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Abstract

THE power system is one of the largest interconnected dynamic involving thousands

of electrical sources, loads, transmission and distribution lines, power and distribution

transformers, relays, circuit breakers etc. to maintain continuous reliability and quality

of systems. Transmission systems of electric power system are the veins that pump life

into the modern world, supplying electricity to customers in their homes, offices, commer-

cial areas and industries. Therefore, protection of transmission systems becomes the first

and foremost job for the transmission system operators for assuring the smooth operation

of transmission lines to provide an un-interrupted power supply for operating electrical

power system with high reliability. As an effect of continuous exposure to irregular at-

mospheric and non-natural conditions, the occurrence of faults on transmission systems is

a common problem. Fault estimation methods is an efficient way to detect fault and to

accelerate repairs after a transmission system fault occurs. Therefore, there is a pressing

need of fault detection, location and classification methods, collectively called as fault es-

timation methods. These methods find a very prominent place in transmission systems for

secure, efficient and reliable operation. This thesis mainly focus on fault and aftermath in

transmission system security.

To ensure the security of the transmission systems, highly precise and efficient as-

sessment methods of faults must be developed. This becomes even a huge task for long

transmission line through inaccessible areas where patrolling is difficult and time consum-

ing. Also, visual inspection is difficult during adverse weather conditions. Fault detection,

location and classification methods provide an estimation for both sustained and transient

faults. Transient faults generally cause minor damage that is not readily noticeable on

inspection. A lot of studies has been performed over the years on the multiple methods for

precise fault assessment. Many techniques use line information from one or more terminals

to access the faults. However, these methods lose out on the ease of detection, location

and classification for providing a high degree of precision due to line parameters which

are sometimes hard to evaluate. To overcome these issues, some fault estimation and

analysis methods are developed created on the grounds of accessible voltage and present

measurements across fault line terminals. These methods minimize the impacts of param-

eters owing to uncertain weather and load variations. This thesis presents two distinct

approaches for fault detection, location, and classification without consideration transmis-

sion line parameters. These two methods are impedance and supervised machine learning

based approach.
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This work proposes a multi-objective parameter-less fault estimation (PLFE) method

for fault estimation in HVAC transmission systems. This method is used for simultane-

ous detection, location, and classification of symmetrical, as well as, asymmetrical faults

in HVAC transmission systems. This method overcomes the limitations of established

impedance-based methods by developing independent system parameter. This proposed

fault estimation method renders the prior awareness of line parameters as obsolete, which

is of excellent support to grid engineers and technicians. Kirchhoff’s Voltage Law and

Least Error Square Principal are suggested in a different way to determine fault estima-

tion using impedance approach. The Least Error Square Principle is used on positive and

negative sequence equivalent circuits to calculate the fault estimation from the reference

bus. PLFE method is simple to understand and implement. Moreover, it can be applied to

both lumped and distributed transmission systems and requires less measured data with

the non-iterative process. The efficacy of proposed method is thoroughly investigated on

the standard and realistic HVAC transmission test systems and the results obtained are

within the prescribe limits of IEEE standards. The results obtained for fault detection,

location, and classification schemes using PLFE method are compared with other avail-

able methods for the HVAC transmission systems and are found quite acceptable. The

modeling and designing of HVAC transmission test system with the consideration of fre-

quency dependent model is performed using PSCAD software for validation of proposed

method. PLFE method takes half cycle data for providing results after fault initiation

in few milliseconds with acceptable accuracy. PLFA method is simple, non-iterative and

effective for the HVAC transmission system protection. This method provides flexibility to

the transmission system operators to accelerate the system rest-rotation process as quick

as possible with less effort.

In the above context, a supervised machine learning based fault estimation method

is proposed for HVDC transmission systems. For this a feature selected support vector

machine (F-SVM) multi-objective method for fault estimation is developed to detect, to

locate, and to classify the faults in HVDC transmission systems. It overcomes the limita-

tions of established impedance-based methods for being system specific and low accurate

detection of wave front in traveling wave-based methods bydeveloping a computational

intelligence-based method. For doing this, support vector machine (SVM) is utilized by

modifying with feature selection scheme and Taguchi optimization approaches to deter-

mine fault estimation. In F-SVM method feature extraction is accomplished with fourteen

defined feature functions. Along with, F-scorebased feature selection scheme is designed

to reduce the dimension of feature space vector according to the dominating feature. It

is well known that SVM does not depend on a number of features. However, it depends
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on dominating features. Feature selection based F-SVM requires a half cycle of data for

detection, classification,and location of the different types of faults. The method is thor-

oughly investigated on the standard and realistic HVDC as well as hybrid HVAC and

HVDC transmission test systems. Test cases of different configurations of transmission

systems are developed in EMTP/PSCAD. The result obtained and compared with exist-

ing methods in reported literature. F-SVM method is simple, fast, accurate non-iterative,

and effective for transmission system protection and provides resilience to the transmission

system operator to speed up the rest-rotation process in minimum span of time. The test

findings are then related to the evaluation of the efficacy and precision of these methods. In

future, the proposed fault estimation methods can be improved by incorporating advanced

data management approaches. The designing of different disturbance scenarios prevailing

in the power systems and incorporating in the proposed methods with some improvement

can also be the major extension of this work.
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Chapter 1

Introduction

This chapter explains the background, context, and motivation for this work. It also ex-

plains the main contributions of this research work and the structure of the thesis.

1.1 Introduction

Electricity has brought a paradigm shift in the quality of life, urbanization, research,

national economy, defence and industrial growth. The increasing demand for electricity

has enforced the nations to interconnect regional grids together and also integrate renew-

able energy resources and conventional base resources to the main grids. Thus, modern

power systems are enormously large with many complex interconnections and adjoining

networks. This interconnection makes system task of greater importance to maintain sys-

tem security under disturbance condition. In this transmission systems, a bridge between

generating source and load has a paramount importance. Thus, fault in this can adversely

affect system security and reliability [1]. The transmission systems can experience faults

which are caused by storms, lightning, snow, freezing rain, insulation breakdown, short

circuits caused by external objects, etc. In the most cases, electrical faults can manifest

mechanical damage in the system which must be repaired before returning the line to

service. The restoration can be accelerated if the identification of the faulted section, fault

location, and classification of faults is either known or can be estimated with reasonable

time and accuracy. There are many benefits which can be achieved by using fault esti-

mation method including reducing maintenance time, improving power quality, increasing

the power transfer availability, and avoid future misfortunes. This help to identify affected

section with their location and type of faults for early repairs to prevent recurrence and

1
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consequent major damages. This is the reason fault detection, location and classification

methods are gaining a growing interest in the power systems protection.

The subject of fault estimation has been of considerable interest to electric power utility

engineers and researchers for over last two decades. Most of the research done till date,

has been aimed at detection, location and classification of transmission line faults. It is

mainly because of the impact of transmission lines faults on the power systems and the

time required to physically check the faults in transmission lines is much larger than the

sub-transmission and distribution systems [2]. On the basis of the literature available for

the power system protection, line configuration of transmission systems has been divided

into three parts viz high voltage AC, high voltage DC, and hybrid high voltage AC and

DC transmission systems.

In this mostly impedance based algorithms [3–9] have been studied to calculate the fault

detection, location and classification in high voltage AC transmission lines. However,

these methods have limitations due to one or more reasons such as model or system

parameter dependency, frequency independent, sophisticated measured data requirement,

etc. This leads to the development of several interesting approaches for transmission

line fault protection in which the circuit theory based methods [9–12] became the center

of attraction for researchers due to their simplicity in understanding and applications.

However, the exact determination of fault detection, location and classification is very

difficult with the use of frequency dependent transmission lines [13,14]. Nonetheless, these

problems have been solved with some popular approaches like, Travelling wave based [15–

18] and Knowledge-based [19–23] etc. Although, these approaches has some limitations,

as propagation time can be affected by system parameter, network configuration [24] and

presence of strong buses [19, 25, 26], these methods do not perform well for faults closer

to the relaying point and with small inception angle [27–29], and learning is very time-

consuming process [30, 31]. Therefore, each of these developed methods, though are good

enough, have faced strong imputation on the fairness of fault estimation process.

A lot of research works are available on fault estimation in the area of power sys-

tem protection applicable for HVAC transmission systems. However, few research work

has been relatively developed in the field of HVDC transmission systems. It is the need

to find out whether the methods developed and implemented in the HVAC systems are

similarly applicable to HVDC transmission systems or not. Nowadays, primary protec-

tion against faults in HVDC transmission lines implement traveling wave-based methods,

whereas, for the backup protection uses differential protection methods. One of the first

proposals for fault estimation in HVDC transmission system is based on the traveling
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wave [32, 33]. Traveling wave-based methods are used for detection and location of the

faults, but not for classification of faults. The accuracy of fault detection and location de-

pend on the arrival time and velocity of the traveling wave. To find accurate arrival time

of transient wave-front sophisticated instrument is required which makes this technique

complicated, costly and computationally burdened [34–36]. To overcome the drawbacks of

the above-mentioned methods, several approaches based on artificial intelligent have been

developed. Such as artificial neural network (ANN), decision tree, discriminant analysis,

and support vector machine (SVM) [37–39], etc. Though, above stated approaches require

large training data sets and training time. Thus, limits their applicability for real-time

fault estimation without any modification. Since ANN is inspired by biological nervous

system process information and has a good pattern recognition capability. This intrigue

the researchers to develop several approaches based on derivatives of ANN, such as, ra-

dial biased, fuzzy based and back propagation neural network, employed for detection,

classification and location of faults [40, 41]. Though, the accuracy of the approaches de-

pends on the selection of hidden layers, which require large training data. To overcome

the drawbacks of ANN-based approaches, SVM based approaches are preferred. These are

independent of the number of features extracted from the input sample [42]. The major

issue in using most of the feature extraction techniques is that, they do not provide an

accurate estimation of the fundamental frequency component in the presence of DC off-

set [43–45]. Further, these techniques have high computational time due to input feature

space vector is of high dimension. Therefore, these methods require a supporting method

to reduce the dimension of the input feature space vector for the reduction in computa-

tional time [45]. Although, each of these developed methods, believed to be fair enough,

though faced partial suitability on fault estimation procedure.

Moreover, with increased penetration level of renewable energy resources like wind,

solar, tidal energy, etc. are becoming more popular and economical. However, most of

these resources are far from the load center. Therefore, integration of renewable energy

resources require development of HVDC transmission systems for bulk power transfer with

fewer transmission losses. Therefore, the development of hybrid HVAC and HVDC trans-

mission system is increasing day by day. Although, a few approaches that work properly

in both HVAC as well as HVDC transmission systems to certain degree of accuracy are

already present in the literature [43–45]. However, hybrid transmission systems require an

accurate and reliable method that provides fault estimation simultaneously.

The presented work considers several issues related to fault estimation in different

transmission system configurations and attempts to resolve these issues with the proposed
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methods. The motivation for such issues is discussed in the next subsection.

1.2 Motivation for the Presented Work

Restructuring of the electrical power system has created several new challenges and op-

portunities for power system producers and distributors in the area of power system pro-

tection. Development of different configurations of the transmission systems require their

protection as well. Nowadays, the transmission system infrastructure increases rapidly for

the fulfillment of the power requirement of the end consumer [2]. Due to this, different new

energy resources are developed and the research is still going on. Most of the futuristic

energy resources are much far behind the load center. Therefore, the transmission system

increases day by day with different configurations as per the requirement. With the in-

crease in transmission lines, the possibility of occurrences of the fault also increases [46].

Thus, a detailed study of power system protection for the Transmission System Operator

(TSO) for the fault estimation problem in the right perspective is the need of the attention.

The comprehensive collection of linear and nonlinear fault independent dynamic models

for different configurations of power systems are required for validation of the proposed

method. The required dynamic models are realistic in nature. Therefore, they became

applicable to various types of power systems studies such as fault analysis, protection,

dynamic, transient and steady state stability analysis, voltage collapse and contingency

analysis etc. From the literature, few of research work take consideration of the frequency

dependent transmission systems along with the dynamics of the exciter and governor as-

sociated with each generator [47]. Although, the realistic nature of the developed models

precisely describe their ability for the system performance under normal and abnormal

conditions. The abnormal conditions include faults of transient or permanent types, sym-

metrical and unsymmetrical types etc.

The predominance of existing fault estimation methods are strictly specific system con-

figuration dependent [48]. However, the fault estimation methods that are independent

of system configuration and provide the uniform precise solution for different system con-

figurations is the primary requisite for the TSO. A large number of the researchers have

also considered the frequency independent model of transmission lines but practically line

parameters are frequency dependent. However, the accuracy of a lot of fault estimation

methods is highly influenced by the system parameters [49]. Therefore, it is advisable to

develop a fault estimation method independent of system parameters.
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The mutual coupling effect of high voltage transmission lines is not get proper attention

in the available literature [50]. Since, it reduced the complexity of the transmission system

design and system parameter calculation. But, the results obtained may not provide an

accurate solution for the real transmission system. Although, the fixed resistive nature of

fault impedance has been also considered in the estimation of faults but fault impedance

varies from place to place. Also, the effect of weather conditions is also ignored in the

existing literature [51].

At present time HVDC transmission system is a favourable choice for transfer bulk

power from long distance. Therefore, day by day HVDC transmission system finding

place in the system rapidly and with this increase in system line length protection issue also

increases. It is observed from existing literature that multi-terminal HVDC system lacks

an adequate technique of fault identification, location, and classification [52]. Along with

some of the research work for fault estimation for HVDC transmission systems withstand

capacity of freewheeling diode which needs attention during complete fault execution has

been completely neglected [53]. This may further result in collapsing of the converter

system. With the existing infrastructure of HVAC transmission system the development

of HVDC transmission system leads to a new area of the hybrid transmission system.

Hence, a simultaneous fault estimation method for the hybrid HVAC and HVDC systems

which work alike in both transmission systems is essential.

The lots of research works has been focused on the individual evaluation of fault iden-

tification, location and classification problems in existing literature. However, for the

practical realization of fault identification, location, and classification should be evaluated

simultaneously. Since, after identification of faulted section if types of fault and their lo-

cation are estimated with reasonable accuracy then the system restoration process by the

TSO occurs in a minimum time span.

Motivated from these aspects, the research work undertaken in this thesis aims to

develop fault estimation methods that provide a precise result on the various transmission

systems involving HVAC, HVDC and hybrid HVAC and HVDC transmission systems.

Different configurations of transmission systems modelled are taken into consideration.

These configurations include frequency dependent modeling and also the mutual coupling

between different phases of transmission lines. Proposed methods and developed test

transmission systems will be utilized to address the above mentioned mention issues.
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1.3 Contributions of the Presented work

The objectives of the research work include the study of power system protection prob-

lem for fault estimation in transmission system of different configuration with proposed

approaches. The main contributions of this thesis are as follows:

i. PLFE based multi-objective method is proposed for detection, location, and classi-

fication of symmetrical, as well as, asymmetrical faults in HVAC transmission sys-

tems. This method effectively identifies the faulted sections and precisely pinpoints

the fault location without consideration of system parameters. This enables the pro-

posed method to operate with less computational complexity.

ii. Modeling and designing of HVAC transmission test system with consideration of

frequency dependent model using PSCAD software. This provides a more realistic

environment.

iii. F-SVM based multi-objective method is proposed to precisely recognize the fault

detection, location, and classification in HVDC transmission systems. This method

employs a feature selection scheme for reduction of computational intensiveness. As a

consequence, the fault detection time will be reduced considerably and fault location

and classification accuracy will be improved.

iv. The use of F-SVM in the hybrid transmission system to accomplish the multi-

objective functions. The proposed F-SVM simultaneously operates for both HVAC,

as well as, HVDC transmission systems. This helps the transmission system operator

to improve the decision-making process.

v. Modeling and designing of VSC are proposed for HVDC multi-terminals and hybrid

transmission system. This will potentially lead to improved power transfer capacity

of transmission systems.

vi. Proposed methods and schemes in this thesis are evaluated through a realistic case

study.

vii. Finally, the modeling and designing of AC-DC and DC-AC converters are presented

for CIGRE (B4.57 and B4.58). In addition, the designing of complete CIGRE (B4.57

and B4.58) system is carried out in PSCAD software environment. This will help

the novice researchers working in this area to get better insights about modeling and

designing of hybrid transmission systems.
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1.4 Organization of the Thesis

Chapter organization is an important part of the thesis that provides a complete

overview of the thesis. This thesis consists of six chapters, including an introduction

and conclusions. The relationship between different chapters is highlighted in Figure 1.1.

The current chapter includes major issue involved in fault estimation in HVAC, HVDC

and hybrid transmission systems. It analyses the involved problems in the area that moti-

vated the work, and further contributions of the presented thesis. The rest of the chapters

of the thesis are organized as follows.

Chapter-2 provides a comprehensive literature review on issues pertaining to fault esti-

mation in transmission systems, including those of HVAC, HVDC and hybrid transmission

lines configuration modelling, rival behavior and imbalance power transfer mechanisms. It

offers details on causes, models and solution approaches of the associated issues.

Chapter-3 proposes classical fault estimation strategy for fault detection, location and

classification of different types of faults in HVAC transmission systems. The proposed

PLFE method is illustrated with three standard transmission test systems. Impact of

proposed approaches with three transmission test systems has been discussed.

Chapter-4 presents an efficient method for fault estimation strategy for fault detection,

location and classification of different types of faults in HVDC transmission systems. This

chapter also describes the modern control strategy and modeling of dynamic systems with

the electromagnetic transient program. The proposed method F-SVM using computational

approached for fault estimation with half cycle of measured data. All step of the proposed

method describes with the mathematical formulation and their applicability shown with

two standard HVDC transmission test systems.

Chapter-5 describes the applicability and reliability of the proposed computational method

F-SVM in the area of fault estimation in hybrid transmission systems. This chapter also

describes the design and control strategy of CIGRE standard dynamic systems with the

electromagnetic transient program. The validation of the proposed F-SVM method in the

hybrid transmission systems and finding in the area of fault estimation with two test cases

are discussed. Besides, the use of hybrid transmission test systems one HVAC test system

is also taken for validation of Proposed F-SVM method in all types of the transmission

systems configuration.



Chapter 1. Introduction 8

C
h

a
p
te

r-
1

C
h

a
p
te

r-
2

C
h

a
p
te

r-
3

C
h

a
p
te

r-
4

C
h

a
p
te

r-
5

C
h

a
p
te

r-
6

In
tr

o
d

u
c
ti

o
n

 

to
 F

a
u

lt
 

E
st

im
a
ti

o
n

M
o

ti
v

a
ti

o
n
 

fo
r 

P
re

se
n
te

d
 

W
o
rk

C
o

n
tr

ib
u
ti

o
n

 

o
f 

P
re

se
n

te
d
 

W
o
rk

O
rg

a
n
iz

a
ti

o
n

 

o
f 

T
h
e
si

s

C
o

n
c
lu

si
o

n
s 

fr
o

m
 W

o
rk

 

P
re

se
n

te
d

 

S
u

m
m

e
ry

 o
f 

th
e
 

S
ig

n
if

ic
a
n

t 

F
in

d
in

g

S
c
o

p
e
 o

f 

F
u

tu
re

 

R
e
se

a
rc

h

T
h

e
si

s 
R

e
p

re
se

n
ta

ti
o

n

R
e
fe

re
n
c
e
s 

L
it

er
a
tu

re
 

R
e
v
ie

w
 o

n
 

F
a
u

lt
 

E
st

im
a
ti

o
n

 

S
tr

at
e
g

y

H
V

A
C

 

T
ra

n
sm

is
si

o
n

 

S
y

st
e
m

s 

Is
su

e
s
 &

 

C
h

al
le

n
g

e
s 

H
V

D
C

 

T
ra

n
sm

is
si

o
n

 

S
y

st
e
m

s 

Is
su

e
s
 &

 

C
h

al
le

n
g

e
s 

H
y
b

ri
d

 

T
ra

n
sm

is
si

o
n

 

S
y

st
e
m

s 

Is
su

e
s
 &

 

C
h

al
le

n
g

e
s 

S
e
le

c
ti

o
n

 o
f 

T
o

o
l 

fo
r 

S
y

st
e
m

 

M
o

d
e
li

n
g

 

P
ro

te
c
ti

o
n

 

S
tr

at
e
g

y
 f

o
r 

H
V

A
C

 

T
ra

n
sm

is
si

o
n

 

S
y

st
e
m

s

D
e
ta

il
s 

o
f 

P
ro

p
o

se
d

 

P
L

F
E

 

M
e
th

o
d
  

T
e
st

 S
y
s
te

m
 

M
o

d
e
li

n
g

 

F
in

d
in

g
s
 a

n
d
 

D
is

cu
ss

io
n

 

w
it

h
 P

L
F

E
 

M
e
th

o
d

P
ro

te
c
ti

o
n

 

S
tr

at
e
g

y
 f

o
r 

H
V

D
C

 

T
ra

n
sm

is
si

o
n

 

S
y

st
e
m

s

D
e
ta

il
s 

o
f 

P
ro

p
o

se
d

 

F
-S

V
M

 M
e
th

o
d
  

T
e
st

 S
y
s
te

m
 

M
o

d
e
li

n
g

 

F
in

d
in

g
s
 a

n
d
 

D
is

cu
ss

io
n

 

w
it

h
 F

-S
V

M
 

M
e
th

o
d

P
ro

te
c
ti

o
n

 

S
tr

at
e
g

y
 f

o
r 

H
y
b

ri
d

 

T
ra

n
sm

is
si

o
n

 

S
y

st
e
m

s

D
e
ta

il
s 

o
f 

P
ro

p
o

se
d

C
o

n
tr

o
l 

S
tr

at
e
g

ie
s
  
 

T
e
st

 S
y
s
te

m
 

M
o

d
e
li

n
g

 

F
in

d
in

g
s
 a

n
d
 

D
is

cu
ss

io
n

 

w
it

h
 F

-S
V

M
 

M
e
th

o
d

F
ig
u
r
e
1
.1
:

T
h

es
is

st
ru

ct
u

re



Chapter 1. Introduction 9

Chapter-6 summarized the main findings of the work presented in the thesis and suggests

directions for future research in this area.

Finally, Appendix-A provides dynamic data of the IEEE 30-bus, IEEE 39-bus, CIGRE

2-terminal system, CIGRE multi-terminal system, CIGRE 2- terminal hybrid system,

CIGRE (B4.57 and B4.58) hybrid system used for validation of proposed methods.





Chapter 2

Literature Review

The chapter deals with the fundamental thought of power system protection highlighting

critical issues involved in fault estimation. This chapter further discusses about different

fault detection techniques utilized in transmission systems. Further, describe the different

software platform for realistic fault scenario generated. Along with application of the elec-

tromagnetic transient program to model fault problem and identified research challenges

are discussed.

2.1 Introduction

The problem of fault detection, location and classification in the transmission system

as well as in distribution systems have been taken into consideration over the last two

decades. Transmission lines protection against uncovered deficiency is the most basic

protection work in the reliable operation of the power system. With the developments

in signal processing techniques, a global positioning system (GPS) and communications

have provided to a greater extent of researchers to carry out research with high breadth

and depth in that the restrictions of traditional fault protection methods can be modified.

Furthermore, the difficulty in data acquisition as well as obtaining the accurate information

measure at multiple nodes in the grids with traditional equipment such as a potential

transformer, current transformer and remote terminal unit swap with advanced developed

intelligent electronic devices (IEDs) [54–56]. The use of phasor measurement units (PMU)

has also grown wide attention for monitoring system with synchronized signal data for

fault estimation [57]. These technical improvements can provide assurance for a quick and

accurate response to faulty situations. The computational ability of computers improved

11
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rapidly. Therefore, high-performance computing solutions such as server clusters are able

to complete distributed computing work within a short time span, thus allowing the use

of methods with higher computation complexity. Accordance with presently available

literature of transmission lines protection, transmission system divided into three types

in the power system. On the basis of literature review, some research gaps have been

identified and research objectives of the thesis are framed. A brief literature about fault

detection, location and classification for HVAC, HVDC and hybrid transmission system is

presented in the subsequent section.

2.1.1 Fault Estimation for HVAC Transmission System

The fault estimation was first introduced in transmission systems. Several transmission

fault assessment methods employed may be broadly categorized as: Impedance based [58–

60], Travelling wave based [15–18] and Knowledge-based [19–23] etc. for different design

of transmission system. Fault situation significantly disturbed power transfer capability

of a power system, in this faulted period power transfer with another available healthy

section due to this system run with reserved capacity and losses are more as compare to the

previous system. Therefore, fault assessment becomes an important issue for the system

operator for power transfer with minimum loses. Though, true fault assessment methods

provide a solution for these losses with system restoration in a minimum time of span,

but some very interesting fault assessment methods such as Synchrophasor based [46],

Improved Traveling wave based [61–63], and Knowledge-based [64,65] etc. Aforementioned

methods have employed different approaches in order to provide an accurate and reliable

solution for these fault-related problems. These methods have their own advantages and

disadvantages. A brief review of various fault estimation methods is presented here.

Impedance-based methods were first used to fault estimation in transmission lines in

the power system. These methods were used by most of the researcher as a solution

for fault location problems in previous time but nowadays researchers are using these

methods for solving all three problems related to the fault. The motivation of fault lo-

cation with Impedance based techniques are developed since the 1950 [48]. Impedance-

based fault estimation methods are widely used by the utilities and engineers due to their

simplicity, low implication cost, low computational burden [58–60, 66]. But, the accu-

racy of these Impedance based fault estimation methods are adversely affected by fault

impedance, lack of fault path information, DC offset and CT saturation, line load flow,

system non-linearity, both the remote terminal information [67–70]. Moreover, Impedance
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based fault estimation methods require only the accurately measured fundamental volt-

age and current data. Therefore, as per the requirement of the measured data method is

categorized as one-terminal measurement based methods and two-terminal measurement

based methods [67,68]. One-terminal measurement based methods less accurate but their

implantation cost is much less as compare to two-terminal measurement based methods.

These methods also require signals of pre and post-fault of long duration [69, 70]. With

the use of signal filtering for improvement in measured quantity some of the researchers

use a different type of transformation techniques such as, Laplace transformation, Dis-

crete Fourier Transformation (DFT), Clark Transformation [67–70]. Although, in recent

time due to development of Global Poisoning System (GPS) based measurement such

as, Supervisory Control and Data Acquisition (SCADA) and Phasor Measurement Unit

(PMU) system provide much accurate, synchronized and real-time measure data of the

power system. Due to the advantage of synchronized measure data researcher use it in for

providing fault estimation solution with using PMU measurement [50,70–76]. Impedance-

based methods affect the system parameter and system configuration. Therefore, some of

the research work tries to overcome this problem with their proposed work that does not

use a system parameter for fault estimation [49,77–80]. These methods have some issue in

fault detection and classification also that why some of the hybrid research work reported

with some other techniques. Therefore, impedance based methods combine with wavelet

transform, weighted least square methods and knowledge base techniques for fault estima-

tion properly. Because these methods are good in fault detection as well as classification

problem [15–18, 51, 81–87]. Nevertheless, some of the issues related to these methods are

as: effect of shunt reactor and capacitance for long lines [18, 71–73, 77], combined effect

of load and fault current [58–60, 66–69], correct fault type identification [58–60, 66, 67]

etc. Further, a limited literature [50, 74] is available which addresses the effect of mutual

coupling on high voltage transmission lines. Since, it reduced the complexity of the trans-

mission system design and system parameter calculation. But, the results obtained may

not provide an accurate solution for the real transmission system. Nowadays, integration

of renewable energy resources to the main grid is a common trend to overcome with the

load demand. However, this reduces the stability limit. Therefore, the system requires

faster fault clearing protection techniques and re-closing schemes [16–18].

Traveling wave based fault estimation methods gain more attention to overcome the

drawback of impedance-based methods [27–29, 88, 89]. Because the accuracy of the trav-

eling wave based fault estimation methods depends on the data acquisition system, prop-

agation time, sampling rate and the synchronization time [90]. With the recent day’s de-

velopment in data acquisition and signal processing techniques, traveling wave based fault
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estimation methods becoming more attractive where higher accuracy is an important is-

sue [90]. For improving the signal processing Discrete Fourier Transformation, Short-Time

Fourier Transform (STFT), Continues Wavelet Transformation, Laplace Transforms, Ga-

bor Transform and Wigner Transform are used for accurately calculating propagation

time of wavefront [24, 91–96]. Some of the research work using one terminal data that

for estimating fault is less accurate, but simple in implementation as compare with the

research work using two terminal data. In fact, methods using one terminal data can

estimate fault without using GPS communication and data synchronization [25,26]. How-

ever, these methods have complications in estimating fault near the one terminal and in

distinguishing whether the second traveling wave is reflected from fault point or from the

remote terminal [26]. Although, for a long transmission line these methods show great

advantage regarding technical and economical aspect, due to no need for reactive com-

pensation, large transmission capacity and intermediate switching substation [19,20]. The

electromagnetic transient and steady-state characteristics of voltage and currents of half

wavelength of transmission line were explored using time reversal properties [21]. Since,

these methods do not classify fault type that why using these methods with some classifi-

cation approaches such as, Artificial Neural Network (ANN), Wavelet Transform, Support

Vector Machine (SVM) and Fuzzy Logic [21,22]. Although, traveling wave based fault es-

timation methods have many advantages but some issue related to these methods are such

as: propagation time can be affected by system parameter, network configuration [24] and

presence of strong buses [19,25,26], these method does not perform well for fault closer to

the relaying point and small inception angle [27–29].

To overcome these drawbacks, combined impedance and traveling- wave-based meth-

ods are using knowledge-based methods [23, 97–110]. These methods are commonly used

for fault detection as well as classification purpose. knowledge-based methods can be

categorized as Artificial intelligence based, statistical analysis based and hybrid meth-

ods. There are several artificial intelligence based methods such as Artificial Neural Net-

work (ANN), Fuzzy Logic (FL), Expert System and Genetic algorithms etc. A lot of the

knowledge-based methods implement fault estimation models based on statistical learning

theory [111]. These methods depend on the extracted feature of measured data for fault

estimation. Therefore, researches using some of the statistical approaches with knowledge-

based methods such as, Principal Component Analysis (PCA), WMA, IFA, F-score, Modal

Transformation, Karrenbauer Transformation and Wavelet Transform and Generate Logic

for their objective [23, 97, 98]. ANN and their different configuration are the most popu-

lar methods used for fault estimation as: Feed-Forward Artificial Neural Network (FNN),
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Radial Basis Function Networks (RBFN), Finite Impulse Response Artificial Neural Net-

work (FIRANN), Adaptive Neuro-Fuzzy Interference System (ANFIS), Chebyshev Neural

Network (ChNN), etc [97–104]. Although, ANN is a good method for classification but

combined with Wavelet Transform, Discrete Wavelet Transform and Fuzzy Logic etc pro-

vide accurate and reliable solution [99–109]. After, ANN popular choice among the re-

searchers is Support Vector Machine (SVM) based fault estimation. With the use of SVM

based fault estimation is to find out an optimal hyperplane that maximizes the margin

between two class of faults. By the use of non-linear kernel function, SVM classifies a

higher dimension of fault class with this non-linearity. SVM is a vector classifier therefore,

their accuracy not affected with the use in a different configuration of transmission as well

as distribution line such as, single line, double lines, series-compensated lines and shunt-

compensated lines [110, 112]. With the SVM researcher using DWT, PCA to reduce the

dimension of the wavelet coefficient before using with the SVM fault estimation. Hard-

ware implementation using FPGA and a real-time power simulator was done accurately

and result validated. Since, these methods trained with a convex optimization [30,31,113].

As, the use of Wavelet Packet Decomposition (WPD) with Db1 Mother Wavelet extract

important feature from only 0.5 cycles of post-fault voltage signal data after noises were

eliminated by a filter for fault estimation accurately in small time of duration [114–118].

Although, knowledge-based fault estimation methods have many advantages but some is-

sue related to these methods are such as: appropriate feature extraction is difficult for a

particular fault signal, learning is an important step if any case missed or different from

training case then fault estimation is difficult, accurate training is a very time-consuming

process [30,31,113–118].

2.1.2 Fault Estimation for HVDC Transmission System

Numerous research work available on fault estimation in the area of power system

protection. These techniques for fault estimation are applicable on high voltage alternating

current (HVAC) transmission system. However, limited research work has been carried

out in HVDC transmission system. Therefore, their is pressing need to investigate whether

the methods adopted in HVAC system can be applicable to HVDC or not. In the present

days, the primary protection against fault in HVDC transmission lines uses Traveling wave

based methods, whereas for the backup protection uses differential protection methods.

One of the first proposals for fault estimation in HVDC transmission system are based on

the Traveling wave approach [32,33]. Traveling wave based fault estimation methods found

solution on the basic of the time taken to propagate transient wave along the transmission
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line from fault point to reference bus [119–121]. Some of the research work available on

methods developed with one-terminal measured data [122]. Although, most of the research

work available in fault estimation in HVDC require two-terminal measured synchronized

data using PMU. The traveling wave based fault estimation methods uses the transients

generated due to fault initiation and collect the traveling wave front that continue to

bounce back and forth concerning nearest terminal and fault initiation point up to steady

state is reached. Therefore, measured data should be synchronized before the traveling

wave based fault estimation methods are used. Although, these methods have fast response

and are reliable with high accuracy [123–125]. A common issue related to these methods

include requirement of high sampling rate for the measured data, which in turn depends on

a sophisticated measurement device thus increasing the computational burden. In order

to mitigate the above mentioned issues some of the researchers [52, 126–129] employed

Fourier Transform and Wavelet Transform with Traveling Wave based fault estimation

methods for reliable solution in short time period. Research work is also available with

hybrid system that uses intelligence technique with traveling wave based fault estimation

methods. Intelligence technique uses with these methods are ANN, SVM, expert solution,

etc. These methods using similarity property for fault detection, classification and for

fault location traveling wave is used [53, 130–136]. Although, traveling wave based fault

estimation methods have many advantages but various issues related to these methods are

such as: propagation time can be affected by system parameter, network configuration

[33,119,122–125] and these method does not perform well for fault closer to the converter

station and small inception angle [53,133–136].

To overcome the drawbacks of the above mentioned methods, several approaches based

on artificial intelligent have been developed. Such as artificial neural network (ANN),

decision tree, discriminant analysis, and support vector machine (SVM) [37–39]. Above

stated approaches require large training data sets and training time, therefore not suitable

for real time fault estimation without any modification. Since ANN is inspired by biological

nervous systems process information, therefore it has a good pattern recognition capability.

So, the researchers have developed several approaches based on derivatives of ANN. Such

as, radial biased, fuzzy based and back propagation neural network, is used for detection,

classification and location of fault [40, 41]. However, in this technique, the accuracy of

the approaches depends on the selection of hidden layers, therefore, training data required

is large. And as a result, it increases the computational burden that further delays the

execution time of the technique.
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To overcome the drawbacks of ANN based approaches SVM based approaches is pre-

ferred. SVM is independent of number of features extracted from the input sample [42].

This property is very useful in fault analysis of the transmission line, as measured quan-

tities available with utilities are limited. Different feature extraction techniques such as

Discrete Fourier Transform (DFT), Discrete Wavelet Transforms (DWT), Least Error

Square (LSE), and Stationary Wavelet Transform (SWT), are implemented with SVM for

fault detection and classification [43, 44]. The major issue in using most of the feature

extraction techniques is that, it does not provide an accurate estimation of the fundamen-

tal frequency component in presence of DC offset [45]. SVM based technique has high

computational time, since input feature space vector is of high dimension. If we are able

to reduce the dimension of the input feature space vector, the computational time reduces.

In literature F-score has been used for identifying the rank of the column in a particu-

lar matrix using mean and variance [137]. Although, knowledge-based fault estimation

methods have many advantages but some issue related to these methods are such as: ap-

propriate feature extraction is difficult for a particular fault signal [37, 39, 72], learning is

an important step if any case missed or different from training case then fault estimation

is difficult [41,43,50,75], accurate training is a very time-consuming process [45,49,78].

2.2 Critical Review

From the aforementioned literature review, the following research gaps have been iden-

tified:

• From the existing literature it is found that much focus has been given on the indi-

vidual evaluation of fault identification, location and classification problems. How-

ever, for practical realization fault identification, location and classification should

be evaluated simultaneously.

• The fixed resistive nature of fault impedance has been considered in the estimation

of faults but fault impedance varies from place to place. Also, the effect of weather

conditions is neglected in the existing literature.

• The mutual coupling effect of high voltage transmission lines is also not given proper

attention in most of the available literature.

• Most of the researchers have considered the frequency independent model of trans-

mission lines but practically line parameters are frequency dependent.
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• Multi-terminal HVDC system lacks an adequate technique of fault identification,

location, and classification.

• A simultaneous fault estimation method for the hybrid HVAC and HVDC systems

is the need of the hour.

• A lot of the existing fault estimation methods are strictly specific system configura-

tions dependent.

• The existing fault estimation technique doesn’t consider the withstand capacity of

freewheeling diode which needs attention during complete fault execution. This may

further result in collapsing of the converter system.

2.3 Research Objectives

On the basic of aforementioned critical review, the following research objectives have been

framed for the thesis work.

1. To carry out extensive literature survey in the area of fault detection, location, and

classification for HVAC, HVDC and Hybrid HVAC & HVDC transmission system.

2. To develop an algorithm for detection, location, and classification of fault in single

circuit HVAC transmission lines.

3. To develop an algorithm for detection, location, and classification of fault in Double

circuit HVAC transmission lines consider the charging effect.

4. To develop an algorithm for detection, location, and classification of fault in VSC

HVDC transmission lines.

5. To develop an algorithms for detection, location, and classification of fault in hybrid

HVAC and HVDC transmission lines.

2.4 Selection of Tools for System Modeling

The power system is one of the largest interconnected dynamic systems in recent time.

It involves thousands of electrical sources, loads, transmission and distribution lines, power

and distribution transformers, relays, circuit breakers etc. Faults in any component of the
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power system may cause significant disturbance to the power supply and thus electrical,

financial losses and create a disturbance.

In this thesis, their is a collection of linear and non-linear dynamic models for various

types of application in the power system. The dynamic models are realistic in nature,

which become applicable to various types of power systems studies such as fault anal-

ysis, protection, dynamic, transient and steady state stability analysis, voltage collapse

and contingency analysis etc. The developed models accomplished with the frequency

depended transmission system [13, 14] along with the dynamics of the exciter and gov-

ernor associated with each generator. Therefore, the realistic nature of the developed

models shows their ability to precisely describe the system performance under normal and

abnormal conditions. The abnormal conditions include faults of transient or permanent

types, symmetrical and unsymmetrical types etc. From the literature of fault estimation

in transmission lines comparison of some of the software used for system modeling and

analysis are described in Table 2.1. On the basis of objectives, PSCAD is selected for

system modeling and MATLAB is used as analysis and validation [138,139].

Table 2.1: Comparison of existing power system software package for fault studies

Software Stater Rotor Sys. Machine Sys. Machine Sys. Machine Time Frequency
Packages Transient Transient Positive Sequence Negative Sequence Zero Sequence Dependence Dependence

Symmetrical Condition Unsymmetrical Condition

PSS/E [140] No Yes Static Ckt. Static Ckt. Static Ckt. No Yes

Power Factory [141] No Yes Static Ckt. Static Ckt. Static Ckt. No No

(RMS Model)

Power Factory [141] Yes Yes Static and Rotor Static and Rotor Static and Rotor Yes Yes
EMT Model Dynamic Included Dynamic Included Dynamic Included

SIMPOW [142] No Yes Static Ckt. Static Ckt. Static Ckt. No No
Fundamental freq. Model

SIMPOW [142] Yes Yes Static and Rotor Static and Rotor Static and Rotor Yes No
Instantaneous Value Model Dynamic Included Dynamic Included Dynamic Included

Simpower system [143] Yes Yes Static and Rotor Static and Rotor Static and Rotor No No
(Specialized Technology) Dynamic Included Dynamic Included Dynamic Included

Simpower system [143] Yes Yes Static and Rotor Static and Rotor Static and Rotor Yes No
(SimScape Technology) Dynamic Included Dynamic Included Dynamic Included

PSCAD/EMTDC [144] Yes Yes Static and Rotor Static and Rotor Static and Rotor Yes Yes
Dynamic Included Dynamic Included Dynamic Included

PSCAD software uses an electromagnetic transient program for solving a differential

equation in the time domain for linear and non-linear modes. PSCAD provide a real-

time power system environment and synchronized measurement of voltage, current and

phasor angle with the help of SCADA or PMU. Since steady-state equations are used to

represent the power system for load-flow, protection, stability in power system and that

program provide information about fundamental frequency magnitude and phase only.

Nevertheless, PSCAD can provide a replica of the response of the power system conditions

at all the frequencies with user-defined time step [144].





Chapter 3

Fault Protection Strategies for

HVAC Transmission Systems

This chapter presents a efficacious method for fault detection, location, and classifica-

tion for transmission system. Further, statical analysis is presented to validate proposed

method.

3.1 Introduction

Electricity has brought a paradigm shift in the quality of life, urbanization, research,

national economy, defence and industrial growth. Ever increasing demand for electricity

has forced the nation to interconnect regional grids together and also combine dispatchable

and non-dispatchable energy sources to the main grids. Thus, modern power systems are

large with many complex interconnections with adjoining networks. This has resulted in a

large increase in the number of lines in operation and their total length. Transmission line

plays an important role in transferring power from generating station to the distribution

centre. These lines experience faults which are caused by storms, lightning, snow, freezing

rain, insulation breakdown and, short circuits caused by external objects, etc. In most of

the cases, electrical faults manifest in mechanical damage that must be repaired before

returning the line to service. The restoration can be expedited if the detection, location,

and classification of the fault is either known or can be estimated with reasonable accuracy.

Accurate estimation of fault detection, location, and classification are very important

when lines are long and run through inaccessible areas, and weather conditions are highly

21
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unfavorable. The reason being, visual inspection becomes much difficult and highly time-

consuming. Fault detection, location and classification provide an estimate for both sus-

tained and transient faults. Normally, transient faults cause minor damage that is not

easily visible on inspection. Fault detection, location and classification methods help to

identify those locations and type of faults for early repairs to prevent recurrence and

consequent major damages.

The subject of fault estimation has been of considerable interest to electric power utility

engineers and researchers for over last two decade. Most of the research done at the present

time, has been aimed at detection, location, and classification of transmission line faults.

This is mainly because of the impact of transmission line faults on the power systems as

already discussed above. In brief, the following benefits can be achieved by having a fast

and efficient fault estimation scheme:

• Fault estimation methods assist to accelerate the restoration process quickly.

• By specifying the faulted node location and type of fault there is a chance to reduce

the losses and isolate the affected areas from the healthy ones by implementing

sectionalize switching operations.

• By locating and classifying transient faults it is possible to plan for preventive main-

tenance tasks and avoid future fault.

• To avoid cascading failures and facilitate safer, secure and reliable power systems.

• To avoid overheating and losses of the line using different paths for the power delivery.

Therefore, the transmission system requires a quick reliable and accurate fault estima-

tion method for the uninterrupted reliable operation of the power systems. Thus, this

chapter proposes a novel parameter-less fault estimation method for the HVAC transmis-

sion systems. The proposed PLFE method is based upon the principle of Least Error

Square and Fourier Transform. For the validation of this proposed method three test

systems are considered and investigated under the varying condition of faults. The appli-

cation results of the proposed method are presented and compared with other established

methods.
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3.2 Proposed PLFE Fault Estimation Method

Initially, many impedance based methods [3–9] have been studied to calculate the fault

detection, location and classification in High voltage AC transmission system, as well.

However, these methods have limitation due to one or more reasons such as model de-

pendency or system parameter dependent, frequency dependent, sophisticated measured

data requirement, etc. This leads to the development of several interesting approaches

for transmission line fault protection in which the circuit theory based methods [9–12] be-

come the center of attraction for researchers due to their simplicity in understanding and

application. However, the exact estimation of fault detection, location and classification

is impossible with the use of frequency independence transmission line. Therefore, each

of these developed methods, thought are good enough, have faced strong imputation on

fairness of fault estimation which may be briefly explained in coming subsequent sections.

A new fault detection, location and classification method based upon the two end

synchronized/un-synchronized data for high voltage transmission line is proposed which

considers arcing faults calculations. In this work, Least Error Square (LES) Principal is

used without considering the line parameters. The Least Error Square Principle is used

on positive sequence equivalent circuit to calculate the fault distance from the reference

bus. This algorithm is simple to understand and simple to implement. Moreover it can be

applied to both lumped and distributed transmission lines. However it require less data

with non-iterative process. This algorithm provide promising results against the variability

in fault resistance on the account of two end data. The two end fault estimation methods

work with measured voltage and current data from two end of concerning section bus. In

the present scenario, the power system well equipped with modern measurement equipment

like Phase Measurement Unit (PMU) and fiber optics communication links that provide

synchronized data of voltage and current and also it provide rate of change of frequency.
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Figure 3.1: Schematic diagram of two terminal transmission test system
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The proposed PLFE method uses only voltage and current synchronized data if required

but if un-synchronized data is available then it’s find synchronizing angle and use it for

fault assessment.
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Figure 3.2: The equivalent circuit at the time of fault

Let us consider Figure 3.1 and Figure 3.2 which shows the schematic diagram and the

equivalent circuit diagram of faulted transmission system. The three-phase voltage to the

fault point are computed based on Kirchhoff’s Voltage Law from both end are taken and

the equations are given as:

[Vj ]abc = m[ZL]abc[Ij ]abc + ([Ij ]abc + [Ik]abc)[Rf ] (3.1)

[Vk]abc = (1−m)[ZL]abc[Ik]abc + ([Ij ]abc + [Ik]abc)[Rf ] (3.2)

[Vj ]abc − [Vk]abc = m[ZL]abc([Ij ]abc + [Ik]abc)− [ZL]abc[Ik]abc (3.3)

where, m is per unit fault distance of transmission line. [ZL]abc is total transmission line

impedance [Ij ]abc, [Ik]abc, [Vj ]abc, [Vk]abc are the three phase currents and voltage measured

at concerning fault section buses as shown in Figure 3.2. If data are not synchronized

than synchronized angle of other bus can be calculated with reference bus, here it have

been taken as eδ. It can facilitate estimation of the correct fault location. Now with

synchronization angle eq. (3.3) is rewritten for un-synchronized data set as:

[Vj ]abc − ([Vk]abce
δ) = m[ZL]abc[Ij ]abc + ([Ik]abce

δ)− [ZL]abc[Ik]abce
δ (3.4)

where, eδ is written for the synchronization angle. correctly identifying eδ with the help

of three sample moving window method [145]. Finding accurate angle is much important
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because it effect the accuracy of fault location calculation. If finds eδ correctly then it

easily the solve fault location from eq. (3.4). With using both the eq. (3.3) and (3.4) and

rewrite it in the form of eq. (3.5) and (3.6) respectively as:

[4V ]abc︸ ︷︷ ︸
Y

= m [ZL]abc([Ij ]abc + [Ik]abc)− [ZL]abc[Ik]abc︸ ︷︷ ︸
X

(3.5)

or,

[4V ]abc︸ ︷︷ ︸
Y

= m [ZL]abc([Ij ]abc + [Ik]abce
δ)− [ZL]abc[Ik]abce

δ︸ ︷︷ ︸
X

(3.6)

where, [4V ]abc = [Vj ]abc− [Vk]abc or [4V ]abc = [Vj ]abc− ([Vk]abce
δ) for synchronized or

un-synchronized data eq. (3.3) or (3.4) respectively.

m = [X]−1[Y ] (3.7)

Fault Location = m ∗ Length of Transmission Line (3.8)

It can be easily computed the fault location of transmission line without knowing line

parameter with eq. (3.8).

All derived equations are rewritten using the symmetrical transformation using positive

sequence component for further calculation. With generate all possible permanent and

transient faults to check the feasibility of the method in fault location. It also take un-

synchronized measured data in this section for further calculation. Therefore, It equally

applicable for any type of measured voltage and current data of buses. eq. (3.4) can be

rewritten for un-synchronized measured data.

[Vj ]012 − ([Vk]012e
δ) = m[ZL]012[Ij ]012 + ([Ik]012e

δ)− [ZL]012[Ik]012e
δ (3.9)

where, [Vj ]abc−([Vk]abce
δ) = [T ]([Vj ]012−([Vk]012e

δ)) and [T ] is transformation matrix

[145]. eq. (3.5) is rewritten as,

[4V ]012 + [ZL]012[Ik]012 = m[ZL]012([Ij ]012 + [Ik]012) (3.10)

Now taken the phasor measurement at instant t = t1 then eq. (3.8) is rewritten as,

[4V (t1)]012 + [ZL]012[I(t1)k]012 = m[ZL]012([I(t1)j ]012 + [I(t1)k]012) (3.11)
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Now proceed for the N number of sample with constant interval 4t eq. (3.11) is rewrit-

ten as,



4V (t1)]012

4V (t2)]012

.̇

.̇

4V (tN−1)]012

4V (tN )]012


=



([I(t1)j ]012 + [I(t1)k]012) −[I(t1)k]012

([I(t2)j ]012 + [I(t2)k]012) −[I(t2)k]012

.̇ .̇

.̇ .̇

([I(tN−1)j ]012 + [I(tN−1)k]012) −[I(tN−1)k]012

([I(tN )j ]012 + [I(tN )k]012) −[I(tN )k]012


[
m[ZL]012

[ZL]012

]
(3.12)

eq. (3.12) can be rewritten as,

[
Vn

]
=
[
In

] [m[ZL]012

[ZL]012

]
(3.13)

eq. (3.13) should be solve for finding the ratio between unknown variables m[ZL]012

and [ZL]012 rather then computing the value of these variables. Since, this ratio can be

enumerated easily for available N number of equations, thus solving eq. (3.13) as,[
m[ZL]012

[ZL]012

]
=
[
Vn

] [
In

]−1
(3.14)

Then the fault location Lf of line length L is calculated as,

Lf = m ∗ L =
m[ZL]012

[ZL]012
(3.15)

From eq. (3.15) it can easily found fault location with reasonable accuracy.

For identification of faulted section and faulted running window using quickest change

detection approach. In the described approach fourier transform of rate of change of

voltage and current phasor of all buses taken as the input function. For normal condition

as shown in eq. (3.16)-(3.18). If this condition not satisfied then fault or disturbance

present in the system. Therefore, fault are identified in the system with the help of fault

detection scheme.

d(Va)k−1

dk
=
d(Va)k
dk

=
d(Va)k+1

dk
or

d(ia)k−1

dk
=
d(ia)k
dk

=
d(ia)k+1

dk
(3.16)

d(Vb)k−1

dk
=
d(Vb)k
dk

=
d(Vb)k+1

dk
or

d(ib)k−1

dk
=
d(ib)k
dk

=
d(ib)k+1

dk
(3.17)

d(Vc)k−1

dk
=
d(Vc)k
dk

=
d(Vc)k+1

dk
or

d(ic)k−1

dk
=
d(ic)k
dk

=
d(ic)k+1

dk
(3.18)
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In the literature many methods of quick change detection are described [146, 147]. It

can model the change point as a deterministic but unknown positive integer γ. A number

of the heuristic method have been developed [148,149]. In which the log-likelihood based

on the current observation is compared with the threshold value to make a decision about

the change. In this proposed PLFE method the quick change detection approach is used

for fault detection. The basic methodology of this approach is described with preceding

basic equation as,

Let Xk is the observation sequence with k=1, 2,. . . .., n. f0 and f1 as the pre and post

change probability density function. Then Probability measure (expectation) define in

eq. (3.19) as,

E∞ [logL [X]] = −D(f0 || f1) < 0 and E1 [logL [X]] = D(f0 || f1) > 0 (3.19)

where, L(x) = f1(x)/f0(x), and E∞ and E1 correspond to expectations when γ = ∞
and γ = 1, respectively. Thus, after γ, the log likelihood of the observation X is more likely

to be above the given threshold value. Although, this method is simple but significant

performance gain can be achieved by making use of past observations to make the decision

about the change. For the large number of observation,
∑n

i=γ logL(Xi) grow to∞. Thus, if

Sn =
∑n

i=1 logL(Xi) is the accumulated log likelihood sum, then before γ, Sn has a positive

drift and climbs towards∞. Therefore, estimated value suggested by the following scheme

that detects this change in drift with eq. (3.20) as,

τc = inf

{
n ≥ 1 : (Sn − min

1≤k≤n
Sk) ≥ b

}
(3.20)

where, τc is the change detection time in the observation of the function taken in

consideration with b > 0. eq. (3.20) is also rewritten with L(Xi) in eq. (3.21) as,

τc = inf {n ≥ 1 : Wn ≥ b} (3.21)

where, Sn − min
1≤k≤n

Sk = max
0≤k≤n

n∑
i=k+1

logL(xi) = max
1≤k≤n+1

n∑
i=k

logL(xi) = Wn.

For classification proposed PLFE method using some condition that specifies the fault

class within prescribe accuracy describe in IEEE standard. There are mostly two types

of faults in the electrical power system that is unsymmetrical and symmetrical faults.

Unsymmetrical faults are very common but less severe than symmetrical faults. These are

mainly three types namely line to ground (L-G), line to line (L-L) and double line to ground

(L-L-G) faults. The line to ground fault (L-G) is the most common fault and (65− 70)%
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of faults are of this type. The (L-G) fault causes the conductor to make contact with the

earth or ground. Double line to ground (L-L-G) fault causes the two conductors to make

contact with the ground, (15−20)% of faults are (LL-G) fault. The line to line (L-L) faults

occurs when two conductors make contact with each other mainly while swinging of lines

due to winds. (5 − 10)% of the faults are of the line to line fault. Unsymmetrical faults

are also called unbalance faults since their occurrence causes unbalance in the system.

Unbalance of the system means that impedance values are different in each phase causing

unbalance current to flow in the phases. These are more difficult to analyze and are carried

out with the help of phase sequence method. Three phase faults are very severe faults and

occur rarely in the power systems. These are also called as balanced faults or symmetrical

fault. Symmetrical faults are of two types namely line to line to line to ground (L-L-L-G)

and line to line to line (L-L-L). Only (2 − 5)% of system faults are symmetrical faults.

If symmetrical faults occur, the system remains balanced but results in severe damage

to the electrical power system equipment. Analysis of these faults is easy and usually

carried by per phase basis. In this work only (L-L-L) fault are considered for analysis. For

classification of (L-G) faults condition describe in eq. (3.22)-(3.24) are used as,

Ib ≥ 0 ↓, Ic ≥ 0 ↓, Ic ≥ 0 ↑, I1
a0 = I1

a1 = I1
a2 (3.22)

Ia ≥ 0 ↓, Ic ≥ 0 ↓, Ib ≥ 0 ↑, I1
a0 = α2I1

a1 = αI1
a2 (3.23)

Ia ≥ 0 ↓, Ib ≥ 0 ↓, Ic ≥ 0 ↑, I1
a0 = αI1

a1 = α2I1
a2 (3.24)

For classification of (L-L-G) faults condition describe in eq. (3.25)-(3.27) are used as,

Ia ≥ 0 ↓, Ib = Ic ≥ 0 ↑, I1
a0 + I1

a1 + I1
a2 = 0 (3.25)

Ib ≥ 0 ↓, Ia = Ic ≥ 0 ↑, I1
a0 + α2I1

a1 + αI1
a2 = 0 (3.26)

Ic ≥ 0 ↓, Ib = Ic ≥ 0 ↑, I1
a0 + αI1

a1 + α2I1
a2 = 0 (3.27)

For classification of (L-L) faults condition describe in eq. (3.28)-(3.30) are used as,

Ia ≥ 0 ↓, Ib = Ic ≥ 0 ↑, I1
a1 + I1

a2 = 0 (3.28)

Ib ≥ 0 ↓, Ia = Ic ≥ 0 ↑, α2I1
a1 + αI1

a2 = 0 (3.29)

Ic ≥ 0 ↓, Ib = Ia ≥ 0 ↑, αI1
a1 + α2I1

a2 = 0 (3.30)



Chapter 3. Fault Protection Strategies for HVAC Transmission Systems 29

Yes

Is 

fault present

?No

Start

Design multilevel HVDC transmission line 

in PSCAD

Collect Data of voltage and current for 

every five sample with running window at 

each buses  

Check the condition for fault in the system 

F
a

u
lt

 D
et

ec
ti

o
n

 S
ch

em
e
 

Calculate Fault Detection time with 

Detection scheme

Using Fault Locating scheme 

for fault location

Using Fault Classification 

scheme for fault  classification

End

F
a

u
lt

 L
o
ca

ti
n

g
 S

ch
e
m

e
 

F
a

u
lt

 C
la

ss
if

ic
a
ti

o
n

 S
ch

em
e Convert measured voltage and current data 

in their sequence components 

Figure 3.3: Flowchart for the proposed PLFE method

For classification of (L-L-L) fault condition describe in eq. (3.31) is used as,

‖ Va ‖=‖ Vb ‖=‖ Vc ‖≥ 0 ↓, ‖ Ia ‖=‖ Ib ‖=‖ Ic ‖≥ 0 ↑ (3.31)
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Further, combining proposed approaches mention in above paragraph according to

working step provided in Figure 3.3. Now, with the use of all combined approaches PLFE

method provide solution of above three mention objection in simultaneously. Proposed

schemes of the three objective describe in next subsections. The overall flowchart is shown

in Figure 3.3 provide the working sequence of the proposed method.

3.2.1 PLFE Fault Detection Scheme

Fault detection with parameter-less fault estimation (PLFE) method is based upon the

impedance calculation approach with basic classical conditions. It identifies between with

and without fault condition from the running time window of every five samples with an

increment of one sample. It detects the fault on voltage and current data only. Working

steps of this scheme are given below:

• Collect voltage and current signal data at every five sample with increment of one

sample.

• Convert rate of change of voltage and current signal in frequency domain with Dis-

crete Fourier Transform (DFT).

• Use rate of change of voltage and current signal data for identification of faulted

section.

• Use eq. (3.21) to calculate fault detection time.

3.2.2 PLFE Fault Location Scheme

After fault detection, it is important to locate the fault. In order to locate the fault,

the faulted running window used in fault detection scheme is considered. Using eq. (3.15)

with measured voltage and current sequence data calculate fault location. Working steps

of this scheme are given below:

• Select the faulted section with the help of fault detection scheme.

• Measured voltage and current signal data of both the terminal.

• Convert voltage and current signal data of both the terminal into sequence voltage

and current data with sequence transform matrix.
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• Use eq. (3.15) for calculation of fault location.

For showing clear variation we take ten test cases for each type of faults which may affect

the technique accuracy including fault resistance, line loading and line transposition. The

voltage and current data calculated at the sampling frequency at 1.6 MHz. The proposed

method based on fundamental phasors, the Recursive Discrete Fourier Technique (DFT)

is utilized to find out those phasors. With eq. (3.32) find out the resulted estimated error

that shows the accuracy of the fault location scheme.

Presentage Error =
(Lf )actual − (Lf )calculated

Total line length
∗ 100 (3.32)

where, (Lf )actual, (Lf )calculated and L are the actual fault location, calculated fault

location and transmission line length respectively.

3.2.3 PLFE Fault Classification Scheme

After fault detection, it is also important to classify the fault. In order to classify

the fault, faulted section and faulted running window sample voltage and current data is

used in fault detection scheme which detects fault is considered. For the classification of

fault PLFE based fault classification scheme is used. Eqs. (3.22)-(3.31) show the specific

condition for fault classification for of different types. Working steps of this scheme are

given below:

• Select considered voltage and current signal data of five sample of running window

in which fault detection scheme detect fault.

• Convert consider voltage and current signal data in to their sequence voltage and

sequence current data with sequence transform matrix.

• Classify fault type with the help of condition describe in eq. (3.22- 3.31).

• Use PLFE based fault classification scheme for fault classification.

True Positive Rate = True Classification∑
(True Classification+False Classification) (3.33)

True Negative Rate = False Classification∑
(True Classification+False Classification) (3.34)

Persantage Accuracy = True classification
Total Number of Cases × 100 (3.35)
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With the help of define eq. (3.33), (3.34), (3.35)) calculate the error variation with fault

classification scheme. Overall step of the proposed method is shown in the Figure 3.3.

3.3 Test System for Simulation

To validate the proposed PLFE fault estimation method three HVAC transmission test

systems have been taken into consideration which is two terminal, two terminal double

circuits and IEEE 39-bus New England system have been used as shown in Figure 3.4,

Figure 3.11 and Figure 3.23 respectively. The test transmission system is modelled in

PSCAD/ EMTDC with IEEE dynamic data (Appendix-A.2). The transmission line is

designed with frequency dependent transmission line modelling [47].

3.3.1 Case-1: Two-terminal HVAC Transmission Test System

~ ~ 

j  k

   CBj  CBk

Lf = m L

L

V δ   V 0   
                Fault Point

Transimission Line

F

Figure 3.4: Schematic diagram of two terminal transmission test system

To validate the proposed PLFE fault estimation method, the single line diagram of 200

km, 230 kV transmission line simulated in the PSCAD transient program illustrated in

Figure 3.4. MATLAB software interface is used to implement the algorithm. Thevenin’s

Equivalent Impedance of voltage sources at bus j and k are given as using mutual coupled

R-L circuit as: the positive sequence is Zj1 = 52.9∠83, Zk1 = 52.9∠83 and zero sequence

is Zj0 = 52.9∠83, Zk0 = 52.9∠83 respectively.

The fault estimation using low and high resistive faults as well as using arcing faults

[145]. This transmission line is represented using frequency- dependent model [47]. Trans-

mission line impedance are given as: the positive sequence is Rabc1 = 1.787240475Ω,

Labc1 = 25.3881338mH, Gabc1 = 5.0µf, Babc1 = 0.163558973mf, and zero sequence is

Rabc0 = 18.15761005Ω, Labc0 = 66.3236615mH, Gabc0 = 5.0µf, Babc0 = 033049.1161mf .
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Figure 3.5: Tower configuration of two terminal transmission Line

The transmission line configuration is illustrated in Figure 3.5 The phase conductor

is Aluminum Conductor Steel Reinforced (ACSR)Cable with DC resistance 0.03206Ωkm,

and radius of the conductor is 0.020345m. The arrangement of all phase conductor in

the form of isosceles triangle with base 10 m and two sides 7.0711m.The ground wires are

solid, its DC resistance is 2.8645Ωkm, and radius of the ground conductor is 0.0055245m,

height of ground wire above lowest conductor 10m, Sag of all wire is 10m. The resistivity

of the soil is given as 100Ωm.
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Figure 3.6: Voltage at terminal-1 (case-1)
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Figure 3.7: Current at terminal-1 (case-1)
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Figure 3.8: Voltage at terminal-2 (case-1)
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Figure 3.9: Current at terminal-2 (case-1)

The length of transmission line is 200 km and the all types of fault is created at every

10 km i.e. at 19 different location at 1s for a duration of 0.3s (approx 10 cycles). The

collected data for every sample is having the sampling frequency of 4.8 kHz. Once the

transient fault occurs in the system, the line voltage of both end of the line immediately

falls. LL-Fault is created in line at connecting terminal (1-2) at 80 km far from terminal-

1. Figures 3.6 and 3.7 show the terminal-1 voltage and current and Figures 3.8 & 3.9

show the terminal-2 voltage and current. Both the terminal voltages decreases and current



Chapter 3. Fault Protection Strategies for HVAC Transmission Systems 35

0.9 1 1.1 1.2 1.3 1.4 1.5
Time (s)

-200

-100

0

100

200

300

400

Po
w

er
 (

kW
, k

V
A

)

Active and Reactive Power at Both End
Qr
Qs
Pr
Ps

Figure 3.10: Active and reactive power at both ends (case-1)

Table 3.1: Definition of class with respect to different types of fault

Class-1 Phase A to Ground Fault
Class-2 Phase B to Ground Fault
Class-3 Phase C to Ground Fault
Class-4 Phase A to Phase B Fault
Class-5 Phase A to Phase C Fault
Class-6 Phase B to Phase C Fault
Class-7 Phase A to Phase B to Ground Fault
Class-8 Phase A to Phase C to Ground Fault
Class-9 Phase B to Phase C to Ground Fault
Class-10 Phase A to Phase B to Phase C Fault

increase with respectively. Figure 3.10 shows the active power and reactive power response

at the time of fault. It is also observed that current and voltage has harmonic content due

to the presence of fault. After fault harmonic content is settled down in few cycle. In this

work 10 different faults are simulated which are shown in Table 3.1.

3.3.2 Case-2: Two-terminal Double Circuit HVAC Transmission Test

System

For validation of the proposed PLFE fault estimation method, the single line diagram

of double 200 km, 230 kV transmission line simulated in the PSCAD transient program

illustrated in Figure 4.19. MATLAB software interface is used to implement the algorithm.

Thevenin’s Equivalent Impedance of voltage sources at bus j and k are given as using

mutual coupled R-L circuit as: the positive sequence is Zj1 = 52.9∠83, Zk1 = 52.9∠83

and zero sequence is Zj0 = 52.9∠83, Zk0 = 52.9∠83 respectively.

The transmission line configuration is illustrated in Figure 3.12. The phase conductor

is Aluminum Conductor Steel Reinforced (ACSR)Cable with DC resistance 0.03206Ωkm,

and the radius of the conductor is 0.020345m. The arrangement of all phase conductor
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Figure 3.11: Schematic diagram of two terminal double circuit transmission test system
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Figure 3.12: Tower configuration of double circuit transmission line

in the form of an isosceles triangle with base 10 m and two sides 7.0711m. The ground

wires are solid, its DC resistance is 2.8645Ωkm, and radius of the ground conductor is

0.0055245m, the height of ground wire above lowest conductor 10m, Sag of all wire is

10m. The resistivity of the soil is given as 100Ωm.

The length of the transmission line is 200 km and the all types of fault is created at

every 10 km i.e. at 38 different location at 1s for a duration of 0.3s (approx 10 cycles).

the collected data for every sample is having the sampling frequency of 4.8 kHz.Once the
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Figure 3.13: Voltage at terminal-1 in line-1 (case-2)
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Figure 3.14: Current at terminal-1 in line-1 (case-2)
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Figure 3.15: Voltage at terminal-2 in line-1 (case-2)

transient fault occurs in the system, the line voltage of both terminal end immediately

fall.

The fault estimation using low and high resistive faults as well as using arcing faults.

This transmission line is represented using frequency-dependent model [47]. Transmis-

sion line impedance are given as: the positive sequence is Rabc0 = 5.44113181Ω, Labc0 =
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Figure 3.16: Current at terminal-2 in line-1 (case-2)
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Figure 3.17: Voltage at terminal-1 in line-2 (case-2)

0.9 1 1.1 1.2 1.3 1.4 1.5

−0.6

−0.4

−0.2

0

0.2

0.4

0.6

Time (s)

C
ur

re
nt

 (k
A)

Current in First Line at Terminal−2 of Dobule Circuit Line

Figure 3.18: Current at terminal-1 in line-2 (case-2)

13.6254007H, Gabc0 = 0.00646001613µf, Babc0 = 15.8031843µf. and zero sequence is

Rabc1 = 7.22536499Ω, Labc1 = 38.9961302H, Gabc1 = 5.01390641µf, Babc1 = 0.147812113mf.

LL-Fault is created in between line at connecting terminal (1-2) at 100 km far from

terminal-1. Figures 3.13 and 3.14 show the terminal-1 voltage and current in line-1 simi-

larly Figures 3.15 and 3.16 show the terminal-1 voltage and current in line-2. Figures 3.16
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Figure 3.19: Voltage at terminal-2 in line-2 (case-2)
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Figure 3.20: Current at terminal-2 in line-2 (case-2)
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Figure 3.21: Active and reactive power at both ends in line-1 (case-2)

and 3.17 and Figure 3.18 show the terminal-2 voltage and current in line-1, Figures 3.19

and 3.20 show the terminal-2 voltage and current in line-2 respectively. Both the ter-

minal voltages decreases and current increase with respectively. Current in both the line

at terminal-2 are more harmonic then Terminal-1 currents. Figures 3.21 and 3.22 shows

the active power and reactive power response at the time of fault of both the terminal.

It is also observed that current and voltage have harmonic content due to the presence
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Figure 3.22: Active and reactive power at both ends in line-2 (case-2)

of a fault. After fault harmonic content is settled down in a few cycles. In this work, 10

different types of fault are simulated which are shown in the previous section Table 3.1.

3.3.3 Case-3: IEEE 39-Bus New England Transmission Test System
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Figure 3.23: Schematic diagram of new England 39-bus IEEE dynamic transmission
test system



Chapter 3. Fault Protection Strategies for HVAC Transmission Systems 41

The New England IEEE 39-bus system is used for carrying out the simulation, where

the data collected from the Phase Measurement Unit (PMU) installed at different buses

in the system. The system has 10 generator bus and rest is load buses. The system also

consists of 34 sections of the transmission line of different length. The system is modelled

with an electromagnetic transient program available in power system design (PSCAD/

EMTDC) using the IEEE dynamic data. In order to have a realistic system condition,

the transmission line is modelled with a frequency dependent model. The schematic line

diagram of the system model is shown in Figure 3.23.
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Figure 3.24: Voltage at bus-26 (case-3)
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Figure 3.25: Current in section (26-29) at bus-26 (case-3)

The total length of the transmission line is 635.7522 km and the ten different types of

fault is simulated at every 10 km i.e. at 58 different location, considering that minimum

one event in each and every section even if the length is less then 10 km at 1s for a

duration of 0.3s (approx 10 cycles). The collected data for every sample is having the

sampling frequency of 4.8 kHz. Once the transient fault occurs in the system, the line

voltage of both terminal end immediately fall. For a better understanding of the fault

situation, one fault case among 10 cases in one of the section in the transmission line is

created discuss below.
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Figure 3.26: Voltage at bus-29 (case-3)
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Figure 3.27: Current in section (26-29) at bus-29 (case-3)
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Figure 3.28: Active and reactive power flow in section (26-29) (case-3)

LG-Fault is created in line section 26-29 at connecting bus (26-29) at 33 km far from bus

26. Figures 3.24 and 3.25 show the voltage and current at bus 26. Similarly Figures 3.26

and 3.27 show the voltage and current at bus 29. Figure 3.28 shows the active power

and reactive power response at bus 26 and bus 29 the time of the fault. It is observed

that at the time of phase to ground fault respected phase voltage decreases at both the

bus and phase current increases respectively. It is also observed that current and voltage
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have harmonic content due to the presence of the fault. After fault harmonic content is

settled down in a few cycles. In this work, 10 different types of fault are simulated which

are shown in the previous section Table 3.1.

3.4 Results and Discussions

The flowchart is shown in Figure 3.3 provides the working step of the proposed PLFE

fault estimation method. The voltage and the current signal is continuously measured and

recorded at each bus of the system. The rate of change in voltage and current in frequency

and time domain compare with the previous two samples of half cycle running window

data with fault detection scheme (3.2.1). Once the fault is detected by the proposed PLFE

fault detection scheme. Then, the same half cycle data are used to locate and classify the

fault with using PLFE fault location scheme (3.2.2) and PLFE fault classification scheme

(3.2.3) respectively.

3.4.1 Case-1: Two-terminal HVAC Transmission Test System

For the test case data generation, 10 different types of fault are simulated in different

locations. Taking possible variation in the test case data collection with different fault

Inception time. Using the PLFE fault estimation method to find out all the three ob-

jects of the fault estimation problem. Obtained result and observations are provided in

forthcoming subsections.

3.4.1.1 Outcomes with PLFE Fault Detection Scheme

To test the suitability of this scheme, 10 different types of fault in the overhead trans-

mission line at 50 km, 100 km and 150 km are simulated. The test results of the detection

scheme are shown in Table 3.2 with different fault locations and inception instant. First

two columns show fault types and fault initiation location. Last three columns show the

fault inception instant, detection instant and response time, respectively. From the Ta-

ble 3.2, it is observed that by using the proposed PLFE fault detection scheme the fault is

detected and identified precisely within 4.5 milliseconds with average detection time 2.65

milliseconds, which is well within the allowable time limit as per IEEE standard [137].
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Table 3.2: Result obtained with PLFE fault detector scheme (case-1)

Fault Type
Fault Location Fault Inception Fault Detection Response Time

(km) Instant (Ti)s Instant (Td)s (Tr = Td − Ti)ms

Class-1

50
0.2 0.2030 3.0
0.3 0.3032 3.2
0.4 0.4025 2.5

100
0.2 0.2033 3.3
0.3 0.3022 2.2
0.4 0.4031 3.1

150
0.2 0.2037 3.7
0.3 0.3026 2.6
0.4 0.4037 3.7

Class-4

50
0.2 0.2021 2.1
0.3 0.3029 2.9
0.4 0.4031 3.1

100
0.2 0.2016 1.6
0.3 0.3031 3.1
0.4 0.4011 1.1

150
0.2 0.2032 3.2
0.3 0.3030 3.0
0.4 0.4025 2.5

Class-7

50
0.2 0.2024 2.4
0.3 0.3012 1.2
0.4 0.4037 3.7

100
0.2 0.2024 2.4
0.3 0.3041 4.1
0.4 0.4029 2.9

150
0.2 0.2036 3.6
0.3 0.3031 3.1
0.4 0.4034 3.4

Class-10

50
0.2 0.2027 2.7
0.3 0.3024 2.4
0.4 0.4015 1.5

100
0.2 0.2012 1.2
0.3 0.3028 2.8
0.4 0.4036 3.6

150
0.2 0.2011 1.1
0.3 0.3013 1.3
0.4 0.4021 2.1

3.4.1.2 Outcomes with PLFE Fault Location Scheme

With the use of measured synchronized bus voltage and current running sample data

that is provided by the current and voltage sequence transform system in which the PLFE

fault detection scheme detects a fault. Results obtain with this scheme are shown in

Table 3.3 and percentage error variation shown in Figure 3.29. For the similarity in

obtained results taken one class of three phase to ground fault and phase to phase fault

showing the result for simplicity.
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Table 3.3: Result obtained with PLFE fault location scheme using synchronized bus
voltage and current data (case-1)

Fault Type
Actual FL Calculated FL Error in FL Error in FL

(km) (km) (km) %

Class-1

20 19.8782 -0.1218 -0.0609
40 39.7754 -0.2246 -0.1123
60 60.1699 0.1699 0.0849
80 80.1884 0.1884 0.0942
100 100.0046 0.0046 0.0023
120 120.0474 0.0474 0.0237
140 140.8562 0.4562 0.2281
160 160.1378 0.1378 0.0689
180 180.1256 0.1256 0.0628

Class-4

20 19.8244 -0.1756 -0.0878
40 39.7878 -0.2122 -0.1061
60 59.2544 0.2544 0.1272
80 80.1926 0.1926 0.0963
100 100.0068 0.0068 0.0034
120 120.1026 0.1026 0.0513
140 139.1286 0.1286 0.0643
160 160.1244 0.1244 0.0622
180 180.1053 0.1053 0.0526

Class-7

20 19.8731 -0.1269 -0.0634
40 39.7916 -0.2084 -0.1042
60 59.1183 0.1183 0.0592
80 80.1226 0.1226 0.0613
100 100.1194 0.1194 0.0597
120 120.0956 0.0956 0.0442
140 140.0999 0.0999 0.0499
160 160.0884 0.0884 0.0442
180 180.0934 0.0934 0.0467

Class-10

20 19.8162 -0.1838 -0.0119
40 39.8360 -0.164 -0.0820
60 59.3718 0.3718 0.1859
80 80.2004 0.2004 0.1002
100 100.0728 0.0728 0.0364
120 120.0112 0.0112 0.0056
140 139.0536 0.0536 0.0268
160 160.0886 0.0886 0.0443
180 180.0563 0.0563 0.0282
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Figure 3.29: Performance of PLFE fault location scheme with synchronized bus data
(case-1)

With the use of measured un-synchronized bus voltage and current data that is provided

by current and voltage transformer with phase measurement system. Results obtain with

this scheme are shown in Table 3.4 and percentage error variation shown in Figure 3.30.

Figure 3.30 it can be noted that PLFE fault estimation method provides fault location

with the maximum percentage error 0.1330 that is equal to in length 0.2660 km or 266.0
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Table 3.4: Result obtained with PLFE fault location scheme using un-synchronized bus
voltage and current data (case-1)

Fault Type
Actual FL Calculated FL Error in FL Error in FL

(km) (km) (km) %

Class-1

20 19.7467 -0.2533 -0.1266
40 39.8289 -0.1711 -0.0855
60 60.0845 0.0845 0.0422
80 80.1966 0.1966 0.0983
100 100.2511 0.2511 0.1256
120 120.0474 0.1818 0.0909
140 140.2004 0.2004 0.1002
160 160.1455 0.1455 0.0727
180 180.1361 0.1361 0.0680

Class-4

20 19.8012 -0.1988 -0.0994
40 39.6892 -0.3108 -0.1554
60 60.1943 0.1943 0.0971
80 80.2630 0.2630 0.1315
100 100.0759 0.0759 0.0379
120 120.0540 0.0540 0.0270
140 140.0835 0.0835 0.0417
160 160.1656 0.1656 0.0828
180 180.1299 0.1299 0.0649

Class-7

20 19.7740 -0.2260 -0.1130
40 39.8541 -0.1459 -0.0729
60 60.0922 0.0922 0.0461
80 80.2630 0.2630 0.1315
100 100.2290 0.2290 0.1145
120 120.0838 0.0838 0.0419
140 140.0898 0.898 0.0449
160 160.1524 0.1524 0.0762
180 180.1361 0.1361 0.0680

Class-10

20 19.8721 -0.1279 -0.0639
40 39.7340 -0.2660 -0.1330
60 60.1566 0.1566 0.0783
80 80.2399 0.2399 0.1199
100 100.1233 0.1233 0.0616
120 120.0497 0.0497 0.0248
140 140.1122 0.1122 0.0561
160 160.0965 0.0965 0.0482
180 180.1320 0.1320 0.0660
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Figure 3.30: Performance of PLFE fault location scheme with un-synchronized bus data
(case-1)

m that is within the permissible limit provided in IEEE standards [150]. It can also be

observed that when the fault location within 40 km the percentage error is negative but

above this length percentage error is positive with respect to the terminal-1. This PLFE

fault location scheme requires less than one cycle data to providing the location of fault

that accelerate the restoration process by reducing the search area and increased transfer
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capability of the transmission line in the specific time. It can be observed from Table 3.14

that the error in fault location is least with the proposed scheme which validates the

accuracy.

3.4.1.3 Outcomes with PLFE Fault Classification Scheme

Table 3.5: Result obtained with PLFE fault classification scheme in sample wise (case-1)

T
ru

e
C

la
ss

Class-1 19

Class-2 18 1

Class-3 17 1 1

Class-4 19

Class-5 19

Class-6 18 1

Class-7 19

Class-8 1 1 17

Class-9 1 18

Class-10 19
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Table 3.6: Result obtained with PLFE fault classification scheme in % wise (case-1)

T
ru

e
C
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ss

Class-1 100% 100% 0%

Class-2 94.7% 5.3% 94.7% 5.3%

Class-3 89.5% 5.3% 5.3% 89.5% 10.5%

Class-4 100% 100% 0%

Class-5 100% 100% 0%

Class-6 94.7% 5.3% 94.7% 5.3%

Class-7 100% 100% 0%

Class-8 5.3% 5.3% 89.5% 89.5% 10.5%

Class-9 5.3% 94.7% 94.7% 5.3%

Class-10 100% 100% 0%
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The results obtained with this PLFE fault classification scheme are shown in Table 3.5,

and Table 3.6. The diagonal elements in Table 3.5 shows the correct classified sample,

whereas non-diagonal elements shows false classified samples. Table 3.6 shows the correct

classified percentage considering True Positive Rate (TPR) whereas the non-diagonal el-

ements show false classified percentage considering False Negative Rate (FNR) using the
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basic equation behind design of confusion matrix are shown in eq. (3.33), eq. (3.34) and

eq. (3.35). The classification accuracy of this scheme is 96.31% as shown in Table 3.6.

3.4.2 Case-2: Two-terminal HVAC Double Circuit Transmission Test

System

For the validation of the proposed PLFE fault estimation method 10 different types of

fault are simulated in a different location with a varying fault condition. Taking possible

variation in the different test case data collection with different fault inception time and

fault types. Using the PLFE fault estimation method to find out all the three objectives of

the fault estimation problem. Obtained result and observations are provided in upcoming

sections.

Table 3.7: Result obtained with PLFE fault detector scheme (case-2)

Fault Type
Fault Location Fault Inception Fault Detection Response Time

(km) Instant (Ti)s Instant (Td)s (Tr = Td − Ti)ms

Class-1

50
0.2 0.2022 2.2
0.3 0.3035 3.5
0.4 0.4031 3.1

100
0.2 0.2012 1.2
0.3 0.3022 2.2
0.4 0.4026 2.6

150
0.2 0.2023 2.3
0.3 0.3030 3.0
0.4 0.4029 2.9

Class-4

50
0.2 0.2019 1.9
0.3 0.3023 2.3
0.4 0.4010 1.0

100
0.2 0.2040 4.0
0.3 0.3015 1.5
0.4 0.4013 1.3

150
0.2 0.2021 2.1
0.3 0.3016 1.6
0.4 0.4025 2.5

Class-7

50
0.2 0.2020 2.0
0.3 0.3039 3.9
0.4 0.4038 3.8

100
0.2 0.2012 1.2
0.3 0.3032 3.2
0.4 0.4018 1.8

150
0.2 0.2023 2.3
0.3 0.3026 2.6
0.4 0.4038 3.8

Class-10

50
0.2 0.2023 2.3
0.3 0.3039 3.9
0.4 0.4019 1.9

100
0.2 0.2031 3.1
0.3 0.3029 3.0
0.4 0.4026 2.6

150
0.2 0.2031 3.1
0.3 0.3011 1.1
0.4 0.4015 1.5
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3.4.2.1 Outcomes with PLFE Fault Detection Scheme

To test the suitability of the proposed PLFE fault detection scheme, 10 different types

of fault in the overhead transmission line at 50 km, 100 km and 150 km are simulated. The

test results of the PLFE fault detection scheme are shown in Table 3.7 for different fault

locations and variation in inception instant. First two columns show fault types and fault

initiation location. And the last three columns show the fault inception instant, detection

instant and response time, respectively. From the Table 3.7, it is observed by using the

proposed PLFE fault detection scheme the fault is detected and identified precisely within

4 milliseconds with average detection time is 2.45 milliseconds, which is well within the

allowable time limit as per the IEEE standard [150].

3.4.2.2 Outcomes with PLFE Fault Location Scheme

Table 3.8 and Figure 3.31 show the estimated fault location values and percentage error

variation in line-1 of double circuit line. Table 3.9 and Figure 3.32 show the estimated

fault location values and percentage error variation in line-2 of double circuit line. For the

similarity in obtained results, it is taken one class of fault which is three phase to ground

fault and phase to phase fault for simplicity.
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Figure 3.31: Performance of PLFE fault location scheme in line-1 (case-2)
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Figure 3.32: Performance of PLFE fault location scheme in line-2 (case-2)
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Table 3.8: Result obtained with PLFE fault location scheme in line-1 (case-2)

Fault Type
Actual FL Calculated FL Error in FL Error in FL

(km) (km) (km) %

Class-1

20 20.7132 0.7132 0.3566
40 40.4851 0.4851 0.2426
60 60.5357 0.5357 0.2679
80 80.5109 0.5109 0.2555
100 100.2454 0.2454 0.1227
120 120.3109 0.3109 0.1555
140 140.4296 0.4296 0.2148
160 160.2613 0.2613 0.1307
180 180.6921 0.6921 0.3461

Class-4

20 20.2363 0.2363 0.1182
40 40.2581 0.2581 0.1291
60 60.2195 0.2195 0.1098
80 80.2594 0.2594 0.1297
100 100.4105 0.4105 0.2053
120 120.3178 0.3178 0.1589
140 140.7464 0.7464 0.3732
160 160.4011 0.4011 0.2006
180 180.2294 0.2294 0.1147

Class-7

20 20.7334 0.7334 0.3667
40 40.7858 0.7858 0.3929
60 60.4072 0.4072 0.2036
80 80.1778 0.1778 0.0889
100 100.2806 0.2806 0.1403
120 120.3861 0.3861 0.1931
140 140.5164 0.5164 0.2582
160 160.2835 0.2835 0.1418
180 180.5232 0.5232 0.2616

Class-10

20 20.5979 0.5979 0.2990
40 40.2552 0.2552 0.1276
60 60.1822 0.1822 0.0911
80 80.3077 0.3077 0.1539
100 100.3231 0.3231 0.1616
120 120.3969 0.3969 0.1985
140 140.4555 0.4555 0.2278
160 160.1599 0.1599 0.0800
180 180.2837 0.2837 0.1419

Table 3.8 and Table 3.9 shows the actual fault location values and the respective es-

timated fault location values. The percentage error in the estimated fault location with

the actual location is calculated using eq. (3.35). From the Table 3.8 and Figure 3.31 it

is observed that PLFE fault location scheme provide fault location with the maximum

percentage error 0.3929 that is equal to in length 0.7858 km or 785.80 m. And from the

Table 3.9 and Figure 3.32 it is noticed that PLFE fault scheme provides fault location with

the maximum percentage error 0.3688 that is equal in length 0.7375 km or 737.50 m that

is within the permissible limit provided in IEEE standards [150]. It also observed that

when the estimated fault location within 40 km, the percentage error is negative but above

this length percentage error is positive with respect to the terminal-1. This PLFE fault

location scheme requires 1/2 cycle data to providing the location of fault that accelerate

the restoration process by reducing the search area and increased transfer capability of the

transmission line in 5 milliseconds. It can be observed from Table 3.14 that the error in
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Table 3.9: Result obtained with PLFE fault location scheme in line-2 (case-2)

Fault Type
Actual FL Calculated FL Error in FL Error in FL

(km) (km) (km) %

Class-1

20 20.1032 0.1032 0.0516
40 40.6424 0.6424 0.3212
60 60.6721 0.6721 0.3361
80 80.7081 0.7081 0.3541
100 100.1591 0.1591 0.0796
120 120.3798 0.3798 0.1899
140 140.2819 0.2819 0.1410
160 160.6161 0.6161 0.3081
180 180.4027 0.4027 0.2014

Class-4

20 20.7375 0.7375 0.3688
40 40.2273 0.2273 0.1137
60 60.2847 0.2847 0.1424
80 80.2019 0.2019 0.1010
100 100.1952 0.1952 0.0976
120 120.7085 0.7085 0.3543
140 140.5058 0.5058 0.2529
160 160.4849 0.4849 0.2425
180 180.2015 0.2015 0.1008

Class-7

20 20.6971 0.6971 0.3486
40 40.5354 0.5354 0.2677
60 60.3457 0.3457 0.1729
80 80.4593 0.4593 0.2297
100 100.3813 0.3813 0.1907
120 120.1532 0.1532 0.0766
140 140.2679 0.2679 0.1340
160 160.1863 0.1863 0.0932
180 180.2287 0.2287 0.1144

Class-10

20 20.2668 0.2668 0.1334
40 40.3921 0.3921 0.1961
60 60.1348 0.1348 0.0674
80 80.7319 0.7319 0.3660
100 100.7614 0.7614 0.3807
120 120.4436 0.4436 0.2218
140 140.4425 0.4425 0.2213
160 160.3364 0.3364 0.1682
180 180.3585 0.3585 0.1793

fault location is least with the proposed PLFE fault location scheme which validates the

accuracy.

3.4.2.3 Outcomes with PLFE Fault Classification Scheme

The results obtained with proposed PLFE fault classification scheme are shown in

Table 3.10, and Table 3.11. The diagonal elements in Table 3.10 shows the correct clas-

sified sample, whereas non-diagonal elements shows false classified samples. Table 3.11

shows the correct classified percentage considering True Positive Rate (TPR) whereas the

non-diagonal elements show false classified percentage considering False Negative Rate

(FNR) using the basic equation behind design of confusion matrix are shown in eq. (3.33),

eq. (3.34) and eq. (3.35). The classification accuracy of this scheme is 94.98% as shown in

Table 3.11.
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Table 3.10: Result obtained with PLFE fault classification scheme in sample wise (case-
2)
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Class-1 36 1 1

Class-2 35 1 1 1

Class-3 36 1 1

Class-4 37 1

Class-5 38

Class-6 38

Class-7 1 1 36

Class-8 1 1 36

Class-9 1 1 36

Class-10 2 1 1 34
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Table 3.11: Result obtained with PLFE fault classification scheme in % wise (case-2)

T
ru

e
C

la
ss

Class-1 94.7% 2.6% 2.6% 94.7% 5.3%

Class-2 92.1% 2.6% 2.6% 2.6% 92.1% 7.9%

Class-3 94.7% 2.6% 2.6% 94.7% 5.3%

Class-4 97.4% 94.7% 5.3%

Class-5 100% 100% 0%

Class-6 100% 100% 0%

Class-7 2.6% 2.6% 94.7% 94.7% 5.3%

Class-8 94.7% 94.7% 5.3%

Class-9 2.6% 2.6% 94.7% 94.7% 5.3%

Class-10 5.3% 2.6% 2.6% 89.5% 89.5% 10.5%

C
la
ss

-1

C
la
ss

-2

C
la
ss

-3

C
la
ss

-4

C
la
ss

-5

C
la
ss

-6

C
la
ss

-7

C
la
ss

-8

C
la
ss

-9

C
la
ss

-1
0

True Positive Rate False Negative Rate

Predicted Class

3.4.3 Case-3: New England IEEE 39-Bus Transmission Test System

For validating the proposed fault estimation method 10 different types of fault are sim-

ulated in a different location with varying fault conditions. Also, taking possible variation

in the test fault scenario data collected with different fault inception time. For result

validation proposed PLFE fault estimation method taking section (26-29) as a test section

for fault detection as well as fault location and classification using 60 test location. Using

the PLFE fault estimation method to find out all the three objectives of the problem

simultaneously. Obtained results and observations are provided in upcoming sections.
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3.4.3.1 Outcomes with PLFE Fault Detection Scheme

Table 3.12: Result obtained with PLFE fault detector scheme (case-3)

Fault Type
Fault Location Fault Inception Fault Detection Response Time

(km) Instant (Ti)s Instant (Td)s (Tr = Td − Ti)ms

Class-1

20
0.2 0.2027 2.7
0.3 0.3036 3.6
0.4 0.4030 3.0

40
0.2 0.2016 1.6
0.3 0.3021 2.1
0.4 0.4024 2.4

60
0.2 0.2039 3.9
0.3 0.3042 4.2
0.4 0.4036 3.6

Class-7

20
0.2 0.2029 2.9
0.3 0.3021 2.1
0.4 0.4016 1.6

40
0.2 0.2023 2.3
0.3 0.3042 2.4
0.4 0.4014 1.4

60
0.2 0.2028 2.8
0.3 0.3017 1.7
0.4 0.4022 2.2

Class-1

20
0.2 0.2027 2.7
0.3 0.3018 1.8
0.4 0.4019 1.9

40
0.2 0.2029 2.9
0.3 0.3018 1.8
0.4 0.4035 3.5

60
0.2 0.2039 3.9
0.3 0.3042 3.2
0.4 0.4020 4.2

Class-10

20
0.2 0.2028 2.8
0.3 0.3013 1.3
0.4 0.4037 3.7

40
0.2 0.2036 3.6
0.3 0.3034 3.5
0.4 0.4018 1.8

60
0.2 0.2028 2.8
0.3 0.3011 1.1
0.4 0.4023 2.3

To test the suitability of this fault detection scheme, different types of fault in the

overhead transmission line at 20 km, 40 km and 60 km are simulated. The test results of

the detection scheme are shown in Table 3.12 for different fault locations and inception

instant. First two columns show fault types and fault initiation location. Along with the

last three columns show the fault inception instant, detection instant and response time,

respectively. From the Table 3.12, it is observed that by using the proposed scheme the

fault is detected and identified precisely within 4.5 milliseconds with an average time of
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detection is 2.65 milliseconds, which is well within the allowable time limit as per IEEE

standard [137].

3.4.3.2 Outcomes with PLFE Fault Location Scheme

Table 3.13: Result obtained with PLFE fault location scheme (case-3)

Fault Type
Actual FL Calculated FL Error in FL Error in FL

(km) (km) (km) %

Class-1

5 5.2692 0.2692 0.0423
10 10.3827 0.3827 0.0602
15 15.1675 0.1675 0.0263
20 20.1924 0.1924 0.0303
25 25.7594 0.7594 0.1194
30 30.7693 0.7693 0.1210
35 35.5026 0.5026 0.0791
40 40.1418 0.1418 0.0223
45 45.2643 0.2643 0.0416
50 50.3472 0.3472 0.0546
55 55.6748 0.6748 0.1061

Class-4

5 5.1108 0.1108 0.0174
10 10.1301 0.1301 0.0205
15 15.2183 0.2183 0.0343
20 20.5544 0.5544 0.0872
25 25.6122 0.6122 0.0963
30 30.5534 0.5534 0.0870
35 35.4156 0.4156 0.0654
40 40.4829 0.4829 0.0760
45 45.3074 0.3074 0.0484
50 50.6213 0.6213 0.0977
55 55.2323 0.2323 0.0365

Class-7

5 5.5807 0.5807 0.0913
10 10.2285 0.2285 0.0359
15 15.3579 0.3579 0.0563
20 20.5379 0.5379 0.0846
25 25.6462 0.6462 0.1016
30 30.1568 0.1568 0.0247
35 35.7506 0.7506 0.1181
40 40.643 0.6430 0.1011
45 45.4408 0.4408 0.0693
50 50.4051 0.4051 0.0637
55 55.4127 0.4127 0.0649

Class-10

5 5.3144 0.3144 0.0495
10 10.456 0.4560 0.0717
15 15.4575 0.4575 0.0720
20 20.6723 0.6723 0.1057
25 25.6564 0.6564 0.1032
30 30.551 0.5510 0.0867
35 35.365 0.3650 0.0574
40 40.6681 0.6681 0.1051
45 45.4173 0.4173 0.0656
50 50.3455 0.3455 0.0543
55 55.7573 0.7573 0.1191

For the validation of the proposed PLFE fault location scheme 10 different types of

fault is simulated in section (26-29) of IEEE 30-bus dynamic test transmission system.

Table 3.13 and Figure 3.33 show the estimated fault location values and percentage error

variation in line section (26-29) of New England IEEE 39-bus transmission line. Table 3.13
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Figure 3.33: Performance of PLFE fault location scheme (case-3)

and Figure 3.33 show the estimated fault location values and percentage error variation

in Section (26-29) of transmission line. For the similarity in obtained results, it is taken

one class of fault which is in consideration three Phase to ground fault and Phase to phase

fault for simplicity.

Table 3.13 shows the actual fault location values and the respective estimated fault

location values using PLFE fault location scheme. The percentage error in predicted of

fault location with the actual location is calculated using eq. (3.35). From the Table 3.13

and Figure 3.33 it is observed that PLFE fault estimation method provide fault location

with the maximum percentage error 0.1210 that is equal to in length 0.7693 km or 769.30

m that is within the permissible limit provided in IEEE standards [150]. This proposed

fault estimation scheme requires 0.5 cycles of data to providing the location of fault that

accelerate the restoration process by reducing the search area and increased transfer ca-

pability of transmission line in within 4 milliseconds. Further, it can be observed from

Table 3.14 that the error in fault location is least with the proposed PLFE fault location

scheme which validates the accuracy.

Table 3.14: PLFE fault location scheme comparison with some existing methods

Ref. No. Basic Approach Used System Used Error (%)

[58] Least square WLS Method 9-bus, 22-bus 0.051, 0.073
[59] Wide area measurement System 118-bus 1.892
[60] Impedance based method 2- Terminal double circuit 0.487
[67] Impedance based method Two terminal 0.186
[19] Traveling wave Two terminal 0.211
[20] Traveling wave Two terminal 0.501
[105] ANN based method Two terminal 0.224
[45] ANN based & wavelet Two terminal 0.012

Proposed
PLFE method Two-terminal 0.074
PLFE method 2-Terminal double circuit 0.201
PLFE method IEEE 39-bus system 0.069
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3.4.3.3 Outcomes with PLFE Fault Classification Scheme

Table 3.15: Result obtained with PLFE fault classification scheme in sample wise (case-
3)
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Class-1 56 1 1

Class-2 54 1 2 1

Class-3 58

Class-4 57 1

Class-5 58

Class-6 1 56 1

Class-7 1 1 1 53 1 1

Class-8 58

Class-9 1 1 1 55

Class-10 2 2 1 1 52

C
la
ss

-1

C
la
ss

-2

C
la
ss

-3

C
la
ss

-4

C
la
ss

-5

C
la
ss

-6

C
la
ss

-7

C
la
ss

-8

C
la
ss

-9

C
la
ss

-1
0

Predicted Class

Table 3.16: Result obtained with PLFE fault classification scheme in % wise (case-3)

T
ru

e
C

la
ss

Class-1 96.55% 1.72% 1.72% 96.55% 3.45%

Class-2 93.10% 1.72% 3.45% 1.72% 93.10% 6.89%

Class-3 100% 100% 0.00%

Class-4 98.27% 1.72% 98.27% 1.72%

Class-5 100% 100% 0%

Class-6 1.72% 96.56% 1.72% 96.56% 3.45%

Class-7 1.72% 1.72% 1.72% 91.30% 1.72% 1.72% 91.30% 8.62%

Class-8 100% 100% 0.00%

Class-9 1.72% 1.72% 94.82% 94.10% 5.17%

Class-10 3.45% 3.45% 1.72% 1.72% 89.65% 89.65% 13.79%
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The results obtained with proposed PLFE fault classification scheme are shown in Ta-

ble 3.15, and Table 3.16. The diagonal elements in Table 3.15 shows the correct classified

sample, whereas non-diagonal elements shows false classified samples. The diagonal ele-

ment of Table 3.16 shows the classified percentage considering True Positive Rate (TPR)

whereas the non-diagonal elements show false classified percentage considering False Neg-

ative Rate (FNR) using the basic equation behind design of confusion matrix are shown in

eq. (3.33), eq. (3.34) and eq. (3.35). The classification accuracy of this scheme is 94.98%

as shown in Table 3.16.
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The results observed in the above subsection with PLFE fault estimation method de-

scribe in respected table and figures with acceptable accuracy. From the describe three

test cases average total execution time of the proposed PLFE fault estimation method are

observed as 9.21 milliseconds, 8.67 milliseconds and 10.83 milliseconds respectively. Fur-

ther, it is also observed that time of execution of PLFE fault estimation method within

one cycle and input requirement of measured voltage and current post-fault data of 0.5

cycle only for all the three test transmission systems. Therefore, the proposed PLFE fault

estimation method show their applicability in fault estimation for the transmission system

with acceptable accuracy and time [150].

3.5 Summary of the Chapter

This chapter proposes fault detection, location and classification schemes with a single

use of PLFE fault estimation method for the HVAC transmission systems. PLFE algo-

rithm takes half cycle data for providing results after fault initiation in few seconds with

acceptable accuracy. The proposed PLFE fault estimation method is simple, non-iterative

and effective for HVAC transmission systems. This method provides flexibility to the

transmission operator to accelerate the restoration process in minimum time of span with

less effort.

In this chapter, three test case are modeled with the help of frequency dependent

modeling. These three test cases are developed with the help of IEEE standard dynamic

data in PSCAD software that provides a similar environment to the real-time system.

As in the resent time researchers and engineers became aware to develop clean and

carbon-less energy resources to mitigate not only their peak demand but also base load

demand. Therefore, consequently there arises the need to increase renewable energy inte-

gration into the main grid. The secure, reliable and economical option is to connect these

renewable sources to the main grid via HVDC transmission system.





Chapter 4

Fault Protection Strategies for

HVDC Transmission Systems

This chapter presents an effective method for fault detection, location, and classification in

HVDC transmission systems. In addition, the transmission line test system model has been

developed using standard CIGRE dynamic data. Further, the adaptability of the proposed

method is validated and confirmed by statistical analysis.

4.1 Introduction

Electrical energy has become an integral part of human life and its use is increasing

globally by leaps and bounds to improve the living standard [151]. The ever-increasing

load demand and insufficient supply of electric power have attracted the attention of

power engineers/researchers to evolve the methods for effective utilization of electrical

energy. For fulfilling the increasing load requirement, conventional as well as renewable

energy resources are utilized in depth. Since, the generation of electricity from conventional

energy resources using fossil fuels is an important contributor to CO2 emissions, and are

increasingly being replaced by renewables. Throughout the world, the growing awareness

concerning environmental footprint of the human species is noticed. The greenhouse gases

are considered as the main cause of global warming. In view of this, India has been a strong

advocate of the development of renewables for electricity generation, publishing directive

to increase energy production using renewables [152]. Also, the contribution of renewables

in the energy supply is foreseen, with binding targets of 27% of energy generation from

renewable energy sources by 2030 [153].

59
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The different possible renewable sources for electricity generation are solar, geothermal,

hydro, tidal, wave, biomass, and wind energy. The use of geothermal, tidal, and wave

energy strongly depends on the location. This leaves biomass, solar, and wind energy as

the main choices to increase the use of renewable energy sources in India in the short

term. As a result, the main increase in electricity generation from renewables in India

is coming from wind and solar energy. In India most of the renewable resources are

very far from the load centre. This results in transmitting the power over very long

distances. Since, the power generated from renewables is mostly DC in nature. Further,

it is found that HVDC transmission system becomes economical for a length above 500

km due to recent advancement in power electronics. HVDC in comparison to HVAC

transmission system has rapid and flexible control, improved stability along with improved

power handling, reduction in transmission losses and overall cost [154, 155]. With an

improvement in the efficiency of AC-DC/DC-AC converters, the efficiency of the entire

HVDC transmission system has improved significantly. However, the protection of HVDC

system is a challenging task.

The problem of fault detection, location, and classification is a challenging task in the

transmission systems. However, the problem becomes even more complicated for HVDC

transmission system, due to limited known approaches. In the electrical power system,

the transmission line plays an important role to transmit power from the generation end

to the distribution end (i.e. consumer end). So, the performance of transmission line

affects the performance of the whole power system. HVDC system is facing protection

issues against false tripping of the circuit breaker for the high rate of rising of current

in an inductor, voltage surge, short-circuit, and insulator breakdown etc. Further, at the

time of fault the series inductance of the DC line is less compared to the AC line [156].

Therefore, HVDC system is more prone to fault and it becomes necessary to clear the same

in minimum possible time. In this concern, the protection scheme of HVDC transmission

system must be very efficient to have a reliable operation [157]. This chapter proposes a

machine learning based multi-objective fault estimation method that addresses the above-

mentioned issues. This proposed F-SVM fault estimation method provides secure, reliable

and uninterrupted power supply in power systems. For the validation of the proposed

method two test systems are considered and investigated under the varying condition of

faults. The application results of the proposed method is presented and compared with

other established methods.
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4.2 Proposed F-SVM Fault Estimation Method

In literature, several impedance based methods are used for fault estimation. Impedance

based methods use voltage and current phasor data to calculate impedance for fault lo-

cation and classification [158, 159]. However, it is dependent on transmission line model

and fundamental frequency phasor [160]. If system experience transients, the faulted sig-

nal have to be filtered out for obtaining fundamental frequency phasor. To overcome the

drawbacks in the impedance based technique, utilities have been using traveling wave-

based techniques in the recent past [161,162]. Traveling wave-based methods are used for

detection and location of the faults, but not for classification of faults. The accuracy of

fault detection and location depend on the arrival time and velocity of the traveling wave.

To find accurate arrival time of transient wave-front sophisticated instrument is required

that makes the techniques complicated, costly and increases computational burden [34].

Traveling wave based methods find the arrival time of traveling transient wave front with-

out taking consideration of respective different frequency components of traveling transient

wave having different arrival time [35,36].

To overcome the drawbacks of the above mentioned methods, several approaches based

on artificial intelligent have been developed. Such as Artificial Neural Network (ANN),

Decision Tree, Discriminant Analysis, and Support Vector Machine (SVM) [37–39]. Above

stated approaches require large training data sets and training time, therefore not suitable

for real time fault estimation without any modification. Since ANN is inspired by biological

nervous systems process information, therefore it has a good pattern recognition capability.

So, the researchers have developed several approaches based on derivatives of ANN. Such

as, radial biased, fuzzy based and back propagation neural network, is used for detection,

classification and location of fault [40,41]. Since, the accuracy of the approaches depends

on the selection of hidden layers therefore, training data required is large.

To overcome the drawbacks of ANN based approaches SVM based approaches is pre-

ferred. SVM is independent of number of features extracted from the input sample [42].

This property is very useful in fault analysis of the transmission line, as measured quan-

tities available with utilities are limited. Different feature extraction techniques such as

Discrete Fourier Transform (DFT), Discrete Wavelet Transforms (DWT), Least Error

Square (LSE), and stationary wavelet transform (SWT), are implemented with SVM for

fault detection and classification [43, 44]. The major issue in using most of the feature

extraction techniques is that, it does not provide an accurate estimation of the fundamen-

tal frequency component in presence of DC offset [45]. SVM based technique has high
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computational time, since input feature space vector is of high dimension. If we are able

to reduce the dimension of the input feature space vector, the computational time reduces.

In literature F-score has been used for identifying the rank of the column in a particular

matrix using mean and variance [137].

In the present work, F-Score based SVM is used for detection, location and classification

of different types of the fault in HVDC transmission system. In this method F-score has

been modified, and used for the first time as per the best knowledge of author, to reduce the

dimension of feature space vector matrix according to dominating feature. It is well known

that SVM does not depend on a number of features. However, it depends on dominating

features only. Features selection based F-SVM fault estimation method requires a half

cycle of data for detection, classification, and location of the different type of faults. It

provides an accurate result with the variation of sampling frequency because, its feature

vector removes the standard deviation of data in time and frequency domain. Working

step of the proposed method is shown in Figure 4.1.

SVM is a binary classifier in nature, but with some modification, SVM can work prop-

erly with multi-class classification. Further, SVM is a linear classifier, however can be used

for non-linear data with kernel trick. SVM estimates an optimal hyperplane suitable for

the dataset to separate their respective classes, as shown in Figure 4.2. Basic equations

with some modification of SVM is given in preceding subsections.

Measured Sensor 

Data

Feature 

Extraction
Segmentation

Classification

& Location

LG12 Fault

LL12 Fault 

LG13 Fault

LL13 Fault

Feature 

Selection
Detection 

Figure 4.1: Working steps for proposed F-SVM method

4.2.1 SVM as Binary Classifier

The training data consist of N pairs of data (xi, yi) where xi ∈ <n and yi ∈ {1,−1},
i = 1, 2, 3, ...N , which define a hyperplane represented by eq. (4.1).
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Figure 4.2: SVM classification

f(x) = wTxi + d = 0 (4.1)

Where, d is a unit vector ‖d‖= 1, a classification rule induced by f(x) is as

f(x) = sign(wTxi + d) (4.2)

Where f(x) in eq. (4.1), denotes signed distance between point x and hyperplane f(x) =

wTxi +d = 0. The classes are idiosyncratic, hyperplane function can be defined as f(x) =

wTxi + d = 0 with yif(xi) > 0 ∀i . Hence, the hyperplane obtained has a high margin

between training points of class 1 &− 1 as shown in Figure 4.2

max l for yi(w
Txi + d) ≥ l, i = 1, 2, ...N (4.3)

The bandwidth in the Figure 4.2 is l units away from the hyperplane on either side as

calculated from eq. (4.3). Further, 2l units wide margin bandwidth can be more conve-

niently rephrased as eq. (4.4),

min |d| for yi(w
Txi + d) ≥ 1 (4.4)
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4.2.2 SVM as Multi-class Classifier

The approach commonly used to build multi-class classifier is one-versus-rest, also called

as Oone-Versus-All (OVA). OVA technique chooses the class data sample accurately with

high margin. However, with low margin data the accuracy of classification is not in the

desirable limit. Another scheme which can be used for the modification of SVM for multi-

class application is One-Versus-One (OVO). This involves building |c|(|c| − 1)/2 classes,

which reduces the time for training with the use of much smaller training dataset [163].

However, the accuracy of the above-mentioned scheme is quite poor for problem solving

with multi-class SVM. To overcome this problem OVA is used for the construction of

multi-class SVM by selecting less number of input data-set.

Function f(x) which has the largest margin of ε from the hyperplane yi for all the given

training data. yi ∈ {1,−1} is optimal hyperplane, then standard form of multi-class SVM

is given by eq. (4.5-4.8).

min
1

2
wTw + c

n∑
i=1

δi(ηi) + c
n∑
i=1

δi(η
∗
i ) (4.5)

[wTφ(xi) + d− yi] ≤ ε+ δi(ηi) (4.6)[
yi − wTφ(xi)− d

]
≤ ε+ δi(η

∗
i ) (4.7)

δi(ηi), δi(η
∗
i ) ≥ 0, i = 1, 2, 3, ..N (4.8)

Where, c is a predefined value, δi is loss function, η is slack variable, η = 2sin(w∆t)

and α = 2cos(w∆t) with respect to sinusoidal wave-form at the time of fault at specific

frequency and sampling rate (η
2α
2 ). This problem can be reconstructed by finding an

optimal solution to the following nonlinear quadratic equation based on eq. (4.2) and eq. (

4.5) as,

min f(w, b, η, η∗) =
1

2
wTw + c

n∑
i=1

(δi(ηi) + δi(η
∗
i ))(wφ(x)) + b − yi ≤ ηi + ε (4.9)

Eq. (4.9) can be easily solved by introducing two variables αi, and α∗i . A function

is constructed by considering both the variable and the corresponding constraints. The
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constructed function is given by eq. (4.10)

max f(α, α∗, η, η∗) = −ηi
∂δi(ηi)

∂ηi
− η∗i

∂δi(η
∗
i )

∂η∗i
+

n∑
i=1

(α∗i − αi)yi − ε
n∑
i=1

(αi − α∗i )

+ c
n∑
i=1

(δi(ηi) + δi(η
∗
i )) +

1

2

n∑
i,j=1

(αi − α∗i )(αj − α∗j )(φ(xi), φ(xj)) (4.10)

The performance of multi-class SVM depends upon the setting of parameters i.e. c, ε

and kernel function. Since, the optimal solution of the function depends on all the three

parameters mentioned above. The selection of optimal parameter is a complex problem

itself. The mapping between input space vector and output space vector is nonlinear.

Selection of kernel function usually depends upon the knowledge of application and dis-

tribution of input training data. Some commonly used kernel function are polynomial,

gaussian Radial Basis Function (RBF), and sigmoid function [164]. The Gaussian RBF

is given by eq. (4.11). Among the above given three functions, gaussian RBF with two

variable i.e. c and γ has been used in this work using 10-fold cross validation. Gamma

parameter decides closeness of training data. Misclassification of training data against the

complexity of decision surface is dependent on parameter c. The low value of parameter c

makes smooth decision surface and leads to poor accuracy, while a high value of c classifies

correctly by selecting more no of samples as support vectors [165].

K(xi, xj) = e
−(
‖xi−xj‖

2

γ
)

(4.11)

Eq. (4.12) is obtained using eq. (4.10 and 4.11). Eq. (4.12) is modified function for finding

the optimal value of c and γ with reduced complexity.

max f(α, α∗) =
1

2

n∑
i,j=1

(αi−α∗i )(αj−α∗j )K(xi, xj)+
n∑
i=1

(α∗i−αi)yi−
1

2c

n∑
i=1

(α2
i−α∗2i ) (4.12)

4.2.3 Feature Extraction Scheme

In this work, the features are extracted from the measured voltage and current signal.

Measured signal is segmented in half cycle running window with an increment of one sam-

ple. For collection of features, time and frequency domain signal are used. DFT is used for

frequency domain analysis. At the time of fault, signals appears as sinusoidal. The defined

function as mean, median, mode, co-variance, correlation coefficient, skewness, kurtosis,

sparseness, irregularity factor, waveform length ratio, root squared zero-order moment,
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root squared fourth and eight order moment are used for extraction of features. First

eight features are calculated with the help of basic measured signal and last six are calcu-

lated by power spectrum. Using these defined function 28-features is properly extracted

from running window samples. Feature collected with current window is multiplied with

the previous nth window as shown in Figure 4.3. If the features of previous window and

current window are from the same class then the correlation value will be enhanced.

For this transform measured signal in power spectral density entire odd moments are

considered zero. Moment m of the nth order of the power spectral density is described

as mn =
∑N−1

k (knP [k]). Where, N is total number of sample, k is sample number, P [k]

is power spectral density. Fourier transform is used as time differentiation property for

non-zero values of N samples in all feature calculation. Definition of some of the feature

is defined as,

• Correlation Coefficient: It provides the measure of linear dependency for the running

window sample.

• Skewness: It provides the measure of the asymmetry of the probability distribution of

a real-valued random sample around the running window sample mean. The negative

value of skewness indicates the sample is in far left from the running window sample

mean and the positive value indicates the sample is in far right from the running

window sample mean and zero value indicates samples are symmetrically distributed.

• Kurtosis: It provides the measure of how the running window sample distribution

outlier-tendency. Its normal distribution is three, more than or less than three

shows that the respected distributions that are less outlier-tendency or more outlier-

tendency.

• Sparseness: It provides the measure of how much energy of a phasor is packed into

a few samples. It is observed that its value should be more than zero.

• Irregularity Factor: It provide the reverse fraction of a number of the peaks to the

number of rising zero crossings.

• Waveform Length Ratio: It is the ratio of the first derivative to the second derivative

of the waveform length of the running window signal.

• Root Squared Zero-Order Moment:in the frequency domain, it shows the presence

of the total power.
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Figure 4.3: Flowchart for feature extraction approach

Using these defined functions 14-features are properly extracted from running window

samples. Feature collected with current window samples multiplied with the previous nth

window samples as shown in Figure 4.4. If the features of the previous window samples

are from the same class then the correlation value will be enhanced. All these features

samples are extracted with the time domain signal. Therefore, it is called Time Domain

Descriptors (TDD) [42].

4.2.4 Feature Selection with Modified F-Score

Proposed F-SVM fault estimation method using a supervised machine learning ap-

proach technique to achieve their objectives. It is obvious that with a high dimension of

input feature sample vector require much time for detection and classification of sampled

data. So, achieving the objectives of the fault estimation problem in the limited time

of span much requires a feature sample reduction technique the reduce the dimension of

input of feature space vector. It is a well-known fact that SVM is not dependent on a large

number of feature samples but depend on dominating features. Therefore, the feature selec-

tion scheme is an important tool for SVM based methods. F-Score based feature selection

scheme converts high dimension data to lower one with equivalent information content.

The useful feature subset is preserved and the redundant features are discarded. The F-

Score based feature selection scheme reduces the complexity of the problem. Therefore,

increases the accuracy and reduces computational time. It provides a ranking of different
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Figure 4.4: Feature extraction using time and frequency domain descriptors

features from the feature vector constructed with feature extraction scheme [165]. In this

work F-score based features selection scheme is proposed for the multi-objective problem.

For better understanding of this proposed feature selection scheme, let define feature

data set D = (Xn, Yn)Nn=1 ∈ X × Y . Where, X ∈ <M is full data set of input feature

matrix, Y = 1, 2, 3, ..., C is the class matrix, and M is the feature dimension. It separate

the two classes with symbols (†) and (‡) if C = 2. The most discriminative subset of

features Sopt ⊆ X under some predefined criteria J for Sopt ∈ <m. Where, m is the

feature dimensionality after feature selection m < M . The evaluation criterion of feature

ranking is define as,

Rj =
µj(†)− µj(‡)
σj(†) + σj(‡)

(4.13)

Where, subscripts j denote feature j = 1, 2, . . .M . µj and σj are the mean and standard

deviation j for the observation of the class(†) and class(‡). The large positive value of Rj

shows mean strong correlation with class(†) and the large negative value of Rj shows

mean strong correlation with class(‡) [166]. The ranking guideline for all the features is

calculated as (ρj)
2, and the correlation coefficient vector ρ is define as,
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ρ = r−1µ(†)− µ(‡) (4.14)

Where, µ(†) and µ(‡) are the mean vector over the training data sets of class(†) and

class(‡). The form of within class scatter matrix is denoted by r. Now, r is calculated

as r =
∑

x∈X(†)
(x− µ(†))(x− µ(†))T+

∑
x∈X(‡)

(x− µ(‡))(x− µ(‡))T . Where, X(‡) and X(‡)

are the represent the training data set of class(†) and class(‡) respectively. The expression

for jth feature of F-score is given in eq. (4.15) as,

Rj =
(X
†
j −Xj)

2 + (X
†
j −Xj)

2

1
n†−1

∑n†
k=1(x+

k,j −X
†
j)

2 + 1
n‡−1

∑n‡
k=1(x‡k,j −X

‡
j)

2
(4.15)

Where, X
†
j and X

‡
j are the mean of the jth feature of the total data set. x†k,j , and

x‡k,j is the jth feature of the (†) and (‡) class. In eq. (4.15) the numerator represent the

classification between (†) and (‡) class. The denominator describes the one within each of

the two class. Large value of Rj will easily reduce the feature vector with input feature

matrix. The F- score of each feature is calculated, if the calculated value is greater than

the threshold value the feature is selected.

F-score is simple but works only for two class vector. It also does not provide mutual

information among the features. In order to work with multi-class, it is necessary to

modify and take care of mutual information also. Therefore, modify the F-score scheme

from feature pre-processing step and obtained the feature subset for proposed F-SVM fault

estimation method in this work. Further, the scheme developed for multiclass and also

take care of mutual information among the feature vector. From eq. (4.15), the between-

class distance of individual class is calculated between that class to a centre position of all

classes. Which calculates the average distance between the centre point of class for feature

Xk, and is defined by eq. (4.16) as,

N(Xk) =
∑

1≤ii<jj≤C
(
nii + njj

N
)(xkii − xkjj) (4.16)

Where, subscripts ii and jj denote type of class. ii & jj = 1, 2, 3, ...N is the total

number of data sample, nii and njj denote the number of sample in respective class ii

and jj. For feature Xk, the mean of class ii and jj represented with symbol xkii and xkjj .

In eq. (4.16) all possible combination of pair of class ii and jj from a total number of

classes has been considered and average distance of each class with the center point has

been calculated.
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Figure 4.5: Different class distribution in feature space (a) Uneven distribution of fea-
tures (b) Even distribution of features

Variance is calculated for the same data obtained from eq. (4.15) and eq. (4.16) and is

shown in Figure 4.5(a) and 4.5(b). In Figure 4.5(a) the distance is smaller and uneven than

Figure 4.5(b). Relative distance provided by eq. (4.16) reflect the equal distribution, but

in eq. (4.15) it is not properly disturbed within class distance calculated from eq. (4.15)

is absolute distance. Further, modified to within class scatter function for feature Xk.

Calculation of the relative distance within the range of variance is given by eq. (4.17) as,

D(Xk) =

1
njj

∑njj

l=1((xkjj)
l − (xkjj))

2 − min
1≤l≤njj

((xkjj)
l − (xkjj))

2

max
1≤l≤njj

((xkjj)
l − (xkjj))

2 − min
1≤l≤njj

((xkjj)
l − (xkjj))

2
(4.17)

Where, D(Xk) describe the degree of tightness within the classes, small value indicates

strong tightness. Ranking for feature selection is provided by eq. (4.18) as,

J(k) =

∑C
jj=1N(Xk)∑C
jj=1D(Xk)

(4.18)

Where, J(k) shows the feature correlation within the class (k), large value shows that

strong correlation within the class. This scheme is easily applicable with large number of

features and at the same time it is used for training and testing purpose of F-SVM based

algorithm.

This selection scheme provides a better result for the purposed algorithm due to reduc-

tion in complexity of the problem. This scheme also feedback of the classification accuracy
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in search for dominating fracture vector. The threshold value of λ is selected as per prob-

lem complexity and feature ranking criterion J(k). For the convenience of calculation λ

in this work is selected as 0.0001.

Further, combining proposed approaches mention in subsection (4.2.2 -4.2.4) according

to working step provided in Figure 4.1. Now, with the use of all combined approaches

F-SVM fault estimation method provide solution of above three mention objective simul-

taneously. Proposed schemes of the three objectives describe in next subsections. The

overall flowchart of the proposed F-SVM fault estimation method shown in Figure 4.6

which describes the working sequence of this method.

4.2.5 F-SVM Fault Detection Scheme

Fault detection with F-SVM fault detection scheme is same as binary classification with

two class i.e. with fault and without fault. It classifies between with and without fault,

from the running window dominant feature vector of every half cycle. It detects the fault

on the basic of their training memory. Working steps of this F-SVM fault detection scheme

is given below:

• Collect voltage and current signal data at every half cycle

• Extract specific feature from time and frequency domain signal data.

• Select dominant features with the modified F-score based scheme.

• Use the F-SVM fault detection scheme for fault detection.

4.2.6 F-SVM Fault Location Scheme

After fault detection, it is important to locate the fault with F-SVM fault location

scheme. In order to locate the fault, the dominant feature vector used in fault detection

scheme is considered. It is observed that the optimal value of c and γ from eq. (4.10) are the

same for a particular class of fault. However, the optimal samples for a particular class of

fault changes with a change in fault location. Therefore, in order to locate fault accurately,

the ratio of voltage and current is evaluated for the optimal sample corresponding to the

optimal value of parameters (c and γ) at every half cycle. The parameters c and γ from

eq. (4.10) are optimized using Taguchi optimization [167,168]. The value of ∈ is taken as

0.001 for optimization. Working steps of this F-SVM fault location scheme is given below:



Chapter 4. Fault Protection Strategies for HVDC Transmission Systems 72

Use fault detection scheme

Is 

fault present

?

No

Yes

Collect dominant feature 

data for different types of 

fault 

Calculate Optimal values of c 

and  γ with Taguchi search 

optimazation

Using Fault Locating scheme 

for fault location

Using Fault Classification 

scheme for fault  

classification

End

F
a

u
lt

 L
o
ca

ti
n

g
 S

ch
e
m

e
 

F
a

u
lt

 C
la

ss
if

ic
a
ti

o
n

 S
ch

em
e 

F
a

u
lt

 D
et

ec
ti

o
n

 S
ch

em
e
 

Find voltage and current ratio 

at optimal value sample with 

Multiclass F-SVM

Start

Design multilevel HVDC transmission line 

in PSCAD

Collect Data of voltage and current for 

every half cycle at both AC and DC side 

Extract feature vector from measured data 

Use Modified  F-score to select dominating 

features

Figure 4.6: Flowchart for the proposed F-SVM method
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• Select dominant feature vector data of half cycle in which, fault detection scheme

detect fault.

• Optimize parameters c and γ, with Taguchi optimization using eq. (4.10).

• For the same, sample that provides the optimal value of c and γ, find voltage and

current ratio in the time domain.

• The ratio signifies the fault location of a specific class of fault as given by eq. (4.19).

• Variation in actual and predicated fault location is calculated by eq. (4.20).

v

i
= r =

σl

a
;⇒ l =

v

i
∗ a
σ

(4.19)

Where, v and i are measured voltage and current at the specific sample. The parameter

a and σ denotes the area and resistivity of the transmission line conductor that fixed

quantity for a particular design.

% Error =
Lactual fault − Lpredected fault

Ltotal
(4.20)

Where, (Lf )actual, (Lf )calculated and L are the actual fault location, calculated fault

location and transmission line length respectively. With eq. (4.20) find out the resulted

estimated error that shows the accuracy of the fault location scheme.

4.2.7 F-SVM Classification Scheme

After fault detection, it is also important to classify the fault with F-SVM fault clas-

sification scheme. In order to classify the fault, the dominant feature vector used in fault

detection scheme which detect fault is considered. For classification multi-class F-SVM

algorithm is trained with different types of faults. Further, with trained F-SVM algorithm,

it provides classification of fault from the considered running window dominant feature

vector of half cycle data. Working steps of this F-SVM fault classification scheme is given

below:

• Select dominant feature vector data of half cycle in which fault detection scheme

detect fault.

• Use F-SVM fault classification scheme for fault classification.

• Compare classification outcomes with classical eq. (4.21), (4.22), and (4.23).
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4.3 Test System for Simulation

To validate the proposed F-SVM fault estimation method two HVDC transmission

test system have been taken into consideration that is two terminal HVDC transmission

test system and multi-terminal HVDC transmission test system. The CIGRE bench-

mark transmission model available with PSCAD/EMTDC module is originally a model

for mono-polar two-terminal. It is modified into bipolar two and multi-terminal transmis-

sion line with VSC control. From the literature [169–171], it found that voltage source

converter (VSC) is preferred for controlling the power flow in the HVDC transmission

line due to better controllability. Some of the advantage of VSC over the conventional

converter as,

• VSC–HVDC provides independent control of both active and reactive power by using

PWM technique. The voltage of the AC network is controlled by an AC voltage

controller keeping the flow of active power as constant. Source of reactive power

compensation i.e. capacitor banks can also be used for voltage profile control [171].

• VSC-HVDC helps to mitigate disturbances in power quality. VSC HVDC has the

ability to control the reactive power and voltage of the AC network thereby accord to

enhance the power quality. Further, IGBT based converters are capable of working

on higher switching frequency, as a result system gives a faster response which offers

better controllability in case of flicker and harmonics [172].

• Risk of commutation failure is less. In the case of conventional thyristor-based

HVDC system, disturbances of AC system generally leads to commutation failure.

VSC HVDC is IGBT based which is a self-commutating semiconductor switch. As a

result risk of commutation failure is reduced significantly and likewise improves the

overall stability of the system.

• No need for communication. Control system of both converters of both the ends

i.e. rectifier and inverter operates independently, as they are not dependent on

telecommunication. Which results in better reliability of the converters and improves

the speed of response as well.

Multi-terminal DC grid is mostly based on VSC HVDC. Multi-terminal DC grids are

best suited for connecting asynchronous systems and offshore power plants like wind power

plants and nuclear power plants etc. VSC control uses IGBTs and PWM technique to build

converter valves for creating the desired waveform. It is possible to create a waveform
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within the preset range of magnitude, phase angle, and frequency using PWM. The VSC

control is basically a controlled source of voltage by means of PWM. VSC-HVDC acts as

a synchronous source that can control both active and reactive power. Schematic diagram

of HVDC-VSC is shown in Figure 4.7.

Figure 4.7: A VSC-HVDC system controller

VSC can be built for both back-to-back and cable transmission scheme as per the

requirements. The AC side arrangements are the same as that of the thyristor scheme.

In VSC no reactor on DC side is needed but the AC side reactor is needed due to the

generation of high frequencies. Since, VSC can control both active and reactive power.

Therefore, there is no need for reactive power compensation and only harmonics filters

are needed on the AC side. To reduce voltage ripple on the DC side, a large capacitor is

installed which also provide a low inductive path for turn-off the current.

4.3.1 Case-1: Two-terminal HVDC Transmission Test System

Two Terminal HVDC Line 
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V

RL

VSC2
DCP 2

DCM 2
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DCM 2
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Figure 4.8: Schematic diagram of two-terminal HVDC transmission test system
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Figure 4.9: Tower configuration of HVDC transmission line

To validate the proposed F-SVM fault estimation method, a two-terminal HVDC trans-

mission test system has been used as shown in Figure 4.8. The two-terminal are connected

with an overhead transmission line having a length of 600 km. Four types of faults with

fault resistance of 5Ω at every 10km is simulated in the entire line. With this condition,

the data-set is prepared for training and testing purpose for the proposed F-SVM fault es-

timation method. The transmission line structure along with their configuration is shown

in Figure 4.9.

Performance of VSC based HVDC system has been simulated under these circuit spec-

ification. The voltage source connected at terminal-1 is terminal voltage 13.8kV, active

power 100MVA, and frequency 60Hz. Terminal-1 consists of PWM controlled IGBT based

rectifier/inverter having specification as, the terminal voltage 230kV, on-resistance 0.005Ω,

off-resistance 100MΩ, breakdown voltage 100MV, reverse withstand voltage 100MVA with

PWM control. The transformer used at terminal-1 is a 13.8/62.5kV (∆−Y ), Y -side solid

grounded at 100MVA. RC Damped Capacitor connected at terminal-1 as capacitance
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1000µF and resistance 0.5Ω. The specification of the voltage source connected at terminal-

2 is terminal voltage 420kV, active power 100MVA, and frequency 60Hz. Terminal-2 con-

sist of PWM controlled IGBT based rectifier/inverter having specification as, the terminal

voltage 230kV, on-resistance 0.005Ω, off-resistance 100MΩ, breakdown voltage 100MV, re-

verse withstand voltage 100MVA with PWM control. The transformer used at terminal-2

is a 115kV/62.5kV (Y −∆) Y-side solid grounded at 100MVA. Smoothing capacitance 2µF

is connected at terminal-2. Transmission cable connects a terminal (1-2) with specification

as voltage rating 169kV and current withstand capacity 0.5kA.
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Figure 4.10: AC voltage at rectifier end (case-1)
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Figure 4.11: AC current at rectifier end (case-1)
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Figure 4.12: AC voltage at inverter end (case-1)
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Figure 4.13: AC current at inverter end (case-1)
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Figure 4.14: DC voltage at rectifier and inverter end (case-1)
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Figure 4.15: DC current at rectifier and inverter end (case-1)

The length of transmission line is 600 km and four types of fault are created at every

10 km i.e. at 59 different location at 1 second for a duration of 0.3 seconds (approx 10

cycles). The collected data for every sample is having the sampling frequency of 4.8 kHz.

Once the transient fault occurs in the system, the line voltage immediately falls, whereas

inverter side DC current falls and rectifier side DC current rise. Therefore, in order to

maintain these current is at some predefined level, a control circuit is required. The per-

defined value is selected in accordance with the DC voltage. During the fault event, this

DC voltage will tend to reduce to a lower value to its threshold value. Therefore, this will

bring down the line current to a lower value. It is advisable to limit this current to positive
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Figure 4.16: DC RMS voltage at rectifier and inverter end (case-1)
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Figure 4.17: DC current at rectifier and inverter end (case-1)

1 1.2 1.4 1.6 1.8 2
Time (s)

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

R
ea

ct
iv

e 
Po

w
er

 (
pu

)

Reactive Power at Rectifer and Inverter End
Rec
Inv

Figure 4.18: DC RMS voltage at rectifier and inverter end (case-1)

non-zero value. If it goes beyond this value the reactive power demand on AC part of the

system reduces, thereby it will prevent the system to restore [150].

LL-fault is created in DC line at connecting terminal (1-2) at 530 km far from terminal-

1. Figures 4.10 and 4.11 show the generator side AC voltage and current at terminal-1

(rectifier end). Line voltage decreases by 20% and line current increase by 60% at terminal-

1 as shown in Figures 4.10 and 4.11 respectively at the time of fault. Figures 4.12 and 4.13

shown the generator side AC voltage and current at terminal-2 (inverter end). Line voltage

decreases with 25% and line current increase 160% at terminal-2 as shows in Figures 4.12

and 4.13 respectively at the time of fault. Figures 4.14 and 4.15 shows the DC voltage and

current of terminal-1 and terminal-2. DC voltage at terminal-1 decrease with 16% and DC
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voltage at terminal-2 decrease 27% as shown in Figure 4.14. DC current at terminal-1 and

at terminal-2 increase by 70% shown in Figure 4.15. Figure 4.16 shows DC RMS voltage

variation in both the terminal. Figures 4.17 and 4.18 shows the active reactive power

variation at terminal-1 and terminal-2 respectively at the time of fault. It is observed that

rectifier end DC voltage and current has more harmonic content as compare to inverter

end DC voltage and current. In this work, different faults are classified as a different class

which are the class-1, class-2, class-3 and class-4 stand for positive line to ground fault,

negative line to ground fault, line to line fault, line to line ground fault respectively.

4.3.2 Case-2: Multi-terminal HVDC Transmission Test System

To validate the proposed F-SVM fault estimation method, a multi-terminal HVDC

transmission test system has been used as shown in Figure 4.19. The three-terminal are

connected with transmission cable having a length of 900 km and 600 km. Four types of

faults with fault resistance of 5Ω at every 10 km is simulated in both the cables. With

this condition, the data-set is prepared for training and testing purpose for the proposed

F-SVM fault estimation method. The cable structure along with their configuration is

given in Figure 4.20.
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Figure 4.19: Schematic diagram of multi-terminal HVDC transmission test system

The performance of VSC based multi-terminal HVDC system has been simulated under

these circuit specification. A voltage source connected at terminal-1 is with terminal volt-

age 420kV, rated power 100MVA, and frequency 60Hz. Terminal-1 consist of PWM con-

trolled IGBT based rectifier/inverter having specification as, the terminal voltage 230kV,

on-resistance 0.005Ω, off-resistance 100MΩ, breakdown voltage 100MV, reverse withstand
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Figure 4.20: Tower configuration of HVDC transmission cable

voltage 100MVA with PWM control. The transformer used at terminal-1 is of wind-

ing ratio 420kV/230kV (Y-Y) with solidly grounded in primary side and secondary side

grounded with the resistance of 1MΩ, at 1500MVA. At terminal-1 high pass filter used

with resistance 1Ω, inductance 0.1H, capacitance 5µF and smoothing reactor in series

0.0724H. A voltage source connected at terminal-2 is with terminal voltage 420kV, rated

power 100MVA, frequency 50Hz. Terminal-2 consist of PWM controlled IGBT based rec-

tifier/inverter having specification as, the terminal voltage 230kV, on-resistance 0.005Ω,

off-resistance 100MΩ, breakdown voltage 100MV, reverse withstand voltage 100MVA with

PWM control. The transformer used at terminal-2 is of winding ratio 420kV/230kV (Y-Y)

with solidly grounded in primary side and secondary side grounded with the resistance of

1MΩ, at 1500MVA. At terminal-2 high pass filter used with resistance 1Ω, inductance

0.1H, capacitance 5µF and smoothing reactor in series 0.0724H. A voltage source con-

nected at terminal-2 is with terminal voltage 500kV, rated power 100MVA, frequency 50Hz.

Terminal-3 consist of PWM controlled IGBT based rectifier/inverter having specification

as, the terminal voltage 230kV, on-resistance 0.005Ω, off-resistance 100MΩ, breakdown

voltage 100MV, reverse withstand voltage 100MVA with PWM control. The transformer

used at terminal-3 is of winding ratio 500kV/230kV (Y-Y) with solidly grounded in pri-

mary side and secondary side grounded with the resistance of 1MΩ, at 1500MVA. At
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terminal-3 high pass filter used with resistance 1Ω, inductance 0.1H, capacitance 5µF

and smoothing reactor in series 0.0724H. Transmission cable connects terminal (1-2) and

terminal (1-3) with DC terminal voltage 500kV, 900km in length and DC terminal voltage

500kV, 600km in length respectively.

Figure 4.21: Zoomed signal of voltage in AC side at the time of fault (case-2)

The first transmission line i.e. cable connecting a terminal (1-2) is 600 km in length.

So, at 59 different location four types of faults were created in this first transmission line

and 59 different types of sample data-set were collected. The second transmission line i.e

cable connecting a terminal (1-3) is 900 km in length. Therefore, at 89 different location

four types of fault were created in the second transmission line and 89 types of sample

data-set were collected. In this present work, it is assumed that different types of short

circuit fault have arisen in the system. All types of fault are initiated at 1 second and

exist for 0.1 seconds (approx. 4 cycles). The collected data for every sample is having a

sampling frequency of 4.8 kHz. Once the fault occurs in the system, the line voltage will

immediately fall, whereas inverter side DC current fall and rectifier side DC current rises.

Therefore, in order to maintain these currents at some predefined level, a control circuit

is required. The predefined value is selected in accordance with the DC voltage. During
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Figure 4.22: Zoomed signal of current in AC side at the time of fault (case-2)

Figure 4.23: Zoomed signal of DC side voltage at the time of fault (case-2)

the fault event, this DC voltage will tend to reduce to a lower value to its threshold value.

Therefore, this will bring down the line current to a lower value. It is advisable to limit

this current to +ve non-zero value. If it goes beyond this value the reactive power demand

on the AC part of the system goes down the limit, thereby it will prevent the system to

restore [150].
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Figure 4.24: Zoomed signal of DC side current at the time of fault (case-2)

Figure 4.25: Zoomed signal of Rms voltage and current at terminal-1 (case-2)

LL-Fault is created in DC line at connecting terminal (1-3) at 530 km far from terminal-

1. Figures 4.21, and 4.22 show the generator side AC voltage and current at all the three

terminal at same time. Line voltage in AC side of all the three terminal is not much affected

due to VSC control strategies shown in Figure4.21. Line current present in section-1 at

terminal-1 has harmonic content, in section-1 at terminal-2 has no harmonic distortion,

and in section-2 at terminal-2 has more harmonic content due to fault present, and is

shown in Figure 4.22. Figures 4.23 and 4.24 show the DC side voltage and current in all
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Figure 4.26: Zoomed signal of Rms voltage and current at terminal-2 (case-2)

the section. Due to fault present in the system, DC line current is more disturbed but

DC terminal voltage is not affected much. The terminal voltage at terminal-1 fall at a

maximum of 5% as shown in Figure 4.23. The terminal voltage at terminal-2 fall at a

maximum of 0.5% as shown in Figure 4.24. The terminal voltage at terminal-3 fall at a

maximum 2% as shown in Figure4.23. The current of the line connecting terminal (1-2)

rise at maximum 87% due to inverter action and a line connecting a terminal (1-3) fall

300% due to rectifier action as shown in Figure 4.24. Figures 4.25, 4.26 and 4.27 shows the

AC RMS voltage and current of each terminal near the converter end. Voltage and current

variation in terminal-2 and terminal-3 are higher as compared to terminal-1 as shown in

Figures 4.25, 4.26 and 4.27 respectively. It is also observed that current and voltage has

harmonic content due to the presence of a fault. Due to the VSC technique, the voltage

of the DC side is maintained constant. In this paper different faults are classified as a

different class which are class-1, class-2, class-3, class-4. Class-1 stand for a line to ground

fault connecting to the terminal (1-2). Class-2 stand for a line to ground fault connecting

a terminal (1-3). Class-3 stand for a line to line fault connecting terminal (1-2). Class-4

stand for a line to line fault connecting a terminal (1-3).
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Figure 4.27: Zoomed signal of Rms voltage and current at terminal-2 (case-2)

4.4 Results and Discussions

The flowchart is shown in Figure 4.6 provides the working step of the proposed F-

SVM fault estimation method. The voltage and current signal of the AC and DC side is

continuously measured and recorded at the converter station of the system. The feature

vector is extracted and the dominant feature is selected with the help of modified F-score

scheme for every half cycle measured data of the running window. These dominant features

are observed continuously to detect the presence of a fault. Once the fault is detected by

F-SVM fault detection scheme 4.2.5. The same half cycle data are used to locate and

classify the fault with the help of F-SVM fault location scheme 4.2.6 and F-SVM fault

classification scheme 4.2.7 respectively.

4.4.1 Case-1: Two-terminal HVDC Transmission Test System

For the training purpose of F-SVM fault estimation method four types of faults are

simulated in the transmission line at every 10 km of the transmission line and the data is
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measured. The data contain 59 instant samples of four different classes, and 392 features

vectors are extracted. From all these extracted features 246 dominating features are se-

lected with a modified F-score scheme. 10-fold cross-validation RBF kernel function with

70% data used for training and 30% for testing purpose of the F-SVM fault estimation

method.

4.4.1.1 Outcomes with F-SVM Fault Detection Scheme

To test the suitability of the F-SVM fault detection scheme, different types of fault

in the overhead transmission line at 50 km, 300 km and 500 km are created. The test

results of the fault detection scheme are shown in Table 4.1 for different fault locations

and inception instant. First two columns show fault types and fault initiation location.

Last three columns show the fault inception instant, detection instant and response time,

respectively. From the Table 4.1, it is observed that by using the proposed scheme the

fault is detected and identified precisely within 4 milliseconds and average detection time

2.68 milliseconds, which is well within the allowable time limit as per IEEE standard. In

order to show the time taken for fault detection with this scheme one sample of class-1
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Figure 4.28: Response signal of fault detection scheme (case-1)
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Table 4.1: Result obtained with F-SVM fault detector scheme (case-1)

Fault Type
Fault Location Fault Inception Fault Detection Response Time

(km) Instant (Ti)s Instant (Td)s (Tr = Td − Ti)ms

LG (P-G) (Class 1)

50 0.2 0.2031 3.1
0.3 0.3011 1.1
0.4 0.4023 2.3

300 0.2 0.2022 2.2
0.3 0.3034 3.4
0.4 0.4021 2.1

500 0.2 0.2034 3.4
0.3 0.3016 1.6
0.4 0.4025 2.5

LG (N-G) (Class 2)

50 0.2 0.2031 3.1
0.3 0.3031 3.1
0.4 0.4033 3.3

300 0.2 0.2016 1.6
0.3 0.3023 2.3
0.4 0.4034 3.4

500 0.2 0.2021 2.1
0.3 0.3032 3.2
0.4 0.4023 2.3

LL (P-N) (Class 3)

50 0.2 0.2021 2.1
0.3 0.3024 2.4
0.4 0.4032 3.2

300 0.2 0.2043 4.3
0.3 0.3033 3.3
0.4 0.4032 3.2

500 0.2 0.2031 3.1
0.3 0.3021 2.1
0.4 0.4012 1.2

LLG (P-N-G) (Class 4)

50 0.2 0.2032 3.2
0.3 0.3033 3.3
0.4 0.4014 1.4

300 0.2 0.2024 2.4
0.3 0.3013 1.3
0.4 0.4032 3.2

500 0.2 0.2034 3.4
0.3 0.2043 4.3
0.4 0.4034 3.4

and class-3 1 second chosen with inception instant 0.2 seconds at fault location 300km is

shown in Figure 4.28.

4.4.1.2 Outcomes with F-SVM Fault Location Scheme

Table 4.2 shows the actual fault location values and the respective estimated fault

location values with F-SVM fault location scheme. The percentage error in the predicted

fault location with the actual location is calculated using eq. (4.20). Figure 4.29 shows

the performance of fault location scheme in a different location. The error observed in

fault location calculation on the basis of the respective optimum value of c and γ for

different types of faults are shown in Table 4.2. Overall accuracy found with the proposed
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scheme is 99.94%. It is also observed that accuracy in LL fault is more than LG fault in

the respective transmission line. Percentage error variation is shown in Figure 4.29. The

comparison results with some others existing research works are shown in Table 4.6. It

can be observed from Table 4.6 that the error in fault location is least with the proposed

F-SVM fault location scheme which validates their accuracy.

Table 4.2: Result obtained with F-SVM fault location scheme (case-1)

Fault Type c γ
Actual FL Calculated FL Error in FL Error in FL

(km) (km) (km) (%)

Class 1 5246.82 0.0423

50 50.3071 0.3071 0.0511
100 100.2218 0.2218 0.0369
200 200.2750 0.2750 0.0458
300 300.1983 0.1983 0.0330
400 400.2255 0.2255 0.0375
500 500.4080 0.4080 0.0680

Class 2 9346.63 0.03462

50 50.3366 0.3366 0.0561
100 100.2758 0.2758 0.0459
200 200.5154 0.5154 0.0859
300 300.3926 0.3926 0.0654
400 400.1656 0.1656 0.0276
500 500.3749 0.3749 0.0624

Class 3 1480.52 0.01021

50 50.2429 0.2429 0.0404
100 100.2586 0.2586 0.0431
200 200.4786 0.4786 0.0797
300 300.3839 0.3839 0.0639
400 400.4769 0.4769 0.0794
500 500.1332 0.1332 0.0222

Class 4 3295.42 0.02451

50 50.3654 0.3654 0.0609
100 100.4896 0.4896 0.0816
200 200.1650 0.1650 0.0275
300 300.3844 0.3844 0.0640
400 400.1060 0.1060 0.0176
500 500.1811 0.1811 0.0301
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Figure 4.29: Performance of F-SVM fault location scheme (case-1)
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4.4.1.3 Outcomes with F-SVM Classification Scheme

The results obtained with the F-SVM fault classification scheme are shown in Fig-

ures 4.30, and 4.31. The diagonal elements in Figure 4.30(a) shows the correct classified

sample, whereas non-diagonal elements shows false classified samples without using the

F-score scheme. It shows how many samples in test case classify correctly and how many

samples misclassify with a different class. Figure 4.30(b) shows the correct classified per-

centage considering the True Positive Rate (TPR) whereas the non-diagonal elements

show false classified percentage considering False Negative Rate (FNR) without using the

F-score scheme. The diagonal elements in Figure 4.30(c) shows the correct classify percent-

age whereas the non-diagonal elements show false classified percentage with the positive

predictive value/ false discovery rate (PPD/FDR) without using the F-score scheme. The

classification accuracy without using the F-score is 98.6% with prediction speed of 3400

obs/second and take 1.3747 second for training purpose, as shown in Figure 4.30.

The diagonal elements in Figure 4.31(a) shows the correct classified sample, whereas

non-diagonal elements shows false classified samples using the F-score scheme. It shows

how many samples in test case classify correctly and how many samples misclassify with

a different class. Figure 4.31(b) shows the correct classified percentage considering True

Positive Rate whereas the non-diagonal elements show false classified percentage consid-

ering False Negative Rate with using the F-score scheme. The diagonal elements in Fig-

ure 4.31(c) shows the correct classify percentage whereas the non-diagonal elements show

false classified percentage with the positive predictive value/false discovery rate with-

out using the F-score scheme. The classification accuracy with using the F-score with

the prediction speed of 3700 obs/second and take 6.362 second for training purpose, as

shown in Figure 4.31. The basic equation behind design of confusion matrix are shown in

eq. (4.21), eq. (4.22) and eq. (4.23). The comparison result of the F-SVM fault classifica-

tion scheme with or without using the F-score approach is summarized in Table 4.3 using

basic eq. (4.21), eq. (4.22) and eq. (4.23).

True Positive Rate = True Classification∑
(True Classification+False Classification) (4.21)

True Negative Rate = False Classification∑
(True Classification+False Classification) (4.22)

Persantage Accuracy = True classification
Total Number of Cases × 100 (4.23)
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(a) Confusion matrix with number of sample

(b) Confusion matrix with TPR/NPR

(c) Confusion matrix with PPD/FDR

Figure 4.30: Confusion matrix for F-SVM classifier without using F-score (case-1)
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(a) Confusion matrix with number of sample

(b) Confusion matrix with TPR/NPR

(c) Confusion matrix with PPD/FDR

Figure 4.31: Confusion Matrix for F-SVM classifier with using F-score (case-1)
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Table 4.3: Comparison between with or without using F-score based multi-class F-SVM
classifier outcomes (case-1)

Class
True Positive True Negative Overall

Rate % Rate % Accuracy %

Without F-Score

Class 1 100 0

96.61
Class 2 100 0
Class 3 91.52 8.47
Class 4 94.91 5.08

With F-Score

Class 1 100 0

100
Class 2 100 0
Class 3 100 0
Class 4 100 0

4.4.2 Case-2: Multi-terminal HVDC Transmission Test System

For the training purpose of F-SVM fault estimation method four types of faults are

created in two different sections at every 10 km of the transmission line and the data

voltage and current is measured. The data contain 256 instant samples of four different

classes, and 21504 features vector is extracted. From all these extracted features 15052

dominating features are selected with a modified F-score scheme. 10-fold cross-validation

RBF kernel function with 70% data used for training and 30% for testing purpose of

F-SVM fault estimation method.

4.4.2.1 Outcomes with F-SVM Fault Detection Scheme

To test the suitability of this scheme, different types of fault in two different section

of the transmission line at 50 km, 300 km and 500 km are created. The test results of

the F-SVM fault detection scheme are shown in Table 4.4 for different fault locations

and inception instant. First two columns show fault types and fault initiation location.

Last three columns show the fault inception instant, detection instant and response time,

respectively. From the Table 4.4, it is observed that by using the proposed F-SVM fault

detection scheme the fault is detected and identified precisely within 4 milliseconds and

average detection time 2.195 milliseconds, which is well within the allowable time limit of

IEEE standard. In order to show time taken for fault detection with this fault detection

scheme one sample of class-1 and class-3 is chosen with inception, instant 0.2s at fault

location 300km is shown in Figure 4.32.
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Table 4.4: Result obtained with F-SVM fault detector scheme (case-2)

Fault Type
Fault Location Fault Inception Fault Detection Response Time

(km) Instant (Ti)s Instant (Td)s (Tr = Td − Ti)ms

LG12 (Class 1)

50 0.2 0.201 1
0.3 0.301 1
0.4 0.403 3

300 0.2 0.202 2
0.3 0.301 1
0.4 0.402 2

500 0.2 0.201 1
0.3 0.303 3
0.4 0.402 2

LG13 (Class 2)

50 0.2 0.203 3
0.3 0.301 1
0.4 0.403 3

300 0.2 0.204 4
0.3 0.302 2
0.4 0.402 2

500 0.2 0.203 3
0.3 0.303 3
0.4 0.402 2

LL12 (Class 3)

50 0.2 0.202 2
0.3 0.302 2
0.4 0.403 3

300 0.2 0.204 4
0.3 0.303 3
0.4 0.402 2

500 0.2 0.203 3
0.3 0.301 1
0.4 0.402 2

LL13 (Class 4)

50 0.2 0.202 2
0.3 0.303 3
0.4 0.401 1

300 0.2 0.202 2
0.3 0.301 1
0.4 0.402 2

500 0.2 0.202 2
0.3 0.203 3
0.4 0.402 2

4.4.2.2 Outcomes with F-SVM Fault Location Scheme

Table 4.5 shows the actual fault location values and the respective estimated fault lo-

cation values with F-SVM fault estimation method. The percentage error in the predicted

fault location with the actual location is calculated using eq. (4.20). Figure 4.33 shows the

performance of fault location scheme in a different location. The error observed in fault

location calculation on the basis of the respective optimum value of c and γ for different

types of faults are shown in Table 4.5. Overall accuracy found with the proposed scheme

is 99.958%. It is also observed that accuracy in LL fault is more than LG fault in the

respective transmission line. The comparison results with some other existing research

works are shown in Table 4.6. It can be observed from Table 4.6 that the error in fault
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(a) Fault in terminal (1-2) at 300 km from terminal-1

(b) Fault in terminal (1-3) at 300 km from terminal-1

Figure 4.32: Response signal of fault detection scheme (case-2)
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Figure 4.33: Performance of F-SVM fault location scheme (case-2)

location is least with the purposed F-SVM fault location scheme which validates their

accuracy.
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Table 4.5: Result obtained with F-SVM fault location scheme (case-2)

Fault Type c γ
Actual FL Calculated FL Error in FL Error in FL

(km) (km) (km) (%)

LG12 5792.61 0.0625

50 50.5472 0.5472 0.0912
100 100.1966 0.1966 0.0327
200 200.2511 0.2511 0.0418
300 300.0474 0.1818 0.0303
400 400.1455 0.1455 0.0242
500 500.1361 0.1361 0.0219

LG13 11585.23 0.04419

50 50.6892 0.6892 0.0765
100 100.2630 0.2630 0.0292
200 200.0759 0.1759 0.0195
300 300.0540 0.3540 0.0393
400 400.1656 0.1656 0.0184
500 500.1299 0.1299 0.0144

LL12 23170.47 0.00782

50 50.6541 0.6541 0.1090
100 100.2630 0.2630 0.0438
200 200.2290 0.2290 0.0381
300 300.0838 0.0838 0.0139
400 400.1524 0.1524 0.0254
500 500.1361 0.1361 0.0219

LL13 46340.95 0.0069

50 50.7340 0.7340 0.0815
100 100.2399 0.2399 0.0266
200 200.1233 0.1233 0.0616
300 300.0497 0.0497 0.0248
400 400.0965 0.0965 0.0482
500 500.1320 0.1320 0.0660

Table 4.6: F-SVM fault location scheme comparison with some existing methods

Ref. No. Basic Approach Used System Used Error (%)

[158] Impedance based method Three terminal AC System 0.476
[159] Impedance based method Two Terminal HVDC 0.196
[162] Traveling wave 2- Terminal double circuit HVDC 1.233
[36] Traveling wave Two terminal HVDC 1.345
[37] Artificial Neural Network Two terminal hvdc 2.50
[40] Radial basis function (ANN) Two terminal hvdc 0.501
[43] Support Vector Machine Multi-terminal VSC HVDC 0.192
[45] Traveling wave Multi-terminal VSC HVDC 0.152

Proposed
Support Vector Machine Two-terminal VSC HVDC 0.051
Support Vector Machine Multi-terminal VSC HVDC 0.042

4.4.2.3 Outcomes with F-SVM Classification Scheme

The results obtained with the F-SVM fault classification scheme are shown in Fig-

ure 4.34, and Figure 4.35. The diagonal elements in Figure 4.34(a) show the correct

classified sample, whereas non-diagonal elements show false classified samples without us-

ing the F-score scheme. It shows how many samples in test case classify correctly and how
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Table 4.7: Comparison between with or without using F-score based multi-class F-SVM
classifier outcomes (case-2)

Class
True Positive True Negative Overall

Rate % Rate % Accuracy %

Without F-Score

Class 1 100 0

98.64
Class 2 97.752 2.247
Class 3 96.610 3.508
Class 4 100 0

With F-Score

Class 1 100 0

100
Class 2 100 0
Class 3 100 0
Class 4 100 0

many samples misclassify with a different class. Figure 4.34(b) shows the correct classi-

fied percentage considering true positive rate (TPR) whereas the non-diagonal elements

show false classified percentage considering false negative rate (FNR) without using the

F-score scheme. The diagonal elements in Figure 4.34(c) shows the correct classify percent-

age whereas the non-diagonal elements show false classified percentage with the positive

predictive value/ false discovery rate (PPD/FDR) without using the F-score scheme. The

classification accuracy without using the F-score is 98.6% with prediction speed of 3830

obs/second and take 2.8678 second for training purpose, as shown in Figure 4.34.

The diagonal elements in Figure 4.35(a) show the correct classified sample, whereas

non-diagonal elements show false classified samples using the F-score scheme. It shows

how many samples in test case classify correctly and how many samples misclassify with a

different class. Figure 4.35(b) shows the correct classified percentage considering true pos-

itive rate whereas the non-diagonal elements show false classified percentage considering

false negative rate with using the F-score scheme. The diagonal elements in Figure 4.35(c)

shows the correct classify percentage whereas the non-diagonal elements show false clas-

sified percentage with the positive predictive value/false discovery rate without using the

F-score scheme. The classification accuracy with using the F-score is 100% with the pre-

diction speed 4120 obs/second and take 5.268 second for training purpose, as shown in

Figure 4.35. The basic equation behind design of confusion matrix are shown in eq. (4.21),

eq. (4.22) and eq. (4.23). The comparison result of the classification scheme with or

without using the F-score scheme is summarized in Table 4.7 with using basic eq. (4.21),

eq. (4.22) and eq. (4.23). The comparison result of the F-SVM fault classification scheme

with or without using modified F-score is summarized in Table 4.7.



Chapter 4. Fault Protection Strategies for HVDC Transmission Systems 98

(a) Confusion matrix with number of sample

(b) Confusion matrix with TPR/NPR

(c) Confusion matrix with PPD/FDR

Figure 4.34: Confusion matrix for F-SVM classifier without using F-score (case-2)
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(a) Confusion matrix with number of sample

(b) Confusion matrix with TPR/NPR2

(c) Confusion matrix with PPD/FDR

Figure 4.35: Confusion Matrix for F-SVM classifier with using F-score (case-2)
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The results observed in the above subsection with F-SVM fault estimation method

describe in respected table and figures with acceptable accuracy. From the describe two

test cases average total execution time of the proposed F-SVM fault estimation method

are observed as 10.03 milliseconds, and 11.54 milliseconds respectively. Further, it is also

observed that time of execution of F-SVM fault estimation method within one cycle and

input requirement of measured voltage and current post-fault data of 0.5 cycle only for all

the two HVDC test transmission systems. Along with, the training time of the proposed

F-SVM method takes the extreme of 6.5 seconds before the use of first time after that it

does not require further training. Consequently, the suggested F-SVM fault estimation

method shows its applicability with reasonable precision and within an acceptable time

span for the transmission system [150].

4.5 Summary of the Chapter

This chapter proposes fault detection, location and classification schemes with a single

use of F-SVM based method for two and multi-terminal HVDC transmission system.

This method provides flexibility to the transmission system operator (TSO) to accelerate

the restoration process as quick as possible with minimal effort. The proposed method

provides results: for fault detection within 4 milliseconds (average detection time 2.35

milliseconds) by employing fault detection scheme, locating the fault with maximum error

0.1090% (average error 0.0510%) and classifying the fault with 100% accuracy. The total

execution time of proposed method with all the three schemes is within 1/2 cycle. The

proposed approach is simple, non-iterative and effective for both two and multi-terminal

HVDC transmission systems.

In this chapter two test case models are developed with the help of CIGRE HVDC model

in PSCAD environment that provides similar results as that of the real time system. The

proposed method is designed and tested in MATLAB platform.

Since the existing infrastructure of HVAC system cannot be replaced completely there-

fore by introducing HVDC system in the existing transmission systems an amalgamation

of systems is formed which gives rise to a new hybrid HVAC and HVDC system. The

F-SVM method proposed in this chapter is utilized to detect, locate and classify the fault

in hybrid HVAC and HVDC system.



Chapter 5

Fault Protection Strategies for

Hybrid Transmission Systems

This chapter presents an effective algorithm for fault detection, location and classification

for hybrid transmission systems as well as for HVAC transmission systems. Test transmis-

sion model is developed with the help of CIGRA dynamic standard data and IEEE dynamic

data. Further, statistical analysis are presented to validate proposed algorithm.

5.1 Introduction

In recent times, researchers are much aware of carbon emission due to conventional en-

ergy resources. Therefore, renewable energy integration is increasing exponentially to meet

the ever-increasing load demand from industrial, commercial and residential customers.

HVDC transmission plays an increasingly important role in the field of renewable energy

integration and regional power grid interconnection, due to its outstanding advantages in

having no commutation failure, flexible control, and superior harmonic performance [173].

High Voltage Direct Current Transmission (HVDC) is considered a better solution for

bulk long distance transmissions. The increased use of HVDC is a result of its advantages

over the HVAC systems and especially due to its fault stability nature. A better solu-

tion is proposed by using a Voltage Source Controlled HVDC. The main advantage of the

VSC converter is its flexible power control which enhances the stability of the transmis-

sion systems. Nowadays increasing HVDC transmission system introduces a mixed type

of transmission system that is hybrid HVDC and HVAC transmission system in order to

101
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defer the investment and make maximum utilization of the existing HVAC system. HVDC

system is very much capable to connect all types of synchronous or asynchronous systems

to the main grid. The characteristics of the AC and DC transmission system are differ-

ent from the individual HVAC and HVDC transmission systems. An HVAC transmission

system tends to have large inertia and known responses to disturbances. An HVDC trans-

mission system generally has a low endurance to faults and can respond faster. A lot of

complex dynamic and transient interactions can occur when the two transmission systems

are interconnected. For instance, a single HVAC transmission system fault can lead to

concurrent commutation failures in various converter stations. Aiming at maximizing the

capacity of existing infrastructure and reducing the need for new transmission corridors,

this work investigates the idea of converting existing multi-circuit AC transmission towers

to hybrid AC/DC systems. The focus of this work is on the fault estimation related to

the fault in the transmission lines of AC and DC corridor.

The Problem of fault detection, location and classification is a challenging task in the

HVAC as well as HVDC transmission system as described in previous chapters. How-

ever, the problem becomes even more complicated for hybrid transmission systems, due to

limited know approaches dealing with their protection and security simultaneously. The

transmission line that includes both HVAC and HVDC plays an important role in trans-

ferring power across long distances from the generation end to the distribution end. Since,

the performance of the transmission line affects the performance of the whole system.

Therefore, on occurring a disturbance in the hybrid system both the transmission lines are

affected equally, thus it becomes prudent to clear the disturbance in nick of time. In this

concern, the protection scheme of an HVDC transmission must be very efficient to have

reliable operation. This chapter utilizes the proposed F-SVM method for fault estimation

in the hybrid transmission system. For validation of the proposed F-SVM fault estimation

method three transmission test cases are considered under varying fault conditions.

5.2 Proposed F-SVM Fault Estimation Method

In this chapter, F-SVM fault estimation method is enhanced with Principal Compo-

nent Analysis (PCA) approach that is proposed in previous chapter 4 and used for fault

estimation of hybrid transmission systems. With using PCA approach feature extraction

scheme is improved and used with defined feature functions that is already explained in

the previous chapter. Details of PCA approach is describe in this section.
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Principal Component Analysis was considered to be a suitable method for extracting

feature from the N × 2 dimensional data-set as current and voltage are interconnected

quantities. PCA is a linear-algebra based projection technique that maps highly correlated

features into a low dimensional space. The resultant feature vectors in this sub-space are

non-correlated and orthogonal to each other. Mathematically, it represents an orthonormal

basis transformation wherein the input data vectors are projected onto new basis vectors

of an m dimensional feature space, where m is the number of features in the original data.

The best way to represent a given data-set is to select those features:

• Along which the variance of data points is maximum

• Whose covariance with other features is minimum.

These two conditions also translate into the desired properties of low noise and reduced

redundancy. The basic mathematics of PCA can be explained as follows:

Let X ∈ Rm be a real-valued matrix having n samples or observations where each

sample vector is a column. Hence X is arranged as a m × n data matrix which has to

be represented by Y , of same dimension. Let P be a transformation matrix that converts

X into a representation matrix Y such that the features of Y follow the two conditions

mentioned above. Accordingly, P must be a m × m matrix that transforms X as in

eq. (5.1).

PX = Y (5.1)

The covariance matrix of Y is given by eq. (5.2) as,

Cov(Y ) =
1

n− 1
Y Y T (5.2)

The diagonal elements of Cov(Y ) represent the variance of each dimension while the

off-diagonal elements are the covariances between different dimensions. To satisfy the two

conditions given above, the values of diagonal elements must be high and those of the off-

diagonal terms must be least. The best possible way to achieve this is to simply diagonalize

this matrix. If P can be represented as collection of row vectors
[
p1 p2... pm

]T
Then,
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Y can be expressed as in eq. (5.2).

Y =



p1x1 p1x2...p1xn

p2x1 p2x2...p2xn

. . .

. . .

pnx1 pnx2...pnxn


(5.3)

When, X is a collection of column vectors,
[
x1 x2... xn

]
. It is evident from eq. (5.2)

that the vectors of X are projected onto the vectors of P which now act as new basis

vectors. Since basis vectors of a Euclidean vector space are always orthogonal, they must

now be orthonormal so that the projection represents only a rotation, not a stretch or

change in length. Therefore, now the task is to find P such that Cov(Y ) becomes a

diagonal matrix. Also, the essential requirement becomes that P must be a matrix of

orthonormal vectors. Using eq. (5.1), eq. (5.2) can be expanded into eq. (5.3) as,

Cov(Y ) =
1

n− 1
PX(PX)T

Cov(Y ) =
1

n− 1
PXXTP T

Cov(Y ) =
1

n− 1
PCov(X)P T

(5.4)

To diagonalize Cov(Y ), the basic PCA algorithm takes advantage of the fact that Eigen

Value Decomposition (EVD) of a symmetric matrix results into orthogonal eigen vectors

that can be normalized to unit length. Cov(X) is an m ×m symmetric matrix that can

be expressed as in eq. (5.4) based on the standard EVD:

Cov(X) = EDE−1 (5.5)

Here, E is the matrix of eigen vectors of Cov(X) and D is a diagonal matrix of its eigen

values. The EVD based PCA suggests the choice of P as P = ET . To make the eigen

vectors of Cov(X) orthonormal, the matrix is mean-centered along the dimensions so as

to normalize the length to 1. This makes P an orthonormal matrix for whom P T = P−1.

Using eq. (5.3), eq. (5.4) can be further expanded to result into eq. (5.5) as,
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Cov(Y ) =
1

n− 1
P (EDE−1)P T

Cov(Y ) =
1

n− 1
P (EDE−1)P−1

Cov(Y ) =
1

n− 1
P (P TDP T−1)P T

Cov(Y ) =
1

n− 1
P (P TDP−1−1)P T

Cov(Y ) =
1

n− 1
P (P TDP )P T

Cov(Y ) =
1

n− 1
(PP T )D(PP T )

Cov(Y ) =
1

n− 1
(PP−1)D(PP−1)

Cov(Y ) =
1

n− 1
D

(5.6)

Thus the selection of P as ET made Cov(Y ) a diagonal matrix. There is another version

of PCA in which the Singular Value Decomposition (SVD) of the input data matrix is used

to diagonalize the required matrix. In this approach, the data matrix X is decomposed

into two orthogonal and one diagonal matrix as in eq. (5.6).

X = UΓV T (5.7)

Here, U is a n×m matrix with orthonormal columns, V is a m×m orthonormal matrix

and Γ is a m×m diagonal matrix of singular values. The columns of U are orthonormal

eigen vectors of XXT , columns of V are orthonormal eigenvectors of XTX and singular

values contained in Γ are the square roots of eigen values from U or V in a descending

order.

Fault Location

Voltage and Current Signals

Fault 

Detection 

Feature Extraction 

Feature Selection

Fault Classification

Location Result Classification Result

Figure 5.1: Working steps of the proposed F-SVM fault estimation method
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With the use of PCA approach the proposed F-SVM method enhanced the property

of fault estimation for large and complex hybrid transmission systems. Working steps of

proposed F-SVM fault estimation method shown in Figure 5.1.

5.3 DC Grid Control Strategies

This chapter uses different control strategies for the hybrid HVAC and HVDC trans-

mission systems. Therefore, this section describes the different control strategies used for

the hybrid systems as per the economical and modern trends. The test cases used in this

chapter are also designed in accordance with the control strategies.

5.3.1 DC Voltage Control in DC System

DC voltage plays a similar role in DC systems as the frequency in AC systems. VSC

converters cannot work with small DC voltage (normally below 0.8–0.9 pu) due to uncon-

trollable diodes. Due to insulation limits, high DC voltage is strictly forbidden. However,

DC voltage changes at different buses due to change in DC power flow. This consider-

ably complicates the creation of the DC voltage regulator and any method for controlling

power balancing. DC voltage dynamics in electro-mechanical AC devices are much faster

than frequency deviations, whereas, time constants may be even below 10 milliseconds.

This shows the consequence of quick converter control, absence of reactive components in

DC cable impedances and absence of mechanical inertia. Therefore, the requirement of

developing a robust DC voltage controller with wider bandwidth at every VSC terminal

is very essential.

5.3.2 Droop Control at VSC Converter

A normal method for exchanging power balancing between all terminals is the DC

voltage droop control at VSC converters. This method is created mainly with static curves

(P-V, I-V) [174,175] indicating deviations in DC voltage for load changing circumstances

and vice versa. Figure 5.2 shows the line diagram of the VSC converter with DC Voltage

droop control method. To regulate the converter current in dq frame, the inner control

loop uses a conventional PI controller using decoupling loops. However, to regulate AC

voltage or reactive power flow on q-axis and DC voltage or active power flow on d-axis the
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outer control loop is used. In every DC grid, only one terminal controls DC voltage and

others will regulate active power flow with DC voltage droop feedback (KDCdroopgain) [176].
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Figure 5.2: Schematic diagram of the VSC controller with typical droop DC voltage
feedback

5.3.3 3-Level Cascaded Control at VSC Terminal

Cascade control is a renowned control method in the progression industries which split

the control problem in two or even more nested control loops [177]. It enhances dynamic

performance by regulating intermediate variables and limiting their reference values. It

also allows zero error monitoring of variables at each stage, providing essential control

without utilizing DC saturation. It will extract power-droop feature from the terminals

as it will provide grid stabilization for quick control of DC voltage. Figure 5.3 describes

the outer and middle control loops of the suggested 3-LCC on-shore VSC d-axis approach.

Even though, the droop control described in Figure 5.2 is same as the inner current control

loop.
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Figure 5.3: Schematic diagram of the control structure of 3-LCC for d-axis of VSCs
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5.3.4 Dispatcher Center Controller

The dispatcher’s duty is to return the power references to each terminal corresponding

to the real position in the entire system and the arrangement for power trading. The

dispatcher’s duty is supposed to be a slow process and can be done manually or automat-

ically as per the requirement. However, the dispatcher should normally be prepared to

modify power references to follow the typical variation in load/generation such as varia-

tion in wind speed. The construction of the automatic dispatcher controller is shown in

Figure 5.4. This is same as that of the DC voltage droop controller. Although, the time

constant is less as compared with conventional terminal control droop.

 VDCav =VDCi/n

 Filter

 Filter

 Filter

d1

d1

d1

vgrid ref =1 pu
vgrid error

Pdes1

Pdes2

Pdes3

PDC ref 1

PDC ref 2

PDC ref 3

vDCav

Figure 5.4: Schematic diagram of the control structure dispatcher center

5.3.5 DC/DC Converter Control

DC grids are using DC/DC converters [178]. Therefore, same topology is also used

in the CIGRE B4 DC grid test system [176, 179]. In this work, as shown in Figure 5.5,

a comparable 3-LCC approach is implemented for DC/DC converters. A humble DC

chopper is used as the DC/DC topology and the duty ratio D of the control signal.

5.3.6 Wind Farm VSC Converter Control

The VSC converters linked to wind farms are regulated to establish the frequency of the

offshore AC systems and keep the equilibrium of power in the offshore grid [176]. These

converters restrict the variations associated with the wind power and provide a constant

output power supply. Therefore, these converters are considered as constant power sources



Chapter 5. Fault Protection Strategies for Hybrid Transmission Systems 109

PI
PDC ref

 Filter

vDC ref

1.05

0.95

PDC

PI

 Filter

PI

 Filter

VDC IDC

Dmax

Dmax

DIDC ref 

(From dispatcher)
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Figure 5.6: Schematic diagram of the control structure of the wind farm VSC converter

in the DC grid. Moreover, these converters pose two-level control topology. As shown in

Figure 5.6, the outer control loop regulate the respective AC voltage dq-components. And

that’s how the converter balances offshore island power. Note that, based on future grid

connection standards, a DC grid may also have other uncontrollable power converters.

5.4 Test System for Simulation

To validate the proposed method, two hybrid HVAC and HVDC transmission test

systems have been taken into consideration that are two terminal hybrid HVAC and HVDC



Chapter 5. Fault Protection Strategies for Hybrid Transmission Systems 110

transmission test system and CIGRE DC grid transmission test system have been used

as shown in Figures 5.7 and 5.16 respectively. The CIGRE benchmark transmission

model available with PSCAD/ EMTDC module is originally a model for mono-polar two-

terminal. It is modified into bipolar two and multi-terminal hybrid transmission test

system with VSC control.

From the literature [169–171, 173], it found that Voltage Source Converter (VSC) is

preferred for controlling the Power flow in both HVDC as well as hybrid HVAC and

HVDC transmission system due to better controllability. Some of the advantages and

controlling strategies of VSC control are discussed in section 4.3. The same VSC control

is use here for controlling DC line voltage and power flow.

5.4.1 Case-1: Two Terminal Hybrid Transmission Test System

To validate the proposed method, a two-terminal hybrid HVAC and HVDC transmission

test system has been used as shown Figure 5.7. The two-terminal is connected with

transmission line having the total length of 800 km that is 600km in DC line and 200km

in AC line. Four types of faults in DC line and ten types of faults in AC line at every 10

km is simulated in the line. With this condition, the data-set is prepared for training and

testing purpose for the proposed algorithm. The transmission line structure along with

their configuration is given in Figure 5.8.

Performance of VSC based hybrid HVDC system has been simulated under these circuit

specification. The voltage source connected at bus-1 in terminal-1 is terminal voltage of

Two Terminal HVAC and HVDC Hybrid System 
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Figure 5.7: Schematic diagram of two terminal hybrid transmission test system
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Figure 5.8: Tower configuration of hybrid transmission Line

13.8kV, active power of 100MVA, and frequency of 60Hz. The AC transmission line of

100km in length is connected between bus-1 and bus-2 at terminal-1. Terminal-1 consist

of PWM controlled IGBT based rectifier/inverter having specification as, the terminal

voltage 230kV, on-resistance 0.005Ω, off-resistance 100MΩ, breakdown voltage 100MV,

reverse withstand voltage 100MVA with PWM control. The transformer used at terminal-

1 is a 13.8/62.5kV (∆ − Y ), Y -side solid grounded at 100MVA. RC Damped Capacitor

connected at terminal-1 as capacitance 1000µF and resistance 0.5Ω. The specification of

the voltage source connected at bus-4 in terminal-2 is terminal voltage 420kV, active power

100MVA, and frequency 60Hz. The AC transmission line of 100km in length is connected

between bus-3 and bus-4 at terminal-2. Terminal-2 consist of PWM controlled IGBT based
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Figure 5.9: Voltage at bus-3 at time of fault (case-1)
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Figure 5.11: Voltage at bus-4 at time of fault (case-1)

rectifier/inverter having specification as, the terminal voltage 230kV, on-resistance 0.005Ω,

off-resistance 100MΩ, breakdown voltage 100MV, reverse withstand voltage 100MVA with

PWM control. The transformer used at terminal-2 is a 115kV/62.5kV (Y − ∆) Y -side

solid grounded at 100MVA. Smoothing capacitance of 2µF is connected at terminal-2.

Transmission cable connects a terminal (1-2) with specifications as voltage rating 169kV

and current withstand capacity of 0.5kA.

The length of transmission line is 200km in the AC section and 600 km in DC section.

Fourteen different types of fault are simulated at every 10 km i.e. at 77 different location

at 1s for a duration of 0.3s (approx. 10 cycles). The collected data for every sample is

having a sampling frequency of 4.8 kHz. Once the transient fault occurs in the DC section

of the system, the line voltage immediately falls, whereas on the inverter side, the DC
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Figure 5.12: Current at bus-4 at time of fault (case-1)
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Figure 5.13: Active and reactive power at bus-3 and bus-4 at time of fault (case-1)

current falls and on rectifier side DC current rises. Therefore, in order to maintain this

current is at some predefined level, a control circuit is required. The pre-defined value is

selected in accordance with the DC voltage. During the fault event, this DC voltage will

tend to reduce to a lower value to its threshold value. Therefore, this will bring down the

line current to a lower value. It is advisable to limit this current to +ve non-zero value.

If it goes beyond this value the reactive power demand on the AC part of the system

reduces, thereby preventing the system to restore. Once the transient fault occurs in the

AC section of the system, the line voltage of the connected bus immediately falls and line

current rise. It also effects on the DC section transmission line voltage and current.

LLL-Fault is created in AC line at connecting bus-3 and bus-4 in terminal-2 at 10km

far from bus-4 in terminal-2. Figures 5.9 and 5.10 show the AC voltage and current at
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Figure 5.14: Dc Voltage at bus-2 and bus-3 at time of fault (case-1)
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Figure 5.15: Current at bus-2 and bus-3 at time of fault (case-1)

bus-3 in terminal-2. Line voltage decreases nearly 24% and line current increases nearly

66% at bus-3 in terminal-2 as shown in Figures 5.9 and 5.10 respectively at the time of

fault. Figures 5.11 and 5.12 show the generator side AC voltage and current at bus-4

in terminal-2. Line voltage decreases by 35% and line current increases closely 300% at

bus-4 in terminal-2 as shown in Figures 5.11 and 5.12 respectively at the time of fault.

Figure 5.13 shows the active reactive power variation at bus-3 and bus-4 in terminal-2

respectively at the time of fault. Active power at bus-3 rise to a maximum of 800% and

at bus-4 rise to a maximum of 3000%. Reactive power at bus falls at bus-3 a maximum of

400% and at bus-4 a maximum of 200%. Figures 5.14 and 5.15 show the DC voltage and

current at bus-2 and bus-3. DC voltage at bus-2 rises with nearly 7% and DC voltage at

bus-3 rise with nearly 17% shown in Figure 5.14. DC current at bus-2 and at bus-3 rise
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Table 5.1: Definition of class with respect to different types of fault

Class-1 Phase A to Ground Fault in AC Section
Class-2 Phase B to Ground Fault in AC Section
Class-3 Phase C to Ground Fault in AC Section
Class-4 Phase A to Phase B Fault in AC Section
Class-5 Phase A to Phase C Fault in AC Section
Class-6 Phase B to Phase C Fault in AC Section
Class-7 Phase A to Phase B to Ground Fault in AC Section
Class-8 Phase A to Phase C to Ground Fault in AC Section
Class-9 Phase B to Phase C to Ground Fault in AC Section
Class-10 Phase A to Phase B to Phase C Fault in AC Section
Class-11 Positive Phase to Ground Fault in DC Section
Class-12 Negative Phase to Ground Fault in DC Section
Class-13 Positive to Negative Phase Fault in DC Section
Class-14 Positive to Negative Phase to Grounds Fault in DC Section

with nearly 1000% shown in Figure 5.15 respectively. It is observed that DC line current

contains more harmonic as compared to AC line current. In this work 14 different faults

are simulated which are shown in Table 5.1.

5.4.2 Case-2: CIGRE (B4.57 and B4.58) Hybrid Transmission Test Sys-

tem

To validate the proposed algorithm, the CIGRE (B4.57 and B4.58) hybrid HVAC and

HVDC transmission test system has been used as shown in Figure 5.16. Several control

strategies and DC grid models presented in section 5.3 are utilized to develop the CIGRE

test model. The key attribute of this test system is to provide a dynamically varying system

in real time in DC as well as AC section via VSC control mechanism [179,180]. The layout

of this test transmission system is shown in Figure 5.16. The following categorization is

used for buses and converters: Ba : bus onshore AC (onshore AC bus) Bo : bus offshore

AC (offshore AC bus) Bm : bus monopole (DC bus at monopole 400KV system) Bb : bus

bipole (DC bus at bipole 800KV DC system) Cm : converter monopole Cb : converter

bipole Cd : DC/DC converter

The complete CIGRE hybrid HVAC and HVDC system is developed in PSCAD/EMTDC

environment. Two distinct control choices are considered for all onshore and DC/DC

converter as 3-LCC control and droop control are shown in Figures 5.3 and 5.2 respec-

tively [173], [181]. In Figure 5.5, the controller gains for DC/DC converters and onshore

VSCs (d-axis) of the two control methods are presented. For both these methods, the
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Figure 5.16: Schematic diagram of CIGRE (B4.57 and B4.58) hybrid transmission test
system

gain for inner current control loops is same and are designed considering a VSC converter

control. However, the AC grid is taken as a separate entity. The PI gains for the outer

loop of Dc voltage terminal (Cm−A1, Cb−A1, and Cm−B3) in droop control method are

kp− 0.5 and ki = 10. All the controller input and output variables are in per unit system.

in order to not interfere with the inner loop dynamics the control is sufficiently slow

while the outer control gains are designed to be enabled with droop control. According

to the requirement of dynamic responses in the system, the droop gain is varied. With

3-LCC method, a VSC controller is considered for designing the middle loop so as to

provide a buffer between AC and DC sections. The gains are increased accordingly to
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enable DC voltage control with up-to 20% overshoots. The high value for dispatcher gains

(d1 = d2 = ...dn = 10) are selected to enable good steady-state control of average DC

voltage, while the dispatcher filter time constant is taken as 2s. The dispatcher droop

feedback dynamics are eliminated by this low bandwidth filtering process, which highly

influences the dynamics of the DC grid. The hybrid transmission test system details

configuration with all data used in the designing of the system is provided in Appendix A.3.
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Figure 5.17: Voltage at bus (Ba-B0) at the time of fault (case-2)
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Figure 5.18: Current at bus (Ba-B0-Ba-b1) at bus (Ba-B0) at the time of fault (case-2)

The length of the total transmission line is 5250 km and ten types of fault with fault

resistance 5Ω in the AC section and four types of fault with fault resistance 5Ω in the DC

section are created at 1 second for a duration of 0.3 seconds (approx 10 cycles) at every

10 km i.e. at 525 different location, considering that minimum one event in each and

every section even if the length is less then 10km. The collected data for each sample is
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Figure 5.19: Voltage at bus (Ba-B1) at the time of fault (case-2)
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Figure 5.20: Current at bus (Ba-b0-Ba-B1) at bus (Ba-B1) at the time of fault (case-2)

having the sampling frequency of 4.8 kHz. Once the transient fault occurs in the system,

the line voltage of both terminal ends immediately falls but in this system the effect on

other section very less especially in the DC section due to VSC and 3LCC droop control

strategies. For a better understanding of the fault situation, one fault case among all cases

in one of the AC section in the transmission line is created and discussed below.

LLG-Fault is created in line section ((Ba −B0)− (Bb −B4)) at connecting bus ((Ba −
B0) − (Bb − B4)) at 100km far from bus-(Ba − B0) whereas, the total line length of the

section ((Ba − B0) − (Bb − B4)) is 200km. Figures 5.17 and 5.18 show the voltage and

current at bus-(Ba−B0). The voltage of two phases of bus-(Ba−B0) decreases nearly by

30.20% and one phase decrease nearly by 20.4% are shown in Figure 5.17 at the time of the
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fault. Current of two phases in section ((Ba−B0)− (Bb−B4)) at bus-(Ba−B0) increase

nearly 12.64% and one phase decrease nearly by 50.24% are shown in Figure 5.18 due to a

LLG fault present in this section. Figures 5.19 and 5.20 show the voltage and current at

bus-(Bb −B4). The voltage of two phases of bus-Bb −B4 decreases nearly by 38.73% and

one phase decrease nearly by 10.23% are shown in Figure 5.19 at the time of the fault.

Current of in section ((Ba −B0)− (Bb −B4)) at bus-(Bb −B4) increase nearly by 825%,

20.3% and 40.2% of respected phases as shown in Figure 5.20 due to a LL fault present in

this section. It is observed that at the time of LLG fault respected phase voltage decreases

at both the bus and phase current increases respectively. It is also observed that current

and voltage has harmonic content due to the presence of the fault. Due to fault present

in this section it does not effect much in the nearby DC section due to control action of

controllers. After clearing of fault harmonic content is settled down in a few cycles. In

this work 14 different faults cases are simulated which are shown in Table 5.1.

5.4.3 Case-3: IEEE 30-Bus Transmission Test System

The IEEE 30-bus system is used for carrying out the simulation, where the data col-

lected from the phase measurement unit (PMU) installed at different buses in the system.

The system is modelled with an electromagnetic transient program available in power sys-

tem design (PSCAD/ EMTDC) using the IEEE dynamic data. In order to have a realistic
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Figure 5.21: Schematic diagram of IEEE 30-bus dynamic transmission test system
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system condition, the transmission line is modelled with a frequency dependent model.

The schematic line diagram of the system model is shown in Figure 5.21. The IEEE-30

bus details configuration with all data used in the designing of the system is provided in

Appendix A.1.

The length of total transmission line is 2363.72 km and the ten types of fault is created

at every 10 km i.e. at 208 different location, considering that minimum one event in each

and every section even if the length is less then 10 km at 1s for a duration of 0.3s (approx

15 cycles). the collected data for every sample is having the sampling frequency of 4.8

kHz. Once the transient fault occurs in the system, the line voltage of both terminal ends

immediately fall. For a better understanding of the fault situation, one fault case among

10 cases in one of the section in the transmission line is created discussed below.
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Figure 5.22: Voltage at bus-27 at the time of fault (case-3)

0.9 1 1.1 1.2 1.3 1.4 1.5

Time (s)

-3

-2

-1

0

1

2

3

C
ur

re
nt

 (
kA

)

Current in Section (27-30) at Bus-27

Figure 5.23: Current in section(27-30) at bus-27 at time of fault (case-3)
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Figure 5.24: Voltage at bus-30 at the time of fault (case-3)
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Figure 5.25: Current in section(27-30) at bus-30 at time of fault (case-3)

LL-Fault is created in line section (27-30) at connecting bus (27-30) at 100km far from

bus 27 whereas, the total line length of the section (27-30) is 210km. Figures 5.22 and 5.23

show the voltage and current at bus-27. The voltage of concerned two phases of bus-27

decreases nearly by 33.34% and current of concerning two phases in section (27-30) at

bus-27 increase nearly by 900% and rest phase is not much affected shown in Figures 5.22

and 5.23 due to a LL fault present in this section. Figures 5.24 and 5.25 show the voltage

and current at bus-30. The voltage of concerning two phases of bus-27 decreases nearly by

73.23% and current of concerning two phases in section (27-30) at bus-27 increase nearly

by 105% and rest phase is not much affected shown in Figures 5.22 and 5.23 due to a

LL fault present in this section. Figure 3.28 shows the active power and reactive power

response at bus-27 and bus-30 at the time of the fault. Active power at bus-27 increases
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Figure 5.26: Power of both the buses at the time of fault (case-3)

nearly by 280% and at bus-30 decrease nearly by 90% shown in Figure 3.28 due to a LL

fault present in this section. Reactive power at bus-30 increases nearly by 342% and at

bus-30 increases nearly by 1304% shown in Figure 3.28 due to a LL fault present in this

section. It is observed that at the time of LL fault respective phase voltage decreases at

both the bus and phase current increases respectively. Along with, it is also observed that

current and voltage has harmonic content due to the presence of the fault. After clearing

of fault harmonic content is settled down in a few cycles. In this work 10 different faults

cases are simulated which are shown in Table 5.1.

5.5 Results and Discussions

The flowchart shown in Figure 5.1 provides working steps of the proposed F-SVM fault

estimation method. The voltage and current signal of AC and DC side is continuously

measured and recorded at the converter station of the system. The feature vector is

extracted and dominant feature is selected with the help of modified F-score scheme for

every half cycle measured data of the running window. These dominant features are

observed continuously to detect the presence of a fault. Once the fault is detected by F-

SVM fault detection scheme4.2.5. The same half cycle data are used to locate and classify

the fault with the help of F-SVM fault location (4.2.6) and F-SVM classification scheme

(4.2.7) respectively.
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5.5.1 Case-1: Two-terminal Hybrid Transmission Test System

For the training purpose of F-the SVM fault estimation method four types of faults

in DC section and ten types of faults in AC section are created in the transmission lines

at every 10 km of the length, the data is measured and collected. The data contains 77

instant samples of fourteen different classes, and 364 features are extracted. From all these

extracted features 205 dominating features are selected with a modified F-score scheme.

10-fold cross-validation RBF kernel function with 70% data used for training and 30% for

testing purpose of F-SVM fault estimation method.

5.5.1.1 Outcomes with F-SVM Fault Detection Scheme

Table 5.2: Result obtained with F-SVM fault detector scheme in AC section (case-1)

Fault Type
Fault Location Fault Inception Fault Detection Response Time

(km) Instant (Ti)s Instant (Td)s (Tr = Td − Ti)ms

Class-1

25
0.2 0.2028 2.8
0.3 0.3025 2.5
0.4 0.4041 4.1

50
0.2 0.2042 4.2
0.3 0.3017 1.7
0.4 0.4030 3.0

75
0.2 0.2028 2.8
0.3 0.3036 3.6
0.4 0.4038 3.8

Class-4

25
0.2 0.2021 2.1
0.3 0.3037 3.7
0.4 0.4040 4.0

50
0.2 0.2017 1.7
0.3 0.3015 1.5
0.4 0.4030 3.0

75
0.2 0.2048 4.8
0.3 0.3024 2.4
0.4 0.4033 3.3

Class-7

25
0.2 0.2040 4.0
0.3 0.3020 2.0
0.4 0.4030 3.0

50
0.2 0.2038 3.8
0.3 0.3046 4.6
0.4 0.4048 4.8

75
0.2 0.2032 3.2
0.3 0.3016 1.6
0.4 0.4016 1.6

Class-10

25
0.2 0.2044 4.4
0.3 0.3020 2.0
0.4 0.4043 4.3

50
0.2 0.2020 2.0
0.3 0.3047 4.7
0.4 0.4022 2.2

75
0.2 0.2018 1.8
0.3 0.3020 2.0
0.4 0.4035 3.5

To test the suitability of the F-SVM fault detection scheme, different types of fault

in the overhead transmission line of AC section near terminal-1 at 25 km, 50 km, 75 km

and in DC section 50 km, 300 km, 500 km are created. The test results of the detection
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Table 5.3: Result obtained with F-SVM fault detector scheme in DC section (case-1)

Fault Type
Fault Location Fault Inception Fault Detection Response Time

(km) Instant (Ti)s Instant (Td)s (Tr = Td − Ti)ms

Class-11

50
0.2 0.2024 2.4
0.3 0.3043 4.3
0.4 0.4033 3.3

300
0.2 0.2032 3.2
0.3 0.3047 4.7
0.4 0.4021 2.1

500
0.2 0.2040 4.0
0.3 0.3040 4.0
0.4 0.4025 2.5

Class-12

50
0.2 0.2013 1.3
0.3 0.3012 1.2
0.4 0.4031 3.1

300
0.2 0.2041 4.1
0.3 0.3047 4.7
0.4 0.4016 1.6

500
0.2 0.2033 3.3
0.3 0.3029 2.9
0.4 0.4010 1.0

Class-13

50
0.2 0.2016 1.6
0.3 0.3042 4.2
0.4 0.4022 2.2

300
0.2 0.2031 3.1
0.3 0.3017 1.7
0.4 0.4034 3.4

500
0.2 0.2040 4.0
0.3 0.3036 3.6
0.4 0.4038 3.8

Class-14

50
0.2 0.2028 2.8
0.3 0.3013 1.3
0.4 0.4019 1.9

300
0.2 0.2047 4.7
0.3 0.3028 2.8
0.4 0.4043 4.3

500
0.2 0.2032 3.2
0.3 0.3050 5.0
0.4 0.4013 1.3

scheme in AC section and in DC section are shown in Table 5.2 and Table 5.3 for different

fault locations and inception instant. First two columns of both the tables show fault

types and fault initiation location. Last three columns show the fault inception instant,

detection instant and response time, respectively. Table 5.2 shows the result obtained

with the fault detection scheme in the AC section of the transmission line. It is observed

that by using the proposed scheme the fault is detected and identified precisely within

5 milliseconds and average detection time 3.125 milliseconds in the AC section shown in

Table 5.2. Along with, it is also observed that the fault detection scheme take less than

average detection time 3.125 milliseconds as compared to other class of fault in the AC

section of the transmission line. Table 5.3 show the result obtain with the fault detection

scheme in the DC section the transmission line. Further, it is observed that by using the



Chapter 5. Fault Protection Strategies for Hybrid Transmission Systems 125

proposed scheme the fault is detected and identified precisely within 4.5 milliseconds and

average detection time 3.01675 milliseconds in the DC section shown in Table 5.3. Along

with, it is also observed that the F-SVM fault detection scheme take less average detection

time 3.016755 milliseconds as compared to other class of faults in the AC section of the

transmission line.

5.5.1.2 Outcomes with F-SVM Fault Location Scheme

Table 5.4: Result obtained with F-SVM fault location scheme in AC section (case-1)

Fault Type c γ
Actual FL Calculated FL Error in FL Error in FL

(km) (km) (km) (%)

Class-1 6040.42 0.0944

10 10.3122 0.3122 0.1561
20 20.3976 0.3976 0.1988
30 30.4301 0.4301 0.2151
40 40.2942 0.2942 0.1471
50 50.4619 0.4619 0.2310
60 60.3439 0.3439 0.1720
70 70.3471 0.3471 0.1736
80 80.4438 0.4438 0.2219
90 90.4222 0.4222 0.2111

Class-4 8321.73 0.0768

10 10.3307 0.3307 0.1654
20 20.1732 0.1732 0.0866
30 30.1936 0.1936 0.0968
40 40.4546 0.4546 0.2273
50 50.1115 0.1115 0.0558
60 60.2936 0.2936 0.1468
70 70.1672 0.1672 0.0836
80 80.4915 0.4915 0.2458
90 90.3851 0.3851 0.1926

Class-7 12632.35 0.0444

10 10.3002 0.3002 0.1501
20 20.2884 0.2884 0.1442
30 30.1238 0.1238 0.0619
40 40.3728 0.3728 0.1864
50 50.1157 0.1157 0.0579
60 60.1286 0.1286 0.0643
70 70.3087 0.3087 0.1544
80 80.1387 0.1387 0.0694
90 90.4273 0.4273 0.2137

Class-10 15533.91 0.0355

10 10.4237 0.4237 0.2119
20 20.3829 0.3829 0.1915
30 30.1599 0.1599 0.0800
40 40.3638 0.3638 0.1819
50 50.3074 0.3074 0.1537
60 60.4892 0.4892 0.2446
70 70.3596 0.3596 0.1798
80 80.4201 0.4201 0.2101
90 90.2815 0.2815 0.1408

Table 5.4 and Table 5.5 show the actual fault location values and the respective es-

timated fault location values using F-SVM fault location scheme. Percentage error in

estimated fault location with the actual location is calculated using eq. (4.20). Table 5.4
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Figure 5.27: Performance of F-SVM fault location scheme in AC section (case-1)

Table 5.5: Result obtained with F-SVM fault location scheme in DC section (case-1)

Fault Type c γ
Actual FL Calculated FL Error in FL Error in FL

(km) (km) (km) (%)

Class-11 5437.34 0.0524

60 60.1694 0.1694 0.0282
120 120.2564 0.2564 0.0427
180 180.4326 0.4326 0.0721
240 240.4213 0.4213 0.0702
300 300.1242 0.1242 0.0207
360 360.2597 0.2597 0.0433
420 420.3108 0.3108 0.0518
480 480.2667 0.2667 0.0445
540 540.3627 0.3627 0.0605

Class-12 7364.63 0.0372

60 60.3512 0.3512 0.0585
120 120.2168 0.2168 0.0361
180 180.2727 0.2727 0.0455
240 240.1062 0.1062 0.0177
300 300.4936 0.4936 0.0823
360 360.1669 0.1669 0.0278
420 420.1425 0.1425 0.0238
480 480.2491 0.2491 0.0415
540 540.1792 0.1792 0.0299

Class-13 10527.26 0.0212

60 60.2959 0.2959 0.0493
120 120.2358 0.2358 0.0393
180 180.4807 0.4807 0.0801
240 240.4681 0.4681 0.0780
300 300.1211 0.1211 0.0202
360 360.3951 0.3951 0.0659
420 420.2076 0.2076 0.0346
480 480.2691 0.2691 0.0449
540 540.3191 0.3191 0.0532

Class-14 13762.02 0.0092

60 60.4771 0.4771 0.0795
120 120.2671 0.2671 0.0445
180 180.4932 0.4932 0.0822
240 240.2206 0.2206 0.0368
300 300.3804 0.3804 0.0634
360 360.3665 0.3665 0.0611
420 420.3157 0.3157 0.0526
480 480.3792 0.3792 0.0632
540 540.3666 0.3666 0.0611

shows estimated fault location values and variation with actual value in AC section. Fig-

ure 5.27 shows the performance of fault location scheme in different location in AC section.
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Figure 5.28: Performance of F-SVM fault location scheme in DC section (case-1)

The error observed in fault location calculations on the basis of the respective optimum

value of c and γ for different types of faults in the AC section are shown in Table 5.4.

Overall accuracy found with the proposed scheme is 99.13%. It is also observed that aver-

age accuracy in LLG fault is more as compared to other class of fault in the AC section of

the transmission line shown in Figure 5.27. Table 5.5 shows estimated fault location values

and variation with actual value in DC section. Figure 5.28 shows the performance of fault

location scheme in different location in DC section. The error observed in fault location

calculation on the basis of the respective optimum value of c and γ for different types of

faults in the DC section are shown in Table 5.5. Overall accuracy found with the proposed

scheme is 99.94%. It is also observed that average accuracy in negative phase to ground

fault is more as compare to other class of fault in the DC section of the transmission line

shown in Figure 5.28. The comparison results with some other existing research papers

are shown in Table 5.14. It can be observed from Table 5.14 that the error in fault location

is least with the proposed F-SVM fault location scheme which validates the accuracy.

5.5.1.3 Outcomes with F-SVM Fault Classification Scheme

The results obtained with the F-SVM fault classification scheme are shown in Fig-

ure 5.29, and Figure 5.30. The diagonal elements in Figure 5.29(a) shows the correct

classified sample, whereas non-diagonal elements show false classified samples without us-

ing the F-score scheme. It show how many samples in test case classify correctly and how

many samples misclassify with a different class. Figure 5.29(b) shows the correct classified
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(a) Confusion matrix with number of sample

(b) Confusion matrix with TPR/NPR

(c) Confusion matrix with PPD/FDR

Figure 5.29: Confusion matrix for F-SVM classifier without using F-score (Case-1)
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(a) Confusion matrix with number of sample

(b) Confusion matrix with TPR/NPR2

(c) Confusion matrix with PPD/FDR

Figure 5.30: Confusion matrix for F-SVM classifier with using F-score (Case-1)
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percentage considering True Positive Rate (TPR) whereas the non-diagonal elements show

false classified percentage considering False Negative Rate (FNR) without using the F-

score scheme. The diagonal elements in Figure 5.29(c) shows the correct classify percentage

whereas the non-diagonal elements show false classified percentage with the positive pre-

dictive value/false discovery rate (PPD/FDR) without using the F-score scheme. The

classification accuracy without using the F-score is 86.64% with prediction speed of 3572

obs/second and take 9.432 seconds for training purpose, as shown in Figure 4.34.

Table 5.6: Comparison between with or without using F-score based multi-class F-SVM
classifier outcomes (case-1)

Class
True Positive True Negative Overall

Rate % Rate % Accuracy %

Without F-Score

Class 1 76.62 23.38

86.64

Class 2 90.91 9.09
Class 3 76.62 23.38
Class 4 89.61 10.39
Class 5 89.61 10.39
Class 6 85.71 14.29
Class 7 92.21 7.79
Class 8 84.42 15.58
Class 9 76.62 23.38
Class 10 81.82 18.18
Class 11 96.10 3.90
Class 12 87.01 12.99
Class 13 90.91 9.09
Class 14 94.81 5.19

With F-Score

Class 1 100.00 0.00

100

Class 2 100.00 0.00
Class 3 100.00 0.00
Class 4 100.00 0.00
Class 5 100.00 0.00
Class 6 100.00 0.00
Class 7 100.00 0.00
Class 8 100.00 0.00
Class 9 100.00 0.00
Class 10 100.00 0.00
Class 11 100.00 0.00
Class 12 100.00 0.00
Class 13 100.00 0.00
Class 14 100.00 0.00

The diagonal elements in Figure 5.30(a) shows the correct classified sample, whereas

non-diagonal elements show false classified samples using the F-score scheme. It shows

how many samples in test case classify correctly and how many samples misclassify with

a different class. Figure 5.30(b) shows the correct classified percentage considering true

positive rate (TPR) whereas the non-diagonal elements show false classified percentage

considering false negative rate (FNR) using F-score scheme. The diagonal elements in

Figure 5.30(c) shows the correct classify percentage whereas the non-diagonal elements

show false classified percentage with the positive predictive value/false discovery rate
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(PPD/FDR) without using the F-score scheme. The classification accuracy with using

the F-score is 100% with the prediction speed 3712 obs/second and take 8.562 seconds for

training purpose, as shown in Figure 5.30. The basic equation behind design of confusion

matrix are shown in eq. (4.21), eq. (4.22) and eq. (4.23). The comparison result of the

classification scheme with or without using the F-score scheme is summarized in Table 5.6

with using basic eq. (4.21), eq. (4.22) and eq. (4.23).

5.5.2 Case-2: CIGRE (B4.57 and B4.58) Hybrid Transmission Test Sys-

tem

For the training purpose of F-SVM fault estimation method four types of faults in DC

section and ten types of faults in AC are created in the transmission line at every 10 km

of the transmission line and the data is measured. The data contain 77 instant samples

of fourteen different classes, and 364 features are extracted. From all these extracted

features 208 dominating features are selected with a modified F-score scheme. 10-fold

cross-validation RBF kernel function with 70% data used for training and 30% for testing

purpose of F-SVM method.

5.5.2.1 Outcomes with F-SVM Fault Detection Scheme

To test the suitability of the F-SVM fault detection scheme, different types of fault in

the overhead transmission line of AC section ((Ba −B0)− (Ba −B1)) with reference bus-

(Ba−B0) at 50 km, 100 km, 150 km and in DC section ((Bb−B4)−(Bb−A1)) at 50 km, 200

km, 400 km are simulated. The test results of the detection scheme in AC section((Ba −
B0) − (Ba − B1)) and in DC section((Bb − B4) − (Bb − A1)) are shown in Table 5.7 and

Table 5.8 for different fault locations and inception instant. First two columns of both

the table show fault types and fault initiation location. Last three columns show the fault

inception instant, detection instant and response time, respectively. Table 5.7 show the

result obtained with the fault detection scheme in the AC section((Ba−B0)− (Ba−B1))

the transmission line. It is observed that by using the proposed scheme the fault is detected

and identified precisely within 5 milliseconds and average detection time 3.34 milliseconds

in the AC section((Ba−B0)− (Ba−B1)) shown in Table 5.2. It is also observed that the

fault detection scheme take less average detection time 3.34 milliseconds as compared to

other class of fault in the AC section ((Ba − B0) − (Ba − B1)) of the transmission line.

Table 5.8 show the result obtained with the fault detection scheme in the DC section((Bb−
B4)− (Bb − A1)) of the transmission line. It is also observed that by using the proposed
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Table 5.7: Result obtained with F-SVM fault detector scheme in AC section for (case-2)

Fault Type
Fault Location Fault Inception Fault Detection Response Time

(km) Instant (Ti)s Instant (Td)s (Tr = Td − Ti)ms

Class-1

50
0.2 0.2049 4.9
0.3 0.3029 2.9
0.4 0.4022 2.2

100
0.2 0.2030 3.0
0.3 0.3015 1.5
0.4 0.4017 1.7

150
0.2 0.2057 5.7
0.3 0.3058 5.8
0.4 0.4039 3.9

Class-4

50
0.2 0.2022 2.2
0.3 0.3028 2.8
0.4 0.4051 5.1

100
0.2 0.2011 1.1
0.3 0.3012 1.2
0.4 0.4018 1.8

150
0.2 0.2042 4.2
0.3 0.3047 4.7
0.4 0.4042 4.2

Class-7

50
0.2 0.2037 3.7
0.3 0.3025 2.5
0.4 0.4047 4.7

100
0.2 0.2019 1.9
0.3 0.3044 4.4
0.4 0.4019 1.9

150
0.2 0.2028 2.8
0.3 0.3041 4.1
0.4 0.4049 4.9

Class-10

50
0.2 0.2056 5.6
0.3 0.3049 4.9
0.4 0.4034 3.4

100
0.2 0.2032 3.2
0.3 0.3032 3.2
0.4 0.4025 2.5

150
0.2 0.2035 3.5
0.3 0.3036 3.6
0.4 0.4051 5.1

scheme the fault is detected and identified precisely within 6 milliseconds and average

detection time 3.32 milliseconds in the DC section ((Bb − B4) − (Bb − A1)) shown in

Table 5.8. Along with it is also observed that the fault detection scheme take less average

detection time 3.32 milliseconds as compared to other class of faults in the AC section of

the transmission line.
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Table 5.8: Result obtained with F-SVM fault detector scheme in DC section for (case-2)

Fault Type
Fault Location Fault Inception Fault Detection Response Time

(km) Instant (Ti)s Instant (Td)s (Tr = Td − Ti)ms

Class-11

50
0.2 0.2042 4.2
0.3 0.3029 2.9
0.4 0.4054 5.4

200
0.2 0.2037 3.7
0.3 0.3028 2.8
0.4 0.4057 5.7

400
0.2 0.2055 5.5
0.3 0.3038 3.8
0.4 0.4041 4.1

Class-12

50
0.2 0.2020 2.0
0.3 0.3025 2.5
0.4 0.4034 3.4

200
0.2 0.2022 2.2
0.3 0.3052 5.2
0.4 0.4020 2.0

400
0.2 0.2021 2.1
0.3 0.3019 1.9
0.4 0.4021 2.1

Class-13

50
0.2 0.2026 2.6
0.3 0.3056 5.6
0.4 0.4032 3.2

200
0.2 0.2019 1.9
0.3 0.3055 5.5
0.4 0.4059 5.9

400
0.2 0.2032 3.2
0.3 0.3016 1.6
0.4 0.4023 2.3

Class-14

50
0.2 0.2040 4.0
0.3 0.3023 2.3
0.4 0.4040 4.0

200
0.2 0.2046 4.6
0.3 0.3021 2.1
0.4 0.4016 1.6

400
0.2 0.2025 2.5
0.3 0.3026 2.6
0.4 0.4031 3.1

5.5.2.2 Outcomes with F-SVM Fault Location Scheme

Table 5.9 and Table 5.10 shows the actual fault location values and the respective

estimated fault location values using F-SVM fault location scheme. Percentage error in

estimated fault location with the actual location is calculated using eq. (4.20). Table 5.9

shows the estimated fault location values and variation with actual value in AC section.

Figure 5.31 shows the performance of fault location scheme in different locations in AC

section. The error observed in fault location calculation on the basis of the respective

optimum value of c and γ for different
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Table 5.9: Result obtained with F-SVM fault location scheme in AC section (case-2)

Fault Type c γ
Actual FL Calculated FL Error in FL Error in FL

(km) (km) (km) (%)

Class-1 4383.29 0.0843

20 20.2705 0.2705 0.1353
40 40.2173 0.2173 0.1087
60 60.0976 0.0976 0.0488
80 80.1423 0.1423 0.0712
100 100.1652 0.1652 0.0826
120 120.2954 0.2954 0.1477
140 140.0891 0.0891 0.0446
160 160.2639 0.2639 0.1320
180 180.2112 0.2112 0.1056

Class-4 7318.38 0.06194

20 0.1441 0.1441 0.0721
40 40.0978 0.0978 0.0489
60 60.1571 0.1571 0.0786
80 80.1903 0.1903 0.0952
100 100.0802 0.0802 0.0401
120 120.1974 0.1974 0.0987
140 140.1066 0.1066 0.0533
160 160.1462 0.1462 0.0731
180 180.1958 0.1958 0.0979

Class-7 8359.27 0.0418

20 20.113 0.113 0.0565
40 40.1226 0.1226 0.0613
60 60.2043 0.2043 0.1022
80 80.1163 0.1163 0.0582
100 100.2561 0.2561 0.1281
120 120.2957 0.2957 0.1479
140 140.2326 0.2326 0.1163
160 160.136 0.136 0.0680
180 180.1966 0.1966 0.0983

Class-10 10037.12 0.03742

20 20.077 0.077 0.0385
40 40.2766 0.2766 0.1383
60 60.2699 0.2699 0.1350
80 80.2545 0.2545 0.1273
100 100.1152 0.1152 0.0576
120 120.1986 0.1986 0.0993
140 140.0557 0.0557 0.0279
160 160.1563 0.1563 0.0782
180 180.1282 0.1282 0.0641
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Figure 5.31: Performance of F-SVM fault location scheme in AC section (case-2)
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Table 5.10: Result obtained with F-SVM fault location scheme in DC section (case-2)

Fault Type c γ
Actual FL Calculated FL Error in FL Error in FL

(km) (km) (km) (%)

Class-11 3825.62 0.08263

50 50.5409 0.5409 0.1082
100 100.4346 0.4346 0.0869
150 150.1952 0.1952 0.0390
200 200.2845 0.2845 0.0569
250 250.3304 0.3304 0.0661
300 300.5908 0.5908 0.1182
350 350.1782 0.1782 0.0356
400 400.5278 0.5278 0.1056
450 450.4224 0.4224 0.0845

Class-12 4621.45 0.06142

50 50.2881 0.2881 0.0576
100 100.1955 0.1955 0.0391
150 150.3141 0.3141 0.0628
200 200.3806 0.3806 0.0761
250 250.1603 0.1603 0.0321
300 300.3948 0.3948 0.0790
350 350.2131 0.2131 0.0426
400 400.2923 0.2923 0.0585
450 450.3915 0.3915 0.0783

Class-13 6714.58 0.04692

50 50.2259 0.2259 0.0452
100 100.2452 0.2452 0.0490
150 150.4085 0.4085 0.0817
200 200.2326 0.2326 0.0465
250 250.5122 0.5122 0.1024
300 300.5913 0.5913 0.1183
350 350.4651 0.4651 0.0930
400 400.2719 0.2719 0.0544
450 450.3932 0.3932 0.0786

Class-14 9526.19 0.02572

50 50.1539 0.1539 0.0308
100 100.5532 0.5532 0.1106
150 150.5398 0.5398 0.1080
200 200.5089 0.5089 0.1018
250 250.2304 0.2304 0.0461
300 300.3972 0.3972 0.0794
350 350.1113 0.1113 0.0223
400 400.3126 0.3126 0.0625
450 450.2564 0.2564 0.0513

types of faults in the AC section are shown in Table 5.9. Overall accuracy found with

the proposed scheme is 99.91%. It is also observed that average accuracy in LL fault is

more as compared to other class of faults in the AC section of the transmission line shown

in Figure 5.31. Table 5.10 show the estimated fault location values and variation with

actual value in DC section. Figure 5.32 shows the performance of fault location scheme

in different location in DC section. The error observed in fault location calculation on

the basis of the respective optimum value of c and γ for different types of faults in the

DC section are shown in Table 5.10. Overall accuracy found with the proposed scheme is

99.93%. Although, it is also observed that average accuracy in negative phase to ground
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Figure 5.32: Performance of F-SVM fault location scheme in DC section (Case-2)

fault is more as compared to other class of faults in the DC section of the transmission line

shown in Figure 5.32. The comparison results with some other existing research works are

shown in Table 5.14. It can be observed from Table 5.14 that the error in fault location is

least with the proposed F-SVM fault location scheme which validates the accuracy.

5.5.2.3 Outcomes with F-SVM Fault Classification Scheme

The results obtained with the F-SVM fault classification scheme are shown in Fig-

ures 5.33, and 5.34. The diagonal elements in Figure 5.33(a) show the correct classified

sample, whereas non-diagonal elements show false classified samples without using the

F-score scheme. It shows how many samples in test case classify correctly and how many

samples misclassify with a different class. Figure 5.33(b) shows the correct classified per-

centage considering True Positive Rate (TPR) whereas the non-diagonal elements show

false classified percentage considering False Negative Rate (FNR) without using the F-

score scheme. The diagonal elements in Figure 5.33(c) shows the correct classify percentage

whereas the non-diagonal elements show false classified percentage with the positive pre-

dictive value/ false discovery rate (PPD/FDR) without using the F-score scheme. The

classification accuracy without using the F-score is 95.95% with prediction speed of 959

obs/second and take 10.502 seconds for training purpose, as shown in Figure 4.34.

The diagonal elements in Figure 5.34(a) show the correct classified sample, whereas

non-diagonal elements show false classified samples using the F-score scheme. It shows

how many samples in test case classify correctly and how many samples misclassify with

a different class. Figure 5.34(b) shows the correct classified percentage considering true

positive rate (TPR) whereas the non-diagonal elements show false classified percentage
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considering false negative rate (FNR) using the F-score scheme. The diagonal elements

in Figure 5.34(c) shows the correct classify percentage whereas the non-diagonal elements

show false classified percentage with the positive predictive value/false discovery rate

(PPD/FDR) without using the F-score scheme. The classification accuracy using the

F-score is 100% with the prediction speed 1027 obs/second and take 8.290 seconds for

training purpose, as shown in Figure 5.34. The basic equation to design the confusion

matrix are shown in eq. (4.21), eq. (4.22) and eq. (4.23). The comparison result of the

classification scheme with or without using the F-score scheme is summarized in Table 5.11

with using basic eq. (4.21), eq. (4.22) and eq. (4.23).

Table 5.11: Comparison between with or without using F-score based multi-class F-
SVM classifier outcomes (case-2)

Class
True Positive True Negative Overall

Rate % Rate % Accuracy %

Without F-Score

Class 1 93.33 6.67

95.95

Class 2 95.62 4.38
Class 3 95.05 4.95
Class 4 97.71 2.29
Class 5 96.57 3.43
Class 6 93.90 6.10
Class 7 95.62 4.38
Class 8 94.67 5.33
Class 9 92.38 7.62
Class 10 95.81 4.19
Class 11 98.86 1.14
Class 12 97.52 2.48
Class 13 98.67 1.33
Class 14 97.52 2.48

With F-Score

Class 1 100.00 0.00

100

Class 2 100.00 0.00
Class 3 100.00 0.00
Class 4 100.00 0.00
Class 5 100.00 0.00
Class 6 100.00 0.00
Class 7 100.00 0.00
Class 8 100.00 0.00
Class 9 100.00 0.00
Class 10 100.00 0.00
Class 11 100.00 0.00
Class 12 100.00 0.00
Class 13 100.00 0.00
Class 14 100.00 0.00
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(a) Confusion matrix with number of sample

(b) Confusion matrix with TPR/NPR

(c) Confusion matrix with PPD/FDR

Figure 5.33: Confusion matrix for F-SVM classifier without using F-score (Case-2)
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(a) Confusion matrix with number of sample

(b) Confusion matrix with TPR/NPR2

(c) Confusion matrix with PPD/FDR

Figure 5.34: Confusion matrix for F-SVM classifier with using F-score (Case-2)
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5.5.3 Case-3: IEEE 30-Bus HVAC Transmission Test System

For the training purpose of F-SVM fault estimation method ten types of faults are

created in each sections at every 10 km of the transmission line and the data is measured.

The data contains 236 instant samples of ten different classes, and 448 features vector are

extracted. From all these extracted features 290 dominating features are selected with

a modified F-score scheme. 10-fold cross-validation RBF kernel function with 70% data

used for training and 30% for testing purpose of F-SVM fault estimation method.

Table 5.12: Result obtained with F-SVM fault detector scheme (case-3)

Fault Type
Fault Location Fault Inception Fault Detection Response Time

(km) Instant (Ti)s Instant (Td)s (Tr = Td − Ti)ms

Class-1

50
0.2 0.2014 1.4
0.3 0.3023 2.3
0.4 0.4050 5.0

100
0.2 0.2011 1.1
0.3 0.3056 5.6
0.4 0.4047 4.7

150
0.2 0.2034 3.4
0.3 0.3039 3.9
0.4 0.4022 2.2

Class-4

50
0.2 0.2058 5.8
0.3 0.3037 3.7
0.4 0.4036 3.6

100
0.2 0.2022 2.2
0.3 0.3034 3.4
0.4 0.4041 4.1

150
0.2 0.2044 4.4
0.3 0.3030 3.0
0.4 0.4028 2.8

Class-7

50
0.2 0.2012 1.2
0.3 0.3054 5.4
0.4 0.4056 5.6

100
0.2 0.2050 5.0
0.3 0.3015 1.5
0.4 0.4023 2.3

150
0.2 0.2027 2.7
0.3 0.3044 4.4
0.4 0.4017 1.7

Class-10

50
0.2 0.2015 1.5
0.3 0.3043 4.3
0.4 0.4035 3.5

100
0.2 0.2049 4.9
0.3 0.3046 4.6
0.4 0.4055 5.5

150
0.2 0.2055 5.5
0.3 0.3027 2.7
0.4 0.4045 4.5



Chapter 5. Fault Protection Strategies for Hybrid Transmission Systems 141

5.5.3.1 Outcomes with F-SVM Fault Detection Scheme

To test the suitability of the F-SVM fault detection scheme, different types of faults in

the overhead transmission line of section (27-30) near bus-27 at 50 km, 100 km, 150 km

are simulated. The test results of the detection scheme in section (27-30) are shown in

Table 5.12 for different fault locations and inception instant. First two columns of both

the table shows fault types and fault initiation location. Last three columns show the fault

inception instant, detection instant and response time, respectively. Table 5.12 shows the

result obtained with the fault detection scheme in the section (27-30) of the transmission

line. It is observed that by using the proposed scheme the fault is detected and identified

precisely within 6 milliseconds and average time of detection 3.59 milliseconds in the

section (27-30) shown in Table 5.12.

5.5.3.2 Outcomes with F-SVM Fault Location Scheme

Table 5.13 shows the actual fault location values and the respective estimated fault

location values using F-SVM fault location scheme. Percentage error in estimated fault

location with the actual location is calculated using eq. (4.20). Table 5.13 shows the

estimated fault location values and variation with actual value in section (27-30) of the

transmission line. Figure 5.35 shows the performance of fault location scheme in a different

location in section (27-30) of the transmission line. The error observed in fault location

calculation on the basis of the respective optimum value of c and γ for different types of

faults in the section (27-30) are shown in Table 5.13. Overall accuracy found with the

proposed scheme is 99.83%. It is also observed that average accuracy in LLG fault is more
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Figure 5.35: Performance of F-SVM fault location scheme (Case-3)
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Table 5.13: Result obtained with F-SVM fault location scheme (case-3)

Fault Type c γ
Actual FL Calculated FL Error in FL Error in FL

(km) (km) (km) (%)

Class-1 4278.22 0.09246

20 20.3114 0.3114 0.1483
40 40.1471 0.1471 0.0700
60 60.3993 0.3993 0.1901
80 80.3355 0.3355 0.1598
100 100.4428 0.4428 0.2109
120 120.4499 0.4499 0.2142
140 140.4193 0.4193 0.1997
160 160.1168 0.1168 0.0556
180 180.1344 0.1344 0.0640

Class-4 62541.51 0.08542

20 20.2598 0.2598 0.1237
40 40.3654 0.3654 0.1740
60 60.4272 0.4272 0.2034
80 80.3038 0.3038 0.1447
100 100.5321 0.5321 0.2534
120 120.4592 0.4592 0.2187
140 140.5843 0.5843 0.2782
160 160.3657 0.3657 0.1741
180 180.2626 0.2626 0.1250

Class-7 8235.13 0.06248

20 20.1528 0.1528 0.0728
40 40.4055 0.4055 0.1931
60 60.4894 0.4894 0.2330
80 80.3117 0.3117 0.1484
100 100.1454 0.1454 0.0692
120 120.2332 0.2332 0.1110
140 140.1768 0.1768 0.0842
160 160.2405 0.2405 0.1145
180 180.3242 0.3242 0.1544

Class-10 1183.34 0.03943

20 20.3636 0.3636 0.1731
40 40.3287 0.3287 0.1565
60 60.5377 0.5377 0.2560
80 80.3549 0.3549 0.1690
100 100.5718 0.5718 0.2723
120 120.4189 0.4189 0.1995
140 140.5788 0.5788 0.2756
160 160.2204 0.2204 0.1050
180 180.4381 0.4381 0.2086

as compare to other class of fault in the section (27-30) of the transmission line shown in

Figure 5.35. The comparison results with some other existing research papers are shown

in Table 5.14. It can be observed from Table 5.14 that the error in fault location is least

with the proposed F-SVM fault location scheme which validates the accuracy.

5.5.3.3 Outcomes with F-SVM Fault Classification Scheme

The results obtained with the F-SVM fault classification scheme are shown in Fig-

ures 5.36, and 5.37. The diagonal elements in Figure 5.36(a) shows the correct classified

sample, whereas non-diagonal elements show false classified samples without using the

F-score scheme. It shows how many samples in the test case classify correctly and how
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Table 5.14: F-SVM fault location scheme comparison with some existing methods

Ref. No. Basic Approach Used System Used Error (%)

[158] Impedance Based Method Three Terminal AC System 0.476
[159] Impedance Based Method Two Terminal HVDC 0.196
[162] Traveling Wave Based 2 Terminal Double Circuit HVDC 1.233
[36] Traveling Wave Based Two Terminal HVDC 1.345
[37] Artificial Neural Network Two Terminal HVDC 2.50
[40] Radial Basis Function (ANN) Two Terminal HVDC 0.501
[43] Support Vector Machine Multi-terminal VSC HVDC 0.092
[45] Traveling Wave Based Multi-terminal VSC HVDC 0.152

Proposed

Support Vector Machine Two-Terminal VSC HVDC 0.051
Support Vector Machine Multi-terminal VSC HVDC 0.042
Support Vector Machine Two Terminal Hybrid System 0.048
Support Vector Machine CIGRE Hybrid System 0.078
Support Vector Machine IEEE Bus-30 HVAC System 0.166

many samples misclassify with a different class. Figure 5.36(b) shows the correct classified

percentage considering True Positive Rate (TPR) whereas the non-diagonal elements show

false classification percentage considering False Negative Rate (FNR) without using the

F-score scheme. The diagonal elements in Figure 5.36(c) shows the correct classification

percentage whereas the non-diagonal elements show false classification percentage with

the positive predictive value/false discovery rate (PPD/FDR) without using the F-score

scheme. The classification accuracy without using the F-score is 95.10% with prediction

speed of 893 obs/second and take 8.602 seconds for training purpose, as shown in Fig-

ure 5.36.

The diagonal elements in Figure 5.37(a) show the correct classified sample, whereas non-

diagonal elements show false classified samples using the F-score scheme. It shows how

many samples in test case classify correctly and how many samples misclassify with a differ-

ent class. Figure 5.37(b) shows the correct classified percentage considering True Positive

Rate (TPR) whereas the non-diagonal elements show false classified percentage consider-

ing False Negative Rate (FNR) with using the F-score scheme. The diagonal elements

in Figure 5.37(c) shows the correct classification percentage whereas the non-diagonal

elements show false classification percentage with the positive predictive value/false dis-

covery rate (PPD/FDR) with using the F-score scheme. The classification accuracy using

the F-score is 100% with the prediction speed 984 obs/second and take 6.992 seconds for

training purpose, as shown in Figure 5.37. The basic equations for designing of confusion

matrix are shown in eq. (4.21), eq. (4.22) and eq. (4.23). The comparison result of the

classification scheme with or without using the F-score scheme is summarized in Table 5.15

using basic eq. (4.21), eq. (4.22) and eq. (4.23).
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(a) Confusion matrix with munber of sample

(b) Confusion matrix with TPR/NPR

(c) Confusion matrix with PPD/FDR

Figure 5.36: Confusion matrix for F-SVM classifier without using F-score (Case-3)
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(a) Confusion matrix with number of sample

(b) Confusion matrix with TPR/NPR2

(c) Confusion matrix with PPD/FDR

Figure 5.37: Confusion Matrix for F-SVM classifier with using F-score (Case-3)
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Table 5.15: Comparison between with or without using F-score based multi-class F-
SVM classifier outcomes (case-3)

Class
True Positive True Negative Overall

Rate % Rate % Accuracy %

Without F-Score

Class 1 92.31 7.69

95.10

Class 2 96.63 3.37
Class 3 93.27 6.73
Class 4 94.71 5.29
Class 5 93.75 6.25
Class 6 100.00 0.00
Class 7 97.12 2.88
Class 8 93.75 6.25
Class 9 96.15 3.85
Class 10 93.27 6.73

With F-Score

Class 1 100.00 0.00

100

Class 2 100.00 0.00
Class 3 100.00 0.00
Class 4 100.00 0.00
Class 5 100.00 0.00
Class 6 100.00 0.00
Class 7 100.00 0.00
Class 8 100.00 0.00
Class 9 100.00 0.00
Class 10 100.00 0.00

The results observed in the above subsection with F-SVM fault estimation method de-

scribe in respected table and figures with acceptable accuracy. From the describe three test

cases average total execution time with the proposed F-SVM fault estimation method are

observed as 10.79 milliseconds, and 13.62 milliseconds and 12.07 milliseconds respectively.

Further, it is also observed that time of execution of F-SVM fault estimation method

within one cycle and input requirement of measured voltage and current post-fault data of

0.5 cycle only for all the two HVDC test transmission systems. Along with, the training

time of the proposed F-SVM method takes the extreme of 14 seconds before the use of first

time after that it does not require further training. Consequently, the suggested F-SVM

fault estimation method shows its applicability with reasonable precision and within an

acceptable time span for the transmission system [150].

5.6 Summary of the Chapter

This chapter estimates fault detection, location and classification by implementing F-

SVM based method, already proposed in chapter 4, for hybrid HVAC and HVDC transmis-

sion systems as well as HVAC transmission system. In this method, there is an increased

flexibility provided to the TSO for acceleration of the rest rotation process as quickly as

possible through limited efforts. This method provides results within three cycles after
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fault initiation with good accuracy. The proposed approach is simple but effective and

non-iterative for all types of transmission systems.

In this chapter, three transmission test models are designed with the help of CIGRE

DC grid model and dynamic model of IEEE-30 bus in PSCAD environment that provides

similar environment as provided by the real time system.





Chapter 6

Conclusions and Future Scope

This chapter summarizes the thesis by outlining the major contributions and findings from

the research. It further proposes some future works that can be done to improve power

system protection strategies with these proposed methods.

6.1 General

Fault estimation methods is of prime importance to maintain the quality of power and

security in a complex interconnected power system. It even becomes a greater issues in

transmission systems which is an important pillar between generating sources and con-

sumers. Moreover, the occurrence of faults on transmission systems is a common problem.

Thus, fault estimation methods are important tools for TSO for expediting repairs after

the occurrence of a fault on a transmission systems. This work propose and explain details

of two methods based on importance and machine learning for protection of transmission

systems.

This research attempts to develop strategies for different configuration of transmission

systems considering the variation in faults conditions and system configuration limits.

This addresses multiple concerns associated with fault estimation strategies such as detec-

tion, location, classification, feature extraction, feature selection, network constrain and

different types of fault imbalance conditions. Developed methods and approaches have

been illustrated through realistic case studies. The proposed work is relevant to various

types of available transmission systems configurations worldwide, including HVAC, HVDC

and hybrid transmission systems. It is observed that TSO can minimize their restoration

149
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time and losses which results in minimum maintenance cost of transmission system using

the proposed fault estimation strategies. For the validation of proposed methods differ-

ent transmission systems configurations developed in PSCAD environment with inherent

features of realistic environment. This thesis work also includes all the variation in trans-

mission system configuration along with integration of renewable energy resources and

their related issues. The outcomes of the proposed methods are within the range describe

by IEEE standard [150] and compared with existing available in literature.

A summery of main findings of the research work carried out in this theses and future

scope in this area are presented in subsequent section.

6.2 Summary of the Significant Findings

The research work undertaken in this thesis is initiated by developing an understanding

of fault detection, location, and classification problem in a different configuration of trans-

mission systems. A reasonable fault estimation strategy has been proposed for HVAC,

HVDC and hybrid transmission system under a variety of the fault condition. Different

configuration of the transmission system is modelled with dynamic real-time test system

data in PSCAD environment. Different fault scenario is simulated in PSCAD environment

and validate proposed methods of fault estimation in MATLAB environment.

The obtained results show that applicability of the PLFE method in the HVAC trans-

mission system. This proposes fault detection, location and classification schemes with a

single use of PLFE method for the HVAC transmission system. PLFE algorithm takes

half cycle data for providing results after fault initiation in few seconds with acceptable

accuracy. The proposed approach is simple, non-iterative and effective for HVAC trans-

mission system. This method provides flexibility to the transmission operator to accelerate

the rest-rotation process as quick as possible with less effort and effectively identifies the

faulted sections and precise pinpoints the fault location without consideration of system

parameters.

This work proposes fault detection, location and classification schemes with a single

use of F-SVM based method for two and multi-terminal HVDC transmission system. It

is also system parameters independent similar to PFLE with quick response, but superior

classification of faults than PFLE. And its suitability on HVDC and hybrid as well as

on HVAC transmission systems shows its effectiveness and robustness. The proposed
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approach is simple, non-iterative. The obtained results show that applicability of the

F-SVM method in the HVDC transmission system.

This work contributes a machine learning based multi-objective approach for fault es-

timation in the transmission system. For this a features extraction and selection approach

is proposed due to dependency of F-SVM on dominating features than all features. In this

features extraction extracts important features from the voltage and current signals and

feature selection is used to select the dominating features to reduce high dimensionality.

This overall reduce computational burden. This work is further extended using the hybrid

transmission test systems. In this work, the proposed F-SVM method shows its applica-

bility for fault estimation in not only HVDC, HVAC but also in hybrid HVAC and HVDC

transmission systems. In this method, there is increased flexibility provided to the TSO for

the acceleration of the rest rotation process as quickly as possible through limited efforts.

This method provides results within three cycles after fault initiation with good accuracy.

This works also contribute to the modeling and designing of AC-DC and DC-AC convert-

ers are presented for CIGRE (B4.57 and B4.58). In addition, the designing of complete

CIGRE (B4.57 and B4.58) system is carried out in PSCAD software environment. This

will help the novice researchers working in this area to get better insights about modeling

and designing of hybrid transmission systems.

Finally, this thesis contributes by validating the proposed methods with precise accu-

racy and reliability for the transmission systems. The present work provides an under-

standing of fault analysis, their effects on the transmission system, and its associated issue

such as power losses, voltage dip, high current in the lines, etc. This issues handled in this

would continue to attract research interest.

6.3 Future Scope for Research

Research and development is a continuous process. Each step of research work opens

many avenues for future research. As a consequence of the investigations carried out, a

variety of issues pertaining to fault estimation for different configurations of the trans-

mission systems have been sorted out. Though, there are several inter-related issues to

be resolved, some require urgent attention due to their wide implications. Following are

some of the aspects, identified as a promising area for future research work in the realm

of study:
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i. The presented fault estimation methods could be used in the same manner in distri-

bution systems for fault analysis.

ii. The proposed work can be extended to detection, location and classification for

cascaded as well as time-dependent faults.

iii. The proposed methods could also be used for all types of disturbances present in the

power systems for example: lighting, transient fault, over-voltage, and under-voltage

etc.

iv. The proposed F-SVM method can be used for detection of islanding problem in

power systems. Although, it can also be used for detection of change in frequency

oscillations.

v. The presented fault estimation methods could be further improved by using advanced

data management methods and incorporating information about different disturbing

events that appear in the transmission systems.

vi. Proposed methods can also be used to detection weak points of power system due

to transients, insulation breakdown, and spark caused by switching etc.

vii. Proposed methods could be further illustrated by real-time practical case studies in

transmission as well as distribution systems.

viii. Other signal processing and machine learning methods can be explored for better

performance of fault detection, location, and classification schemes.

Apart from these issues for future research, fault estimation for different configurations

of transmission systems pose several unique operation and protection challenges for power

producers as well as for system operators. These challenges create ample opportunities for

researchers in this area.
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Appendix A

Transmission Test Systems

This section describes the collection of the dataset used for the designing and modelling of

dynamic transmission test systems used in the different chapters of this thesis.

A.1 Study System–1 (IEEE 30-Bus Data)

The system consists of loads, capacitor banks, transmission lines, and generators.

Fig. A.1 depicts part of the PSCAD model of IEEE 30-bus system. Transmission
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Figure A.1: Single line diagram of IEEE-39 Bus transmission system
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Table A.1: Terminal conditions of IEEE 30-bus system

Bus V [kV] δ [deg] P [pu] Q [pu]

1 139.92 98.4316 2.6095 -0.1679
2 137.6932 93.0798 0.4 0.5
5 133.452 84.2658 0 0.3685
8 133.32 86.6183 0 0.3714
11 35.706 84.3227 0 0.1617
13 35.343 83.4883 0 0.1062

Table A.2: Transmission line characteristics of IEEE 30-bus system

Line
R [pu/m] X [pu/m] B [pu/m]

From Bus To Bus

1 2 1.92E-07 5.75E-07 5.28E-07
1 3 4.52E-07 1.65E-06 4.08E-07
2 4 5.70E-07 1.74E-06 3.68E-07
2 5 4.72E-07 1.98E-06 4.18E-07
2 6 5.81E-07 1.76E-06 3.74E-07
3 4 1.32E-07 3.79E-07 8.40E-08
4 6 1.19E-07 4.14E-07 9.00E-08
5 7 4.60E-07 1.16E-06 2.04E-07
6 7 2.67E-07 8.20E-07 1.70E-07
6 8 1.20E-07 4.20E-07 9.00E-08
6 28 1.69E-07 5.99E-07 1.30E-07
8 28 6.36E-07 2.00E-06 4.28E-07
9 10 1.00E-09 1.10E-06 1.00E-09
9 11 1.00E-09 2.08E-06 1.00E-09
10 17 3.24E-07 8.45E-07 1.00E-09
10 20 9.36E-07 2.09E-06 1.00E-09
10 21 3.48E-07 7.49E-07 1.00E-09
10 22 7.27E-07 1.50E-06 1.00E-09
12 13 1.00E-09 1.40E-06 1.00E-09
12 14 1.23E-06 2.56E-06 1.00E-09
12 15 6.62E-07 1.30E-06 1.00E-09
12 16 9.45E-07 1.99E-06 1.00E-09
14 15 2.21E-06 2.00E-06 1.00E-09
15 18 1.07E-06 2.19E-06 1.00E-09
15 23 1.00E-06 2.02E-06 1.00E-09
16 17 5.24E-07 1.92E-06 1.00E-09
18 19 6.39E-07 1.29E-06 1.00E-09
19 20 3.40E-07 6.80E-07 1.00E-09
21 22 1.16E-07 2.36E-07 1.00E-09
22 24 1.15E-06 1.79E-06 1.00E-09
23 24 1.32E-06 2.70E-06 1.00E-09
24 25 1.89E-06 3.29E-06 1.00E-09
25 26 2.54E-06 3.80E-06 1.00E-09
25 27 1.09E-06 2.09E-06 1.00E-09
27 29 2.20E-06 4.15E-06 1.00E-09
27 30 3.20E-06 6.03E-06 1.00E-09
29 30 2.40E-06 4.53E-06 1.00E-09

lines are modelled using the Frequency dependent model. Table A.2 shows the transmis-

sion line parameters.
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Table A.3: Approximate line lengths based on typical line reactance values of IEEE
30-bus system

From Bus To Bus Total Reactance(Ω)
Approximate length of the line

based on typical line reactance values(km)

1 2 10.0188 20.00
1 3 28.7496 57.50
2 4 30.3177 60.60
2 5 34.4995 69.00
2 6 30.6662 61.30
3 4 6.6037 13.20
4 6 7.2135 14.40
5 7 20.2118 40.40
6 7 14.2877 28.60
6 8 7.3181 14.60
6 28 10.4369 20.90
8 28 34.848 69.70
9 10 19.1664 38.30
9 11 36.2419 72.50
10 17 14.7233 29.40
10 20 36.4162 72.80
10 21 13.0506 26.10
10 22 26.136 52.30
12 13 24.3936 48.80
12 14 44.6054 89.20
12 15 22.6512 45.30
12 16 34.6738 69.30
14 15 34.848 69.70
15 18 38.1586 76.30
15 23 35.1965 70.40
16 17 33.4541 66.90
18 19 22.4769 45.00
19 20 11.8483 23.70
21 22 4.1121 8.22
22 24 31.1889 62.40
23 24 47.0448 94.10
24 25 57.3249 115.00
25 26 66.2112 132.00
25 27 36.4162 72.80
27 29 72.3096 145.00
27 30 105.0667 210.00
29 30 78.9307 158.00

The line resistances and reactances are provided in Table A.5 for each line segment of

the test system. The Table A.3 lists the approximate line length of each segment, based

on typical line data as shows in Table A.5. System loads are modelled as a constant PQ

load with parameters as shown in Table A.4.
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Table A.4: Load characteristics of IEEE 30-bus system

Bus P [pu] Q [pu]

2 0.217 0.127
3 0.024 0.012
4 0.076 0.016
5 0.942 0.19
7 0.228 0.109
8 0.3 0.3
10 0.058 0.02
12 0.112 0.075
14 0.062 0.016
15 0.082 0.025
16 0.035 0.018
17 0.09 0.058
18 0.032 0.009
19 0.095 0.034
20 0.022 0.007
21 0.175 0.112
23 0.032 0.016
24 0.087 0.067
26 0.035 0.023
29 0.024 0.009
30 0.106 0.019

Table A.5: Typical line reactance values of IEEE 30-bus system

Voltage (kV ) R (Ω/km) X (Ω/km)

72 0.41 0.5
138 0.14 0.5

230 (single) 0.09 0.5
230 (bundled) 0.04 0.4
345 (bundled) 0.03 0.3
500 (bundled) 0.02 0.3

A.2 Study System–2 (IEEE 39-Bus Data)

The system consists of loads, capacitor banks, transmission lines, and generators.

Fig. A.2 depicts part of the PSCAD model of IEEE 39-bus system.

Each machine (generator) is represented as a voltage source where its source impedance

is set arbitrarily as 10 Ohms. Table A.6 summarizes the setting for each source, with a

base of 100 MVA for per unitizing.

Transmission lines are modelled using the Frequency dependent model. Table A.7 shows

the transmission line parameters.
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Figure A.2: Single line diagram of IEEE-39 Bus transmission system

Table A.6: Terminal conditions of IEEE 39-bus system

Bus V [kV] δ [deg] P [pu] Q [pu]

31 225.86 -1.59 5.713 3.639
30 240.925 -3.73 2.5 0.832
32 226.113 1.79 6.5 0.015
33 229.356 2.87 6.32 0.697
34 232.829 1.46 5.08 1.488
35 241.339 4.78 6.5 1.67
36 244.605 7.46 5.6 0.754
37 236.394 2.05 5.4 -0.353
38 236.095 7.3 8.3 -0.005
39 236.9 -10.06 10 -0.365
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Table A.7: Transmission line characteristics of IEEE 39-bus system

Line
R [pu/m] X [pu/m] B [pu/m]

From Bus To Bus

1 2 0.0035 0.0411 0.6987
1 39 0.001 0.025 0.75
2 3 0.0013 0.0151 0.2572
2 25 0.007 0.0086 0.146
3 4 0.0013 0.0213 0.2214
3 18 0.0011 0.0133 0.2138
4 5 0.0008 0.0128 0.1342
4 14 0.0008 0.0129 0.1382
5 6 0.0002 0.0026 0.0434
5 8 0.0008 0.0112 0.1476
6 7 0.0006 0.0092 0.113
6 11 0.0007 0.0082 0.1389
7 8 0.0004 0.0046 0.078
8 9 0.0023 0.0363 0.3804
9 39 0.001 0.025 1.2
10 11 0.0004 0.0043 0.0729
10 13 0.0004 0.0043 0.0729
13 14 0.0009 0.0101 0.1723
14 15 0.0018 0.0217 0.366
15 16 0.0009 0.0094 0.171
16 17 0.0007 0.0089 0.1342
16 19 0.0016 0.0195 0.304
16 21 0.0008 0.0135 0.2548
16 24 0.0003 0.0059 0.068
17 18 0.0007 0.0082 0.1319
17 27 0.0013 0.0173 0.3216
21 22 0.0008 0.014 0.2565
22 23 0.0006 0.0096 0.1846
23 24 0.0022 0.035 0.361
25 26 0.0032 0.0323 0.513
26 27 0.0014 0.0147 0.2396
26 28 0.0043 0.0474 0.7802
26 29 0.0057 0.0625 1.029
28 29 0.0014 0.0151 0.0249

Table A.8: Typical line reactance values of IEEE 39-bus system

Voltage (kV ) R (Ω/km) X (Ω/km)

72 0.41 0.5
138 0.14 0.5

230 (single) 0.09 0.5
230 (bundled) 0.04 0.4
345 (bundled) 0.03 0.3
500 (bundled) 0.02 0.3
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The line resistances and reactances are provided in Table A.7 for each line segment of

the test system. The following Table A.9 lists the approximate line length of each segment,

based on typical line data as shows in Table A.8. System loads are modelled as a constant

PQ load with parameters as shown in Table A.10.

Table A.9: Approximate line lengths based on typical line reactance values of IEEE
39-bus system

From Bus To Bus Total Reactance(Ω)
Approximate length of the line

based on typical line reactance values(km)

1 2 21.7419 43.4838
1 39 13.225 26.45
2 3 7.9879 15.9758
2 25 4.5494 9.0988
3 4 11.2677 22.5354
3 18 7.0357 14.0714
4 5 6.7712 13.5424
4 14 6.8241 13.6482
5 6 1.3754 2.7508
5 8 5.9248 11.8496
6 7 4.8668 9.7336
6 11 4.3378 8.6756
7 8 2.4334 4.8668
8 9 19.2027 38.4054
9 39 13.225 26.45
10 11 2.2747 4.5494
10 13 2.2747 4.5494
13 14 5.3429 10.6858
14 15 11.4793 22.9586
15 16 4.9726 9.9452
16 17 4.7081 9.4162
16 19 10.3155 20.631
16 21 7.1415 14.283
16 24 3.1211 6.2422
17 18 4.3378 8.6756
17 27 9.1517 18.3034
21 22 7.406 14.812
22 23 5.0784 10.1568
23 24 18.515 37.03
25 26 17.0867 34.1734
26 27 7.7763 15.5526
26 28 25.0746 50.1492
26 29 33.0625 66.125
28 29 7.9879 15.9758
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Table A.10: Load characteristics of IEEE 39-bus system

Bus P [pu] Q [pu]

3 3.22 0.024
4 5 1.84
7 2.338 0.84
8 5.22 1.76
12 0.075 0.88
15 3.2 1.53
16 3.294 0.323
18 1.58 0.3
20 6.8 1.03
21 2.74 1.15
23 2.475 0.846
24 3.086 -0.922
25 2.24 0.472
26 1.39 0.17
27 2.81 0.755
28 2.06 0.276
29 2.835 0.269
31 0.092 0.046
39 11.04 2.5

A.3 Study System–3 (CIGRE (B4.57 and B4.58) Hybrid

Transmission System Data)

The technical notes describe the details of the DC grid. The system consist of loads,

capacitor bank, transmission lines, and generator. Fig. A.3 depicts part of the PSCAD

model of CIGRE hybrid transmission test system. The complete DC grid test system

Basic Configuration is shown as,

• 2 onshore AC systems

– System A (A0 and A1)

– System B (B0, B1, B2 and B3)

• 4 offshore AC systems

– System C (C1 and C2)

– System D (D1)

– System E (E1)

– System F (F1)
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Figure A.3: Schematic diagram of CIGRE (B4.57 and B4.58) hybrid HVAC and HVDC
transmission system model

• 2 DC nodes, with no connection to AC

– B4

– B5

• 3 VSC-DC systems

– DCS1 (A1 and C1)

– DCS2 (B2, B3, B5, F1 and E1)

– DCS3 (A1, C2, D1, E1, B1, B4 and B2)
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A.3.1 Basic System Data for DC Grid

Table A.11 gives the voltages of the different subsystems and Table A.12 AC bus data.

Table A.11: System data

System Voltage [kV]

AC Onshore 380
AC Offshore 145

DC Sym. Monopole +/-200
DC Bipole +/-400

Table A.12: AC bus data

Bus Bus Type Generation [MW] Load [MW]

Ba-A0 Slack Bus . . . . . .
Ba-A1 PQ -2000 1000
Ba-B0 Slack Bus . . . . . .
Ba-B1 PQ -1000 2200
Ba-B2 PQ -1000 2300
Ba-B3 PQ -1000 1900
Ba-C1 PQ -500 0
Ba-C2 PQ -500 0
Ba-D1 PQ -1000 0
Ba-E1 PQ 0 100
Ba-F1 PQ -500 0

Table A.13, Table A.14 and Table A.15 give the data for all the AC-DC converter

stations.

Table A.13: DCS1 data

AC-DC Converter Station Power Rating [MVA] Operation Mode Setpoints

Cm-A1 800 Q = 0 VDC = 1pu
Cm-C1 800 AC Slack

Table A.14: DCS2 data

AC-DC Converter Station Power Rating [MVA] Operation Mode Setpoints

Cm-B2 800 Q = 0 VDC = 0.99pu
Cm-B3 1200 VAC = 1pu P = 800MW
Cm-E1 200 AC Slack
Cm-F1 800 AC Slack
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Table A.15: DCS3 data

AC-DC Converter Station Power Rating [MVA] Operation Mode Setpoints

Cb-A1 2*1200 VAC = 1pu VDC = 1.01pu
Cb-B1 2*1200 VAC = 1pu P = 1500MW
Cb-B2 2*1200 VAC = 1pu P = 1700MW
Cb-C2 2*400 VAC = 1pu P = - 600MW
Cb-D1 2*800 AC Slack

All converters operate on 400kV DC voltage and 220kV AC voltage. The AC voltage at

the Point of Common Coupling (PCC) can be either 380kV (onshore) or 145kV (offshore),

but this only influences the ratio of the ideal transformer while it does not influence the

rest of the converter pole model. Table A.16 shows the DC-DC converter data.

The offshore DC-DC converter at E1 operates at 800kV on the -side and at 400kV on the

-side. The onshore DC-DC converter at B1 operates at 800kV on both sides. Table A.17

shows the DC-DC converter data.

Table A.16: AC-DC converter pole data

pu E1 C2 A1, B2, C1, D1, F1 A1, B1, B2, B3

S 1 200MVA 400MVA 800MVA 1200MVA
L 25.50% 196mH 98mH 49mH 33mH
R 1.00% 2.420Ω 1.210Ω 0.605Ω 0.403Ω
G 0.10% 1.25µS 2.50µS 5.00µS 7.50µS
C 60ms 75µF 150µF 300µF 450µF

Table A.17: DC-DC converter station data

pu E1 B1

S 1 1000MW 2000MW
L 5ms 800mH 1600mH
R 1200% 1, 92Ω 3, 84Ω
G 0, 025% 0, 390625µS 0, 78125µS
C 5ms 7, 8125µF 15, 625µF

The test systems contain AC and DC cables and overhead lines. The R-L-G-C param-

eters needed for average value simulation are given in Table A.18. AC slack busses are

modelled as voltage source with R-L impedance. The parameters are given in Table A.19.

The control parameters of all AC-DC converters are given in Table A.20, Table A.21

and Table A.22. The control parameter of DC-DC converter are shown in Table A.23.
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Table A.18: Line data for average value model simulation

LineData R [Ω/km] L [mH/km] C [µF/km] G [µS/km] Max.current [A]

DCOHL + /− 400kV 0.0114 0.9356 0.0123 - 3500
DCOHL + /− 200kV 0.0133 0.8273 0.0139 - 3000
DCcable + /− 400kV 0.0095 2.112 0.1906 0.048 2265
DCcable + /− 200kV 0.0095 2.111 0.2104 0.062 1962

ACcable145kV 0.0843 0.2526 0.1837 0.041 715
ACOHL380kV 0.02 0.8532 0.0135 - 3555

Table A.19: Slack bus data

S 30GVA
X/R 10

T 15s
15MW/mHz

V 380kV

Table A.20: DCS1 control data

AC-DC Converter Station Control Mode

Cm-A1 Q VDC
Cm-C1 AC Slack

Table A.21: DCS2 control data

AC-DC Converter Station Control Mode VAC droop [pu,MV Ar/kV ] VDC droop [pu;MW/kV ]

Cm-B2 Q(VAC) P(VDC) 10; 21.053 10; 40
Cm-B3 Q(VAC) P(VDC) 10; 31.579 10; 60
Cm-E1 AC Slack - -
Cm-F1 AC Slack - -

Table A.22: DCS3 control data

AC-DC Converter Station Control Mode VAC droop [pu;MVAr/kV ] VDC droop [pu;MW/kV ]

Cb-A1 Q(VAC) P (VDC) 10; 63.158 10; 60
Cb-B1 Q(VAC) P (VDC) 10; 63.158 10; 60
Cb-B2 Q(VAC) P (VDC) 10; 63.158 10; 60
Cb-C2 VAC P - -
Cb-D1 AC Slack - -

Table A.23: DC-DC converter control data

DC-DC Converter Station Control Mode D [%]

Cd-B1 D 99.595
Cd-E1 D 50.28
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Commercial and Technical

Information

This section describes the importance of the HVDC transmission system in the recent time

of the Indian power transmission system. Further, it also shows their comparison with

HVAC transmission system with figure and tables.

B.1 Indian Scenario of Power Transmission System

Indian government wants to fulfil the power requirement of all the need their citizen so,

it increases our power generation through renewable energy and also increases transmission

capacity day by day and try to fulfil power requirement of the consumer in the country.

Government initiate the high voltage AC and DC transmission so, that bulk power will

be transmitted easily from generation end to consumer end. For this they have developed

high voltage transmission corridor and also upgrade their transmission lines to 765 kV

line. With the increase in transmission line capacity, it also increases complexity and the

problem like interconnection with a different type of transmission systems and faults due

to the long system in open and goes through different weather conditions. Along with, the

rapid development in HVDC technology due to an increase in renewable energy resources

transmission system operator prefer HVDC transmission system for bulk power transfer

to the consumer ends. Because, for bulk power transfer for a long distance it is advisable

to opt DC transmission system for economical as well as environment-friendly as shown

in Fig. B.1. For this region, the Indian government also develop their HVDC transmission

167
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system corridor and plane to increase in future. The Indian government also plan to supply

power to long distance place and nearby country with HVDC transmission systems. Some

of the example as HVDC transmission systems with extra-long overhead (OH) lines such

as the 1728 km Bishwanath-Agra and 1368 km Talcher-Kolar and extra-long underground

(UG) cables used in a part of 268km Sri Lanka-India interconnection of HVDC system are

commissioned in India.

As per the commitment from the European Union to reduce 80% greenhouse gas emis-

sion by 2050. Therefore, the Indian government significant quantities of renewable energies

have increasingly been added to the generation mix in the near future. Since, most of the

renewable resource is located in remote locations, the concept of a high voltage direct cur-

rent (HVDC) ”Supergrid” has emerged as an interesting possibility in future. There are

many projects that have been planned or carried out in the last decade in which several

important HVDC installations have been developed around the world as shown in Fig. B.3.

As for example: “Tres Amigas SuperStation”, which will provide a connection between the

three major U.S. transmission network (Eastern, Western and Texas Network). The world

longest HVDC link in Brazil, allowing the transmission of the energy generated from the

hydroelectric power plant in Rio Madeira to south Brazil carrying 7100MW electricity at

600kV over 2,500 km. In India largest HVDC link between Talcher-Kolar deliver power

from the eastern region to southern region carrying 2500 MW electricity at 500 kV, over

1450 km as shown in Fig. B.2. Along with from data of the Table B.2 shows the HVAC

and HVDC transmission system increased to approximately double in the last decade. It

also describes the installed and planed line length of transmission corridor in India. Along

with, Table B.1 describe the present scenario of HVDC transmission corridor in India.

Therefore it shows that the Indian government also plan to achieve the power surplus in

the country.

480MVA

220 kV AC

Unchanged Tower Body 

and Foundation

1440MW

300% more 

Power 

± 380 kV DC

+  

Figure B.1: Comparison between HVAC and HVDC transmission systems
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Figure B.2: HVDC transmission systems: Indian picture

*(Source: https://www.mapsofindia.com/HVDC-system)
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[163] H. Livani and C. Y. Evrenosoğlu, “A fault classification method in power systems using dwt

and svm classifier,” in PES T& D 2012. IEEE, 2012, pp. 1–5.



References 186

[164] V. Cherkassky and Y. Ma, “Practical selection of svm parameters and noise estimation for

svm regression,” Neural Networks, vol. 17, no. 1, pp. 113–126, 2004.

[165] Y.-W. Chen and C.-J. Lin, “Combining svms with various feature selection strategies,” in

Feature Extraction. Springer, 2006, pp. 315–324.

[166] X. W. Chen, “Gene selection for cancer classification using bootstrapped genetic algorithms

and support vector machines,” in Computational Systems Bioinformatics. CSB2003. Pro-

ceedings of the 2003 IEEE Bioinformatics Conference. CSB2003, Aug 2003, pp. 504–505.

[167] N. K. Meena, A. Swarnkar, N. Gupta, and K. R. Niazi, “Multi-objective taguchi approach

for optimal dg integration in distribution systems,” IET Generation, Transmission & Dis-

tribution, vol. 11, no. 9, pp. 2418–2428, 2017.

[168] N. K. Meena, A. Swarnkar, N. Gupta, and K. Niazi, “A taguchi-based approach for optimal

placement of distributed generations for power loss minimization in distribution system,” in

2015 IEEE Power & Energy Society General Meeting. IEEE, 2015, pp. 1–5.

[169] L. Weimers, “New markets need new technology,” in Proc. of 2000 International Conference

on Power System Technology, vol. 2, sep. 2000, pp. 873–877.

[170] R. Rudervall, J. Charpentier, and R. Sharma, “High voltage direct current (hvdc) transmis-

sion systems technology review paper,” Energy week, Washington, D.C, USA, vol. 2000, pp.

1–19, 2000.

[171] L. Weimers, “Hvdc light a new technology for a better environment,” Power Engineering

Review, IEEE, vol. 18, pp. 19–20, 09 1998.

[172] M. Bollen, Understanding Power Quality Problems: Voltage Sags, Swell , and Interruptions,

ser. IEEE - TP 139-0. Wiley, 2000.

[173] S. Debnath, J. Qin, B. Bahrani, M. Saeedifard, and P. Barbosa, “Operation, control, and

applications of the modular multilevel converter: A review,” IEEE Transactions on Power

Electronics, vol. 30, no. 1, pp. 37–53, Jan 2015.

[174] N. R. Chaudhuri and B. Chaudhuri, “Adaptive droop control for effective power sharing in

multi-terminal dc (mtdc) grids,” IEEE Transactions on Power Systems, vol. 28, no. 1, pp.

21–29, Feb 2013.

[175] C. D. Barker and R. Whitehouse, “Autonomous converter control in a multi-terminal hvdc

system,” in 9th IET International Conference on AC and DC Power Transmission (ACDC

2010), Oct 2010, pp. 1–5.

[176] T. Vrana, Y. Yang, D. Jovcic, S. Dennetiere, J. Jardini, and H. Saad, The CIGRE B4 DC

Grid Test System. Electra, IEEE, 10 2013, no. 270.

[177] M. Skliar, “Process dynamics and control, 2nd edition by dale e. seborg, thomas f. edgar,

and duncan a. mellichamp,” AIChE Journal, vol. 54, no. 11, pp. 3026–3026, 2008.



References 187

[178] A. N. Shiryaev, “On optimum methods in quickest detection problems,” Theory of Probability

& Its Applications, vol. 8, no. 1, pp. 22–46, 1963.

[179] T. An, X. Zhou, C. Han, Y. Wu, Z. He, H. Pang, and G. Tang, “A dc grid benchmark

model for studies of interconnection of power systems,” CSEE Journal of Power and Energy

Systems, vol. 1, no. 4, pp. 101–109, Dec 2015.

[180] K. Rouzbehi, A. Miranian, J. I. Candela, A. Luna, and P. Rodriguez, “A generalized volt-

age droop strategy for control of multiterminal dc grids,” IEEE Transactions on Industry

Applications, vol. 51, no. 1, pp. 607–618, Jan 2015.

[181] A. A. Jamshidifar and D. Jovcic, “3−level cascaded voltage source converters controller with

dispatcher droop feedback for direct current transmission grids,” IET Generation, Transmis-

sion Distribution, vol. 9, no. 6, pp. 571–579, 2015.





Biography

Author’s Brief Biography

Jay Prakash Keshri is currently pursuing Ph.D degree in Elec-

trical Engineering from Malaviya National Institute of Technol-

ogy Jaipur. He received M. Tech degree in Power Systems from

Malaviya National Institute of Technology Jaipur in 2014, B.

Tech degree in Electrical Engineering from West Bengal Univer-

sity of Technology in 2010. Mr. Jay Prakash Keshri is member

of some professional origination as, IEEE, IET, and CIGRE. He

published articles in various journals and conferences in international and national repute.

His current research interests are in the field of computational intelligence and Machine

Learning applications to Engineering especially in Power System.

189


	Certificate
	Acknowledgements
	Abstract
	Contents
	List of Tables
	List of Figures
	Abbreviations
	Symbols
	1 Introduction
	1.1 Introduction
	1.2 Motivation for the Presented Work
	1.3 Contributions of the Presented work
	1.4 Organization of the Thesis

	2 Literature Review
	2.1 Introduction
	2.1.1 Fault Estimation for HVAC Transmission System
	2.1.2 Fault Estimation for HVDC Transmission System

	2.2 Critical Review
	2.3 Research Objectives
	2.4 Selection of Tools for System Modeling

	3 Fault Protection Strategies for HVAC Transmission Systems
	3.1 Introduction
	3.2 Proposed PLFE Fault Estimation Method
	3.2.1 PLFE Fault Detection Scheme
	3.2.2 PLFE Fault Location Scheme
	3.2.3 PLFE Fault Classification Scheme

	3.3 Test System for Simulation
	3.3.1 Case-1: Two-terminal HVAC Transmission Test System
	3.3.2 Case-2: Two-terminal Double Circuit HVAC Transmission Test System
	3.3.3 Case-3: IEEE 39-Bus New England Transmission Test System

	3.4 Results and Discussions
	3.4.1 Case-1: Two-terminal HVAC Transmission Test System
	3.4.1.1 Outcomes with PLFE Fault Detection Scheme
	3.4.1.2 Outcomes with PLFE Fault Location Scheme
	3.4.1.3 Outcomes with PLFE Fault Classification Scheme

	3.4.2 Case-2: Two-terminal HVAC Double Circuit Transmission Test System
	3.4.2.1 Outcomes with PLFE Fault Detection Scheme
	3.4.2.2 Outcomes with PLFE Fault Location Scheme
	3.4.2.3 Outcomes with PLFE Fault Classification Scheme

	3.4.3 Case-3: New England IEEE 39-Bus Transmission Test System
	3.4.3.1 Outcomes with PLFE Fault Detection Scheme
	3.4.3.2 Outcomes with PLFE Fault Location Scheme
	3.4.3.3 Outcomes with PLFE Fault Classification Scheme


	3.5 Summary of the Chapter

	4 Fault Protection Strategies for HVDC Transmission Systems
	4.1 Introduction
	4.2 Proposed F-SVM Fault Estimation Method
	4.2.1 SVM as Binary Classifier
	4.2.2 SVM as Multi-class Classifier
	4.2.3 Feature Extraction Scheme
	4.2.4 Feature Selection with Modified F-Score
	4.2.5 F-SVM Fault Detection Scheme
	4.2.6 F-SVM Fault Location Scheme
	4.2.7 F-SVM Classification Scheme

	4.3 Test System for Simulation
	4.3.1 Case-1: Two-terminal HVDC Transmission Test System
	4.3.2 Case-2: Multi-terminal HVDC Transmission Test System

	4.4 Results and Discussions
	4.4.1 Case-1: Two-terminal HVDC Transmission Test System
	4.4.1.1 Outcomes with F-SVM Fault Detection Scheme
	4.4.1.2 Outcomes with F-SVM Fault Location Scheme
	4.4.1.3 Outcomes with F-SVM Classification Scheme

	4.4.2 Case-2: Multi-terminal HVDC Transmission Test System
	4.4.2.1 Outcomes with F-SVM Fault Detection Scheme
	4.4.2.2 Outcomes with F-SVM Fault Location Scheme
	4.4.2.3 Outcomes with F-SVM Classification Scheme


	4.5 Summary of the Chapter

	5 Fault Protection Strategies for Hybrid Transmission Systems
	5.1 Introduction
	5.2 Proposed F-SVM Fault Estimation Method
	5.3 DC Grid Control Strategies
	5.3.1 DC Voltage Control in DC System
	5.3.2 Droop Control at VSC Converter
	5.3.3 3-Level Cascaded Control at VSC Terminal
	5.3.4 Dispatcher Center Controller
	5.3.5 DC/DC Converter Control
	5.3.6 Wind Farm VSC Converter Control

	5.4 Test System for Simulation
	5.4.1 Case-1: Two Terminal Hybrid Transmission Test System
	5.4.2 Case-2: CIGRE (B4.57 and B4.58) Hybrid Transmission Test System
	5.4.3 Case-3: IEEE 30-Bus Transmission Test System

	5.5 Results and Discussions
	5.5.1 Case-1: Two-terminal Hybrid Transmission Test System
	5.5.1.1 Outcomes with F-SVM Fault Detection Scheme
	5.5.1.2 Outcomes with F-SVM Fault Location Scheme
	5.5.1.3 Outcomes with F-SVM Fault Classification Scheme

	5.5.2 Case-2: CIGRE (B4.57 and B4.58) Hybrid Transmission Test System
	5.5.2.1 Outcomes with F-SVM Fault Detection Scheme
	5.5.2.2 Outcomes with F-SVM Fault Location Scheme
	5.5.2.3 Outcomes with F-SVM Fault Classification Scheme

	5.5.3 Case-3: IEEE 30-Bus HVAC Transmission Test System
	5.5.3.1 Outcomes with F-SVM Fault Detection Scheme
	5.5.3.2 Outcomes with F-SVM Fault Location Scheme
	5.5.3.3 Outcomes with F-SVM Fault Classification Scheme


	5.6 Summary of the Chapter

	6 Conclusions and Future Scope
	6.1 General
	6.2 Summary of the Significant Findings
	6.3 Future Scope for Research

	A Transmission Test Systems
	A.1 Study System–1 (IEEE 30-Bus Data) 
	A.2 Study System–2 (IEEE 39-Bus Data) 
	A.3 Study System–3 (CIGRE (B4.57 and B4.58) Hybrid Transmission System Data) 
	A.3.1 Basic System Data for DC Grid


	B Commercial and Technical Information
	B.1 Indian Scenario of Power Transmission System

	Bibliography
	Biography

