operation. The system is a
500-kilovolt transmission with a mid-point connected UPFC. The distance relay is

considered to be situated at position Ra, as shown in Fig. (4.11).

Relay
— Line1l UPFC Line 2

100 km 100 km
Ga Gb

Figure 4.11: System-2 diagram(UPFC)

The UPFC model used in Table 4.1 shows the system data. Fig. (4.12) shows
the Simulink model of system-1 incorporating the UPFC. The distance relay is
connected at the bus-B1 side. The UPFC used here is of the IGBT-phasor type.
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Figure 4.12: Simulink model for UPFC

Extensive series of simulation studies were conducted on the system-2 model
and under as close conditions as possible to those of reference [7]. The simulation
faults considered were 3Ph-G and SLG with a UPFC device connected at the mid-
point.

4.7.1 Effect of Fault Location

The apparent and actual impedance we obtained from simulating the power
system when the UPFC was at the mid-point is shown in Table (4.3) below, which
illustrates that faults in the three phases without the UPFC and the apparent
impedance of the protection relay are approximately the same with some values that
are slightly higher than the actual impedance of the STATCOM.
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Table 4.4: Comparison of actual Impedances with UPFC and without UPFC

Fau!t Actual Impedance Relay Apparent . Relay
Location Without UPEC response |mpedance With response

(km) Z1 | 22 UPFC z1 | 22
110 2.9 +j39.0 Trip | Trip 3.0 +j39.0 Trip | Trip
120 3.1+j42.6 Trip | Trip 3.3+j42.8 Trip | Trip
130 3.4 +46.2 - | Trip 3.6 +46.6 - | Trip
140 3.7 +j49.9 - | Trip 3.9+50.3 - | Trip
150 4.0 +53.5 - | Trip 42 +54.2 - | Trip
160 4.2 +j57.2 - | Trip 4.5 +58.0 - | Trip
170 4.5 +(60.9 - | Trip 4.8 +j61.9 - | Trip
180 4.8 +64.6 " P 5.2 +j65.8 - | Trip
190 5.0 +j68.3 - | Trip 5.5 +j69.7 - | Trip

Fig. 4.14 and Fig. 4.15illustrates the difference of resistance and reactance with the
fault location.

6 T
Actual Resistance
Apparent Resistance(STATCOM)
55 Apparent Resistance(UPFC) -

Resistance

110 120 130 140 150 160 170 180 120
Fault Location(Km)

Figure 4.14: Comparison of Apparent Resistance with Actual Resistance
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Figure 4.15: Comparison of apparent reactance with actual reactance

When a UPFC is installed at the mid-point of the line, it can be compared with
the influence of the STATCOM on a relay in a similar scheme. The fault location
illustrates that a fault occurs without the UPFC as we know that if a fault occurs
without the UPFC, it will not impact the performance of the relay. Additionally, both
curves have similar slopes to that point. However, resistance and reactance increase
for the system with the UPFC with an increase in the number of fault locations. As
stated previously, the impact of the UPFC is greater than that of the STATCOM for

faults in the line.

4.7.2 Effect of UPFC Location

The location of the UPFC is also important in analyzing the performance of the
protection relay and its effect on the impedance measured by the protection relay. In
order to analyze its effect, we put the UPFC at the beginning of the line and at a
distance of 40 km away from the source of the generation with a fault on the three
phases at 190 km the measured impedance will be 5.6+j70.7, this is the largest
comparison of the value of the UPFC at the midpoint of 5.5+ j69.7, while the real
impedance measured by the protection relay is 5.0 + j68.3. We can therefore say that
the UPFC has a greater influence on the performance of the protection relay when
compared with the STATCOM, which was 5.3 + j69.3at the midpoint of the line.
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Table 4.5: Comparison of the apparent impedance with respect to fault location in the UPFC case

Fault location Apparent impedance Apparent impedance with
(Km) without UPFC UPFC
45 1.2+j15.9 1.2+j15.9
55 1.4+j19.4 1.5+j19.4
65 1.7+4j23.0 1.94j23.1
75 1.9+j26.5 2.2+j26.8
85 2.12+j30.1 2.4+j30.5
95 2.5+j33.7 2.7+j34.2

4.8 Recommendations to reduce the effect of FACTS devices

Observation of the apparent impedance results in case of FACTS compensated
transmission line, give rise to propose a new setting boundary for distance relay
zones, to mitigate the impact of FACTS on distance relay performance. The zones
setting must be changed as following:

i) STATCOM compensated transmission line:

For the STATCOM at mid-point of transmission lines, the results show that the
biggest increment in apparent impedance was with 3-ph fault, since the apparent
impedance amounts to 95% of the line when the fault happens at 80% of the line,
therefore Zonel of the distance relay must be set to 95% of the line in order to
prevent the probability of underreach with STATCOM device, same case with
Zone2 and Zone3.

i) UPFC compensated transmission line:

The above actions cannot be used in the presence of the UPFC on the
transmission line due to the complex variations of the apparent impedance, since the
apparent impedance increases or decreases causing over or under reach of the
distance relay, the solution is by using Artificial Neural Network (ANN) method to

change the fault boundaries during the operation of distance relay.

60



CHAPTER FIVE

Conclusions and Suggestions for Future Work

5.1 Conclusions

The studies performed in this work give the following conclusions:

. The proposed distance relay is tested without connecting FACTS controllers

under different fault types and locations. The simulation results have shown the
ability to detect and classify any fault type with a high level of accuracy to

determine a fault location.

. In the event of a fault, the apparent impedance will increase when the

STATCOM provides reactive power to the system, which will lead the distance
relay under-reach.

The impact of the STATCOM was clear on the apparent impedance. That impact
depends on fault type and location. Higher deviations in apparent impedance
were noticed under 3Ph faults.

In normal system operations, the STATCOM has no impact on the distance relay
for different line loading, whereas the apparent impedance remains outside the
zones trip boundaries.

When examining the influence of the STATCOM on the performance of the
distance relay, we found that the measured impedance value is greater than the

value of the real resistance, i.e., the relay in the case of over-reach.
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Vi.

Vii.

In the case of UPFC, the situation is more complex as it relates to the influence
of both the SSSC and STATCOM compensators. If the SSSC effect is greater,
the relay will be in the case of under-reach; however, if the greatest influence is
the STATCOM, the relay will be in the case over-reach. Compared with the
STATCOM, the effect of the UPFC on the apparent impedance is the most
important and complicated since the UPFC has a larger effect on the apparent
resistance. This is due to the active power being supplied and absorbed by both
the SSSC and STATCOM.

Adaptive settings of the distance relay tripping boundaries instead of the fixed
type relay settings are necessary to enhance the ability of the classical distance
relay to follow up with the dynamic difference in the line impedance with the
FACTS devices.

5.2 Suggestions for Future Work

Finishing the work in this dissertation, many ideas for extending this work

became apparent to us. These include the following:

i. The important part in a future work is to research the adaptive reach setting of
distance relays for correct performance in the presence of FACTS device. The
adaptive algorithm may be built with the aid of artificial intelligence packages
to predict the trip boundaries of the distance relay using real time system data
through communication links. These data may include the latest pre-fault data
obtainable at the relay location along with the apparent impedance measured
by the relay and state of the FACTS devices.

ii. Use of the developed models to study and analyze various system component
variation impacts on distance relays at the 132-kilovolt level.

iii. Parallel double-circuit lines equipped with distance relays and other types of
faults can make a further extension to the study.

iv. Faults represented by nonlinear impedance can be a challenging field for such
performance studies.

v. Other distance relay characteristics can be used; for instance, quadrilateral
and reactance characteristics.

vi. The study can be extended to comprise other FACTS devices.
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Appendix: Apparent Impedance Equations

The following sections will examine the possible fault types, in a simple power

system consisting of two power sources coupled by a transmission line (assumes Z, =
Z,), and develop the appropriate algorithm to measure the positive sequence

impedance to the fault in each case [25].
A.1 L-L ungrounded fault:

For the purposes of this calculation, the phase to phase "b-c" fault can be
represented by the sequence network shown in figure (A.1). The positive and

negative sequence voltages at the faulted bus are similar and presented by:
Vir=V2r=V1—71 [1=V2—71 12 V1—V2l1—12=71

We have: Vb—Vc=(az—a)(V1i—V2)

Same as for the current: Iv—Ic=(az—a) (I1—12)

After making the necessary substitutions, the following result develops:

Vb—Velb—1c=V1—V2l1—12=Z1 bc crrrrrrrrrrrirrierirrieieereereenens (A1)
A F B
+ }—a—{ l—|—l
Zy
v, T"’n
A E B
z1I ‘
1’2 Vot

Figure A.1: phase b and c fault symmetrical component circuit

So, a distance relay, reading the L-L Voltage between phases 'b' and 'c' and the
variation between the currents in the two phases, shall measure the positive sequence
impedance between the phases if a b-c fault occurs. Similar analysis will show this to

be true for other two kinds of phase to phase faults.
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Va—=Vpla—Ib=Vi—Voli—[2=Z1_ab.cccrerrrirririiirnne (A.2)
Ve—Vale—la=V1—V2l1i—2=Z1_ca wecvvrvrrrriiirrcen, (A.3)

A.2 SLG fault:

For the purposes of this calculation, the phase 'a' to ground fault can be represented
by the sequence network shown in figure (A.2). The voltages and currents in the

three sequence networks at the relay location can be given as:
Vir= V1—Z1 11 V2r= V2—7Z1 12 Vor= Vo—Zo lo

At the fault point (F), the voltage of phase ‘a’ equal zero (i.e. V, .=V, =V =0)

Therefore: Vi=Z1 11
Vo=7112
Vo= Zolo

Thus, the voltage of phase 'a’ at the relay location A is given by:
Va=V1+V2+Vo=Z1(l1+12)+Zo lo

Va=Z1(l1+l2+10)+(Zo-Z1) 10

Va=Z1(Ta)+(Z0~Z1)I0

Va:Zl[Ia+M 10] define: m= 224
Z Z
Va=Z1[la+m I0]
Therefore: Vala+tml0=Z1 a ..., (A.4)
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t. [T

Figure A.2: Symmetrical component circuit for phase 'a’ to ground fault

The factor 'm' introduced is commonly referred to as the compensation factor. Thus,
a distance relay reading the phase 'a' voltage, phase 'a' current and the compensated
zero sequence current, shall measure the positive sequence impedance to ground if a
phase 'a' to ground fault occurs. Similar analysis can be employed to show this to be

true for the other two types of phase to ground faults.

Vb

Iptmly Z b e, (A.5)
Ve

Q+m%"zrw ............................................. (A.6)

A.3 3Ph fault (ungrounded and grounded):

The purposes of this calculation, the three-phase fault will be assumed to be a
balanced fault. Regardless of grounding, the positive sequence network becomes
shorted to itself resulting in no current flowing in the negative and zero sequence
networks. Thus, the sequence network for grounded and ungrounded three phase
faults can be simplified as shown in figure (A.3). The positive sequence voltage at

the relay location 'A' is presented by:

V1=Va=7Z1 1=7; la

Vi V,
== (A.7)
Ii Ig



The result in the equation (A.7) is valid for 3ph fault; however, the computation of
the positive sequence impedance in case of 3ph fault is more preferred in form of

pervious equations (A.1 and A.4).

A | F B

Figure A.3: Symmetrical component circuit for three-phase fault

It can be observed that equation (A.1) and equation (A.7) are equivalent during a

three-phase fault as V, and 1, equal zero. Hence:

Yo7 Ve—71 be * Valid for 3—ph fault
Ip=I¢

It can also be observed that equation (A.4) and equation (A.7) are equivalent during a

three-phase fault, as | equals zero. Hence:

=71a * Valid for 3—ph fault

A.4 LL-G fault:

The purposes of this calculation, the double phase "b-c" to ground fault can be
represented by the sequence network shown in figure (A.4). The positive and

negative sequence voltages at the faulted bus are similar and presented by :
Vir=Va=Vi—-Z1hh=V2—-7112

Vi=V,
IL1—1

Z1

We have: Vb—Vc=(a2—a)(Vi—V2)

Same as for the current: Irb—Ic=(a2—a)(I1—I2)
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After making the necessary substitutions, the following result develops:

Vp=V, Vi-V.
he— 1 22 A - SRR (A.S)
Ip—1I¢ =1,
From the above equation, it can be concluded that the computation of the apparent
impedance for double phase to ground fault is same as for phase to phase fault.

Similar analysis can be used for the other two types of double phase to ground faults.

Va—Vp — Vi—-V;

=71 abg eeeeeiiiiiiiieiieieieeannes A.9
Iq—=1Ip I1—=I 08 ( )
V.-V, V=V
£ 4= 1 2 Z1_Cag ceurrreeeeeeeeecirnreeea e (A.lO)
Io—Ig LI,

AL F B

Figure A.4: Symmetrical component circuit for phase b and c to ground fault

The previous analysis has shown, for all faults involving two or more phases,
equations (A.1, A.2 and A.3) can accurately measure the positive sequence
impedance to the fault. These three equations form the basis of what is familiar as the
apparent impedance measurements for multi-phase faults. These equations are

summarized in table A.1.
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Table A.1: Apparent impedance equations for multi-phase faults

Equation Suitable for Faults

‘a’-'b" Ungrounded
Al YaoVb _ WTVo_ 7 a’-'b’ Grounded
Ia—Ip I1—1,

3-Phase Ungrounded
3-Phase Grounded

'b'-'c" Ungrounded
A2 YoVe _ itVa_gz 'b'-'c' Grounded
Ip—I, -1, —

3-Phase Ungrounded
3-Phase Grounded

'c’-'a" Ungrounded
A3 YeVa T 7 'c’-'a’ Grounded
Ic—Ig -1,

3-Phase Ungrounded
3-Phase Grounded

Similarly, for faults involving a single phase and ground, equations (A.4, A.5 and
A.6) can accurately measure the positive sequence impedance to the fault. These
three equations form the basis of what is familiar as the apparent impedance

measurements for phase to ground faults. These equations are outlined in table A.2.

Table A.2: Apparent impedance equations for phase -to-ground faults

Equation Suitable for Faults
Ya_7. a a' to Ground
I,+mliy -
A4
Y» -7, b 'b' to Ground
Ip+mliy -
A5
Ve —7 ¢ 'c' to Ground
I.+mliy L
A.6
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