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Faulty Phase Identification for Transmission
Line with Metal Oxide Varistor-protected
Series Compensator

Mohammed Hussien Hassan Musa, Ling Fu, Zhengyou He, and Yumin Lei

Abstract—The nonlinear operation of metal oxide varistor
(MOYV)-protected series compensator in transmission lines intro-
duces complications into fault detection approaches. The accura-
cy of a conventional fault detection schemes is adversely affect-
ed by continuous change of the system impedance and load cur-
rent at the point of a series compensation unit. Thus, this study
suggests a method for detecting the faulted phase in MOV-pro-
tected series-compensated transmission lines. Primarily, the
fault feature is identified using the covariance coefficients of the
current samples during the fault period and the current sam-
ples during the pre-fault period. Furthermore, a convenience
fault detection index is established by applying the cumulative
sum technique. Extensive validation through different fault cir-
cumstances is accomplished, including different fault positions,
resistances, and inception times. The experimental results show
that the proposed method performs well with high resistance or
impedance faults, faults in noisy conditions, and close-in and
far-end faults. The proposed method is simple and efficient for
faulty phase detection in MOV-protected series-compensated
transmission lines.

Index Terms—Cumulative approach, covariance coefficient,
high-impedance fault, response time.

1. INTRODUCTION

HE presence of series compensator devices in power
transmission changes the system parameters such as
line impedance and load current at the connection point of
the series compensation [1]. This is because the series com-
pensator is equipped with a metal oxide varistor (MOV) or a
spark-gap for overvoltage protection [2]. Further, the series
compensator is invariably part of the fault circuit during the
compensation process. This continuous change in the system
impedance increases the complexity of relay-setting in con-
ventional distance protection [3]-[5].
An effective method for fault identification in series-com-
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pensated transmission lines has been proposed. A previous
scheme in [6] has provided techniques for performing fault
detection and classification based on the post-fault superim-
posed energy. However, this scheme is not reliable during a
high-impedance fault. Other schemes in [7] and [8] use the
super-imposed components to define the fault condition.
However, they require a high sampling rate to extract the
transient condition, and their fault detection criterion de-
pends on the fault inception angle. The wavelet method com-
bined with the neuro-fuzzy-based method is proposed in [9]
for fault diagnosis in a series-compensated transmission line.
However, selecting an appropriate wavelet filter is a signifi-
cant challenge and these filters are insufficient for high im-
pedance faults. A comprehensive intelligent relaying scheme
is suggested in [10]. This is dependent on the phase angle of
differential impedance, which is obtained based on the ratio
of the voltage phasors to the current phasors. Then, the out-
put is input into the data mining model. The proposed data
mining model utilizes specified sets of data to train the deci-
sion-making algorithm. A scheme in [11] is proposed for
identifying fault conditions in series-compensated lines
based on a discrete wavelet transform and k-nearest neighbor
(kNN) algorithm. Machine learning has been utilized to iden-
tify fault conditions in [12]. This scheme is accurate up to
96%, but it requires a large neuron in the hidden layer. Che-
byshev neural network (ChNN) is employed for carrying out
the faults in a series-compensated power line in [13]. ChNN
and an undecimated wavelet transform are used in [14] for
identification of the fault’s zone. In contrast, other schemes
[13], [14] utilize specific datasets for training a decision-
making algorithm. A pilot protection scheme is proposed in
[15] to recognize fault conditions in a series-compensated
line. This scheme uses the synchronized samples of two ter-
minals to assess the fault cases in power transmission lines.
However, the economic feasibility and complexity of these
technologies must be considered when designing and select-
ing such schemes. The schemes in [16] and [17] provide an
adaptive setting for conventional distance relays considering
the effects of impedance variation due to MOV operation.
However, these schemes still need the pre-definition of the
fault section. Cumulative schemes have been proposed for
fault detection in [18], [19]. These schemes use the superim-
posed quantity of the system current and then extract the
positive and negative half-cycles individually, which increas-
es the computation burden. A linear regression-based method
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is proposed for fault detection and classification in [20].
This scheme extracts fault features by exploiting the slopes
between each adjacent sample during a fault period and then
applying cumulative sum (CUSUM) techniques for amplifica-
tion of the fault feature. The corresponding scheme has
failed to detect faults in the case of a MOV-protected series-
compensated transmission line. The correlation coefficient-
based algorithm is proposed for fault detection and classifica-
tion in power transmission systems in [21]. This scheme us-
es the correlation of the current samples during the fault peri-
od and the corresponding samples during the pre-fault period
to assess the fault condition. However, this scheme shows
limitations when identifying faults in MOV-protected series-
compensated transmission line.

Given these challenges, a new method is developed for
identifying the faulty phases in MOV-protected series-com-
pensated transmission lines. The proposed method compares
the covariance indices Cvl of samples during the fault period
with the same samples during the pre-fault period over sever-
al cycles and then establishes a convenience fault detection
index FDI by applying the cumulative-sum (CUSUM) tech-
niques. The main contribution of the new method is its abili-
ty to detect high-resistance faults and high-impedance faults
in MOV-protected lines. Thus, it is considered a develop-
ment compared to current schemes [18]-[21] in term of high
resistance or impedance faults in MOV-protected series-com-
pensated compensated lines. The conventional CUSUM uses
additional computation as it divides the current samples into
positive and negative half-cycles. Linear regression coeffi-
cient index (LRCI) shows limitations with regard to high re-
sistance or impedance faults. Since the fault detection index
LRCI is obtained using the arithmetic mean of the linear re-
gression coefficient (LRC) samples, which decreases the am-
plitude of LRCI during the fault interval, this process ad-
versely affects the performance of the LRCI during a high re-
sistance or impedance fault. The correlation coefficient and
covariance measure utilize the same concept, unless the cor-
relation coefficient is between —1 and +1. This narrow range
adversely affects the performance of the algorithm during
the high-resistance faults.

The rest of this paper is defined as follows. The principles
of the proposed algorithm is defined in Section II. The simu-
lation and test results are provided in Section III, and the
work will be summarized in Section IV.

II. PRINCIPLES OF PROPOSED ALGORITHM

The basic intention of the covariance coefficient is to
quantify the relationship between two random variables x
and y. Therefore, given samples of N datasets of variables,
the covariance can be obtained as:

E (xi—f)(yf—f)
_ =1
Cov= I I

where X is the arithmetic mean of x,; and y is the arithmetic
mean of y,. x is taken to be the phase-current samples during
the fault period, while y indicates the phase-current samples
during the pre-fault interval of the cycle. Therefore, the CU-
SUM of the covariance samples per cycle is calculated as:

(M

> o)

Jj=s—m+1

Cvi(s)= @)

where m is the samples per cycle; j is the instantancous sam-
ple; and s is the sampling instant.

Under a safe operation condition, the covariance index sta-
bilizes around a specific value and then changes significant-
ly after the fault inception. This change depends on the rela-
tionship between the variables x and y. In general, the covari-
ance index is used for representing how one variable is relat-
ed to another. Therefore, the covariance is positive when
both variables are increasing in the same manner, and nega-
tive when the variables are in an opposite relationship. In a
power system network, the current is typically prone to
changes in direction. Therefore, the covariance index Cv/
may be positive or negative according to the power flow di-
rection. In this paper, it is observed that when a fault hap-
pens during the power flow direction from the sending-end
bus to the receiving-end bus, Cv/ increases significantly after
the fault inception. In contrast, when a fault happens during
the power flow direction from the receiving-end to the send-
ing-end, CvI decreases significantly after the fault inception.
This feature is used for quantifying a convenience FDI
based on the following expressions:

FDI, =max(FDI, +CvI,_, - CvI,,0) 3)

“)
where FDI,. is the fault detection index in the case of for-
ward power flow (from sending to receiving end); FDI, is
the fault detection index during reverse power flow; Cvi; is
the reference covariance index as captured in a healthy state;
f and 1 are the drifting factors chosen to be 2 and 0.75, re-
spectively; and the subscript £ is the instantaneous sample of
the fault detection index, k=1,2,...,s. Under a safe opera-
tion condition, the output of (3) and (4) are zero. If there is
a fault and Cv/ is positive, FDI, increases abruptly after the
fault inception. Simultaneously, the output of (4) will contin-
ue to be zero. If there is a fault and Cv/ is negative, FDI,
decreases abruptly after the fault inception. Meanwhile, the
output of (3) will continue to be zero. Consequently, a fault
condition will be issued if the following criterion is fulfilled:

1 FDI.>0 or FDI,<0 5)
0 otherwise

where Output is the output of (3) and (4).

FDIy =min(FDI; +CvI_, —4-CvI,,0)

Output =

III. SIMULATIONS AND TEST RESULTS

A power system model built in PSCAD/EMTDC is used
for executing the fault tests. The model comprises two pow-
er sources (500 kV and 50 Hz) connected through 200 km
series-compensated overhead transmission lines. The posi-
tive- and negative-sequence impedance of the transmission
line is ZL,=ZL,=(0.0357+0.50781)Q/km, and the zero-se-
quence impedance is ZL,=(0.3632+1.32651))Q/km. The
MOV-protected series compensator includes two stages, and
each stage includes series capacitance 193.9 pF with shunt
inductance 820.5 uH and resistance 0.0402 Q. These compo-
nents are connected shunt with 83.95 kV arrester. The sam-
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pling rate is 4 kHz and the data is transferred to MATLAB
to implement the fault detection process. Figure 1 shows the
schematic diagram of the transmission line, where CB1 and
CB2 are circuit breakers.

<«~— Transmission line (200 km)—

Faa
MOV]

2 TMOVi—g

Series compensator

500 kV, 50 Hz
CBl —>

Bus 1 =

Fig. 1. Schematic diagram of transmission line.

A. Performance of Proposed Method

1) Fault Assessment

Phase-to-ground fault (phase a is ground to earth) at 50
km from Bus 1 with a fault resistance of 200 Q is selected
to validate the performance of the proposed method. The
fault inception is at £=1.3 s and it continues for 100 ms. Fig-
ure 2(a) illustrates the current waveforms of phase a during
the fault and pre-fault periods. Figure 2(b) shows the trajec-
tories of the covariance between current samples during the
fault and current samples during the pre-fault period. It can
be observed that the trajectory of Cv/ during the pre-fault pe-
riod stabilizes at a specified limit and then changes signifi-
cantly after the fault begins. Figure 2(c) illustrates the FDI
trajectory obtained based on (3). It can be observed that FDI
is zero until the fault inception and then increases at
t=1.304 s. In this case, the fault would have been detected
within 4 ms after the fault inception. However, if we consid-
er the time it takes for the CB to begin operating (3 cycles, i.
e., about 60 ms) and add a safety margin (approximately 2
cycles), the trip logic would be as in Figure 3. Then, the
fault condition shown in Fig. 2 will be cleared within 104
ms of the fault inception.
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Fig. 2. Performance of proposed method during phase-to-ground fault. (a)
Current. (b) CvI. (¢) FDI. (d) Output.

3 cycles for CB operation
[ Output A | D>_\\—:rj2 cycles as safety margin
1]
Delay
[ Output B ][ E ——>» Fault clearance time
[ Output C ] D;/_/

Fig. 3.

Logic of fault clearance.

To further evaluate the performance of the proposed
scheme, we considered phase-to-ground fault with ground re-
sistance of 15 Q, which is created at 182 km from Bus 1
(out of the coverage of zone 1). The selected fault starts at
t=1.1 s and continues until /=1.2 s. This test is performed
with an uncompensated line in case 1, and with a compensat-
ed line in case 2, respectively. Figure 4(a) and (b) shows the
impedance trajectory recorded by the distance relay located
at the sending-end and the trip output, respectively.

120 —— Impedance trajectory in compensated line

—— Impedance trajectory in uncompensated line
——Zone 1

80
Phase-to-ground fault simulated out
of zone 1 in uncompensated line

Phase-to-ground fault
simulated out of zone 1
in compensated line

Apparent impedance (Q)
N
S

-40 - . - . - . - .
500 50 100 150 200 250 300 350
Apparent resistance (Q)
(a

‘é 1+ ——Trip output in uncompensated line

g ——Trip output in compensated line

B t=1.1315s

= -l - . : : . ;
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Time (s)
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Fig. 4. Performance of distance protection for uncompensated and compen-
sated lines. (a) Impedance trajectory in Mho distance relay. (b) Performance
of Mho distance relay during fault cases.

The fault in case 1 is simulated out of zone 1. The imped-
ance trajectory is outside of zone 1 and is not registered by
the distance protection. The fault in case 2 is simulated out
of zone 1 with MOV-protected series-compensated transmis-
sion line, but the impedance trajectory is observed inside
zone 1 due to the presence of the MOV-protected series com-
pensator (overreach operation). As the result, the distance
protection issues a trip output at t=1.1315 s (about 31.5 ms
after the fault inception) as shown in Fig. 4(b). This mal-op-
eration is overcome by the application of the proposed meth-
od. Figure 5 shows the performance of the proposed scheme
under these conditions, where Fig. 5(a) shows the covariance
trajectory for uncompensated and compensated lines, and
Fig. 5(b) shows the output trajectories during the correspond-
ing fault. By applying the fault clearance logic, the fault in
case 1 would be cleared within 105 ms and that in case 2
would be cleared within 107 ms from the fault registration.
In both cases, the proposed scheme has successfully detected
the fault faster than the conventional distance protection.
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Fig. 5. Performance of proposed method for uncompensated and compen-
sated lines. (a) CvI. (b) Output.

To verify the performance of the proposed scheme during
double phase fault with series compensation, we considered
a double-phase-to-ground fault, i.e., phases a and b are
grounded to the earth with ground fault resistance of 100 Q
created at 110 km from bus 1. The selected fault starts at =
1.3 s and continued until 1=1.4 s. Figure 6 show the current
waveform, FDI, and the output trajectories. It can be seen
that the FDI trajectories of phases a and b jump to the high-
est value due to a sudden rise in the current signals. Accord-
ingly, the output records a signal after the fault inception at
t=1.305 s. If the fault clearance logic is applied, the fault
would be cleared within 105 ms after the fault is recorded.
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Fig. 6. Proposed method performance during double line fault under series
compensation. (a) Current. (b) FDI. (c) Output.

Different fault scenarios have been designed to thoroughly
investigate the capabilities of the proposed method. The first
fault scenario is performed by creating a fault by grounding
phase b and phase ¢ at 110 km from the sending-end with
different ground fault resistances. The fault cases start at =
1.25 s and continue until #=1.3 s. Table I presents the FDI
values of the faults. The second fault scenario is accom-
plished by applying a double-phase fault, i.e., phase a has
connected to phase b at 160 km from the sending-end. The
fault case is simulated through different time inceptions. Ta-

ble II presents the FDI values for the fault case of phase a
connected to phase b. The results in the tables confirm the
ability of the proposed method to detect the faulty phase re-
gardless of the fault resistance or fault inception time.

TABLE I
PERFORMANCE WITH DIFFERENT FAULT RESISTANCES

Resistance (Q) FDI, FDI, FDI.
10 0 62372.0000 60368.0000
100 0 9392.0000 12102.0000
500 0 81.6176 306.5295
TABLE 11

PERFORMANCE WITH DIFFERENT INCEPTION TIME INSTANTS

Inception time (s) FDI, FDI, FDI,
1.403 44970 29848
1.406 46244 32911
1.408 50022 35339

2) Close-in Fault Assessment

Close-in faults and direct current (DC) offsets are com-
mon causes of current transformer (CT) saturation. The high-
est DC offset occurs when a fault begins at a fault inception
angle (FIA) of —90° or +90°. To evaluate the performance of
the proposed method under such conditions, the proposed
method is tested by creating a close-in fault with an FIA of
90°. The CT set is selected with a 5 Q burden and a turn ra-
tio of 1000:5 installed at the sending-end. A three-phase-to-
ground fault situated at F/A~90° (¢=1.443 s), which is 10
km from bus 1, is considered to execute the CT saturation
test. The fault case is performed with ground fault resistance
(R, =10 Q). Figure 7 shows the current waveforms and the
CvI and FDI trajectories during the corresponding fault.
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Fig. 7. Performance of proposed method under close-in fault. (a) Current.
(b) CvlI. (c) FDI. (d) Output.
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The fault case is detected correctly with remarkable tim-
ing. It is cleared 102.25 ms after the fault begins. This test
is repeated several times with different CT burdens. Table III
shows the corresponding FDI and the time required for each
fault detection. The results confirm that the proposed method
is not influenced by a change in CT burden.

TABLE III
PERFORMANCE IN DIFFERENT OPERATION MODES

Burden (Q) FDI, FDI, FDI, Time (ms)
5 152080 146210 166190 102.25
10 152080 146210 166190 102.25
20 152070 143950 159010 102.25

3) Noise Test

A noise test is executed by applying double-phase-to-
ground fault, i.e., phases a and c are grounded to earth with
a ground resistance R, of 100 Q. The fault case is carried out
110 km from bus 1. It starts at 7=1.15 s and continues until
t=1.25 s. Phase a is corrupted with noise of 20 dB, while
phases b and ¢ remain clear of noise. Figure 8(a) shows the
current waveforms, while Fig. 8(b)-(d) shows the Cvi, FDI,
and the output trajectories, respectively. It is possible to con-
clude that the noise has no effect on the performance of the
proposed method. Furthermore, the fault case could be
cleared within 108.75 ms including the fault clearance logic.
These results demonstrate the exceptionality of the perfor-
mance of the proposed method in situations with noise.
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Fig. 8. Performance of proposed method under noise condition. (a) Cur-

4) Change of Power Flow Direction
The change of power flow direction is caused by the re-
versal of the power angle of the voltage source. However,

such conditions will also change the covariance from a posi-
tive relationship to a negative relationship. This test is exe-
cuted by changing the sending voltage source angle ¢, from
30° (default) to 10°, and the receiving voltage source angle
0, from 10° (default) to 30°. Then, phase-to-ground fault has
been applied, where phase b is grounded to earth with a
ground resistance of 100 Q, and the fault case is 10 km
away from the series compensation unit. The fault case starts
at t=1.5 s and continues until 1=1.6 s. Figure 9(a) - (c)
shows the CvI trajectory, FDI trajectory, and the output, re-
spectively, when a power flow has changed its direction. The
figure shows that the covariance trajectory decreases signifi-
cantly after the fault inception. This is caused by the covari-
ance reversed in its relation-direction from positive to nega-
tive covariance due to the reverse of power flow. Therefore,
the fault case is cleared satisfactorily within 108 ms after the
fault inception. It is evident that the proposed scheme is not
adversely affected by the change in power flow direction.

Table IV contains the FDI values in the case of phases a
and b grounded to earth, which is simulated 10 km away
from the sending-end with different power flow directions. It
is observed that the positive indices indicate the faulty
phase, and that in the second case, the negative indices indi-
cate the faulty phases. Therefore, the change of power flow
direction does not affect the final evaluation of the proposed
method.

TABLE IV
PERFORMANCE DURING POWER FLOW CHANGE

0, (°) 0, (°) FDI, FDI, FDI.
30 5 7549.0 12768.0 0
5 30 —3728.6 -3212.3 0
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Fig. 9. Performance of proposed method with change of power flow direc-

tion. (a) Current. (b) FDI. (c) Output.

5) Sampling Frequency
The average number of samples that can be obtained with-
in 1 s is a crucial factor in the assessment of the perfor-
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mance of fault detection algorithms. A higher sampling rate
allows for a considerable increase in signal resolution. How-
ever, it also increases the burden on relays and the micropro-
cessor. The proposed scheme functions properly at different
sampling rates ranging from 1 kHz up to 5 kHz. Phases a
and b are grounded with a fault resistance of 100 Q selected
to perform this test. The corresponding fault at 110 km from
the sending-end, which starts at r=1.1 s and continues for
100 ms. The results are shown in Table V. At higher sam-
pling rates, the response time is reduced. However, there is
not a noticeable difference in the response time when the
sampling frequency is 4 or 5 kHz. Therefore, 4 kHz is cho-
sen as the sampling frequency for the proposed method.

TABLE V
PERFORMANCE WITH DIFFERENT SAMPLING RATES

Sampling No. of Response
frequency FDI, FDI, FDI, samples time
(kHz) per cycle (ms)

1 21331 28667 0 20 106.00

2 41195 55560 0 40 104.50

4 8187 11089 0 80 103.75

5 10123 13849 0 100 103.60

6) High-impedance Fault Assessment

The high-impedance fault model reported in [22], [23] is
utilized to assess the performance of the proposed method. It
consists of two amplified diodes D, and D,, two DC sources
V, and V,, and variable resistances R, and R, (400 Q and
600 Q, respectively), as shown in Fig. 10.

Fig. 10. High-impedance model.

The DC voltage continuously varies around 0.01 ms.
Whenever the system voltage is greater than V,, the current
will flow towards the ground. It will reverse when the sys-
tem voltage is less than V,. No current will flow when the
system voltage is greater than V, and less than V, [22]-[24].
To evaluate the performance of the proposed method for a
high-impedance fault, a high-impedance fault is implemented
at 110 km from the sending end that starts at r=1.35 s and
continues for 100 ms after the fault inception.

Figure 11(a)-(c) shows Cvi, FDI and the output trajecto-
ries during the corresponding fault, respectively. When apply-
ing the fault clearance logic, it is obvious that a fault detect-

ed within 15 ms would be cleared within 115 ms after the
fault inception.
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Fig. 11. High-impedance fault assessment. (a) Current. (b) FDI. (c¢) Out-
put.

7) Performance in Multi-machine Systems

The IEEE 9-bus system is considered for further investiga-
tion of the proposed method. Figure 12 shows the employed
schematic diagram of the IEEE 9-bus system. It has been es-
tablished in PSCAD/EMTDC by Manitoba HVDC Research
Center. In this test, phases a and b are grounded to earth at
F1 and F2, respectively. The fault case starts at r=1.5 s and
continues until 7=1.6 s. The ground fault resistance is set to
be 100 Q. The variables  and A used in (3) and (4) are set
to be 1.25 and 0.8, respectively. SM1, SM2, and SM3 repre-
sent synchronous machine 1, 2, and 3, respectively.

Een
MOV

Bus 7 Bus 8 Bus 9

x| e
s STy
= P+JQ =
Flj Load 2 sz T3 z
Load 3 L
P+jO JR
Bus 5 Bus 3
Bus 6
HY @1
il
Slack bus
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Fig. 12. IEEE 9-bus system.

Figure 13(a) shows Cvl, FDI and the output when the
fault occurs at F1, 50 km from the sending-end (group a).
Figure 13(b) shows CvI, FDI and the output when the fault
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occurs at F2, 50 km from the compensation unit (group b).
It is evident that the proposed method is capable of identify-
ing the faulty phase in a multi-machine system correctly.
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Fig. 13. Performance in multi-machine systems. (a) Group a. (b) Group b.

B. Comparison with Previous Work

Far-end fault with high impedance or resistance in MOV-
protected series-compensated transmission lines is a chal-
lenge for many fault detection methods. The proposed meth-
od has been compared with schemes in [18]-[21] because it
uses the same concept of using a covariance measurement in
a cumulative manner. The schemes in [18], [19] use a CU-
SUM-based technique for fault detection in power system re-
lay applications. To evaluate the performance of the pro-
posed method related to these schemes [18], [19], a high-im-
pedance fault is considered in phase a, which is at 160 km
from the sending-end. Figure 14(a) shows the current wave-
form, and Fig. 14(b) and (c) shows the positive and negative
fault detector indices and the output of the other schemes
[18], [19], respectively. It is obvious that the schemes in Fig.
14(b) [19] fail to detect the fault condition. Meanwhile, the
scheme in Fig. 14(c) [18] appears to be unstable. It issues a
high trigger at 1=1.324 s, which is not correct. On the other
hand, the performance of the proposed scheme during the
test is shown in Fig. 14(d). Herein, the fault case is detected
successfully at £=1.3655 s.

+[a;+lh; +1¢

1.33 1.34 1.35 1.36 1.37 1.38

—_
[=]

Current (A)
=)

1.32
Time (s)
(a)
Z 1 e pr e NE——Output
‘g 0
5
O -1 | | | | | )
132 133 134 135 136 137 138
Time (s)
(b)
% 2r —+—PI, ——NI;,——Output
211
S0 A ‘ ‘ N ‘
132 133 134 135 136 137 138
Time (s)
()
« 27 ——FDI;——FDI,
% L+ ——FDI_ ——Output
& \1=1.3655 s
132 133 134 135 136 137 138
Time (s)
(d)

Fig. 14. Proposed scheme compared to two schemes in [18], [19]. (a)
Current. (b) Results of CUMSUM. (c) Results of ACUMSUM. (d) Results
of proposed method.

Recently, other schemes [20], [21] have been proposed,
which offer advantages over traditional methods in terms of
fault detection speed. Further, they are immune to noises in
the current signals during the fault. However, they are less
reliable against high-impedance or resistance faults in MOV-
protected series-compensated transmission lines. To verify
this situation, a high-impedance fault is set at 160 km from
bus 1 in phase a. The fault case starts at £=1.35 s and con-
tinues until r=1.45 s. The variable resistances R, =450 Q,
R,=600 Q. Figure 15 shows the performance of the pro-
posed scheme against the linear regression-based method
[20], which uses the difference between the current signal
slopes of each sample recorded during the fault period as an
indication for a fault condition. Figure 15(a) shows the cur-
rent waveform and Fig. 15(b) shows the response of the
scheme [20] to the fault condition. It is evident that the
scheme fails to detect the fault condition.

< 10p —Li——ly 1,
g OFZE Z‘S ZS zf Zg ES zf ZS EE
=)
= 0 ! | 1 ! 1 ]
O
132 133 134 135 136 137 138 1.39
Time (s)
(@)
ERE
3 ——LRCl;——LRCI,; ——LRCI ; ——Output
=}
>0
9]
-1 ‘ ‘ ‘ ‘ ‘ ‘ ‘
132 133 134 135 136 137 138 139
Time (s)
(b)

Fig. 15. Performance of proposed method compared to scheme in [20]. (a)
Current. (b) LRCI and output.

The same fault is repeated for testing the next scheme
[21], which uses a method that involves the computation of
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the correlation between the current samples during the fault
period with the current samples during the pre-fault period
in order to determine the fault condition. In this test, the
fault condition is detected if the correlation coefficient index
(CCD) is less than 0.9. Otherwise, the system is considered
to be running in the healthy state. The performance of the
proposed method related to the correlation coefficient based
algorithm is shown Fig. 16. It is obvious that the CCI trajec-
tory decreases to the lowest value during the fault period but
does not exceed the threshold (0.9). Thus, the scheme fails
to detect the fault condition. Therefore, this method has low
effectivity during a high-resistance or impedance fault. For
further comparison of the performance of the proposed
scheme with those of other schemes [20], [21], different
types of faults including single-phase, double-phase, and
three-phase are considered. The selected faults are created at
160 km from the sending-end and the test is performed with
different ground resistances. Table VI provides the FDI for
the comparative schemes and the proposed method. The re-
sults confirm that the comparative schemes are adversely af-
fected by the additional impedance due to the presence of a
series compensator in the fault path. The proposed method is
superior in terms of high impedance or resistance in MOV-
protected series-compensated transmission lines.

Generally, it is possible to conclude that the proposed
method is characterized by the following remarks.

1) The proposed scheme avoids dividing the current sig-
nals into positive and negative half-cycles used in two other
schemes [18], [19], which reduces the computation burden.

2) The proposed method detects the fault condition based
on obtaining the relationship between the current samples
during fault intervals and pre-fault intervals, but it is not re-
stricted to a narrow range as in another scheme [21].

3) The proposed scheme works properly with high-resis-
tance or impedance faults compared with the scheme in [20],

because the latter uses the mean value for LRC to dampen
the ripple in the LRC output, which reduces the reliability of
LRCI scheme against the high-resistance or impedance faults.
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Fig. 16. Performance of proposed method compared with scheme in [21].

(a) CCI in group a. (b) Output in group a. (c) £DI in group b. (d) Output in
group b.

TABLE VI
PERFORMANCE OF SCHEMES FOR DIFFERENT TYPES OF FAULTS AT DIFFERENT LOCATIONS WITH DIFFERENT RESISTANCES

Scheme  Fault resistance (£2) Fault type FDI, FDI, FDI, Response time (ms) Assessment

Phase-to-ground 0.6901 0 0 105.00 Detected correctly
100 Double-phase-to-ground 0.7932 1.6010 0 105.00 Detected correctly

[20] Three-phase-to-ground 0.7835 0 0.3930 - Failed
Phase-to-ground 0.2757 0 0 109.50 Detected correctly

200 Double-phase-to-ground 0.3080 0 0.1371 - Failed

Three-phase-to-ground 0.3095 0 0 - Failed

Phase-to-ground 0.9712 0.9841 0.9838 - Failed

100 Double-phase-to-ground 0.9722 0.9632 0.9872 - Failed

1] Three-phase-to-ground 0.9701 0.9653 0.9701 - Failed

Phase-to-ground 0.9829 0.9869 0.9865 - Failed

200 Double-phase-to-ground 0.9822 0.9796 0.9875 - Failed

Three-phase-to-ground 0.9816 0.9795 0.9813 - Failed
Phase-to-ground 3867.2000 0 0 103.50 Detected correctly
100 Double-phase-to-ground 4084.6000 4270.8000 0 103.50 Detected correctly
Proposed Three-phase-to-ground 4750.7000 4334.3000 2563.1000 103.50 Detected correctly
method Phase-to-ground 1429.4000 0 0 107.30 Detected correctly
200 Double-phase-to-ground 1511.8000 1521.2000 0 109.25 Detected correctly
Three-phase-to-ground 1727.0000 1555.6000 196.2000 106.75 Detected correctly
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IV. CONCLUSION

The proposed method is suggested to identify the faulty
phase in MOV-protected series-compensated transmission
lines. It relies on calculating the covariance between the cur-
rent samples over several cycles during the fault period and
the pre-fault period. Moreover, the covariance index between
these current samples are stable around a specific limit un-
der the safe operation condition, and significant changes
arise during the fault period. Then, the CUSUM technique is
employed to enlarge the fault feature. As a result, the pro-
posed method can be characterized by: (D less computation,
which relies only on the current measurement and does not
divide the current signals into positive and negative half-cy-
cles as in conventional cumulative schemes; 2 good immu-
nity to noise, which works properly with signal-noise ratio
(SNR) up to 20 dB; 3 proper performance with far-end,
high-resistance or impedance faults in MOV-protected series-
compensated transmission lines; (4) proper performance with
different sampling rates from 1 kHz up to 5 kHz; &) remark-
able time response, which does not exceed 15 ms in the
worst test case.
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