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1 Introduction

Abstract: This paper presents a new single-end scheme to locate and protect faults on the
compensated transmission line using the Unified Power Flow Controller (UPFC). The
UPFC controllers have remarkable effects on the transient and steady-state components of
the voltage and current signals. First of all, this study evaluates the impact of UPFC on
Traveling Waves (TW) that pass through the UPFC location. Following that, the effects of
UPFC’s harmonic on conventional protections will be investigated using the TW theory. A
single-end method will be presented in the next stage to protect and locate the faults on the
compensated transmission lines with UPFC. Moreover, an extraction technique (i.e.,
Discrete Wavelet Transform [DWT]) is used to process the current and voltage signals. As
a branch of mathematics, cooperative game is employed in this study to represent the
strategic interaction of different players in a context by predefined rules and outcomes.
Additionally, this study made use of this theory to distinguish the extracted TWs from each
other. The proposed method is assessed considering different fault situations with great
variations in operating conditions accompanied by a UPFC placed at the midpoint of the
line.

Keywords: Cooperative Game, Protection, Transmission Line, Traveling Wave, UPFC.

UPFC Compensated

concerning the power system protection. In particular,

RANSMISSION lines (TL) have been recently

designed for extensive power transfer capability.
The FACTS Device can be regarded as a flexible
approach to provide an exclusive combination of rapid
compensation by series and shunt devices. The UPFC
introduces a new area for the system parameter control
(bus voltage, as well as active and reactive power). The
utilization of this device increases the system stability,
improves transferring capability of the power, and other
problems occurring during power system protection [1].
However, the UPFC in the fault loop has significant
effects on the steady-state and transient components of
current and voltage signals [2]. The UPFC
implementation in TLs proposes new novel issues
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the evaluation of the rapid changes in power angle, load
current, TL impedance, and transient should be included
in TL protection with respect to the fault occurrence and
the control system performance. Additionally, since
UPFC controllers have a very fast response time, it
might overlap with the protective device time operation.
The UPFC derives maximum advantage when sited at
the mid-point of the TL [3]. The findings obtained by
[4] and [5] revealed the negative effects of the midpoint
series and shunt-FACTS devices on the distance relay
performance.

The TWSs that are generated as a result of fault
occurrence in a TL, travels to both sides of the power
line. These TWs provide information about the location,
direction, and type of the fault which have been utilized
to introduce protection schemes with a high speed [6].
Moreover, TW-based protection schemes have much
less operation time, compared to conventional ones. The
researchers have been interested in evaluating the TW-
based protection. As a result of advances in technology
and increasing progression in signal processing, there
have been significant improvements in the applicability
and reliability of TW-based protection methods;
however, it should be noted that these schemes require
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high-frequency bandwidth equipment [7].

Different schemes are introduced to detect and
classify the faults in the UPFC compensated TLs
employing TW. In this regard, [8] employed wavelet
combined entropy in an efficient time-frequency
analysis for fault classification and section identification
in UPFC compensated TL by current signals and post-
fault voltage. Furthermore, [9] detected and classified
faults in a double-end UPFC compensated TL using a
fuzzy logic approach and combined wavelet.
Nevertheless, global positioning system (GPS) time-
stamped synchronized current signals are required in
this method at both ends of the TL to fulfill the fault
detection and classification tasks. In the same line,
wavelet singular entropy (WSE) was used by [10] to
propose the fault detection and classification method for
UPFC compensated TL. In this method, the summation
of the 4th level detail coefficients and the WSE of three-
phase currents are used to detect and classify the faults,
respectively.

It is of utmost importance to investigate the effect of
UPFC on TW-based protection. Since there is a dearth
of studies on the effect of FACTS devices, the purpose
of this paper is to investigate the impact of UPFC on
these protection methods. Moreover, it attempts to
provide solutions in case of any problems.

Using the TW theory, the present study aims to
evaluate the effect of UPFC on a conventional
protection scheme. For this purpose, the first section of
this paper is allocated to the investigation of UPFC
effect on TWs passing through a connection point of
UPFC. The second part of this study evaluates the
effects of generated transients during faults resulted
from UPFC's harmonic. The obtained results
demonstrated the probability that TW is being reflected
from the UPFC location. Furthermore, the other
transients developed by UPFC's harmonic during fault
occurrence resulted in the generation of TWSs. The
amplitude of the first TW reflected from the fault point
is similar to that of these TWs. The single-ended
protection schemes identify the reflected TW from the
fault point relying on the threshold based on the TW.
The poor performance of the single-end protection
schemes is notably due to the disturbance from the
UPFC. Therefore, this paper aims to propose a single-
end protection method based on TWs using cooperative
game. Furthermore, the present study utilized this
theory owing to an access to select the low threshold in
identifying the reflected TWSs. It should be noted that
this theory can distinguish the identified TWs. The
obtained results confirmed that the algorithm was not
affected by wvarious fault inception angles, different
locations, and types of faults.

2 Basic Concept
2.1 UPFC Model and Modes of Operation

As a combined series-shunt FACTS device
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(STATCOM AND SSSC), the UPFC includes two
back-to-back converters that are connected through a
common DC link as illustrated in Fig. 1. At the sending
side, the first VSC is connected in a shunt, and the
second VSC is connected in series with the TL. The
shunt and series coupling transformers (Tse and Tsh) are
used to connect these converters to the TL. Moreover,
the voltage magnitude of the bus (j1) and power flow via
TL (j1, j2) can be controlled using the UPFC. The
equivalent circuit of UPFC is usually shown as shunt
and series voltage source (Fig. 1) [11].

3 Impact of UPFC on the Protection Based on TW
Theory

3.1 Protection Based on TW

The TWs are propagated to the ends of the TL by the
electrical disturbances. In each disturbance, these TWs
are generated and contain high-frequency signals, which
propagate from the disturbance point towards the TL. At
a discontinuity point, part of the TW is reflected, and
the rest is transmitted owing to various impedances
present at the junction [12]. Assume a fault in the TL
occurring in front of the UPFC. Fig. 2(a) displays the
pre-fault conditions on the TL, in which er signifies the
pre-fault voltage. Superimposition on the pre-fault
network voltages and currents produced by a fault can
be employed to simulate the fault occurrence. This
incorporates a single source of magnitude —es at the fault
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Fig. 1 a) UPFC compensated transmission system and
b) Equivalent circuit of UPFC [11].
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location. The network voltage can be divided into a
sinusoidal voltage with a constant frequency and two
TWs with respect to the fault occurrence conditions.
These approximately rectangular parts contain a
magnitude of —er propagating away from the fault
location.

These TWs which are reflected in any discontinuity
involve the terminal that is connected to the UPFC. If
the TWs conflict the discontinuity, part of the TW is
reflected in the TL, and the rest continue their ways.

As can be observed in Fig. 3, a TW is generated in TL
A and travels to UPFC. Following that, a part of the
incident TW that reaches the J; breakpoint is reflected,
and the other fraction is transmitted to the UPFC.
Furthermore, as the transmitted TW reaches J,, a part of
the TW is expected to be reflected due to the changes in
the impedance that are ahead of the TW. The rest will
be transferred to TL B, and the V4 is the first TW that is
impressed on TL B. Furthermore, the reflected TW
(i.e., V) reaches J; again, and part of it is reflected (Vs)
and travels to the J; breakpoint. In the UPFC, this
scenario occurs several times, and eventually, the losses
attenuate the TWs reflected in the UPFC. It is worth
mentioning that instant occurrences of the refraction and
reflection scenarios can be observed in UPFC.
Moreover, no time interval can be considered for the
reflected and transmitted TWs.

The UPFC equivalent circuit is usually demonstrated
as shunt and series voltage sources (Fig. 1(b)). In this
figure, Zs indicates the series impedances and Zs,
presents the shunt coupling transformers [11].

In the following, the refraction and reflection
coefficients are presented assuming the compensation of
the TL by UPFC. Where, V', I' signifies the incident
TW, and V, | presents the transmitted TW. Moreover,
V", I'" is the reflected TW, and p denotes the reflection
or refraction coefficient.

Following that, the discontinuity point (UPFC)
incorporates a series and shunt inductor with Ls and Lsh
capacity, respectively.

Using Laplace transform, a transmitted and reflected
TW yields:
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The inverse Laplace transform for the impressed
voltage on TL B yields (4) as follows:
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Considering no significant time interval between TWs
V4 and Vs, these two TWs can be added together that
leads the TW to pass through the UPFC.
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Fig. 2 A single-phase schematic compensated TL. TW propagation is initiated by a fault; a) Initial conditions and b) Fault
representation.

Iranian Journal of Electrical and Electronic Engineering, Vol. 18, No. 1, 2022 3



A Novel Protection Method for UPFC Compensated
8L,,.Lysz (Lyz? +LEs(Lyys +2))
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The reflected TW is equal to (8) at point Ji.
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preflection (S) =
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Fig. 4 displays the reflected and transmitted voltage
TWs. At the initial moment, the reflected and
transmitted TWSs curves signify the refraction and
reflection coefficients (0 and 1, respectively). Moreover,
a small part of the TW that is transmitted to TL B can
be indicated by the voltage curve transmitted in TL B.
On the other hand, the reflected wave curve signifies
that the TW which is reflected towards the source of the
TW at final and initial moments is accompanied by -1
and 1 coefficients, respectively.

Fig. 5 displays that the refraction and reflection
coefficients are in the frequency domain. Considering
the high-frequency TWs, the refraction and reflection
coefficients are close to 0 and 1 which are shown by the
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Fig. 3 Circuit diagram for a compensated TL with UPFC.
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curves, respectively. Therefore, in the TL, high-
frequency TWs may be attenuated or distorted.

Based on the findings obtained from the curves, a
noticeable fraction of the high-frequency TW is
reflected. At the UPFC location, reflections can
challenge TW-based protection schemes. This leads to
an inaccurate performance when the aim is to detect the
first successive TW reflected from the fault point.

3.2 TWs and Harmonic

The UPFC contains two voltage source converters
(VSCs) based on GTO that are connected through a DC
capacitor link. A 6-pulse VSC is a basic voltage
convertor model with a large number of harmonics;
accordingly, its output voltage is not sinusoidal, and the
generated output voltage involves the harmonics of
6n+l order (i.e., 5%, 7% 11" and 13"). The total
harmonic distortion (THD) of the VSC output voltage is
estimated around 30%, which does not meet the criteria
of the IEEE 519 standard. The combined output voltage
consists of the harmonics of 12n+1 order (i.e., 11, 13t
23, and 25™) in the 12-pulse VSC. Furthermore, the
generated output voltage involves the harmonics of the
48n=1 order (i.e., 47" and 49™) with respect to the 48-
pulse VSC. Accordingly, the THD is around 4% in the
voltage, which satisfies the IEEE 519 standard [13, 14].
Table 1 summarizes the voltage THD of the voltage
source converter.

The UPFC generates harmonic voltages during normal
operation. Additionally, there are concerns that these
signals may disrupt the structures of the TW that are
utilized by relays during a fault. As a result, to reduce or
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Fig. 4 Transmitted and reflected voltage TW across the UPFC.
Table 1 standard voltage THD of two-level VSC [14].
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Fig. 5 Refraction and reflection coefficient.
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delete the distortion risk in the TW pattern, it is
proposed to separate the low from high-frequency
signals as a practical approach. In this technique, DWT
and proper detail (cDn) can be employed, and n is
considered the level of decomposition [15]. This paper
used the mother wavelet db4 [3].

In the DWT, each decomposition level is related to a
wideband, which relies on the frequency of sampling in
the time domain. Fig. 6. illustrates the wideband for the
detail coefficients cD,. Considering a 1 MHz sampling
frequency, harmonic frequencies generated by the 48-
pulse UPFC are close or inside the c¢Ds, cDs, and cDy
frequency bands. Therefore, cDs.; cannot be employed
for TW protective relaying. Therefore, the bandwidth
employed for relaying must be remarkably higher than
the frequencies of the harmonics that are generated by
the UPFC.

As shown in Fig. 7, a three-phase fault was applied at
250 km from the local end to show the practical effect
of harmonic voltages generated by the UPFC.
Moreover, Fig. 7 shows the detail coefficients of cDia
and cDea obtained after applying the DWT (alpha mode
of measured current).

Considering Fig. 7, the calculated TWSs can be
discriminated using cDia. On the other hand, after the
fault event, the calculated TWs using cDea are disrupted
significantly (Fig. 7). This distortion is caused by the
frequencies of the harmonic voltage that are produced
by the UPFC inside the cDea bandwidth (Fig. 6),
thereby resulting in a significant interaction. The
utilization of cD1a instead of cDea in this particular case
can lead to the better detection and discrimination of the
high-frequency TWs resulting from a fault event.

4 The Proposed Protection Scheme Based on TW
Theory

Fig. 8 illustrates the flowchart of the proposed
protection scheme using the TW theory. High-frequency
digital relay measurement units are employed in this
scheme to sample the current signals and voltage of all
phases (n = 3). Furthermore, after sampling, the
coupling effect among the phases was minimized using
a modal transform, and various techniques, such as
mathematical morphology filter (MMF) [7], DWT [3],
differentiator smoother filters [16], and Park’s
Transformation [17], utilized in this study can be
employed to extract the TWs from the signal mode a.
DWT [3] was used in this study to evaluate the
proposed scheme efficiency. According to the findings
in [3], the wavelet Daubechies 4 (db4) detected the fast
transients accurately in the power system. Therefore,
detail 1 and Daubechies 4 are used by the wavelet
transform to process the signals.

References [18] and [19] have proposed an algorithm
to protect the TLs compensated by SVC and TCSC in
the middle of the TL. According to the analysis in this
study, UPFC has different effects on the performance of
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protection systems based on TWs due to the switching
frequency and the way it is connected to the network.
The switching frequency of UPFC is much higher than
that of the SVC and TCSC. Therefore, the harmonics
produced by the UPFC during fault and normal
conditions can have a detrimental effect on fault-
induced TWs and incident TW detection. However,
because of the low switching frequency in SVC and
TCSC, the harmonic of this device had no negative
effects on the TWSs protection. Furthermore, the UPFC
is placed in the circuit in the form of series; accordingly,
the results of the outputs show that the reflection
coefficient of the UPFC connection point is higher than
that of the SVC and TCSC. The reason for this is the
presence of the T series inductor, which shows a high
impedance for high-frequency TWs so that it reflects the
front-wave using factor of 1. The TCSC is also placed
in the circuit in the form of series; however, its
equivalent circuit consists of a capacitor and a parallel
inductor resulting in a smaller reflection coefficient. The
presence of high-frequency harmonics in UPFC-
compensated TLs requires the proposed algorithms to
use high sampling frequencies for protection based on

Fig. 7 Detail coefficient of cD1 and cDs for a 3Ph fault
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Fig. 8 Flowchart of the proposed protection scheme.
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the TWs. Moreover, due to the high reflection
coefficient of UPFC location, the proposed algorithms
by [18] and [19] face challenges regarding the
identification of the external fault and Sgrw, which
shows no reliable performance. As a result, this paper
utilized TW polarity to propose a single-end method to
protect the UPFC-compensated TL.

The processed signals should be compared with the
thresholds in order to identify the first incident TWSs on
TLs. Generally, the discarded TWSs are the identified
TWs that incorporate magnitudes smaller than the
predefined threshold [16].

4.1 External Fault

Using ATreccord intervals, all available TWs can be
detected, thereby storing the data related to time,
amplitude, and polarity. The reference time is the time
of the first incident TW. According to the TW theory,
the opposite polarity of the arriving voltage and current
TWs is present when a forward fault occurs. However,
regarding the backward fault, the arriving voltage and
current TWs have the same polarity.

In the proposed method, the time required to store the
TW data after the incident TW identification should be
equal to ATreccord-

2|‘Iine + 2Ladjacent
= Ztine T 7 adacent. 10
: (10)

AT

record

This study employs the identified current TWs
polarity and amplitude Sgrw and incident TW in order to
distinguish fault between internal and forward external
fault. Serw corresponds to the first successful reflection
of the incident TW from fault point.

When a fault occurs at the adjacent TL, the amplitude
of the Srrw is quite small since it gets attenuated at the
busbar N twice. However, for a fault at the protected
TL, Srrw has considerable value. For the external and
internal fault, this TW has small and large values,
respectively.

On the other hand, this TW has opposite polarity as
incident TW. Therefore, the polarity and amplitude of
the Srrw can discriminate the external fault.

The current (I) wave after traveling a distance x is
equal to [20]:

=1 (11)
r+gz2

=2 12

a 22, (12)

L
Z, :Jc: (13)

where r, L, C, and g as the parameters per unit length of
an TL and o as the current wave at first of TL, and Z; is
surge impedance of the TL. The Sgrw amplitude current
wave will be equal to that in (14). In this paper, the
Kinreshold COefficient is defined according to (15). In case
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the amplitude of Serw is greater than the Kinreshold, the
fault occurs in adjacent TL.

=1 g fmw 2 K rif _UPFC (14)

SrRw incident

_ 2L.a 2
Kthreshold =K ref _FP I incident € K ref _UPFC (15)

where Kret pus 1S the reflection coefficient estimation of
the busbar N. Moreover, Kyt upsc and K rp denote
refraction coefficient of the connection point of UPFC
and reflection coefficient of the fault point, respectively.
In this paper, Kt e is equal to 0.8 (high resistance
fault).

4.2 Fault Location

Assume that UPFC compensates the TL M-N at the
midpoint of the TL (Fig. 2). Following that, the directed
relay R is placed at busbar M to protect the TL (M—N).
At the relaying point, the current that flows from busbar
M into busbar N results in a positive direction. Based on
the TW theory the scenarios to protect the compensated
TLs include the faults at the first and second half of a
TL.

Let’s assume a fault at the first half of the TL
(Fig. 9(a)). After the identification of the first incident
TW, a reflected TW in the voltage and current signals is
received from the positive direction. The fault location
can be calculated by identifying the e and e, TWs.
There are other TWs in addition to the TWs that are
induced by faults and propagated along with the TL,
which can disrupt the fault location and detection
schemes. A fraction of the TW e propagates to busbar
N. Following that, it is reflected when it reaches the
busbar Ji, and the rest continues along with the TL.
According to Section 3. Refraction and reflection
coefficients are calculated, and a part of the TW en is

Fig. 9 Bewley lattice diagram; a) Fault before the UPFC
location and b) Fault after UPFC location.

Iranian Journal of Electrical and Electronic Engineering, Vol. 18, No. 1, 2022 6



A Novel Protection Method for UPFC Compensated

reflected to the fault point (ers). Since the reflection
coefficient value of the fault point is higher than its
refraction coefficient, a tiny part of this TW (en)
propagates towards the busbar M. On the other hand, the
TL loss attenuates this negligible portion. Accordingly,
in all modes of the UPFC, no TW resulted from a
busbar (J1) reflection reaches the busbar M with
significant amplitude.

A similar Bewley lattice diagram of the TWs is
illustrated in Fig. 9(b) with regard to the fault that
occurs after the UPFC location. At the relay R location,
other TWs can be observed along with the first incident
and first reflected TWs (er2, er7) due to the fault. A part
of the TW (en1) is reflected and travels to the fault point
as TW eq1 passes through the UPFC. A great portion of
the TW er is again reflected and propagated to the
busbar M due to the high reflection coefficient of the
fault point. This is visible at the t, moment by the relay
R. A TW can be observed at the t, moment as the fault
occurs with resistance owing to the reflection of the TW
en at busbar N.

Another randomized TW that may be present is the
GTO operation of the UPFC during a fault. Considering
the condition that at the t, moment, a transient wave is
produced in the UPFC, the backward TW (esr1) and the
forward TW (esnn) reflection from the fault point make
the two TWs in t; and ts moments reach the relay
location.

It is worth mentioning that the interval between t; and
ts is twice the distance of the fault to the UPFC. A TW
is observed at ts = L/V for all the faults that occur in the
second half of the TL. This is due to the reflection of the
ers TW at the J; junction point.

The location of the fault can be obtained utilizing the
equation below.

FL = (tFRW _tﬁrst incident TW )XV (16)

4.2.1 Discriminate the Identified TWs

Different numbers of TWs are detected in ATrecord
intervals by relay R that are consistent with the analysis
in this section. To distinguish the identified TWSs, the
proposed single-end protection scheme used the
Cooperative game. In this study, t, and A, signify the
time and amplitude of n™" TW, respectively. deom is
compensation distance from the local end. Furthermore,
EFi represents the estimated fault location and L is the
length of the TL. The FL indicates the fault distances
from the M bus, and t/* denotes the approximation time
of the first reflected TW from the fault point (Serw).

4.3 Cooperative Game

Game theory is a rational decision-making process
among strategic participants. They follow the best
payoffs for themselves and take into account the
interaction of their profits among others and their
abilities to collect data [21]. This mathematical tool has
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been used in power systems since it can solve decision-
making problems involving multiple objectives and
entities. Therefore, this paper aimed to employ the
“Cooperative game” to discriminate between the
identified TWs.

4.3.1 The Cooperative Game to Discriminate the
TWs

Cooperative games allow the players to notice how
the players can obtain a motif to make decisions
independently. Players collaborate as any entity to
enhance their payoff in a game. Each group of players is
called a coalition (C), and the coalition of all players is
regarded as a greater coalition. The cooperative game
consists of a set of players N = {1, 2, ..., n}, a set of
actions S; (i € N) (for each coalition), and preferences
over the set of all actions of which she/he is a member
(for each coalition) [22]. Assume N = {1, 2, ..., n},
then, the characteristic function of the cooperative game
with n players is a real-valued function v, v: 2N—R.
This satisfy v(¢) = 0. V and (C) refers to the largest
payoff that players can obtain via cooperation. A
coalition structure of the finite players N is a pair (N,
C), where C = {Cy, Cy, ..., Cn}, 1 <m < n, satisfying

Uc=N;cinc=0,vije{l,2 ..m}i#jand
k=1

C is called a partition of N. A cooperative game with
coalition structure is a triple (N, v, C), whose payoff
vector is a list of real number
X, (i eN),X (N v,C)={x; eR|ij =v(C), VC e},

jeC

and it can be observed that C is individual and rational
ifonly x, >v (i), Vi eN [23].

A) Game Player

The detected TWs in the time interval of ATrecora are
regarded as players in this game after detecting the first
incident TW that is induced by the fault.

N ={TW, TW,, .., TW,} 17)

B) Set of Action

There are seven actions in this game (i.e., A, B, C, D,
E, F, and G), and each player has a role the meanings of
which are explained below.

s={A;,B,C,D,E,F,G| (18)

where Aj, B, and C denote the reflected TWSs from the
UPFC location (busbar J,), far-end (busbar N), and a
fault point, respectively. Moreover, D is the second
reflected TW from fault point (Ssrw), E signifies the
reflection of the incident TW by both ends of the
overhead TL (Sz.), F is the reflection of the incident TW
between the local end and UPFC location (S.), and G
presents no action. Considering the conditions, each
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player can only have a role in each game. In any game,
only one player can select the A, B, and C roles.
Furthermore, in each game, role C must be selected by
one of the players.

Each player causes an outcome (u;) regarding his role.
To evaluate the consequences of the role each player
has, the following relationships should be taken into
account.

Role A; demonstrates that the TW (player) is
generated due to the reflection occurring between the
fault point and the busbar J,. Assume the role of A; for
the i TW, then, the time of the Serw equals 19), and the
polarity of this TW is opposite to that of the incident
TW polarity for the first reflection. The second
reflection (A2) has the same polarity as the incident TW.

AT 2d,, Lo

STV (19)
2L

AT =2= 20
- (20)

After fault event along with the propagation of the
TWs to both sides of the TL, the TW reaches the busbar
N, and a part of this TW is reflected to the fault point.
This TW has the same polarity as incident TW. A part
of the TW that reaches the fault point is transmitted
toward the busbar M as the high-impedance fault
occurs. Additionally, the time of the reflected TW can
be obtained using the following equation when the it"
TW selects the role B as below:

(a_ 2LV,
i v

(21)

Role C signifies a player that is a reflected TW from
the fault point induced by a fault. The fault location can
be obtained using the following equation:

EFA—LXti
AT

(22)

To distinguish the fault location in the first or second
half of the TL, role (D) is considered in this paper. This
shows the second successful reflection from the fault
point. With respect to the faults that occur on the first
half of the TL, one of the identified TWSs selects role
(D). However, if the fault is in the second half at a time
interval of AT, no TWs select this role. The t* signifies
the approximate time in order to notice the reflected TW
from a fault point. The accuracy of the estimated time
can be evaluated using the search field definition [16].

C) Game Payoff

The strategy profile Si can yield the TW; payoff. This
can be calculated as follows: The ux(TW;) function
equals 1 when a TW is observed within the calculated
time range; otherwise, it is zero. On the other hand,
when the estimated time is out of range, uk(ai) function

M. Khalili et al.

is—1.

Considering C in the player set, element C is a
coalition that is built up by some players. The players in
the coalition seek the same goal and act using an
optimal strategy by solving an optimization function.

5 Implementation of the Scheme
5.1 Studied System

The single line diagram for the studied power system
is shown in Fig. 10. The test system having four areas
connected by the TL of 500 kV. The distributed model
signifies the TL, and stray capacitance of 0.01 pF is
assumed at each busbar [7]. TL and source parameters
are shown in Table 2. The power system is modeled in
MATLAB/Simulink. MATLAB software was used to
perform the proposed fault protection scheme, analytical
evaluation of the signal, and Cooperative game
modeling. A UPFC of 100-MVA comprises two- and
three-level, as well as 48-pulse GTO-based converter,
each of which is linked side to side of the DC capacitors
of 2500 pF. The STATCOM is connected through a
shunt transformer 15/500 kV in the UPFC. Moreover,
the SSSC is connected through a series coupling
transformer. It is always preferred to install mid-line. In
this paper, the UPFC located at the TL A-B is used to
control the active and reactive powers flowing through
this TL. The UPFC modeling and its controller are
referred from [3].

The signal sampling is performed at a frequency range
of 1 MHz [7]. The signals are transformed into distinct
modal components using Clark's real transformation
matrix [7]. This study utilized the signal mode a to
extract TWs using different techniques in papers. It is of
significant importance to state that this study did not
assess the performance of the TW detectors.
Accordingly, it used the mathematical morphology filter
and DWT to evaluate the efficiency of the proposed
scheme.

Table 2 system data.

TLS
Voltage [kv] 500
Positive seq. impedance [Q/km] 0.025+j0.3518
Positive seq. shunt capacitive  [nF/km] 12.74
Zero seq. impedance [Q/km] 0.3864+j1.554

Zero seg. shunt capacitive [nF/km] 7.75

System C, D, E, AND F

Positive seq. impedance [Q] 1.43+j16.21
Zero seq. impedance [Q] 3.068+j28.746
System frequency [Hz] 60

Fig. 10 Model of the simulated system.
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6 Simulation Result and Discussion

The identified TWs over ATrecora time for a fault in the
second half of the TL are presented in Fig. 11.
Moreover, the coalition reveals the roles specified for
each player.

6.1 Accuracy Analysis

In total, different fault distances (FD) from the busbar
A were utilized to simulate all possible types of
faults (FT), namely LG, LLG, LL, and 3LG with a fault
resistance (FR) of 0-50 to evaluate the proposed scheme
performance. Table 3 summarizes the fault location
estimation errors. The maximum error is acceptable for
all cases that indicate the accuracy of the proposed
scheme.

6.2 Influence of the Fault Impedance and Fault
Inception Angle

The effects of fault impedance and fault inception
angle variation are investigated on the scheme’s
accuracy taking into account all possible unbalanced
fault types that can be encountered in the TL (Table 3).
The faults were investigated in terms of fault impedance
values within the range between 0 and 50 Q. This
captures low- and high-resistance faults. Fault detection
in small fault inception angle is one of the problems in
the existing protection schemes. A fault at the voltage
accompanied by a small amplitude leads to the weak
amplitude of TWSs caused by the fault, thereby reducing
the number of detected TWs. This affects the proposed
scheme operation. In these conditions, however, the
proposed scheme could easily identify the first reflected
TW from the fault point to distinguish the TWs. Some
simulations were carried out to study the effects of the
fault inception angle (Table 3).

Energy Wavelet Wavelet Transform Current signal

L

e T T T T T =

T
1808 1.81 1.812 1.814 1816 1.818 1.82 1.822 1824  Time (s)x10

_— Incident wave
P
Y. Reflected from UPFC

1./+

Current polarity +/-
Volitage polarity +/-

Coalition
N
ot
3
o L
¥
1)
S
o E:
I 4

Fig. 11 Identified TWs using coalition for a fault in the second
half of the TL (FT: 3LG, FD: 210 km, FR: 10 Q).
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Table 3 Fault location error with varying fault resistance, fault
distance, and fault inception angle.

Actual refifeicées Sincident Internal
FR FIA Fault | Error
T o) FOY o Pl and el o
ocation Qlpu]l, Kthreshold
(E) fault
V[pu]
9
0 10 AB 06 I 34 0.01
1005 %
9 175
015 180 AB 150 06 i°° 62 1 0003
1005 %
7 7.25
30 210 AB 05 25 508 1 00015
1005 -2
LG ]
0 305 BE 06 006133195 00260 E ;
1005
T 3043
5015 80 AB 150 06 oo’ 1308 I 0052
1.005 :
/ 8
30 150 AB o5 5% 23 1 oo
1005 ©
! 6.58
0 30 BF 0.5 1w E ;
1.005 :
9 121
015 110 AB 150 05 %0 308 1 00001
1005 %
9 8.31
30 160 AB 05 Lo 0
1.89
L 1.005
7 7.79
0 250 AB 06 I 373 1 003601
1005 ©
9
5015 15 AB 150 06 o080 698 1 002
1.005 :
! 2.95
30 325 BE 06 2 oau  E -
1005 &
9 459
0 20 AB 05 T 11 1 000
1005 ©
9 222
015 60 AB 150 05 22 565 1 00059
1005 %
9 3.02
30 365 BF 0.6 02 63 E ;
1005 0689
LLG
7/ 456
0 30 BE 05 100 098 E ;
1005 ©
7
5015 20 AB 150 05 9% 499 1 00001
1.005 :
9 437
30 205 AB 05 Jot116 1 0003
1005 @
! 105
0 25 AB 06 1% 34 1 0002
1.005 :
9 179
015 75 AB 150 06 o0 721 1 00819
1005 %
7 274
30 400 B-F 05 T4 g3 E ;
o 0623
3LG s
4
0 37 BE 06 0881 E .
Lo oo
7 g116
5015 30 AB 150 05 550 349 1 000072
1.005 :
7 7.74
30 155 AB 06 I 221 1 000081
1005 ©
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6.3 Influence of the UPFC Mode Operation

The number of TWs can be detected after the
identification of the first incident TW which relies on
the UPFC mode. Accordingly, the outputs are
represented in different modes to assess the impact of
the UPFC mode modification on the proposed scheme.
Obviously, no disturbance is observed in discrimination
and fault location of the outputs because of the changes
in the detected number of TWs.

6.4 Influence of TW Extraction

Different numbers of TWSs can be extracted from the
signal using the varieties in the detection techniques.
Table 4 tabulates the outputs of the extraction
method (i.e., MMF and DWT) to assess the proposed
scheme. Based on the output results, the proposed
scheme relies on no extraction method. The varieties in
the threshold of the extracted algorithms are in an
acceptable range; accordingly, this method faces no
challenges due to the rational performance of the
Cooperative game to discriminate the identified TWs.

6.5 Effect of Error in TL Parameters

Table 5 summarizes the error effect in the TL
parameters on the proposed algorithm performance
regarding the identification of the external fault.
According to the results, in all cases, there is a
significant difference between the Kinreshold and Sz in

M. Khalili et al.

terms of the amplitude; therefore, the error in the TL
parameter has no effect on the identification of the fault
in the adjacent line or TL. As a result, the performance
of the proposed algorithm is not affected by the errors in
TL parameters.

6.6 Compensator Location

Table 6 tabulates the performance of the proposed
method for altering the UPFC location. Moreover, the
results show no dependency of the method on the
installation location of the UPFC.

6.7 Comparison With Other Methods

In order to compare the efficiency of the proposed
method with the existing approach (based on the TW)
the detection and location methods, have been
implemented on the UPFC compensated transmission
system. All these schemes have been evaluated at the
sampling rate of 1 MHz as needed. The results
summaries for different fault cases are given in Table 7.

Regarding the TW-based fault location algorithms, the
fault location error in [24] and [25] is almost much.
However, these two studies have been proposed for the
presence of TCSC, and they sometimes encounter
wrong performance in the fault location for a fault after
the UPFC due to the presence of UPFC and its high
switching frequency. On the other hand, [19] and [18]
display correct performance for internal fault owing to

Table 4 Average of fault location error with varying extraction technique.

FT FR[Q] FIA[°] TW extraction method A-B50km A-B20km A-B160km A-B 275 km

e o - MMF 0.02 0.008 0 0.008
DWT 0.038 0.008 0.0001 0.0073
MME 0.0001 0.002 0 0.02

LLG 50 30 DWT 0.001 0.003 0.0001 0.02

Table 5 error effect in the line and cable parameters on the proposed algorithm performance.

20: Inductive mode,

I Capacitive mode

FT FR[Q] FIA[°] aerror  Actual fault location, faulty section Kihreshold  |Srrw|  Internal (1) /External (E) fault UPFC mode
1.05a 15 35.1 | P=9
LL 50 15 g5, A-B 358 098 | Q=-06
1.05a 305 0.0312 E P=9
LG 50 0 0.95a B-E 0.0319 0.0269 E Q=-0.6
1.05a 295 2 | P=9
LLG 50 30 o5, AB 101 086 | Q=05
1.05a 365 0.682 E P=9
LLG 0 30 0.95a B-F 0.695 0.39 E Q=-0.6
1.05a 110 2.73 | P=9
LL 0 15 g5, AB 278 08 | Q=05
Table 6 Average of fault location error with varying compensator location.
Actual fault location
FT  FR[Q] dom[km]  A-B A-B A-B A-B
15km 100km 150km 280 km
LG 0 50 0.0002 0.0024 0.0001 0.003
LL 30 150 0.034 0.0061  0.0002 0.012
LLG 0 200 0.00024 0.0008 0.0001 0.003
3LG 30 260 0.004 0.0004 0.0002 0.00085
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Table 7 Comparison of some TW methods employed for detection and/or location of the fault in FACTS compensated
transmission system.

Method Type of Purpose/Task Computational intelligence Compensate F1 F 3 F4
scheme technique d device
[24] Single end  Fault location DWT TCSC o v X o
[25] Single-end  Protection and location DWT TCSC v N X o
[19] Single-end  Protection and location MMF and Game theory TCSC v v v X
[18] Single-end  Protection and location MMF and Game theory SvC v v v o
[26] Double-end detection Wavelet transform STATCOM o v v o
[9] Double-end Fault location Wavelet transform and fuzzy logic UPFC o v v o
Proposed method Single-end ror;:tei((:)téon and fault DWT and Cooperative game UPFC N N N v

o Not presented, v Not dead zone;

X Has dead zone.

F1: External backward fault, F2: Internal fault (before Compensator), F3: Internal fault (after compensator), F4: External forward

fault

high sampling frequency and non-degradation of high-
frequency TWSs with UPFC production harmonics;
however, they face challenges when identifying the
external forward fault. In contrast, the double-end
algorithms proposed by [26] and [9] performed
correctly. It is worth mentioning that these studies
proposed no algorithm for external fault detection.

7 Conclusion

The compensators are accompanied by several
challenges in the conventional protection methods of
TLs. This study aimed to assess the impact of UPFC on
the protection scheme using TWs. It is therefore
concluded that UPFC controller in TLs results in the
reflection of the point of connection, as well as addition
of harmonics and transients, thereby leading to the
maloperation or disturbance of the proper TW relay
operation. To increase the efficiency of the total TL
protection and stop unwanted tripping of the breaker in
the presence of UPFC devices compensator, a novel
protection scheme is introduced to protect and locate the
fault based on the TW using the cooperative Game and
extraction technique.  Furthermore, the results
demonstrated no effects of the UPFC and its mode on
the proposed scheme performance. The simulation
results revealed that the proposed scheme did not rely
on no fault location, fault type, fault impedance, and
fault inception angle. Furthermore, the MMF and DWT
techniques were used to extract the TWs and evaluate
the proposed scheme efficiency. According to the
findings of the study, a difference was observed
between the MMF and DWT methods in terms of the
number of extracted TWs. In the same vein, the output
findings of both extraction methods indicated the
accurate performance of the proposed method
considering different numbers of the extracted TWSs
resulted from the Cooperative Game structure. This
showed that the proposed method was not dependent on
the number of the extracted TWs and existing thresholds
of the extraction methods.

The proposed method requires a TW velocity

estimation algorithm to improve error fault location. On
the other hand, due to the fact that this method is single-
end, its dependence on TL parameters will be higher
than double-end method. The proposed method operates
at 1 MHz practical sampling frequency. This sampling
rate limits the proposed algorithm to fault location from
a distance of 200 m to the local end of the TL. The
sampling rate should be increased to locate the fault at a
closer distance without TW interference.
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