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ABSTRACT Fault analysis (detection, classification and location) of transmission network is of great impor-

tance in power system. A Wavelet-Alienation-Neural (WAN) technique has been developed for the fault

analysis of Unified Power Flow Controller (UPFC) compensated transmission network. The detection and

classification of various outages are accomplished by alienation of wavelet based approximate coefficients

computed from current signals. The precise location of faults is carried out by an Artificial Neural Network

fed from estimated approximate coefficients computed from voltage and current signals of the same quarter

cycle. The robustness of the algorithm is proved with the case studies of varying fault locations, sampling

frequency, system parameters, effects of noise, fault incipient angle, different control strategies and fault

path impedances.

INDEX TERMS Fault detection, fault classification, fault location, unified power flow controller (UPFC).

I. INTRODUCTION

In power engineering, the transmission system must be

reliable and efficient for making the power system stable

and having good economic condition. This can only be

achieved by high speed protection schemes against trans-

mission line faults. However, these protection schemes are

influenced by the compensation devices which are used

for the enhancement of power transfer capability and the

power quality. Such devices include Static Synchronous

Series Compensator (SSSC), Static Synchronous Compen-

sator (STATCOM), Unified Power Flow Controller (UPFC),

Static Var Compensator (SVC), etc. Among these devices,

UPFC, which combines the features of the STATCOM and

SSSC, has versatile performance and complex structure. The

existence of compensating device in the outage condition

affects the current and voltage values at the point of relay,

which may lead to over-reach or under-reach, in case of

conventional distance protection. This is due to change in

apparent impedance, affected through the voltage and current

signals injected by UPFC. Hence there is a need to explore
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the capability of signal processing and artificial intelligence

techniques, which can overcome the limitations of conven-

tional distance protection scheme.

A variety of protection techniques are introduced by the

different researchers for UPFC-compensated network. A per-

formance study of distance protection on UPFC-integrated

network, including modelling of UPFC, its control strat-

egy and its integration into system, was carried out

by Zhou, et al [1]. A modified distance protection

for UPFC-compensated power network is presented by

Dash, et al. [2]. An adaptive and modified version of dis-

tance protection scheme, considering influence of UPFC,

was proposed in [3]. In [4], an adaptive distance relay

scheme for wind and UPFC connected parallel transmis-

sion lines is reported. Fault classification in transmission

lines, equipped with FACTS devices, using decision tree

was introduced in [5]. Samantaray, et al. [6], introduced

a differential equation depended technique for fault loca-

tion on UPFC-compensated system, which makes use of

synchronized phasor measurements. Ahsaee and Sadeh [7],

proposed a technique for locating the faults on transmis-

sion network with UPFC compensation, based on the syn-

chronized data. A decision tree-induced fuzzy rule based
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technique is utilized to develop differential relaying for trans-

mission lines, integrated with wind farm and UPFC [8].

Stockwell-transform (S-transform), which has combined fea-

tures of short-time Fourier and wavelet transform, had

been extensively utilized in the field of line protection.

Tripathy et al. [9] & [10] has presented S-transform based

protection algorithm for UPFC based transmission system.

Features extracted, using S-transform, are fed to Support vec-

tor machine (SVM), to protect a transmission line, compen-

sated by UPFC in [11]. A SVMbased fault location algorithm

for UPFC connected transmission network, which makes the

use of features extracted from S-transform of current signals,

was proposed by Moravej et al., [12]. A protection algorithm

for UPFC compensated double-circuit transmission lines had

been proposed, based on the differential relaying scheme

making use of the fast-discrete S-transform [13]. A novel

protection technique based on Wavelet Transform for UPFC

connected transmission line is presented by Goli et al. [14].

For detecting and classifying the fault in UPFC integrated

transmission network, a wavelet entropy based technique is

introduced by Zonkoly and Desouki [15]. For the wind DG

and UPFC integrated tapped transmission network, a wavelet

based differential protection technique is introduced in [16].

An alienation (AL) coefficient based network protection tech-

nique using local bus data, is developed by Masoud and

Mahfouz [17]. The wavelet transform based AL coefficients,

which were obtained from local buses, are utilized to develop

the network protection method by Gafoor, et al. [18]. Ref-

erences [19], [20] and [21] presented transmission line pro-

tection schemes, which utilize wavelet depended alienation

technique. A technique using current features evaluated using

Wigner distribution function (WDF) and AL coefficient is

implemented to protect the transmission line (TL) [22] and

grid in the availability of photo voltaic [23] and renewable

energy (RE) sources based hybrid grid [24]. This protection

scheme has the advantage of low fault recognition time.

A protection scheme for hybrid system based on FDOST has

been introduced in [25].

In this research work, a WAN based protection scheme has

been proposed for UPFC compensated transmission system.

It aims at achieving fault detection and classification within

quarter cycle time i.e. within 5ms, along with fault location

making use of minimum sample time features using ANN.

The contributions of the proposed algorithm are as follows:

• An absolute protection scheme for transmission system

achieving fault detection, fault classification and fault

location is proposed.

• This protection scheme can detect the fault in least pos-

sible time which is < 5 ms.

• This makes use of minimum amount of data, available

after the fault incidence, (i.e. of quarter cycle time) for

fault detection, classification and also for fault location.

• This protection scheme is robust against maximum num-

ber of fault environments such as variation in fault

location, FIA, fault impedance, UPFC control strategy,

system parameters, line length, and noisy environment.

The paper is structured in 10 segments. In Segment 2,

discussed the protection challenges for FACTS compensated

transmission systems and the proposed system, its parameters

and simulation details in segment 3. Segment 4 included

proposed protection strategy and its demonstration for fault

analysis is given in segment 5. Segment 6 covered the case

studies utilized in this work. Prediction of fault location is

presented in segment 7. The effect of UPFC absence on the

proposed technique is shown in segment 8 and comparison

with literature schemes has been presented in segment 9,

followed by the conclusion in segment 10.

II. PROTECTION CHALLENGES IN THE FACTS

COMPENSATED TRANSMISSION LINES

For protection of transmission lines Distance Relays are used

which works on the basis of apparent impedance measure-

ment from the fault point. Although FACTS devices provides

various advantages, but they have negative impacts also on

the relay functioning, which is detailed in following sections

A. IMPACT OF SERIES FACTS DEVICE: SSSC

The impact of SSSC on transmission line protection system

can be summarized as follows:
• SSSC can be installed at the substation or at the middle

of the line as midpoint compensator. SSSC affects the

protection system depending upon its location. SSSC

does not affect the line protection system if not present

in the fault loop.

• SSSC is connected in series with the transmission line

and works in capacitive and inductive mode of opera-

tion so it shows both over-reaching and under-reaching

effects at relay end.

• The problem of voltage inversion can also occur

if in the fault loop because of SSSC presence,

capacitive reactance is greater than the inductive

reactance

• The location of voltage transformer (VT) is also affected

by presence of SSSC in the system. For least impact

of SSSC on distance protection, Voltage Transformer in

front of SSSC is the preferred location

B. IMPACT OF SHUNT FACTS DEVICE: STATCOM

The impact of STATCOM on transmission line protection

system can be summarized as follows:

• It affects the distance relaying by altering the apparent

impedancemeasurement resulting into overreaching and

under reaching of the relay.

• STATCOM presence in the transmission system results

in increasing relay operating time from less than one

cycle to 5–7 cycles.

• In case of unsymmetrical fault occurrence on STAT-

COM compensated system, faulty phase voltage experi-

ence under voltage effect while healthy phases’ voltages

increases due to overcompensation by STATCOM. As a

result, healthy phase may experience high line current

and the overcurrent relay may result it as a fault.
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C. IMPACT OF COMPOSITE DEVICE: UPFC

UPFC is the combination of SSSC (a series device) and STAT-

COM (a shunt device), so it affects the protection system

in more complex manner. UPFC can consume both active

power and reactive power. The effect of UPFC presence on

line protection are as follows:

• Among various FACTS devices, the use of unified power

flow controller (UPFC) in power system network is

constrained due to its dynamic behaviour as UPFC is

generally observed to create problems pertaining to sta-

bility and functionality of the protection systems. As the

third generation FACTS device, Unified Power Flow

Controller (UPFC) is an effective means to control the

state of the power grid. It only needs to change the

control rules to realize shunt compensation, series com-

pensation, phase shifting and voltage regulation.

• UPFC has greater influence on the apparent resistance;

this is due to the active power injection and consumption

by both SSSC and STATCOM.

• When the UPFC injects reactive power into the sys-

tem, it is operated like a series capacitor and the

apparent impedance decreases, in this case Mho relay

overreaches. When it consumes reactive power from

the system, it is operated like a series inductance

and the apparent impedance increases and Mho relay

overreaches.

• If UPFC presents in the fault loop, it will affect both the

steady state and transient components in the measured

voltages and currents, consequently impact the apparent

impedance seen by the distance protection.

• Load encroachment and power swing.

Analytically, it can be explained as follows:

In transmission system without FACTS device, for an LG

fault, the apparent impedance for distance relay can be calcu-

lated as:

Z =
VR

IR + IR0Z0−Z1
Z1

=
VR

Irelay
(1)

where, Zo represents zero sequence impedance, Z1 is positive

sequence impedance, VR & IR are phase voltage and current

at relay point; IR0 is zero sequence phase current and Irelay is

relaying current.

For system with STATCOM, the apparent impedance seen

by the relay can be expressed as:

Z = mZL1 +
Ish

Irelay
(m − 0.5)ZL1 + Rf

If

IR
(2)

where, m represents fault location from the relay to fault point

in per unit of the total line length, ZL1 is positive sequence

components of the line impedance, Ish is sequence current

of the shunt device, IR is zero sequence current, Rf is fault

resistance, and If is sequence current in the fault resistance.

From this, it can be clearly observed that it has two parts:

positive sequence part from relay point to fault point which is

what relay is to measure and the second is due to shunt current

Ish injected by STATCOM.

FIGURE 1. UPFC-Compensated transmission system.

If this conventional distance relay is applied to the trans-

mission system with UPFC, the apparent impedance seen by

this relay can be expressed as

Z = mZ1+
Ish

Irelay
(m − 0.5)Z1+

I0sh

Irelay
(m − 0.5)

× (Z0 − Z1) + VpqIrelay + IfIrelayRf (3)

For system with UPFC, the apparent impedance seen by the

relay has three parts: positive sequence impedance from relay

point to fault point, which is what relay is to measure: the sec-

ond is due to impact of UPFC on the apparent impedance,

which can be further divided into two parts: one results from

the shunt current Ish injected by STATCOM and another is the

impact of the series voltage Vpq injected by SSSC: the last

part of the apparent impedance is due to the fault resistance.

III. PROPOSED SYSTEM AND ITS PARAMETERS

The UPFC-compensated transmission system, shown in

Fig. 1, has been simulated using MATLAB/ SIMULINK

software and within it by using simpowersystem toolbox.

The rating of transmission line (TL) is 500kV, 60 Hz and

UPFC is placed at mid of the TL. The parameters required for

simulation of each block, has been illustrated in Table-1 [11],

like for AC sources, line length, transmission line parameters

and UPFC (STATCOM and SSSC) compensation device. For

computation of fault index and decision making algorithm,

program has been written in the editor of MATLAB and

analysis has been done for various case studies by exporting

data from SIMULINK (by simulating model every time for

new case and generating various data). For case studies,

the required simulation strategy can be explained by follow-

ing steps:

• The type of fault can be varied from the fault block used

in the model by selecting the type of faulty phase.

• The fault location can be varied by connecting the

fault block between transmission line blocks of different

length.

• The fault impedance can be changed in the fault block

using ‘Fault Resistance’ attribute.

• Fault incidence angle variation can be reflected by con-

verting the angle into time and keeping it as fault inci-

dence time.

VOLUME 9, 2021 13739



B. Rathore et al.: Protection Scheme using WAN Technique for UPFC Compensated Transmission Line

TABLE 1. System parameters.

• For considering effect of noise contamination, current

signals are contaminated with noise of different SNRs

by using a command ‘awgn’ for white Gaussian noise..

• For Load switching effect, inductive and capacitive load

blocks are connected at bus-2 with ratings as 10 % and

20 % of rated power.

• For considering sampling frequency effect, signals are

recorded with different sampling frequencies from sim-

ulation model by varying attributes of ‘To workspace’

block.

IV. PROPOSED PROTECTION STRATEGY

For the proposed algorithm ANN and Wavelet

Transform (WT) have been used as application tools. The

contributions w.r.t. ANN model and WT are as follows:

a. The Wavelet Transform is conceptually the modifica-

tion of Fourier analysis (STFT) with variable window

size. Since the fault transients are non-stationary in

nature, therefore it is an efficient tool for their analysis

in time-frequency domain. It helps in localizing the

high frequency transient with respect to time. For anal-

ysis the window or vector size varies with frequency

of signal, to be analyzed. At high frequencies the win-

dow size gets reduced while for lower frequencies,

its width increases to collect more information. The

wavelet transform have got a special feature of mag-

nifying the difference/ change in data points (like dif-

ference in the magnitude of healthy and faulty signals),

which has been signified by obtaining approximate

coefficients and utilising them for computing alienation

coefficients (AL).

b. Artificial neural network is a parallel distributed pro-

cessor that has a natural propensity for storing experi-

ential knowledge and making it available for use. ANN

has got excellent pattern recognition capabilities which

could be helpful for classifying/ prediction problems

in real time scenario. For prediction of fault location,

ANN has been used as regression model. For which,

firstly it has been trained with a wide range of case

studies data, which has established a pattern/ regression

model/ axis between input data and fault location and

then this trained ANN model has been utilised for

prediction of fault location for new input data points,

by matching the new input data points w.r.t. regres-

sion model. The input to NN will be the approximate

coefficients, of each phase voltage and current signal,

computed over the span of quarter cycle, from both

the ends of the line. Moreover, neural network has

following advantages:

• Feed forward neural networks have a fixed compu-

tation time.

• Computation Speed is very high, as a result of the

parallel structure.

• Fault tolerant because of distributed nature of net-

work knowledge.

• Learns general solutions of presented training data.

• If an explicit mathematical model is not required,

then the network can be ‘programmed’ in a fraction

of the time required for traditional development.

• It can learn from noisy and incomplete data, only

the solution will just be less precise.

• Ability to generalize to situations not taught to

network previously.

In this section, WAN technique and protection (fault

detection, classification and location) strategy have been

discussed.

A. WAN TECHNIQUE

For the proposed algorithm, wavelet transform and alienation

coefficients are used for fault detection and classification

while wavelet transform and neural network are used for

fault location, thus it is termed as Wavelet-Alienation-Neural

(WAN) Technique. For fault detection and classification,

approximate coefficients based alienation (AL) coefficients

are utilised, which can be computed in following manner by

equation (4) and (5):

Aa = 1 − r2a (4)

where, Aa is defined as AL coefficient and correlation coeffi-

cient is represented by ra, which is computed as follows by (5)

ra =
Ns

(
∑

xaya
)

−
(
∑

xa
) (

∑

ya
)

√

[

Ns

∑

x2a −
(
∑

xa
)2

] [

Ns

∑

ya
2
−

(
∑

ya
)2

]

(5)

where, Ns represents the number of samples (in a quarter

cycle), xa represents array of low frequency A-1 coefficients

obtained from window-W0, and ya represents array of A-1

coefficients obtained from window-W−1, (T = 16.67ms).

B. FAULT DETECTION STRATEGY

The current signals are measured from both the bus termi-

nals and for recording they are sampled with the frequency

of 1.92 kHz. The GPS clock provides time signature to the

samples measured at any bus, such that when they are com-

municated to another bus, they will be analysed accurately
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FIGURE 2. Computation of AL Coefficients by comparing windows
(a) Without Fault (b) With Fault at t0.

w.r.t. the time and an accurate decision can be made regarding

fault diagnosis. For extracting approximate coefficients, cur-

rent signals are analyzed by WT with db2 as mother wavelet

which is chosen after trial and error performing with different

wavelets.

These signals are computed/sampled over a varying win-

dow of quarter cycle. For calculating the AL coefficients,

current window’s (W0) approximate coefficients are com-

pared with previous window’s (W−1) coefficients, which are

separated by a cycle, as illustrated in Fig. 2. Fault Index (FI)

is computed by summing up the coefficients of alienation

obtained from both the buses. The value of AL coefficients

and FI would remain at zero due to the similarity of cap-

tured/compared signals/windows, which is the condition for

healthy signals. Because of the differences in the recorded

signals under faulty condition, the AL coefficients and FI

would achieve a non-zero/finite value. For detecting the fault,

the obtained FI is compared with the fault threshold (F-TH)

value i.e. 0.2. Thus, for fault detection FI value is monitored,

when it, for a particular phase, rises above the F-TH, then

it indicates fault occurrence/incidence, hence it acts as a

numerical relay for fault detection.

C. FAULT CLASSIFICATION STRATEGY

Subsequent to the fault detection, faults can also be classified

by the same FI only. After fault detection, it is observed that

for which and how many phases, the FI value is greater than

the F-TH, based on that fault type identification can be done,

using following decision rules:

• If FI of only single phase exceeds the F-TH, then it is

identified as L-G fault. Further, based on which phase is

faulty among LG faults also, it can be classified as AG,

BG or CG fault.

• If FI value of any two phases rises beyond the F-TH,

then it can be classified as a two-phase fault and also

based on type of faulty phase, it can be classified as

AB, ABG, BC, BCG, AC or ACG fault. Now, there is

another criteria required for discrimination two-phase

fault whether with or without ground. For this, a zero

sequence current depended ground fault index (G-FI)

has been introduced. It is computed by accumulating

the approximate decomposition of zero sequence cur-

rent with a varying window over the span of quar-

ter cycle. This resultant G-FI is compared with a new

threshold, which is termed as ground fault threshold

(GF-TH = 500) for the discrimination between LL and

LLG faults.

• If for all the three-phases the FI value is greater than the

F-TH, then the fault is classified as a three-phase fault

or ABCG fault.

D. FAULT LOCATION STRATEGY

Location of fault is estimated with the help of Artificial

Neural Network (ANN) which has been discussed in this

section.

1) ANN Selection/ Structure

Suppose the input x = [x1, x2, x3 . . . xn] be a

n-dimensional vector which is connected to the neu-

rons through weighted synaptic links represented as

w = [w1,w2,w3, . . .wn]. The output of each neuron

is the weighted sum of each input and is given as:

z =

n
∑

i=1

wixi + b (6)

which can be written as:

Z = WTX (7)

where b is a bias term

Thus, the synaptic operation assigns a relative signif-

icance to each incoming input signal, xi, according

to the past experience stored in wi. This provides a

linear mapping from n-dimensional neural input space,

X, to the one-dimensional space. The output is passed

through an activation function whose output is the final

output of the neuron and can be written as:

y = φ(Z ) (8)
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FIGURE 3. ANN Structure.

The ANN used is Multi-layer perceptron model with

Levenberg-Marquardt optimization method and use

backpropagation supervised training. Such option is

typical when applying ANN to power system studies.

It consists of nonlinear differentiable transfer functions.

A three-layer (i.e. two-hidden-layer) feed forward

neural network has been used, which can fit any

input-output relationship given enough neurons in the

hidden layer. Layers which are not output layers are

called hidden layers. The input and output have sizes

of 0 because the network has not yet been configured

to match our input and target data. This will happen

when the network is trained. NN toolbox of MATLAB

is used for developing the model. The ANN Structure

has been depicted in Fig. 3.

2) ANN input

As a first step in any prediction technique, feature

extraction is used to reduce the dimension of the raw

data and extract useful information in a concise form.

For the ANN considered here, this process leads to a

considerable reduction in size of the network, thereby

significantly improving the performance and speed of

the training process. The technique adopted here for

feature extraction is the one based on time domain

frequency decomposition of voltage and current wave-

forms i.e. Wavelet Transform.

The input to NN will be the approximate coefficients,

of each phase voltage and current signal, computed

over the span of quarter cycle, from both the ends

of the line. Thus, the total number of inputs will

be computed as: for 2-buses with 3-phase voltage

and 3-phase current signals and 4 coefficients for

each = 2∗(3 + 3)∗4 = 48 coefficients.

3) ANN Training

The back-propagation learning rules are used to

adjust the weights and biases of networks so as to

minimize the sum squared error of the network. This

is achieved by continually changing the values of the

TABLE 2. Simulation parameters for training ANN.

network weights and biases in the direction of steepest

descent with respect to error. The back-propagation

training may lead to a local rather than a global min-

imum. The local minimum that has been found may be

satisfactorily, but if it is not, a network with more layers

and neurons may do a better job. However, the number

of neurons or layers to add may not be obvious. MLP

architecture has been decided by trying varied combi-

nations of number of hidden layers, number of nodes

in a hidden layer etc. and selecting the architecture

which has a better generalizing ability amongst the tried

combinations.

The training of utilized ANN has been performed

through providing 48 approximate coefficients of

post-fault 3-8 voltage and current data, of quarter time

period. The samples are automatically divided into

training, validation and test sets. The training set is used

to teach the network. Training continues as long as the

network continues improving on the validation set. The

test set provides a completely independent measure of

network accuracy. The details of the simulated data,

used for training are given in Table-2.

The MATLAB neural network toolbox is used for

training the networks. The function ‘trainlm’ is used,

which converges in lesser time as well as in few

epochs compared to the training function ‘trainbpx’,

of the neural network toolbox. Each epoch or train-

ing iteration represents the presentation of the set

of training vectors to a network and the calcula-

tion of new weights and biases. The training func-

tion ‘trainlm’ uses Levenberg–Marquardt optimization,

which is a more sophisticated method compared to the

gradient descent approach, but requires more mem-

ory. The error goal for all the all the cases is chosen

to be 0.001%.

The learning parameters for all the cases are kept the

same. The training parameters used in this work are:

a. Momentum: 0.9.

b. Learning rate: 0.01.

c. Desired error (minimum error): 1 × 10−6

d. Maximum number of iterations: 10000.

e. Activation function: Log-sigmoid and Purelin
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FIGURE 4. Regression Plot for ANN training.

To achieve a lower value of Mean square error and

higher regression index, the number of neurons was

changed and these values are checked for each iteration.

If the performance on the training set is good, but the

test set performance is significantly worse, which could

indicate over fitting, and then reducing the number of

neurons can improve results. If training performance is

poor, then the number of neurons is to be increased.

For a perfect fit, the regression plot data should fall

along a 45 degree line, where the network outputs are

equal to the targets. From Fig.-4 it is depicted that the

fit is reasonably good for all data sets, with R values for

following case of 0.93 or above. If even more accurate

results were required, the network is retrained. This will

change the initial weights and biases of the network,

and may produce an improved network after retraining.

It is to be noted that although the ANN locates the

fault accurately, there are small fluctuations in theANN

output and in practice this cannot be avoided. The

error in locating the exact fault can be expressed as a

percentage of the length of the transmission line and is

given by:

%ε =
|NN Distance− Actual Distance|

Length of line
(9)

4) ANN Testing

The ANN testing has been done for new inputs of different

fault locations. The maximum error in locating the exact

fault is found to be less than 1%. The network reached

the error goal in about 1000 epochs and 400 s of training

time. This suggests that the algorithm could quickly learn

different network conditions if encountered. The network

tested correctly for about 96% of the cases, which it had not

seen before. The correct testing indicates that the ANN has

generalized and not just memorized the patterns. The ANN

based algorithm is found to be an accurate fault locator in

the presence of different fault distances, fault inception angle,

FIGURE 5. Flowchart of the proposed algorithm.

and fault resistance. Taking into account that in some cases,

the distances are spaced just by 1% apart, the ANN-based

algorithm has been able to identify the faults accurately for

the cases not seen before.

The flowchart for the proposed algorithm can be illustrated

in Fig. 5.

E. IMPLEMENTATION FOR REAL-Time/PRACTICAL

SYSTEM

To implement the proposed algorithm for real-time/ practical

system following points are to be considered:

• For implementation of proposed algorithm in real world,

it will require a computer with high-speed processor and

the communication channels among various stations of

a power system, which are well established in the mod-

ern power system, along with phase measurement units

(PMUs), where the sampled signals are synchronized
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FIGURE 6. Plots for Current Signals and Approximate coefficients (App. Coeff.) (a) Bus-1 Current
Signals (b) Bus-2 Current Signals (c) Bus-1 App. Coeff (d) Bus-2 App. Coeff.

FIGURE 7. Demonstration for diagnosis of AG-fault (a) Bus-1 AL Coefficients (b) Bus-2 AL
Coefficients (c) FI plot w.r.t. time.

with a GPS clock. Thus, the proposed algorithm does

not require any additional infrastructure in the scenario

of modern power system.

• The proposed protection method would be working

online when to be used for real time/ practical system.

For online system, this algorithm will be continuously

running/ working every time by computing fault index

for each instance of current signal and when it will get

fault index value greater than the threshold at the same

instant it will send trip signal to the circuit breaker.

• In modern power system, since the computers, used in

the Numerical protection, has processors with of latest

generation (i7) for having high computation ability, huge

memory capacity (1TB) and high speed or (few GHz),

which takes negligible amount of time for huge and

complex computation.

• Since computation of fault index requires both the bus

data, thus if there will be delay with remote end data then

it could result into an incorrect value of fault index for a

particular time instant, and hence incorrect decision will

be made for fault diagnosis like delayed or no detection

of fault and incorrect classification of fault.

• Before starting fault analysis, the communicated signals

(with GPS time signature) are checked for synchroniza-

tion error by computing differential sum of currents

which should be zero for healthy case only if the currents

samples of same time instances have been added other-

wise it will be non-zero. In case if any synchronization

error is found, it will be compensated by adding or sub-

tracting corresponding time difference to the communi-

cated data to make it suitable for utilization in decision

making.
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FIGURE 8. Plots for Index w.r.t. time: (a) AB Fault, (b) ABG Fault, (c) ABCG Fault (d) G-FI.

TABLE 3. Parameters used for variation in case studies.

• The current data information will be communicated

to the other end via communication channel. For the

proposed algorithm, the signals/ data of both the ends,

are required, for fault index computation and decision

making.

• The proposed algorithm will be tolerant for CT effects

because of capability of WT for filtering high frequency

transients that is why the CTs, used for measurement,

are assumed to be ideal.

V. DEMONSTRATION OF THE PROPOSED ALGORITHM

Before application of the proposed algorithm to various fault

conditions, the proposed protection method for fault diagno-

sis has been demonstrated in this section, in Figs. 6–7. The

3-8 current signals recorded at bus 1 and 2 are shown in

Figs. 6 (a) and (b) respectively. The wavelet-based approx-

imate coefficients of the bus-1 &2 currents are plotted

in Figs. 6(c) and (d) respectively. The AL coefficients,

computed from approximate coefficients are presented

in Figs. 7(a) and (b). Then, Fig. 7(c) presented the plot of

FI with respect to time, which is calculated by adding AL

coefficients of Figs. 7(a) and (b). From this figure, it can be

significantly evident that, only phase A has FI value more

than the F-TH, thus indicating AG fault.

Deviations in FIs of 3-8s for AB, ABG and ABCG faults

are illustrated in Fig. 8. It is clear from the Figs. 8(a) and (b),

those FIs of both A and B phases have greater values than the

F-TH hence, detected as two-phase faults (AB & ABG). Fur-

ther, Fig. 8(c) presented that FIs of all the phases have higher

values with respect to the F-TH value; therefore detected as

3-8 fault. From the Figs. 8(a) and (b) it is clear that developed

FIs can’t differentiate between LL and LLG because under

both the cases there is no significant changes in the values

of FIs.

In Fig. 8 (d), plotted the G-FI w.r.t. time for LL and LLG

faults. It is evident by the results that G-FI has greater values

with respect to the GF-TH for the faults associated with

ground and vice-versa.

VI. CASE STUDIES

The performance of proposed technique is validated for vari-

ety of outages under various conditions which are illustrated

in Table-3.

A. VARIATION OF FAULT LOCATION AND FAULT

INCIPIENT ANGLE (FIA)

With variations in fault locations and fault incidence angles,

the fault current transients also vary, thus, the developed

VOLUME 9, 2021 13745



B. Rathore et al.: Protection Scheme using WAN Technique for UPFC Compensated Transmission Line

TABLE 4. Results for FI variation with varying fault location and FIA for BG Fault.

TABLE 5. Results for FI variation with varying fault location and FIA for BC fault.

TABLE 6. Results for FI variation with varying fault location and FIA for ACG fault.

TABLE 7. Results for FI variation with varying fault location and FIA for ABCG fault.

technique has been validated for its robustness with respect

to the varying fault locations and FIAs. For this, different

types of faults have been simulated at every 30 km for

300 km length of line and FIA is varied in the range of 0◦

to 180◦ in the steps of 30◦. The results for the above illus-

trated strategy have been detailed/illustrated in Tables 4–7,

in which faults of each category i.e. BG, BC, ACG andABCG

have been considered for the study. In Table-4, FI value,

for only B-phase, is more w.r.t. the F-TH, but for A and

C phases, its values are very much lower, this signifies the

detection and classification of fault as BG fault. Similarly

in Table-5, faulty phases are BC only, hence only for these

two phases only FI value is more than the F-TH, not for

healthy phase i.e. phase A. ACG fault detections and clas-

sification can be similarly distinguished in Table-6 and for

ABCG fault, fault index variation for varying fault loca-

tions and FIAs is presented in Table-7. Thus, from these

results/tables, it can be significantly concluded that pro-

posed algorithm is robust for variations of fault locations

and FIAs.
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FIGURE 9. Fault detection and classification results for varying FIs: (a) LG Fault (b) LL Fault (c) LLG Fault (d) LLLG
Fault.

FIGURE 10. Fault diagnosis for different control strategies (a) AG Fault with Power Flow Control (b) AB Fault with
Power Flow Control (c) AG Fault with Voltage Control (d) AB Fault with Voltage Control.

B. EFFECT OF HIGH IMPEDANCE FAULTS

The applicability of the developed protection technique is val-

idated by selecting the fault impedances from 0-100� under

this case study. Fig.9 illustrates the FI variation of all phases

with respect to various outages, for the fault impedance of

15�. Fig 9(a) presents the phase-A FI which is greater w.r.t.

the TH. Further, for remaining phases it is less than the TH

for all the impedance values, thus it is diagnosed as AG fault.

From Figs. 9(b) and (c), it can be significantly concluded that

the values of FIs for A and B phases, are more as compared

to the TH but for C it is less. Hence, the faults are diagnosed

as AB/LL and ABG/LLG faults, correspondingly. For ABCG

fault, the values of FIs for all the phases are greater than the

TH as shown in Fig 9(d). Thus, performance of developed

algorithm doesn’t affected by fault impedance variation.

C. EFFECT OF UPFC OPERATION CONTROL METHOD

The transients developed in the current signals due to faults,

will depend on the operation control strategy of UPFC

(FACTS device). UPFC uses two control strategies i.e.

Power Flow Control and Voltage Control. Hence, the pro-

posed protection method is to be tested for its validation,
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FIGURE 11. Results for fault diagnosis with UPFC connected at bus-2 (a) LG Fault (b) LL Fault (c) LLG Fault
(d) LLLG Fault.

with various control strategies of UPFC operation.

Figs. 10(a) and (b) presents the results of fault diagnosis

(detection and classification) for AG/LG and AB/LL faults,

respectively, while UPFC works under Power Flow Control.

It can be significantly observed that FI value is greater than

the F-TH for faulty phases only. In the similar manner,

the Figs. 10(c) and (d) illustrated the fault diagnosis results for

AG and AB faults when UPFC works with Voltage Control.

In this case also, FI value is greater for faulty phases only and

not for healthy phases.

D. UPFC INSTALLED AT RECEIVING END

UPFC location affects the magnitude and transients of bus

currents. Hence, the performance of the proposed algorithm

is verified by changing the UPFC location to receiving end

i.e. at Bus-2. Figs. 11(a)-(d) illustrated the FI deviation of all

phases for LG, LL, LLG and LLLG faults, correspondingly.

The FI of faulty phases alone, exceed the F-TH. Hence, it is

established that the performance of the developed algorithm

doesn’t get affected by the location of UPFC.

E. PERFORMANCE IN NOISY ENVIRONMENT

In overhead transmission lines, there is chance of noise mix-

ing with current signals due to interference of neighbouring

communication circuits. Thus, it is needed to test the pro-

posed protection method with the current signals, which are

contaminated with noise. For this purpose the levels of SNRs

considered, is 40dB-10dB. Fig. 12 considered various faults

and presents the analysis with 10dB white Gaussian noise.

Fig 12(a) presents detection and classification result for AG

fault, where FI value of faulty phase is more as compared

to the TH and for other phases it is lower. Fig 12(b) and (c)

show the analysis for AB and ABG faults, for which the FIs

for faulty phases i.e. A & B have more value than the TH

and for C-phase (healthy phase) has lower value. Fig 12(d)

shows results for three phase (ABCG) fault, where all the

three phases have higher FIs value than the TH. Thus, it is

proved that the proposed algorithm efficiently detects and

classifies the faults even in the noisy environment.

F. DISCRIMINATION FROM NON-faulty/SWITCHING

TRANSIENTS

In practical/modern power system, non-faulty/switching tran-

sients can be developed because of switching of certain power

system equipments, like capacitor banks (used for power

factor improvement) and inductive/reactor loads (with fluc-

tuation in power demand). But, these switching transients

should not be identified as faulty transients, as they are not

dangerous for the power system and its equipments. Thus,

it is mandatory to check the algorithm for discrimination of

non-faulty and faulty transients. For this purpose, a capacitive

load of 10% and 20% Qrated has been used for develop-

ing capacitive switching transients and an inductive load of

10% and 20% of Srated has been used for creating inductive

switching transients. The results for above testing are shown

in Fig. 13, from which it can be significantly evident that

for switching transients maximum FI value is very less w.r.t.

the F-TH, hence in the event of switching transients occur-

rence, the proposed scheme won’t give a false detection for

fault.

G. SAMPLING FREQUENCY VARIATION EFFECT

The proposed protectionmethod has been tested with variable

sampling frequencies in order to check its accuracy and feasi-

bility to be compatible with different instrumentation equip-

ments. For this purpose, the results have been replicated with
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FIGURE 12. Results for fault diagnosis with noise contamination (a) LG Fault (b) LL Fault (c) LLG Fault (d) LLLG
Fault.

TABLE 8. Results for sampling frequency variation.

sampling frequencies of 0.96 kHz, 1.92 kHz and 3.84 kHz

and they are presented in table-8. From this table, it is clear

that with increase in sampling frequency, the fault detection

is still within quarter cycle time, thus no significant effect is

seen, while for fault location also the average error remain

well within 1%. But when the sampling frequency is reduced,

the fault detection time increases for some cases and its

accuracy also reduces. Hence, for the proposed protection

method the optimum sampling frequency is 1.96 kHz.

H. VARIATION IN SCRs AND LINE LENGTH

In practice, the transmission line relay should work in differ-

ent conditions, thus the proposed algorithm has been checked

on variable line lengths and with sources of variable short

circuit levels. For this purpose, the algorithm has been tested

for the line lengths of 50km, 135 km and 230 km i.e. short,

medium and long transmission lines and with short-circuit

levels of 6,8,10 and 12. For all the conditions/cases, the pro-

posed fault detection and classification strategy works very

well with 99.99% accuracy.

FIGURE 13. Results for Load switching with: (a) 20 % Inductive Load,
(b) 20 % Capacitive Load.

I. HYBRID TRANSMISSION SYSTEM

Inmodern power system, underground cables are also utilized

for power transmission networks due to its merits of less

maintenance requirement and long-life. But, it is also not

possible to install UG cable for whole length due to adverse
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TABLE 9. Results for composite (OH line +UG cable) system.

FIGURE 14. AG fault detection for Arcing phenomenon.

geographic conditions, thus hybrid transmission system is

used comprising of UG cable and overhead line combina-

tion. Thus, for proving the proposed algorithm capability to

perform in hybrid systems also, a new system is considered

comprising of 150 km OH line and 80 km UG cable [25]. For

this system also various faults have been simulated and for

all the cases accuracy obtained was 99.99 %, results for the

same have been presented in Table-9.

J. EFFECT OF ARCING FAULTS

Arcing Faults arises due to arc formation/phenomenon intro-

ducing high impedance in fault current path along with an

opposing voltage. This type of fault condition generates tran-

sients which are different from those in other short circuit

faults, this could alter sensitivity of the relay. Thus, the pro-

posed protectionmethod has been tested for arcing faults also,

by creating such condition fault event with a voltage applied

opposing fault current flowing through a high impedance

path from phase to ground. The results have been replicated

in Fig. 14, for this condition with AG fault gives confirmatory

results of fault detection and classification. Hence, it can

be concluded that arcing faults have no effect on proposed

protection scheme.

K. VARIATION OF VOLTAGE LEVELS

In practice, power transmission can be done at different

voltage levels (132 kV, 220 kV, 400 kV, 500 kV, 765 kV)

depending upon the power demand and physical conditions

TABLE 10. Results for voltage level variation.

TABLE 11. Results for TCSC-compensated transmission system.

for which transmission systems of different ratings and types

can be utilised. For every transmission system to be used,

their protection is also a mandatory requirement for efficient

and reliable power supply. Thus, the proposed algorithm has

been tested for transmission system with different voltage

levels of 220 kV, 400 kV and 765 kV and results are shown

in Table-10, which signifies the applicability of proposed

algorithm for systems with different voltage levels.

L. SERIES COMPENSATED SYSTEM

For establishing the robustness of the proposed algorithm,

it has also been tested with series compensated transmission

system with Thyristor Controlled Series Capacitor (TCSC)

as compensating device. The results for fault analysis of

proposed algorithm with TCSC compensated system have

been presented in table-11, which establishes the validity of

proposed protection scheme for series compensated system

also.

VII. LOCATION OF FAULT

Table-12 demonstrates the fault location estimation results

using proposed ANN, from which it can be clearly concluded

that the peak and mean error, for location of faults, are 1.60%

and 0.72%, respectively.
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TABLE 12. Estimation of fault location.

TABLE 13. Performance study of proposed transmission system.

VIII. PERFORMANCE STUDY IN UPFC ABSENCE

In practical power system, sometimes due to maintenance or

outage the FACTS devices are disconnected from the system,

but in this scenario also the protection algorithm should be

active and perform well. Thus, the proposed algorithm is

needed to be tested in absence of UPFC, from the system.

TABLE 14. Fault location for system without UPFC.

For this purpose, UPFC has been disconnected from the

system and results for fault diagnosis have been computed.

Tables 13-14 compare the results of WAN technique for

protection of system in presence and absence of UPFC. From

this table, the FIs of faulty phases remain higher as compared

to the TH, both in the presence and absence of UPFC. The

realization of the utilized ANN is computed in the absence

of UPFC for all types of faults and outcomes are presented

in Table-13-14. Thus, it is proved that the developed algo-

rithm efficiently works with and without UPFC.

IX. COMPARATIVE STUDY

For showing the superiority of the developed Wavelet-

Alienation-Neural (WAN) based protection technique, com-

parison has been done for proposed algorithmw.r.t. protection

schemes proposed in the literature in Table-15, with following

considerations:

• For comparison, selection of those papers/ research

works was done, having UPFC compensated system

used for fault analysis.

• The comparison has been made mainly regarding the

performance parameters of the algorithms like average

error, fault detection time or operating speed, data used

and achieved/performed tasks (detection, classification

and location).

• For checking the robustness of the comparing algo-

rithms, consideration of various attributes have been

done like variation of location, incidence angle,

impedance, sampling frequency, impedance, UPFC con-

trol strategy, UPFC location and effect of noise.

From Table-15, it can be clearly concluded that:

• It is absolute protection scheme which is capable of

detection, classifying and location the fault.

• The proposed algorithm has least fault detection time i.e.

< 5 ms.

• It made use of only post- quarter cycle data for the

analysis.

• It is more robust as compared to the other algorithms by

considering many case studies.

• The accuracy/ efficiency in fault detection and classifi-

cation was > 99%.

• The average error in fault location was only < 1%.
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TABLE 15. Comparative study (C-Considered and NC-Not Considered).

X. CONCLUSION

A WAN depended protection technique is developed for

detecting, classifying and locating the faulty conditions

on transmission line, operating with UPFC. Approximate

decomposition of current signals, computed over the span

of quarter cycle, are compared in terms of AL coefficients

to detect and classify faults. Evaluation of fault position is

performed by ANN. The average error at fault position is

calculated to be 0.72%. The absence of UPFC, variations in

fault positions, impedance and incidence angle are found to

have no impact on the performance of developed algorithm.

Thus, the developed technique can be used for protecting the

TL, integrated with UPFC, successfully.
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