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ABSTRACT

Smart grid technology requires intelligent and efficient monitoring of power system net-

work in control centers to prevent unwanted power system blackouts. With recent tech-

nological developments, it is now feasible to monitor the health of power system in

real time by using wide-area measurement system (WAMS) having phasor measurement

units (PMUs). PMUs are considered as an integral and important component in the

smart grid era. PMU devices have the ability to provide data measurement at a very fast

rate and it can also accurately time synchronize the phasor measurements of the system

to a common time reference using GPS signal. This work utilizes PMU data for wide-

area backup protection(WABP). Different features using positive and negative-sequence

components have been studied and integrated using fuzzy logic to distinguish faults from

other power system disturbances more accurately and reliably. The performance of this

new protection scheme is evaluated for different types of faults on a modified 400 kV

WSCC-9 bus network simulated through EMTDC/PSCAD software. Programming for

implementation of proposed algorithm is done in MATLAB environment. Crucial issues

such as current inversion, voltage inversion and load encroachment are also addressed.

It is difficult to identify fault inception during power swing condition. Conventional

fault detection methods for normal operation of power system finds limitation during

power swing condition. A faulted section identification technique during power swing

using WAMS has also been presented in this work.
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Chapter 1

Introduction

Protection Relays are used in power system with the objective to monitor the operating

conditions of power system continuously and promptly identify and isolate the faulted

section in the system and thereby assuring uninterrupted operation of healthy section.

When primary protection fails to clear the fault, then backup protection scheme helps in

removing the faulted section from the system. Generally, three step distance protection

schemes are used for primary and backup protection of transmission lines.

With ever growing demand for energy, development of interconnected grids and in-

creasing penetration of renewable energy sources has increased the complexity of power

system. Analysis of some of the major power system blackout across the globe have

revealed that these blackouts were triggered due to mal-operation of back-up protection

under stressed and overload conditions [1]. The reason for mal-operation of relay is that

its operation is based on the measurement of local quantities and does not take into

consideration the information available at remote parts of the system.

1.1 Motivation

For avoiding these blackouts it is necessary to have better system monitoring and pro-

tection techniques. Traditionally SCADA system are used for grid monitoring. In

SCADA system, measurements are received from meters, transducers, protective re-

lays and RTUs. SCADA system refreshes periodically after 2-10 seconds [3]. Measuring

1



Chapter 1. Introduction 2

instruments in SCADA system use local clocks for time stamping their measurements.

It is difficult to compare measurements from two different devices because of inconsis-

tency of local clocks. Stability of power system can be easily determined from voltage

and current phase angles. But it is difficult to compare the phase angles in SCADA

system because of inaccurate time stamping. So, the Dynamic characteristics of the

power system can not be monitored by SCADA.

A detailed study of existing conventional backup protection reveals following major

drawbacks [4]-

1. There is no coordination among backup protection devices, especially with those in

neighborhood of one another. Thus, sometimes mal-operation of backup protection

leads to removal of healthy section of power system.

2. Back-up protection does not take into account the impact of power flow transfer

because they take decision based on local information.

3. As the complexity of power system is increasing it is becoming more difficult

to coordinate Backup protection with primary protection. In some cases, co-

ordination time delay exceeds the threshold value and violates the system security

and reliability.

With recent technological advancements, requirements of better system monitoring and

protection can be achieved by phasor measurement unit (PMU) based wide-area mea-

surement system (WAMS) [2]. It is an interesting and trending area of research among

power engineers. Time delays involved in communication of data in WAMS makes it

a lucrative method for supplementing existing backup protection techniques. Wide-

area back-up protection (WABP) algorithms uses PMU data for developing robust and

efficient protection schemes.

1.2 Literature Review

Various protection schemes based on WAMS have been reported in the literature. In

[5], bus in the proximity of the fault is identified by comparing positive-sequence voltage

magnitude of all the buses in the system and then positive-sequence current phase angle

difference is used to determine the faulted line connected to that bus.
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In [6], residual vector of synchrophasor state estimator (SynSE) is utilized to supplement

the zone-3 protection to further improve the security of the system.

A WABP method based on steady state differential current component is used in [7] to

indicate the faulted line inside a protection correlation region (PCR). These PCR are

formed based on PMU placement and network topology.

Fault component voltage distribution based algorithm is used in [8] for WABP. Fault

component current and voltage measured at one end of the line are used in estimation

of fault voltage at the other end of the transmission line. Ratio of measured value to

the estimated value is used for identification of faulted line.

Sum of positive and zero-sequence current is utilized in [9] for determining the faulted

backup protection zone. These backup protection zones are formed depending on net-

work configuration and PMU positions. Current and voltage of the faulted backup

protection zone are then used by least square based method to determine the faulted

section.

In [10], an artificial intelligence based WABP technique is proposed to prevent cascaded

outages in power system and minimize the impact of faults.

A non-intrutive agent based relay supervised distance protection method is discussed

in [11]. Transmission lines have relays for protection and each relay is assigned with

a master and a slave agent. These agents communicate with each other to take final

decision as fault or non fault condition.

A wide area differential backup protection using graph theory is presented in [12] for

smart grid application. Different dynamic online protection zones are formed by using

graph theory and differential current protection is used in protected zones to identify

the faulted section.

In [13], Wide area protection method based on fusion of information from multiple

sources is used for identification of faulted element. A grid topology based fault identifi-

cation encoding technique is proposed. Fitness function and state expectation function

are determined based on breaker status and information of traditional protection relays.

Fault probability is estimated based on fitness of protected element.

To meet the growing power demand, difficulty in erecting new transmission lines, regu-

latory regulations and several other technical benefits has encouraged the use of series

compensation in long transmission lines. However, inclusion of series capacitor and
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its over voltage protection device (air gap and/or metal-oxide varistor (MOV)) creates

trouble for distance relaying based protection. Various issues associated with relays

have been discussed in [22]-[25]. Some typical issues include voltage/current inversion,

sub-harmonic oscillations etc. Various WABP techniques present in the literature have

not been tested for transmission lines with series compensated and may not perform

adequately for these transmission lines.

1.3 Thesis Organization

The remaining of this thesis comprehends four chapters. In Chapter 2, WAMS basic ar-

chitecture, important components and applications have been discusses. In chapter 3, a

WABP scheme for series compensated line has been studied and its results are discussed.

In chapter 4, a new method for faulted element identification during power swing has

been discussed along with results for different types of faults and condition. In chapter

5, fuzzy logic based data integration technique for protection of series compensated line

has been discussed along with its performance for different faults and conditions. In

chapter 6, conclusion and future work has been reported.



Chapter 2

Wide Area Measurement System

WAMS can measure power system phase angles accurately and synchronously. This is

one of the main advantage of WAMS over SCADA systems which cannot measure these

phase angles directly. WAMS provides dynamic behavior of power system to the opera-

tor as reporting rates of PMU are much faster than those of SCADA system. Presently,

PMUs with measuring rates of upto 120 frames/s are available in the commercial mar-

kets.

PMU was invented by Dr. Arun G. Phadke and Dr. James S. Thorp at Virginia

Tech in 1988 and the first PMU (model-1690) was developed by Macrodyne in 1992

[15]. This technology has come in limelight in recent days and is gaining world wide

acceptance. Many large scale PMU deployment projects are already completed/going

on in asia, europe and america. In India, PMU based Unified Real-time Dynamic State

Measurements (URTDSM) has been proposed for grid monitoring. Approximately 1669

PMUs will be installed in two phases.

2.1 Main Components in WAMS

There are three main components in WAMS system. These components are-

• Phasor Measurement Unit (PMU)

• Phasor Data Concentrator (PDC)

5



Chapter 2. Wide Area Measurement System 6

• Communication network

WAMS architecture used by utilities all over the world vary depending on their require-

ments and economy. In a most common architecture, PMUs send their measurements

from different substations in the network to control centers as shown in Figure 2.1.

PMUs installed in the substation computes 3-phase and/or sequence components syn-

Figure 2.1: Basic architecture of WAMS

chrophasors. These computed synchrophasors are sent to phasor data concentrators

(PDCs). Synchrophasors can also be stored locally in the PMU. A PDC receive syn-

chrophasors from PMUs and arrange them according to their time tags and then send

it to the PDC in control center. In the control center, synchrophasors are utilized for

different applications.

2.1.1 Phasor Measurement Unit

The nature of current and voltage waveform in power system network is sinusoidal. A

sinusoidal signal can be represented in time domain as -

x(t) = Xmcos(2πft+ φ) (2.1)

where, Xm is the magnitude, φ denotes the phase angle, t denotes time and f represents

the frequency of the sinusoid. In complex plane, sinusoidal signal can be represented

by phasors. The term ’phasors’ was first coined by Charles Proteus Steinmetz in 1893.
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Sinusoidal signal of (2.1) can be written in phasor domain as -

X =
Xm√

2
∠φ = Xre + jXimg (2.2)

or

X = Xre + jXimg (2.3)

where Xre is the real component and Ximg is the imaginary component of the phasor.

Equation (2.3) is independent of frequency, hence phasors are defined at a particular

frequency only.

According to IEEE standards, Synchrophasors are described as phasors computed from

samples of data utilizing a standard time signal as the reference for measurements. In

simple terms, these are phasors calculated with a common and an accurate time source

as reference. PMU uses UTC (Coordinated Universal Time) for time synchronization.

UTC is one of the widely accepted international time standard. PMU uses Global

Positioning System (GPS) system for obtaining UTC time.

GPS system consist of a group of satellites which transmits signals to the user. GPS

system was built by U.S. Department of Defense (DoD) with the main objective of

providing precise location and time information. Presently GPS system consist of 31

operational satellites. First satellite for this project was launched in 1978 [16]. Mini-

mum 24 operational satellites are required for proper functioning of GPS system, extra

satellites helps in enhancing the performance of GPS. Each GPS satellite is orbiting

earth at an altitude of 20,180 km approximately. Six different orbital planes displaced

60◦ from each other are used by GPS satellite for revolving around the earth. These

satellites are positioned around the earth in such a way that any location on earth has

access to atleast four satellites. The GPS satellite has atomic clocks installed in them,

these clocks can be updated from a ground station. GPS receiver are used to receive

signals transmitted by by GPS satellite. However, slowing down of earth’s rotation is

not reflected in GPS time signal. Necessary correction in GPS time to consider the effect

of leap-second is done by GPS receiver. Corrections are made before providing the UTC

time. Pulse-per-second (pps) signals are send from GPS satellite to GPS receiver [16].

The received pps signal of a GPS receiver is coincident with those received by other GPS

receivers.
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Different vendors provide different block diagram representation of PMUs. A general

schematic is as given in Figure 2.2. Time synchronization to the measurements of PMU

is provided by pps signal of GPS.

Figure 2.2: Block diagram of a PMU

Analog inputs such as phase voltages and currents information are obtained by PMU.

These input analog signals are received from the secondary of current transformer and

voltage transformer. To prevent aliasing error, these inputs are passed through a anti-

aliasing filter. Signals having frequency less that half the sampling frequency are removed

at the output of anti-aliasing filter. Frequency dependent phase delays are introduced by

anti-aliasing fliter, these delays have to be taken care of before synchrophasors are pro-

duced. To block the transients generated by switching operatios, PMU is also provided

with surge suppressing filter. Analog to digital (A/D) converters are used to convert

analog input signals to digital values. Generally 16 bit A/D converter are used in PMU.

A/D converter sampling clock is phase locked with 1 pps signal of GPS. Phase locked

oscillator uses 1 pps signal to produce a sequence of high speed timing pulses for A/D

sampling [16]. Digital samples are used by microprocessor to compute synchrophasors of

phase voltage and current along with positive, negative and zero-sequence components.

Other important parameters such as circuit breaker status, frequency, rate of change of

frequency (ROCOF) are also computed by the microprocessor [20]. PMU send these
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computed values to PDC via some communication channel. PMU reporting rates for 50

Hz system are 10, 25,50 frames/s and for 60 Hz system are 10, 12, 15, 20, 30, 60, 120

frames/s.

2.1.2 Phasor Data Concentrator

A PDC can be operated as a standalone device or it can be integrated into other systems.

PDC perform some of the important functions in WAMS technology. These are as follow-

• Data Communication: A PDC has to communicate with PMUs and other PDCs.

• Data Alignment: A PDC receive time stamped measurements from different PMUs.

PDC arranges these incoming synchrophasors depending on their time stamp. It

waits for data of a particular timestamp from all the input sources and once all

the synchrophasors belonging to a specific time tag are received, it puts them in

a data packet. These data packets are then send to another PDC or to a specific

application.

• Data Validation: PDC perform data validation for data integrity, time quality and

other checks to detect and flag any corrupt data before it is send out.

• Reporting Rate Conversion: PDC receives data from different PMUs. These PMUs

may have different reporting rates. So, a PDC should be able to convert the

reporting rate of incoming synchrophasors.

2.1.3 Communication Network

PMUs are installed in substations which are spread over a wide geographical region and

these substation are located at a very long distance from control center where PDC is

placed. Communication network becomes an import aspect in implementation of WAMS

as synchrophasors measured by PMUs have to be to communicated to PDCs in control

center. Power grid monitoring is a real time application. WAMS communication net-

work should have high speed, reliability and security. Most of the power utilities are

using dedicated network for WAMS communication because delay in communication

effects the performance of synchrophasor based applications. However, communication

delays can not be eliminated completely from the system and occurs depending on prop-

agation delay, network bandwidth and various data processing stages such as multiplex-

ing, buffering etc. The amount of data that can be transmitted over a communication



Chapter 2. Wide Area Measurement System 10

network is directly proportional to the bandwidth of the network. Propagation delay

mostly depends on communication medium. Different communication options available

for WAMS are as follow-

• Telephone Lines: These are one of the easy to set up and economical data com-

munication option for utilities. Data rates of upto 56 kbps can be achieved by

telephone lines.

• Satellites: Low-earth orbiting (LEO) satellites can also be used for WAMS com-

munication. But this type of communication involves large capital investment and

has narrow bandwidth.

• Power Lines: Power line communication (PLC) is a technique in which power

lines are themselves used for data transfer along with electrical signals. Presently

this technology is being considered for WAMS applications as it offers easy access

to remote substation but suffers from the drawbacks like signal distortion and

attenuation. It uses frequency in the range of 24 kHz to 500 kHz.

• Microwave Links: Microwave links are used as communication medium in situ-

taions where remote PMUs can not be connected to PDC by a wired connection

economically. Multi-path propagation and signal fading are its main drawbacks.

• Fiber Optics Cable: One of the most attractive option for WAMS communication

is fiber optics cable based communication network. These can be used for long

distance signal transmission without any distortion. It offers large bandwidth in

the range of terabytes per second and has low latency.

• Digital Microwave Radio: Digital microwave radio communication is based on line

of sight(LOS) and troposphere scattering communication. It can be operated in 2

GHz band or 8 GHz band. It offers bandwidth of upto 34 mbps. But it is suitable

only for distances upto 40-70 km depending upon the terrain.

For sending synchrophasor data to PDC, a PMU needs to follow a communication pro-

tocol. RS-232 based serial communication was used in early days. Its main drawback is

limited maximum data throughput. Now a days internet protocols are being used. Some

of the commonly used internet protocols are TCP only, UDP only and TCP/UDP. TCP

offers more reliability than UDP protocol but UDP has fewer bandwidth requirements

than that of a TCP protocol.
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2.2 IEEE Standards

First PMU standard was IEEE standard 1344-1995. This standard mainly discussed

PMU interfacing with the system, format for timing input, sample synchronization and

format for phasor data output [17]. In 2005, IEEE standard 1344-1995 was replaced by

an updated version of standards named as IEEE standard C37.118-2005. The standard

C37.118-2005 contained synchrophasor definition, format of message to communicate

with a PMU and compliance testing methods. The convept of total vector error (TVE)

was also introduced. These standards were specified for steady state operation of power

system [18].

In 2011, synchrophasor standard C37.118-2005 was replaced by two new standards.

The IEEE standard C.37.118.1-2011 is associated with measurements of PMUs and

IEEE standard C.37.118.2-2011 is concerned with communication aspects. Standard

C.37.118.1-2011 also include definition of synchrophasors, test procedure and accuracy

limits for dynamic operation of power system. It also includes accuracy limits of PMU

for frequency ramping, small signal oscillations. step change, power system frequency

and ROCOF. Standard C.37.118.2-2011 have standards for message format, message

types and message contents for real time communication netween PMUs and PDCs [19].

It describes four types of messages-

1. Data frame

2. Configuration frame

3. Command frame

4. Header frame

Measurements measured by PMU are present in data frames. Machine readable infor-

mation about data sent by PDC/PMU is contained in configuration frame. Command

frame contains appropriate actions to be taken in machine readable format. Human

readable information is in header frame.

Untill 2013, there were no IEEE standards to benchmark the performace criteria for

PDCs. In 2013, IEEE has released standard C37.244-2013 which contains PDCs testing

and functional requirements [21].
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2.3 Applications of WAMS

Application of wide area measurement system in the domain of power system is in its

early days. Many power system utilities across the world have installed PMUs and

PDCs in their network. However, compared to complexity of the present power system

network, number of these devices is very less. As this technology becomes more mature,

it is believed to be a vital component in power networks of the future. Some of the key

applications of WAMS can be easily grouped as follow-

• Backup protection of power system

• Real time monitoring of power system

• Voltage and angular stability analysis

• Advanced control schemes



Chapter 3

Wide Area Backup Protection

A symchrophasor based WABP proposed in [14] has been studied. It uses faulted bus

identification (FBI) followed by faulted line identification (FLI) algorithm. It uses two

different methods for balanced and unbalanced faults. For balanced faults, FBI is done

by using magnitude of positive-sequence voltage and FLI is done by cosine of angle

between positive-sequence fault current and positive sequence fault voltage at both ter-

minals of the line. For unbalanced faults, magnitude of negative and zero-sequence bus

voltage is used for FBI and cosine of angle between negative-sequence fault current and

negative-sequence fault voltage at both terminals of the line are used for faulted line

identification. Modified 400 kV WSCC 9 bus system is used for testing the method

studied [26]. Availability of the PMUs at each bus of the system is assumed. Full cy-

cle Discrete fourier transform (DFT) method has been used for estimating fundamental

frequency sequence components. Phase-a is taken as the reference and sampling fre-

quency of 1 kHz is used. EMTDC/PSCAD has been used for simulating the WSCC-9

bus system. The System data are given in Appendix.

3.1 Proposed Method

3.1.1 Faulted Bus Identification

Whenever a fault appears in a power system, the bus nearest to the fault location is

effected the most. Hence, comparison of voltage magnitude of different buses is used for

13
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Figure 3.1: Modified WSCC 9 bus system single line diagram representation along
with PMUs

the task of FBI. For unbalanced faults, negative and zero-sequence components of bus

voltage are used [8]. Fault pickup condition is defined as

(|~Vm2| ≥ K2VN ) ∪ (|~Vm0| ≥ K0VN ) (3.1)

where ~Vm2 and ~Vm0 are mth bus negative and zero sequence voltage components and VN

is the amplitude of rated voltage. K2 and K0 are proportionality constants to set the

thresholds for negative and zero sequence-components. Values of K2 and K0 are set at

0.1. If equation (3.1) is not satisfied then balanced fault condition is checked as

(|~Vm1| ≤ K1VN ) (3.2)

where K1 is the proportionality constant for positive-sequence component of voltage and

is set at 0.6 [5]. Ideally, bus with the maximum magnitude of negative or zero-sequence

component or with the lowest magnitude of positive-sequence component should be

considered as the bus nearest to the fault location. However, to consider the effect of

various miscellaneous factors such as measurement error, load demand etc. All the buses

which satisfy above criteria are selected and are checked for FLI in a sorted manner from

top to bottom till faulted line is identified.
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3.1.2 Faulted Line Identification

1. FLI for Unbalanced Fault:

Negative-sequence based quantities are used for identifying unbalanced faults because

positive-sequence quantities are affected by unbalanced faults having high fault resis-

tance. The angle (φ2) between neagtive-sequence fault current and fault voltage is

utilized in this technique. The values of (φ2) during forward/downstream fault and

backward/upstream fault is −90◦ < φ2 < 0◦ and 90◦ < φ2 < 180◦ respectively [27]. For

a series compensated line, above criteria find limitations for conditions of voltage and

current inversion.

Voltage inversion occurs when the impedance between fault point and the relay bus is

capacitive and total impedance between fault point and source is inductive. Current

inversion occurs when relay and source voltages are in phase and there is large capac-

itance in fault loop such that capacitive reactance is greater than equivalent reactance

from source to fault location [28].

To simulate voltage and current inversion for series compensated system. Line 7-8 of

Figure 3.2: (a) Diagram of Negative-sequence network for a LG fault at point F. (b)
Phasor diagram for voltage inversion. (c) Phasor diagram for current inversion.
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Figure 3.1 is provided with 70% series compensation. A single line to ground fault is

simulated in phase-a at point F of the line 7-8. Diagram of equivalent negative-sequence

network and corresponding phasors are shown in Figure 3.2. For voltage inversion case,

voltage V
′
2s is inverted. Hence, current leads voltage and if relay is polarized with line

side voltage then it will be declared as upstream fault even though it is a downstream

fault. Similarly current inversion also causing the relay to mal-operate as shown by

phasor diagram of Figure 3.2(a) and (b) respectively.

However, from the phasor diagram drawn in Figure 3.2, it can be concluded that φ
′
2S

varies in the range of −90◦ to 90◦ for a forward fault at bus 7 with and without current

or voltage inversion. For this range of values of φ
′
2S , cos(φ

′
2S) is always positive. This

feature has been used in FLI for unbalanced fault in a power network without and with

series compensation. Let g2S = cos(φ2S), g
′
2S = cos(φ

′
2S) and g2R = cos(φ2R), where

φ
′
2S and φ2S represents the phase angle between negative-sequence components of fault

current and fault voltage after and before the series capacitor and φ2R is the line’s other

end angle between negative-sequence components of fault current and fault voltage. FLI

criteria is defined as

g2S > 0 ∩ g′
2S > 0 ∩ g2R > 0 (3.3)

2. FLI for Balanced Fault:

For identification of balanced fault , phase angle (φ1) between positive-sequence com-

ponent of fault current and fault voltage is used. During forward fault,range of φ1 is

−90◦ < φ1 < 0◦ and backward fault’s range is 90◦ < φ1 < 180◦ [27]. However, these

conditions are not true for the case of current and voltage inversion.

Current and voltage inversion leads to declaration of a forward fault as backward fault

by the relay. Consider a 3 φ fault on line 7-8 at point F. Equivalent positive sequence

impedance diagram of line having series compensation with MOV protection is shown

in Figure 3.3. In this figure, R
′
C-jX

′
C represents the equivalent impedance of series ca-

pacitor and MOV [29]. Equivalent positive-sequence impedance of the source is given

by R1S+jX1S and positive-sequence impedance of the line upto the fault point is given

by R1L+jX1L. During voltage inversion, I1S leads V1S as represented in Figure 3.3(c)

and angle between them have a sign opposite of that without inversion. Hence, relay at

bus 7 will give wrong decision if polarized with bus side voltage. Similarly for the case

of current inversion, phasor diagram is as shown in Figure 3.3(d), again relay will give

wrong decision. However, from the phasor diagrams of Figure 3.3, it can be concluded

that φ1S varies in the range of −90◦ to 90◦ for a forward fault at bus 7 with and without
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Figure 3.3: (a) Diagram of positive-sequence network for a three phase fault at point
F. (b) Representation of the series capacitor and MOV by equivalent impedance. (c)

Phasor diagram for voltage inversion. (d) Phasor diagram for current inversion.

current/voltage inversion. For this range of values of φ1S , cos(φ1S) is always positive.

This feature has been used in FLI for balanced fault in a power network without and

with series compensation. Let g1S = cos(φ1S), g
′
1S = cos(φ

′
1S) and g1R = cos(φ1R),

where φ
′
1S and φ1S represents the phase angle between positive-sequence component of

fault current and fault voltage after and before the series capacitor and φ1R is the line’s

other end angle between positive-sequence component of fault current and fault voltage.

FLI criteria is defined as

g1S > 0 ∩ g′
1S > 0 ∩ g1R > 0 (3.4)

Flowchart of the algorithm is shown in Figure 3.4.
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Figure 3.4: Flowchart of WABP scheme.

3.2 Results

3.2.1 Results for Current Inversion during Unbalanced Fault

For simulating the condition of current inversion, line 5-7 is removed from the network

shown in Figure 3.1 and Gen-2’s source impedance is reduced. After these modifications

are made in the system, A Lg fault is created in phase-A of line 7-8 at a distance of 30

km from bus 7 with fault resistance of 75 Ω at 1 s. Figure 3.5 shows current and voltage

at both terminals of the line 7-8 and it can be inferred from these figures that current

and voltage at both terminals of the line are out of phase and in phase respectively. So,

current inversion condition is confirmed.
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Figure 3.5: (a) Voltage and (b) Current of phase-A at both terminals of line 7-8 for
an A-g fault.
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Negative and zero-sequence voltage magnitude variation is plotted in Figure 3.6. It can

be clearly inferred from these figure that bus 8 satisfy the FBI criteria. For FLI, φ
′
2S ,

φ2S and φ2R of line 7-8 along with their indices g
′
2S , g2S and g2R are plotted in Figure

3.7(a) and (c) respectively. φ2S and φ2R of line 8-9 along with their indices g2S and g2R

are shown in Figure 3.7(b) and (d) respectively. As g
′
2S , g2S and g2R of line 7-8 are all

positive, so it is declared as faulted line based on FLI algorithm.
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Figure 3.7: Performance during current inversion. Angles at both terminals of (a)
Line 7-8 and (b) Line 8-9. Output indices of (c) Line 7-8 and (d) Line 8-9.

3.2.2 Results for Voltage Inversion during Balanced Fault

To evaluate the performance of studied technique for voltage inversion, a 3 φ fault is

simulated in line 7-8 at a distance of 60 km from bus 7 at 1 s. Figure 3.8(b) shows

current of phase-a at both ends of the line 7-8 and phase-A voltage after and before

the series capacitor is shown in Figure 3.8(a). It can be inferred from these figures that

voltage and current are out of phase and in phase respectively. So, voltage inversion

condition is confirmed.
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Figure 3.8: (a) Voltage of phase-A after and before series capacitor. (b) Current of
phase-A at both terminals of line 7-8.
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Figure 3.9: Magnitude of positive-sequence bus voltages.

Positive-sequence voltage magnitude variation is given in Figure 3.9. It can be clearly

inferred from this figure that bus 8 satisfy the FBI criteria. For FLI, φ
′
1S , φ1S and φ1R

of line 7-8 along with their indices g
′
1S , g1S and g1R are plotted in Figure 3.10(a) and (c)
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respectively. φ1S and φ1R of line 8-9 along with their indices g1S and g1R are shown in

Figure 3.10(b) and (d). As g
′
1S , g1S and g1R of line 7-8 are all positive, so it is declared

as faulted line based on FLI algorithm.
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Figure 3.10: Performance during voltage inversion. Angles at both terminals of (a)
Line 7-8 and (b) Line 8-9. Output indices of (c) Line 7-8 and (d) Line 8-9.

3.2.3 Performance for Load Encroachment

To simulate the condition of load encroachment for zone 3 of relay at bus 7 in Figure

3.1, load at bus 8 is increased slowly so that there is increase in current of line 7-8 but it

is kept below the NERC ”extreme loading limit”. Plot of positive-sequence impedance

measured by relay at bus 7 under this condition on R-X plane is shown in Figure 3.11.

As measured impedance enters the operating region of zone 3 of the relay,so this would

lead to false tripping of line 8-9. Positive-sequence voltage magnitude variation is

plotted in Figure 3.12. From this figure it can be inferred that bus 8 voltage satisfy the

FBI condition so WABP algorithm will trigger FLI criteria for the lines connected to
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Figure 3.11: Trajectory of positive-sequence impedance seen by relay at bus-7 during
load encroachment.
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Figure 3.12: Magnitude of positive-sequence bus voltages.

bus 8. φ
′
1S , φ1S and φ1R of line 7-8 along with their indices g

′
1S , g1S and g1R are given

in Figure 3.13(a) and (c) respectively. φ1S and φ1R of line 8-9 along with their indices

g1S and g1R are given in Figure 3.13 (b) and (d) respectively. Neither of the two lines

satisfy the conditions of FLI. So, this will be declared as non-fault event. This WABP

algorithm performed accurately for load encroachment because during heavy loading
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events, direction of current is not changed at both ends of the line like that of fault

event.
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Figure 3.13: Performance during load encroachment. Angles at both ends of (a) Line
7-8 and (b) Line 8-9. Output indices of (c) Line 7-8 and (d) Line 8-9.

3.2.4 Performance during Power Swing

For creating power swing a three phase fault is simulated in line 7-5 at a distance of 200

km from bus 7 at 0.8 s and it is cleared by opening the contacts of line end breakers

at 0.9 s. Power swing is introduced in the network due to removal of the line 7-5.

During this event, positive-sequence impedance measured by relay at bus 7 enters the

zone 3 operating region,so this would lead to false tripping of line 9-8. To check the

performance of this method during power swing conditions, Figure 3.15 shows the plot of

positive-sequence voltage magnitude. As bus 8 voltage has reduced below the threshold

so it will trigger the FLI criteria for line 7-8 and 8-9. Plots corresponding to FLI are

shown in Figure 3.16 and these lines do not satisfy the fault identification criteria and

hence this condition will be declare as non-fault event.
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Figure 3.14: Trajectory of positive-sequence impedance measured by relay at bus-7
during power swing.
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Figure 3.15: Magnitude of positive-sequence bus voltages.

3.2.5 Performance for Fault during Power Swing

A power swing is introduced in the system as described in previous section. To study

the performance of this technique for faults during power swing, a line to ground is

simulated in phase-A of line 7-8 at a distance of 100 km from bus 7 at 2.8 s. Figure

shows the plot of negative-sequence voltage magnitude for unbalanced fault created in

line 7-8. As bus 8 voltage has reached the threshold so it will trigger the FLI criteria

for line 7-8 and 8-9. Plots corresponding to FLI are shown in figure and these lines do

not satisfy the fault identification criteria and hence this condition will be declare as



Chapter 3. Wide Area Backup Protection 26

1 1.5 2 2.5
-200

-100

0

100

200

Time (s)    
     (a)    

 1 (
de

g.
)

 

1 1.5 2 2.5
-200

-100

0

100

200

Time (s)  
   (b)    

 1 (
de

g.
)

 

1 1.5 2 2.5
-1

-0.5

0

0.5

1

Time (s)   
    (c)    

O
ut

pu
t

 

1 1.5 2 2.5
-1

-0.5

0

0.5

1

Time (s)   
 (d)       

O
ut

pu
t

 


1S


1S
'


1R


1S


1R

g
1S

g
1S
'

g
1R

g
1S

g
1R

Figure 3.16: Performance during power swing. Angles at both ends of (a) Line 7-8
and (b) Line 8-9. Output indices of (c) Line 7-8 and (d) Line 8-9.
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Figure 3.17: Magnitude of negative-sequence bus voltages.

non-fault event even though there is a fault in the system. So this technique finds it

limitation for fault inception in the system during power swing condition.
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Figure 3.18: Performance for fault during power swing. Angles at both ends of (a)
line 7-8 and (b) line 8-9. Output indices of (c) line 7-8 and (d) line 8-9.



Chapter 4

Fault Identification using WAMS

during power swing

Under steady state operation of power system, load and generation balance each other.

Sudden disturbances such as generator disconnection, transmission line switching and

switching of large loads results in oscillating rotor angles of generators and causes power-

flow swings. During power swing, large fluctuations occur in power between different

regions of power network.

These oscillations may cause the distance relay to see an impedance which falls in its

operating zone. This may cause mal-operation of the relay and will trip line during

non-fault conditions. To ensure proper operation of distance relay, it is provided with

power swing blocking (PSB) function [26]. However, relay is expected to detect the faults

occurring during power swings. Different techniques have been proposed in literature

for detecting faults during power swing condition. A technique using rate of change of

resistance is given in [30], it distinguish between fault and power swing based on the

fact that apparent resistance is varying during power swing and is constant during fault

condition. A method based on magnitude of swing-center voltage is presented in [31].

A superimposed component of current based method is proposed in [32]. Performance

of these algorithms has not been verified for power swing in transmission lines with se-

ries compensation. To minimize the impact of faults on power system operation, only

effected section should be isolated. Conventional direction estimation techniques based

on sequence components such as phase angle between positive-sequence component of

28
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current and voltage, angle between positive sequence component of fault and pre fault

current [33] cannot be used for fault direction estimation because of oscillation in voltage

and current signals. These issues and drawback of existing technique gives a strong mo-

tivation to develop a new fault detection and faulted section identification during power

swing condition using synchrophasor data for uncompensated and compensated trans-

mission lines. Fault detection during power swing is a relatively slow process. Therefore,

WAMS having dedicated communication network and PMUs with high reporting rates

can be used for this application [34].

4.1 Fault Detection

Inception of fault during power swing is detected by using superimposed positive se-

quence power. The superimposed positive sequence power (∆~P1) is calculated using

superimposed voltage (∆~V1) and current (∆~I1) as expressed by (4.1)

|∆~P1| = |∆~V1 ×∆~I1| (4.1)

where, ∆~V1 = ~V1f − ~V1pre and ∆~I1 = ~I1f − ~I1pre, ~V1f and ~I1f are positive-sequence

component of fault voltage and current respectively. ~V1pre and ~I1pre are positive-sequence

component of pre-fault voltage and current respectively. A positive value of |∆~P1| is the

indication of fault detection. Hence, fault detection rule is specified as

|∆~P1| > 0 (4.2)

4.2 Faulted Section Estimation

For fault direction estimation, different algorithms are used for balanced and unbalanced

faults. For balanced faults, angle between superimposed positive-sequence voltage and

current is used. Phase angle φ1 is defined in (4.3).

φ1 = ∠∆~V1 − ∠∆~I1 (4.3)

where, superimposed positive sequence current is calculated as ∆~I1 = ~I1f − ~I1pre and

superimposed positive sequence voltage is calculated as ∆~V1 = ~V1f − ~V1pre, ~V1f and ~I1f

are denoting positive sequence component of fault voltage and current, ~V1pre and ~I1pre
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are denoting positive sequence component of pre-fault voltage and current respectively.

φ1 is positive when fault is behind the relay location i.e. backward fault and it is negative

when fault is ahead of the relay location i.e. forward fault [35]. This has been explained

by drawing phasor diagram for forward and backward faults as shown in Figure 4.1.

For unbalanced faults angle between negative sequence superimposed voltage and

Figure 4.1: Phasor diagram of φ1 (a)Forward fault (b) Backward fault.

current is used . Defining φ2 as in (4.4)

φ2 = ∠∆~V2 − ∠∆~I2 (4.4)

where, superimposed negative sequence voltage ∆~V2 = ~V2f − ~V2pre and superimposed

negative sequence current ∆~I2 = ~I2f − ~I2pre, ~I2f and ~V2f are denoting negative sequence

component of fault current and voltage, ~I2pre and ~V2pre are denoting negative sequence

component of pre-fault current and voltage respectively. φ2 is positive for faults behind

the relay location and negative for faults ahead of the relay location. Phasor diagram

of φ2 are shown in Figure 4.2.

Figure 4.2: Phasor of φ2 (a) Forward fault and (b) Backward fault.
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When fault is identified in a system then fault direction estimation algorithm is activated.

The buses in the system are arranged in decreasing order of their |∆~P1| value. All the

lines connected to the bus with maximum value of |∆~P1| are checked for the fault based

on the synchrophasor data received from the two ends of each line. It is assumed that

relays at both terminals of the line are looking toward each other. So, the criteria for

faulted line identification is that data from both ends of the line should indicate a forward

fault. For non fault lines, data would indicate either one forward and one backward or

both as backward fault. All the lines are scanned for this criteria till a faulted line is

identified. So, the algorithm will declare a line as faulted line when

For BalancedFault : φ1S < 0 ∩ φ1R < 0

For UnbalancedFault : φ2S < 0 ∩ φ2R < 0
(4.5)

where subscript S and R denotes sending and receiving end of the line respectively. To

distinguish balanced and unbalanced faults magnitude of negative sequence current is

used.

Performance of the proposed method is evaluated on a 400 kV 9 bus 3 machine modified

WSCC-9 bus system. It is as shown in Figure 4.3. EMTDC/PSCAD has been used for

simulating the 9 bus system. System data has been given in Appendix. Full cycle DFT

has been used for estimating fundamental frequency sequence components. Phase-a is

taken as the reference and sampling frequency of 1 kHz is used.

Figure 4.3: Modified WSCC 9 bus system single line diagram representation
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4.3 Results

To evaluate the performance of proposed algorithm, results for different types of fault

with and without series compensated are discussed. A three phase fault is simulated

in line 5-7 at a distance of 200 km from bus 7 at 0.8 s and it is cleared at 0.9 s by

opening the line breakers. Due to this, power swing is introduced in the system. Sam-

pling frequency is 1 kHz. The CT ratio is taken as 500A/5A and PT ratio is taken as

400kV/110V. With power swing introduced in the system, performance of the proposed

method is evaluated for different kinds of faults and conditions.

4.3.1 Results for Single Line to Ground Fault on Uncompensated Line

A phase-a to ground fault is created in line 7-8 of the system in Figure 4.3 at a distance

of 160 km from bus 7 with fault resistance of 10 Ω at 2.5 s. Figure 4.4 shows plot of

|∆~P1|, positive values in the figure shows that inception of fault is identified. Value of

|∆~P1| for different buses at 20 ms after the fault has occurred is summarized in Table

4.1 and corresponding to unbalanced fault on bus 7, values of φ2 for line 7-8 and 7-5 is

tabulated in Table 4.2.

Table 4.1: Value of |∆~P1| at different buses

Bus 7 Bus 8 Bus 9 Bus 4 Bus 5 Bus 6

|∆~P1| 14.1175 5.2088 1.5616 0.0163 0.1205 0.2191

Table 4.2: φ2 for line 7-8 and 7-5

R1 R2 R5 R6

φ2 -84.0225 -41.3306 98.5144 -102.3332

As the value of |∆~P1| is maximum for bus 7, line 7-8 and 7-5 would be first checked

for the fault. Figure 4.5 shows the plot of φ2 at the ends of these two line and as φ2 is

negative at both ends of the line 7-8, so it is the faulted line.

4.3.2 Results for Double Line Fault on Uncompensated Line

A phase-b to phase-c fault is created in line 7-8 of the system at a distance of 280 km

from bus 7 with fault resistance of 300 Ω at 2.5 s. Positive values of |∆~P1| in the Figure

4.6 shows that inception of fault is identified.



Chapter 4. Fault Identification using WAMS during power swing 33

2.45 2.5 2.55 2.6
0

5

10

15

20

Time(s)

|
 P

1|

 

Bus 7

Bus 8

Bus 9

Bus 4

Bus 5

Bus 6

Figure 4.4: Variation of |∆~P1| at different buses for a L-g fault
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Figure 4.5: Variation of φ2 for line 7-8: (a) R1 (b) R2 and line 7-5: (c) R5 (d) R6

Corresponding to maximum value of |∆P1| for bus 8, line 8-7 and 8-9 would be checked

for unbalanced fault condition. Figure 4.7 shows the plot of φ2 at the ends of these

two line and based on faulted section identification criteria for φ2,line 7-8 is declared as
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Figure 4.6: Variation of |∆~P1| at different buses for a L-L fault

faulted line.
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Figure 4.7: Variation of φ2 for line 7-8: (a) R1 (b) R2 and line 8-9: (c) R3 (d) R4
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4.3.3 Results for Three Phase Fault on Uncompensated Line

A three phase fault is created in line 7-8 at a distance of 200 km from bus 7 with fault

resistance of 100 Ω at 2.5 s. Occurrence of fault in the system is clearly indicated by

positive value of |∆~P1| in the Figure 4.8. Value of |∆~P1| for different buses at 20 ms

after the fault has occurred is summarized in Table 4.3 and corresponding to balanced

fault on bus 7, values of φ1 for line 7-8 and 7-5 is tabulated in Table 4.4.

Table 4.3: Value of |∆~P1| at different buses

Bus 7 Bus 8 Bus 9 Bus 4 Bus 5 Bus 6

|∆~P2| 75.4833 40.7657 3.3072 0.0099 0.0247 0.0574

Table 4.4: φ1 for line 7-8 and 7-5

R1 R2 R5 R6

φ1 -93.8883 -27.0994 63.2099 -67.1558
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Figure 4.8: Variation of |∆~P1| at different buses for a three phase fault

As bus 7 has maximum value of |∆~P1|, line 8-7 and 5-7 would be checked for fault

condition. Figure shows the plot of φ1 at the ends of these two line and based on fault

criteria for φ1,line 7-8 is declared as faulted line as shown in Figure 4.9.
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Figure 4.9: Variation of φ1 for line 7-8: (a) R1 (b) R2 and line 7-5: (c) R5 (d) R6

4.3.4 Results for Single Line to Ground Fault on Series Compensated

Line

Line 7-8 of Figure 4.1 is provided with 70% fixed series compensation and a phase-a to

ground fault is created in it at a distance of 250 km from bus 7 with fault resistance of

50 Ω at 2.5 s. Figure 4.10 shows plot of |∆~P1|, positive values in the figure shows that

occurrence of fault is identified.

As the value of |∆~P1| is maximum for bus 7, line 7-8 and 7-5 would be first checked for

the unbalanced fault. Figure 4.11 shows the plot of φ2 at the ends of these two line and

as φ2 is negative at both ends of the line 7-8, so it is the faulted line.

4.3.5 Results for Double Line Fault on Series Compensated Line

A phase-b to phase-c fault is created in line 7-8 of the system at a distance of 160 km

from bus 7 with fault resistance of 1 Ω at 2.5 s. Positive values of |∆~P1| in the Figure
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Figure 4.10: Variation of |∆~P1| at different buses for a L-g fault in series compensated
line
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Figure 4.11: Variation of φ2 for line 7-8: (a) R1 (b) R2 and line 7-5: (c) R5 (d) R6

4.12 shows that occurrence of fault is identified.

Corresponding to maximum value of |∆~P1| for bus 8, line 8-7 and 8-9 would be checked

for unbalanced fault condition. Figure 4.13 shows the plot of φ2 at the ends of these two

line and based on fault criteria for φ2, line 7-8 is declared as faulted line.
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Figure 4.12: Variation of |∆~P1| at different buses for a L-L fault in series compensated
line
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Figure 4.13: Variation of φ2 for line 7-8: (a) R1 (b) R2 and line 7-5: (c) R5 (d) R6

4.3.6 Results for Three Phase Fault on Series Compensated Line

A three phase fault is created in line 7-8 at a distance of 20 km from bus 7 with fault

resistance of 0.01 Ω at 2.5 s. Occurrence of fault in the system is clearly indicated by

positive value of |∆~P1| in the Figure 4.14. As bus 7 has maximum value of |∆~P1|, line
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Figure 4.14: Variation of |∆~P1| at different buses for a three phase fault in series
compensated line
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Figure 4.15: Variation of φ1 for line 7-8: (a) R1 (b) R2 and line 7-5: (c) R5 (d) R6

8-7 and 7-5 would be checked for balanced fault condition. Figure shows the plot of φ1

at the ends of these two line and based on fault criteria for φ1, line 7-8 is declared as

faulted line as shown in Figure 4.15.



Chapter 5

Fuzzy Integrated Protection

Scheme

5.1 Feature Selection

Protection scheme studied in Chapter 3 is very complex for implementation in real time

as different criteria has been used for different fault condition. Therefore in this chapter,

a new protection scheme has been presented. Based on the study, different features are

selected for developing an integrated data technique based on fuzzy logic. Behavior of

each feature has been explained by drawing phasors for relay at bus L in the three bus

system shown in Figure 5.1. For the relay under study, fault in line-2 is called forward

fault and fault in line-1 is called backward fault. Each selected feature has some limiting

conditions during which it fails to give correct decision. However, by integrating these

features suitably, superior decision making model can be designed. A deterministic

algorithm can not be used for integrating these features as these features have different

variations for different conditions. Therefor, a fuzzy logic based integrating approach

has been proposed.

40
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Figure 5.1: Power system network

5.1.1 Feature-1 (f1): Phase angle between positive-sequence compo-

nent of fault current and fault voltage

The first feature is based on angle between positive sequence fault current and fault

voltage. Defining φ1 = ∠~I1f - ∠~V1f where, ~I1f is denoting positive sequence component

of fault current and ~V1f is denoting positive sequence component of fault voltage. For

uncompensated line, this feature is positive for faults behind the relay location and

negative for faults ahead of the relay location. Phasor diagram for φ1 variation for

backward fault is given in Figure 5.2(a) and Phasor corresponding to forward fault with

voltage inversion is shown in Figure 5.2(b). Due to inversion, relay will see a fault

current which is leading the fault voltage and it gives an illusion of a backward fault

even though it is forward fault. Thus feature φ1 has limitation during current/voltage

inversion.

Figure 5.2: Phasor of φ1 (a) Backward fault and (b) Forward fault with voltage
inversion.

5.1.2 Feature-2 (f2): Phase angle between positive sequence compo-

nent of fault current and prefault current

The second feature is based on angle between positive sequence fault current and pre-

fault current. Defining φ2 = ∠~I1f - ∠~I1pre where, ~I1f is denoting positive sequence
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component of fault current and ~I1pre is denoting positive sequence component of pre-

fault current. For uncompensated line, this feature is positive for faults behind the

relay location and negative for faults ahead of the relay location. Phasor diagram for

φ2 variation for backward fault is shown in Figure 5.3(a) and Phasor corresponding to

forward fault with current inversion is given in Figure 5.3(b). Due to inversion, relay

will see a fault current which is leading the pre-fault current same as that of backward

fault. So this feature will give wrong decision. Thus feature φ2 is not effected by voltage

inversion but is effected during current inversion.

Figure 5.3: Phasor of φ2 (a) Backward fault and (b) Forward fault with current
inversion.

5.1.3 Feature-3 (f3): Phase angle between positive sequence superim-

posed voltage and current

The third feature uses the angle between positive sequence superimposed voltage and

current. Defining φ3 = ∠∆~V1 - ∠∆~I1 where, superimposed positive sequence current is

calculated as ∆~I1 = ~I1f − ~I1pre and superimposed positive sequence voltage is calculated

as ∆~V1 = ~V1f − ~V1pre, ~V1f and ~I1f are denoting positive sequence component of fault

voltage and current, ~V1pre and ~I1pre are denoting positive sequence component of pre-

fault voltage and current respectively. For uncompensated line, this feature is positive

for faults behind the relay location and negative for faults ahead of the relay location.

Phasor diagram for φ3 variation for backward fault is shown in Figure 5.4(a), ∆~I1 lags

the ∆~V1. When there is change is system loading, Figure 5.4(b) shows that ∆~I1 leads

∆~V1. I
′
1pre and I

′′
1pre are currents for old and new load conditions respectively. Thus it

can be seen that relay will declare a load change condition as fault condition which is

undesirable. This feature performs reliably for current and voltage inversion.
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Figure 5.4: Phasor of φ3 (a) Backward fault and (b) For change in load.

5.1.4 Feature-4 (f4): Phase angle between negative-sequence compo-

nent of fault current and fault voltage

The forth feature is based on angle between negative sequence fault current and fault

voltage. Defining φ4 = ∠~I2f - ∠−~V2f where,~I2f is denoting negative sequence component

of fault current and ~V2f is denoting negative sequence component of fault voltage. For

uncompensated line, this feature is positive for faults behind the relay location and

negative for faults ahead of the relay location. Phasor diagram for φ4 variation for

backward fault is shown in Figure 5.5(a). Phasor corresponding to forward fault with

voltage inversion is given in Figure 5.5(b). Due to inversion, relay will see a fault

current which is leading the fault voltage and it gives an illusion of a backward fault

even though it is forward fault. Thus feature φ4 is used because positive sequence based

components find limitations during high resistance unbalanced faults, but it is valid

only for unbalanced faults as presence of negative-sequence components during balanced

conditions is negligible and it also has limitation during current/voltage inversion.

5.1.5 Feature-5 (f5): Phase angle between negative sequence superim-

posed voltage and current

The last feature uses the angle between negative sequence superimposed voltage and

current. Defining φ5 = ∠∆~V2 - ∠∆~I2 where, superimposed negative sequence voltage

∆vecV2 = ~V2f− ~V2pre and superimposed negative sequence current ∆~I2 = ~I2f−~I2pre, ~I2f
and ~V1f are denoting negative sequence component of fault current and voltage, ~I2pre

and ~V2pre are denoting negative sequence component of pre-fault current and voltage
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Figure 5.5: Phasor of φ4 (a) backward fault and (b) forward fault with voltage
inversion.

respectively. For uncompensated line, this feature is positive for faults behind the relay

location and negative for faults ahead of the relay location. Phasor diagram for φ5 are

shown in Figure 5.6.

Figure 5.6: Phasor of φ5 (a) Forward fault and (b) Backward fault.

5.2 Proposed Multicriteria Fuzzy Decision Technique us-

ing WAMS

Features discussed in the previous section are combined in fuzzy decision system to

obtain more efficient and reliable faulted element identification technique. The variation

of these features is studied for different conditions, types of faults and locations, this

experience is then used for designing the fuzzy system.

Fuzzy IF-THEN rules for a classification problem with ”k” attributes can be written as

rule Di: If a1 is Yi1 and a2 is Yi2 and...... ak is Yik then the class is Xi, i = 1,2,3,4,.....,N
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where A = (a1, a2, ......, ak) is k-dimensional pattern vector. Yij is the antecedent

linguistic value such as large positive/equal zero (j = 1, 2, ....., k), Xi is one of the

consequent output class and number of fuzzy IF-THEN rules is represented by N. The

compatibility grade µi(A) of the rule Di is determined by using the minimum operation

µi(A) = min
{
µi1(a1), µi2(a2).....µik(ak)

}
(5.1)

where µij(aj) is the membership function of the antecedent linguistic value Yij . An

input vector is classified based on a single winner rule Ri∗ given by [36]

µi∗(A) = max
{
µi(A) : i = 1, 2, ....N

}
(5.2)

However, in a case more than one rules have same maximum value of compatibility grade

for a particular input vector then each of the these selected rule votes for their output

class and finally the class having the maximum votes is declared as the output and in

case two output class have same votes then that input vector is discarded.

Based on the behavior of the features, membership function of the Fuzzy logic system

(FLS) are finalized. Using the knowledge of the feature variation for different system

conditions and different types of faults, range of membership functions are decided. Each

feature is divided into five fuzzy set; “LN” represents large negative, “LP” represents

large positive “SN” represents small negative, “SP” represents small positive and “EZ”

represents equal zero. Fuzzy membership function for first feature(f1) is shown in Fig-

ure. In FLS, final output is decided by fuzzy IF-THEN rules which are frames based on

feature variations for fault and normal conditions. For the designed FLS, fourteen rules

have been framed. These rules are as follows:

1. IF f1 is EZ and f2 is EZ and f3 is SN and f4 is SN and f5 is SN THEN Output is

1.

2. IF f1 is EZ and f2 is SN and f3 is SN and f4 is SN and f5 is SN THEN Output is

1.

3. IF f1 is EZ and f2 is EZ and f3 is LN and f4 is SN and f5 is SN THEN Output is

1.

4. IF f2 is EZ and f3 is EZ and f5 EZ THEN Output is 0.

5. IF f1 is SN and f2 is SN and f3 is SN THEN Output is 1.
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6. IF f1 is SP and f2 is EZ and f3 is SN THEN Output is 1.

7. IF f1 is EZ and f2 is SN and f3 is SN THEN Output is 1.

8. IF f1 is EZ and f2 is EZ and f3 is LN THEN Output is 0.

9. IF f3 is LN and f3(other end of line) is LN and f1 is EZ and f1(other end of line)

is EZ then Output is 0.

10. IF f1 is SP and f2 is SP and f3 is EZ THEN Output is 1.

11. IF f1 is EZ and f2 is EZ and f3 is SP and f4 is SP and f5 is SP THEN Output is 1.

12. IF f1 is SP and f2 is EZ and f3 is EZ and f4 is SP and f5 is SP THEN Output is 0.

13. IF f1 is SP and f2 is EZ and f3 is SP and f4 is SP and f5 is SP THEN Output is 0.

14. IF f1 is EZ and f2 is SP and f3 is EZ and f4 is SP and f5 is SP THEN Output is 1.
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Figure 5.7: Fuzzy membership function of feature 1.

5.3 Results

Performance of the proposed technique is evaluated on a 400 kV 9 bus 3 machine modified

WSCC-9 bus system. It is shown in Figure 3.1. EMTDC/PSCAD has been used for

simulating the 9 bus system. System data has been given in Appendix. Availability

of the PMUs at each bus of the system is assumed. Full cycle DFT has been used

for estimating fundamental frequency sequence components. Phase-a is taken as the

reference and sampling frequency of 1 kHz is used. The phasor information from each

end of the lines is feed to FLS, and convention used is that the output of FLS should be
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“1” if it predicts a fault condition and “0” if it predict a non fault condition. When FLS

gives “1” as output for both ends of the line, then that line would be declared as the

faulted line otherwise it is declared as non-fault. So faulted line declaration condition

can be stated as

(OutputS = 1) ∩ (OutputR = 1) (5.3)

where, OutputS is the predicted outputs for sending end and OutputR is the predicted

output for receiving end of the transmission line.

5.3.1 Results for Single Line to Ground Fault on Uncompensated Line

For evaluating the performance of proposed method for high resistance far end fault, a

L-g fault is simulated in phase-a of line 7-8 at a distance of 200 km from bus 7 with fault

resistance of 300 Ω at 1 s. Features discussed in previous section are given as input to

the FLS for determining the faulted line. For relay close to bus 7 on line 7-8, first and

second feature belongs to the set EZ, third, forth and fifth feature belongs to the set

SN. For relay close to bus 8 on line 7-8, first and second feature belongs to the set EZ,

third, forth and fifth feature belongs to the set SP. Variation of these features for both

ends of line 7-8 is shown in Figure 5.8 and 5.9.

Output decision for line 7-8 and 8-7 are as shown in Figure 5.10. It shows that FLS
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Figure 5.8: Variation of selected features at terminal of line 7-8 close to bus 7 for L-g
fault
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Figure 5.9: Variation of selected features at terminal of line 7-8 close to bus 8 for L-g
fault

has given output as “1” for both ends of line 7-8 and output as “0” for both ends of line

8-9. So based on fault element identification criteria given in 5.3, line 7-8 is correctly

declared as faulted line.
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Figure 5.10: Performance for L-g fault on uncompensated line (a) and (b) Line 7-8,
(c) and (d) Line 8-9.
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5.3.2 Results for Double Line Fault on Uncompensated Line

A phase-b to phase-c fault is created in line 7-8 of the system at a distance of 100 km

from bus 7 with fault resistance of 100 Ω at 1 s. Selected Features are given as input to

the FLS. For relay close to bus 7 on line 7-8, first and second feature belongs to the set

EZ, third, forth and fifth feature belongs to the set SN. For relay close to bus 8 on line

7-8, first feature belong to the set EZ and second feature belongs to the set SP, third

feature belong to the set EZ, forth and fifth feature belongs to the set SP. Plots of these

features for both ends of line 7-8 is shown in Figure 5.11 and 5.12.

Output decision for line 7-8 and 8-7 are as shown in Figure 5.13. It shows that FLS
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Figure 5.11: Variation of selected features at terminal of line 7-8 close to bus 7 for
L-L fault

has given output as “1” for both ends of line 7-8 and output as “0” for both ends of line

8-9. So based on fault element identification criteria given in 5.3, line 7-8 is correctly

declared as faulted line.
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Figure 5.12: Variation of selected features at terminal of line 7-8 close to bus 8 for
L-L fault
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Figure 5.13: Performance for L-L fault on uncompensated line (a) and (b) Line 7-8,
(c) and (d) Line 8-9.
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5.3.3 Results for Three Phase Fault on Uncompensated Line

To analyze the performance of proposed technique for balance fault, a three phase fault

is simulated on line 7-8 at a distance of 150 km from bus 7 with fault resistance of 0.1

Ω at 1 s. Selected Features are given as input to the FLS for determining the faulted

line. For relay close to bus 7 on line 7-8, first, second and third feature belongs to the

set SN. For relay close to bus 8 on line 7-8, first and second feature belongs to the set

SP, third feature belongs to the set EZ. Variation of these features for both ends of line

7-8 is shown in Figure 5.14 and 5.15.

Output decision for line 7-8 and 8-7 are as shown in Figure 5.16. It shows that FLS
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Figure 5.14: Variation of selected features at terminal of line 7-8 close to bus 7 for 3
φ fault

has given output as “1” for both ends of line 7-8 and output as “0” for both ends of line

8-9. So based on fault element identification criteria given in 5.3, line 7-8 is correctly

declared as faulted line.
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Figure 5.15: Variation of selected features at terminal of line 7-8 close to bus 8 for 3
φ fault
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Figure 5.16: Performance for three phase fault on uncompensated line (a) and (b)
Line 7-8, (c) and (d) Line 8-9.
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5.3.4 Results for Single Line to Ground Fault on Series Compensated

Line

Line 7-8 of Figure 3.1 is provided with 70% fixed series compensation and for simulating

the condition of current inversion, line 5-7 is removed from the network shown in Figure

3.1 and Gen-2’s source impedance is reduced. After these modifications are made in the

system, A Lg fault is created in phase-a of line 7-8 at a distance of 30 km from bus 7

with fault resistance of 75 Ω at 1 s. Selected Features are given as input to the FLS.

For relay close to bus 7 on line 7-8, first and second feature belongs to the set EZ, third,

forth and fifth feature belongs to the set SN. For relay close to bus 8 on line 7-8, first

and second feature belongs to the set EZ, third, forth and fifth feature belongs to the

set SP. Variation of these features for both ends of line 7-8 is shown in Figure 5.17 and

5.18.

Output decision for line 7-8 and 8-7 are as shown in Figure 5.19. It shows that FLS
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Figure 5.17: Variation of selected features at terminal of line 7-8 close to bus 7 for
Lg fault on compensated line

has given output as “1” for both ends of line 7-8 and output as “0” for both ends of line

8-9. So based on fault element identification criteria given in 5.3, line 7-8 is correctly

declared as faulted line.
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Figure 5.18: Variation of selected features at terminal of line 7-8 close to bus 8 for
Lg fault on compensated line
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Figure 5.19: Performance for current inversion (a) and (b)Line 7-8, (c) and (d) Line
8-9.



Chapter 5. Fuzzy Integrated Protection Scheme 55

5.3.5 Results for Three Phase Fault on Series Compensated Line

To analyze the performance of proposed method for voltage inversion, a 3 φ fault is

simulated in line 7-8 at a distance of 60 km from bus 7 at 1 s. Selected Features are

given as input to the FLS for determining the faulted line. For relay close to bus 7 on line

7-8, first feature belongs to SP, second feature belongs to EZ set, third feature belongs

to the set SN. For relay close to bus 8 on line 7-8, first and second feature belongs to

the set SP, third feature belongs to the set EZ. Variation of these features for both ends

of line 7-8 is shown in Figure 5.20 and 5.21.

Output decision for line 7-8 and 8-7 are as shown in Figure 5.22. It shows that FLS
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Figure 5.20: Variation of selected features at terminal of line 7-8 close to bus 7 for 3
φ fault on compensated line

has given output as “1” for both ends of line 7-8 and output as “0” for both ends of line

8-9. So based on fault element identification criteria given in 5.3, line 7-8 is correctly

declared as faulted line.

5.3.6 Results during Load Encroachment

To analyze the performance of proposed method during load encroachment, loading of

the bus 8 is increased at 1 s. Selected Features are given as input to the FLS. For relay

close to bus 7 on line 7-8, first feature belongs to EZ, second feature belongs to EZ set,
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Figure 5.21: Variation of selected features at terminal of line 7-8 close to bus 8 for 3
φ fault on compensated line
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Figure 5.22: Performance for voltage inversion (a) and (b) Line 7-8, (c) and (d) Line
8-9.

third feature belongs to the set LN. For relay close to bus 8 on line 7-8, first and second

feature belongs to the set EZ, third feature belongs to the set LN. Variation of these
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features for both ends of line 7-8 is shown in Figure 5.23 and 5.24.

Output decision for line 7-8 and 8-7 are as shown in Figure 5.25. It shows that FLS
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Figure 5.23: Variation of selected features at terminal of line 7-8 close to bus 7 during
load encroachment
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Figure 5.24: Variation of selected features at terminal of line 7-8 close to bus 8 during
load encroachment

has given output as “0” for both ends of line 7-8 and output as “0” for both ends of line
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8-9. So based on fault element identification criteria given in 5.3, no fault is detected in

the system.
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Figure 5.25: Performance for load encroachment (a) and (b) Line 7-8, (c) and (d)
Line 8-9.



Chapter 6

Conclusion

WAMS technology is gaining popularity across the globe and numerous PMU installation

projects are under implementation. One of the applications of WAMS technology for

power system is in strengthening the performance of existing protection system. WAMS

based protection techniques can help us to avert possible power system blackouts caused

due to drawbacks in conventional protection systems. A PMU data based protection

scheme for series compensated lines has been proposed in this thesis. Fuzzy logic system

has been used for integrating useful information about selected features obtained by

various sequence components. Critical issues in series compensated line protection such

as current/voltage inversion have been successfully addressed by the proposed method.

It is difficult to identify fault inception during power swing condition. Conventional fault

detection scheme find limitation during power swing condition because of modulations

in current and voltage waveform. A PMU data based protection scheme dedicated for

fault detection during power swing has been presented. Firstly, inception of fault is

identified by superimposed positive sequence power. After fault identification, faulted

section is identified by using two different criteria for balanced and unbalanced faults.

Performance of this method is tested for compensated and uncompensated lines.

59
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6.1 Future Work

1. Performance of proposed methods can be further validated by performing hardware

test.

2. With increasing application of FACTS devices in power transmission lines, a pro-

tection scheme using WAMS can be studied for application in these lines.

3. This work assumes that PMUs are available at all the buses. However, to reduce

the economy of projects for protection of 220 kV and 132 kV voltage levels lines

optimal PMU placement algorithm based protection scheme can be developed.
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Appendix

System data for modified WSCC 9 bus system used for the simulation.

Generator Data

Gen 1: 600 MVA, 22 kV, 50 Hz, inertia constant = 4.4 MW/MVA.

Xd = 1.81 p.u., X
′
d = 0.3 p.u., X

′′
d = 0.23 p.u., T

′
do = 8 s, T

′′
do = 0.03 s, Xq = 1.76 p.u.,

X
′′
q = 0.25 p.u., T

′′
qo = 0.03 s, Ra = 0.003 p.u., Xp = 0.15 p.u.

Gen 2: 465 MVA, 22 kV, 50 Hz

Gen 3: 310 MVA, 22 kV, 50 Hz

Transformer Data

T1: 600 MVA, 22 kV, 50 Hz, ∆ / Y

X = 0.163 p.u., Xcore = 0.33 p.u., Rcore = 0.0 p.u., Pcopper = 0.00177 p.u.

T2: 465 MVA, 22 kV, 50 Hz, ∆ / Y

T3: 310 MVA, 22 kV, 50 Hz, ∆ / Y

Transmission Line Data

Positive sequence impedance = 0.03293 + j0.327 Ω/km

Positive sequence capacitive reactance = 280.1 x 103 Ω*km

Zero sequence impedance = 0.2587 + j1.174 Ω/km

Zero sequence capacitive reactance = 461.2546 x 103 Ω*km

Line 7-8 is 70% series compensated.
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Transmission Lines Length

Line 7-8: 320 km

Line 8-9: 400 km

Line 9-6: 300 km

Line 6-4: 350 km

Line 4-5: 350 km

Line 5-7: 310 km

Loads

Load A = 300 MW + j100 MVAR

Load B = 200 MW + j75 MVAR

Load C = 150 MW + j75 MVAR
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