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Abstract. This paper proposes a hierarchical
active power differential signal-based generalized
backup protection algorithm wusing Wide Area Mea-
surement System (WAMS) data for Flexible AC
Transmission System (FACTS)-compensated trans-
mission networks.  The proposed algorithm can be
used for backup protection of transmission systems
with any shunt and series-type FACTS devices.
The increased number of FACT compensators affects
the reliable operation of primary and backup protection
of the transmission lines. Both shunt and series com-
pensated lines cause malfunctioning of existing backup
protection schemes. The proposed algorithm utilizes
the sequence components of bus woltages and active
power differential signals of lines to identify the faulty
line. The algorithm is validated on a modified 9-bus
system under MATLAB/SIMULINK platform. 1t is
observed that the algorithm is suitable for identifying
a faulty line in transmission systems containing both
uncompensated and compensated lines with series
or shunt-type FACTS controllers.  This algorithm
has the advantage that it uses a generalized backup
protection logic and can be wused for the accurate
identification of a faulty line irrespective of the type
of compensation devices.
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1. Introduction

As the power demand goes on increasing with in-
dustrial developments and commercial activities,
the power transmission system is being modified. Due
to environmental reasons and right-of-way restric-
tions, construction and the addition of a completely
new transmission path may be difficult and im-
possible.  The efficient utilization of the existing
power transmission system by including Flexible AC
Transmission System (FACTS) devices is a preferred
alternative for the problem, which increases the power
transmission capability of lines with improved sta-
bility margins and control of power [I]. FACTS
compensators alter the magnitude and phase angle
of the apparent line impedance and line current,
as seen by the protection devices. The existing
relays are designed for uncompensated lines and their
settings do not consider the presence of compensating
devices and the variation of line impedance or current
values due to their compensating actions. Hence
the incorporation of FACTS devices in transmission
systems causes the malfunctioning of distance relays,
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introduces problems in the operation of the
existing protection system, and affects the reli-
able operation of primary and backup protection [2]
and [3]. Both shunt and series compensated lines
cause problems in existing protection schemes.
In the present scenario, it is necessary to develop
a generalized protection scheme that can take care
of the protection issues caused by the compensated
lines also.

The development of a secured remote backup pro-
tection scheme using wide-area measurement system-
based data for the present-day transmission system is
very essential for secure operation [4]. Several trans-
mission line protection algorithms have been devel-
oped using different techniques for relaying applica-
tions. Traveling wave-based and transient component-
based fault detection schemes need higher sampling
rates for the capture of details in the signals [6], [7],
[8] and [9]. Differential current-based techniques [10],
[11], [12], [13] and [14] and impedance-based estimation
techniques [15], [16] and [1I7] are also well described
in the literature. But these techniques cannot be used
as generalized algorithms in the presence of compen-
sating devices.

Various techniques are proposed by the researchers
for the backup protection of uncompensated lines
using Wide Area Measurement System (WAMS)-based
data. By estimating and analyzing the distribution
of sequence components of fault voltage the faulty bus
can be identified [I7]. Positive sequence voltage magni-
tude and absolute angle difference of positive sequence
current angle are effective in identifying the faulty bus
and the faulty line in a system with uncompensated
lines [18]. In [19], the faulty region is identified us-
ing differential currents, and the faulty line is deter-
mined by a fault correlation factor calculated using
the steady-state components of voltage and current.
An active power differential-based logic is effective for
the primary and backup protection schemes of un-
compensated lines utilizing Phasor Measurement Unit
(PMU) data [20]. A synchrophasor-based state estima-
tor can be used for the backup protection of transmis-
sion lines [2I]. But these algorithms do not consider
the effects of compensating devices.

FACTS devices help to improve the steady-state
and transient performance of the system. But
the presence of these controllers poses many problems
in the operation of the protective relays due to the fast
control actions, impedance changes of the line, volt-
age and current injected from the control devices,
and the transients produced by the control actions.
When the device is included in the fault loop, it
affects the apparent impedance seen by the distance
relay causing its maloperation. The type of FACTS
device has also its effect on the apparent impedance
seen by the relay and trip boundary. A backup
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protection scheme for series compensated lines based
on the magnitudes and angles of positive and negative
sequence voltages and currents is found more effective
to avoid the malfunctioning of the relay in the presence
of series compensation [22]. The modified impedance
method for series compensated lines requires the mea-
surement or estimation of voltage across the com-
pensating device [23]. Spectral energy calculations
based differential protection scheme using the Dis-
crete Wavelet Transform (DWT) technique are pro-
posed in [24] for SVC compensated lines. Fault de-
tection in Fixed Series Capacitor (FSC) compensated
lines can be achieved using differential admittance [25].
Sequence and superimposed components-based logic
can be used for fault detection in the presence
of Unified Power Flow Controller (UPFC) compen-
sated lines [26] and [27]. Impedance-based tech-
niques and differential apparent power-based tech-
niques are also developed to avoid the malfunction-
ing of relays in the presence of UPFC [28], [29]
and [30]. But these algorithms developed for compen-
sated systems have considered only one type of device
and its effects at a time and cannot be generalized.
This work attempts to develop a generalized backup
protection scheme based on WAMS-based data which
utilizes the power differential value to identify
the faulty line. It utilizes sequence components of bus
voltages to identify the buses near a fault and the hi-
erarchical magnitudes of differential active power sig-
nals to identify the faulty line. The proposed algo-
rithm successfully detects the symmetrical and un-
symmetrical fault conditions in a transmission system
and the faulty line as well. The algorithm is vali-
dated in a modified WSCC 9 bus system incorporating
FACTS devices and gives a reliable performance dur-
ing different fault conditions and different line load-
ing conditions. This paper is organized as follows.
In Sec. description of the power differential
concept is given. The proposed algorithm is explained
in detail in Sec.[3_] Simulation results are discussed in
Sec. [4.] The conclusion is presented in Sec.[5. |

2. Active Power Differential

of a Transmission Line

A power difference exists between the two terminals
of a transmission line, due to the losses in the transmis-
sion line, which increase with the load. Figure [1| shows
7 model of a transmission line. V, Vy are the voltages
1., I, are the line currents at bus X and bus Y. Zp,
Zzq and Z,, are the parameters of the m equivalent
model of the line. The sources E, and E, with source
impedances Z; and Z, are connected to the transmis-
sion line at X and Y. The apparent power at terminal
X and Y be S, and S, respectively. The differential
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active power Pd,, is the real part of the differential
apparent power (S; —Sy).

Pdy, =%(5, - 5,)

Sm = Vac X IfEa (2)
Sy =V, x1, 3)
v, v,
1 L Y[ v,
] — Tl
z I, I, I z
Zog Zye Z
E E

(a) During external fault.

11X my Vo (I-m)y Y

(b) During internal fault.

Fig. 1: Equivalent circuit of line.

The expression for this differential power is different
when there is a fault within the line and when there is
a fault outside.

Case 1. Differential power for an external fault.

In Fig. an external fault occurs at point
F outside the line.

The differential apparent power:

— 2 — 2 — 2 — 2
— Ve -V Ve -V
51—52:< y>+< y) (4)
Zg Zr,

Case 2. Differential power for internal faults.

For an internal fault at F' as shown in Fig.
the expression for line terminal currents can be written
as follows. m is the distance of fault point from bus X
expressed as a fraction of the distance between bus X
and Y.

The differential apparent power:
v,)-v,) v." v/
Zg mzrzy (1 —m)zpzy

Sy —Sy = ()

Comparing Eq. and Eq. , it can be observed
that the differential apparent power value is consider-
ably large in the case of internal faults. During faults,
the real part of the differential power is large because
of the high value of fault currents. Hence it can be
used to identify a fault in a line. In the case of FACTS
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compensated lines, this differential active power during
normal operation of the line includes the normal losses
of the device in its operating range. FACTS devices
can inject or absorb reactive power into the system,
but cannot produce active power on their own unless
they are connected to a source that can supply active
power. During abnormal conditions, these devices get
bypassed by their protection circuits. So, the active
power differential can be effectively used for the detec-
tion of a fault in the compensated lines also.

Hierarchial Active Power
Differential Relaying Signal
Based Backup Protection
Algorithm

3.

A WAMS-based differential power protection scheme
for transmission systems containing a FACTS com-
pensated line is proposed in this section. As shown
in Fig. the information from different substations
of the protected area is collected at the PDC. The pro-
posed algorithm utilizes the sequence components
derived from bus voltages, taking advantage of the fact
that the voltage of the bus near the fault location devi-
ates the most, to identify the faulty bus. The faulty line
is identified using a power differential criterion based
on the three-phase differential power.

3.1. Fault Detection and Fault Area

Identification

Unbalanced faults occurring in a system can be
detected using the negative or zero sequence voltage
components of bus voltages [22]. The faulty situation
can be identified using the following criteria.

[Vi2| > Ko2Vy - or V| > KoV, (6)
where Vi and Vo are the negative and zero sequence
components of b bus respectively in a B-bus sys-
tem and is the rated voltage magnitude of the bus
K5 and K, are the thresholds whose values are se-
lected such that all unbalanced faults in the system
can be detected reliably. The occurrence of balanced
faults can be identified by positive sequence compo-
nents of the bus voltages using the criterion given
below:

(7)

where V5, is the positive sequence component of b'P
bus and K; is the threshold, whose value is appro-
priately set to identify balanced faults in the system.
The values of thresholds K7, K5 and K range between
0 and 1. During fault conditions and normal switching

V| < K1V,
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Fault detection and faulty bus identification logic
Bus voltage
S magnitudes Chec‘k whether any of the Check whether any of the
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Faulty line identification logic
(@)
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© | )
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0 PMU;

PMU;
0

0

Protected area

Fig. 2: Schematic diagram of proposed WAMS-based protection scheme.

in of loads V3 reduces to lower values from rated value.
The reduction is higher during faults. The threshold
value K is selected such as to avoid frequent pickup
during normal switching of the system. During un-
symmetrical fault conditions |Vb2’ and ’Vb0| increases,
which are otherwise negligible. Low threshold values
of Ky and K| are selected such as to improve high
impedance fault sensitivity. The faulty area is identi-
fied by sorting the buses in the order of sequence com-
ponent magnitudes. In the case of an unbalanced fault,
the buses are sorted in the descending order of negative
sequence bus voltage magnitudes. In the case of bal-
anced fault, the buses are sorted in the ascending order
of positive sequence bus voltage magnitudes. The bus
at the top of the sorted list is identified as a faulty bus.

3.2.  Faulty Line Identification

For faulty line identification, a new criterion based
on the three-phase active power differential value is
proposed in this section. The schematic of the active
power differential relay is shown in Fig. [3] The three-
phase differential power of a line connected between
buses X and Y is calculated as:

where P, the three-phase power measured at the line
terminal near bus X and P, is the three-phase power
measured at the line terminal near bus Y.

(© 2022 ADVANCES IN ELECTRICAL AND ELECTRONIC ENGINEERING

Bus X Bus Y

Active Power
Differential Relay

Fig. 3: Active power differential relay schematic.

A high value of differential power Pd,, above
the normal line losses in a transmission line is an in-
dication of abnormal current flow in the line. It may
be due to an overloaded condition or due to the occur-
rence of a fault. A threshold value Pd,,7 can be set
to detect abnormal conditions.

A relaying signal R, is obtained using the active
power differential value as follows:

Pd
R,, = —¥, 9
where P P
Pro, = w (10)

For the normal operating region considering the line
loading and load power factor, the value of relaying
signal R, is low for all the lines. When a fault occurs
in the system, R,, shoots up to higher values.

As the magnitude R,, depends on the length
and line parameters, the normalized value of R, each
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line is used to identify the faulty line. The normalized
value is defined as:

Ry

Ry = ——.
Ra:yT

(11)

where R,,r is the threshold value set for the line
and its value is taken as the maximum value of R,
at rated line loading condition considering the normal
range of load power factor.

The line with the highest R, that is connected
to the faulty bus is identified as the faulty line. Equa-
tion and Eq. are used to compute superim-
posed components P,,s and Py, of the real power
flow at terminals X and Y. It is the difference power
between the nth and (n — 1) cycle:

Pmys = |P:cy[nthcycle] - ny[(n—l)““cycle | ) (12)

Pyls = |Pya:[nthcycle] - Pym[(nfl)thcycle” . (13)

A sudden change in the value of P,ys or Py,s above
a threshold P, s is an indicator of a sudden change
in the transmission system and can be used to confirm
the occurrence of the fault and to avoid unnecessary
pickup at power oscillations.

3.3. Summary of the Proposed

WAMS-based Hierarchial Power
Differential Algorithm

In the proposed algorithm, the changes in the bus se-
quence magnitudes, the three-phase differential real
power of the transmission lines, and superimposed
three-phase real power components at the line ends
in each cycle are monitored. The changes in real
power flow due to the changes in load demand or
due to the change in operating modes of the control
devices are slower compared to that due to a sud-
den fault in the system. The device losses can be
included in the transmission line losses while calcu-
lating the differential power. The value of superim-
posed components of real power is an indicator of sud-
den disturbance in the system. The differential real
power in a line and superimposed real power compo-
nents of the line ends are used to confirm the faulty
state of the line. The steps to be followed to identify

the faulty line (detailed in Sec. and Sec.| 3.2. |)

is summarized below.

Step 1: Collect all the time-synchronized bus
voltages and line currents through WAMS.

Step 2: Calculate the sequence components of all bus
voltages.

Step 3: Check whether the condition |Vb2| > KoV
or ‘Vbo’ > KyVy is true. If the condition is satisfied,
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an unsymmetrical fault is suspected to have occurred
in the system and go to step 5 else go to step 4.

Step 4: Check whether the condition |Vb1| > K1V
is true. If the condition is satisfied, a symmetrical fault
is suspected to have occurred in the system. Go to step
6 else go to step 1.

Step 5: Sort the negative sequence bus voltages
in descending order and find the buses with the high-
est value of negative sequence voltage magnitude
and tag them as the "Faulty/suspicious" buses and go
to step 7.

Step 6: Sort the positive sequence bus voltages
in ascending order and display, find the buses with
the lowest value of positive sequence voltage magni-
tude and tag them as the "Faulty/suspicious" buses.
Go to step 7

Step 7: Calculate the differential power Pd,,
(Eq. ), relaying signal, R, (Eq. ), and the su-
perimposed power component P,,s (Eq. ) for all
lines connected to the suspicious bus.

Step 8: Identify the faulty line using the hierarchical
order of the normalized magnitudes of the signal R,
of the lines in the faulty area.

Step 9: Check whether:

1. The magnitude of differential power is greater
than the threshold value Pdgy7.

2. The magnitude of superimposed power compo-
nents in the line is greater than the threshold value
Pyr.

3. The value of falls in the faulty region of the line
characteristics (ie Ry, is greater than R,r).
If all the above conditions are satisfied for any
of the lines connected to the "Faulty/suspicious
bus" go to step 10, else go to step 1.

Step 10: The fault is confirmed, the faulty line num-
ber is displayed and appropriate protective actions are
initiated. Go to stepl.

The algorithm is depicted in the flow chart in Fig. [4

4. Validation of the Proposed
Algorithm

The proposed WAMS-based algorithm is validated
through simulation under MATLAB/SIMULINK envi-
ronment. Simulation studies are carried out on a modi-
fied WSCC 9 bus system incorporating a FACTS device
at the midpoint of the line connecting buses 7 and 8 as
shown in Fig.
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Read all bus voltages,
line currents and
breaker status of
all substations

Set bus count, b=0

Calculate the positive sequence
component V,;, negative sequence
component V), and zero sequence
component ¥, of the bus voltages

eq(2) true
for any of the
buses

eq(1) true
for any of the
buses

Sort the buses in the
ascending order of
positive sequence bus

voltage magnitude voltage magnitude

b

Sort the buses in the
descending order of
negative sequence bus

9

Set buses at the top of the sorted
list as the suspecious buses

Select the lines connected to the
suspicious buses
Y
Calculate the differential
power Pd,,, and relaying
signal R, and superimposed

component P,

of all the lines

Select the line with
maximum value of R,

Select the next line with
maximum value of R,

‘

PPy
R, lies in the faulty
region of differential power
characteristics

of the line

have
all lines
checked

Issue signals to initiate appropriate
protective actions
]

Fig. 4: Flow chart of the proposed WAMS-based hierarchical active power differential relaying signal-based algorithm.

PMU-B7] [PMU-BS], [PMU-B9
2 7 8 9 3
FACTS
DEVICE
GEN 2 GEN 3
LOAD A
PMU-B3 5 6 PMU-BO
LOAD B LOAD C
4 PMU-B4
1
GEN 1

Fig. 5: Modified WSCC 9 bus system - single line diagram in-
cluding FACTS device at the midpoint of line connected
between bus 7 and bus 8.

The values of thresholds are set as follows K; = 0.6,
Ky = Ko = 0.1. The values of Pdgyr and Ruyr
are set according to the normal value of line losses
and power differential characteristics of each line.
The system is operated at normal operating conditions
and the threshold values Pd.,r and R,,7 for different
lines are identified and shown in Tab. [Il

Variation of superimposed components of active
power P, during the fault is used to confirm a sud-
den change in the power flow through the line.
Py, = 0.05 pu selected as a common threshold for all
lines to confirm the occurrence of a fault. The value
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Tab. 1: Threshold values selected for different lines.

. Pdg,T (pu value on

Line a commo?;l b(aI;e of 400 MVA) Rayr
Line 7-8 0.03 0.015
Line 8-9 0.025 0.02
Line 9-6 0.022 0.022
Line 64 0.026 0.014
Line 4-5 0.026 0.014
Line 5-7 0.022 0.022

depends on the possible change of power in one cycle
during the normal operation of the system.

Typical types of faults are simulated at various dis-
tances with different fault resistances varying from 1
to 500 2. The algorithm is validated by placing SVC,
TCSC, SSSC, and STATCOM at the midpoint of line
7-8. Variations of Py, and P,y are shown in Fig. @

4.1. Simulation Results for a Fault
on Line 7-8 with Different

FACTS Devices on Line 7-8

Faults are created at ¢ = 2 s on line 7-8 placing
different FACTS devices on the same line. Possible
combinations of various FACTS devices with varying
fault types, fault distance, and fault resistance are
simulated to validate the performance of the proposed
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Fig. 6: Variation of Py, and Pyys signal for a fault in Line 7-8. (a) and (b) LG fault near bus 8 when the line is heavily loaded
in the presence of STATCOM. (c¢) and (d) LLLG fault near bus 8 when the line is lightly loaded in the presence of SSSC.
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Fig. 7: Case Al: Variation of magnitudes of (a) positive sequence, (b) negative sequence and (c) zero-sequence bus voltages for
an LG fault at t = 2 s near bus 8 in line 7-8 containing STATCOM.
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Fig. 8: Case Al: Variation of Py in different lines for an LG fault near bus 8 in line 7-8 containing STATCOM.
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algorithm. Four typical cases are demonstrated here,
namely:

e Case Al: Fault Type: LG, FACTS device: STAT-
COM.

e Case A2: Fault Type: LL, FACTS device: TCSC.

e Case A3: Fault Type:
SSSC.

LLLG, FACTS device:

e Case A4: Fault Type: LLG, FACTS device: SVC.

When the occurrence of a fault is detected in the sys-
tem, the suspicious bus is selected based on the magni-
tudes of bus voltage sequence components. The values
of Pd,, and R, are calculated for all the lines con-
nected to the suspicious bus. The line with maximum

R, satisfying the threshold conditions is identified as
the faulty line.

Case A1l: Fault Type: LG, FACTS device: STAT-
COM.

An LG fault with ground resistance 10 € is simu-
lated at line 7-8 near bus 8. Variation of bus volt-
age sequence components and line end powers during
the simulation periods are shown in Fig. [7] and Fig. [§
respectively. The magnitude of negative sequence bus
voltage has the highest value for bus 8, and its value is
above the threshold set. This confirms the occurrence
of an asymmetrical fault in a line connected to bus 8.
The algorithm compares the values of R, of the lines
connected to bus 8. The magnitude of Rys is the high-
est after the fault as shown in Fig. 0] and line 7-8 is
identified as the faulty line. The occurrence of the fault
on line 7-8 is confirmed by the change in superimposed
components.

21[——R78
- —-R89
.......... Rge
150 Rea
..... R45
’_.%‘ 10|= = =R57
05
0
0 1 2 3

Time (s)

Fig. 9: Case Al: Variation of Ry, for various lines (R7g, Rgo,
Rogs, Rea, Ras, Rs7) for an LG fault (Rf =10Q)att=
2 s near bus 7 on line 7-8 with STATCOM in line 7-8.

Case A2: Fault Type: LL, FACTS device: TCSC.

A line-to-line fault with 0.1 § is created at line
7-8 near bus 7 at ¢ = 2 s. Line 7-8 contains TCSC.
Bus 7 is identified as the faulty bus as the negative
sequence bus voltage of bus 7 satisfies the criterion.
The magnitude of Rrg is the highest as in Fig.
So, line 7-8 is identified as the faulty line.
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Case A3: Fault Type:
SSSC.

An LLLG fault with ground resistance of 10  is
simulated near bus 8. The occurrence of a symmetrical
fault on a line connected to bus 8 is confirmed accord-
ing to the faulty bus identification steps. The mag-
nitude Rrg is the highest after the fault (Fig. i
and indicates a fault in line 7-8.

Case A4: Fault Type: LLG, FACTS device: SVC.

An LLG fault with ground resistance 100 €2 is sim-
ulated near bus 7. An asymmetrical fault on a line
connected to bus 7 is identified. The magnitude Rog
is the highest after the fault (Fig. and line 7-8 is
identified as the faulty one. The results of different
cases simulated are summarized in Tab.

LLLG, FACTS device:

1

—R78

08l |-—-Re9

.......... ROG

-~ -R64

?o.e e RIS

& R57
04
02
0

0 1 2 3

Time (s)

Fig. 10: Case A2: Variation of Ry for various lines (R7s, Rgg,
Rge, R4, Ras, Rs7) for an LL fault (Ry = 0.1 Q)
at t = 2 s on line 7-8 near bus 8 with TCSC on line

7-8.
2}/——R8
-—--RrR8|  |______

.......... Rgs
15" rea
..... R45
5 1H= = =R57

05

0

0 1 2 3

Time (s)

Fig. 11: Case A3: Variation of Ry for various lines (R7s, Rgg,
Rogs, Rea, Ras, Rs7) for an LLLG fault (Rf =10 Q)
at t = 2 s near bus 8 on line 7-8 with SSSC in line 7-8.

4.2. Simulation Results for a Fault
on Line Other than Line 7-8
with Different FACTS Devices

in Line 7-8

In this case, different FACTS devices are placed on line
7-8. Faults are created on other lines in the system.
It is observed that the algorithm identifies the faulty
line reliably in these cases also. Four typical cases are
demonstrated here, namely:
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Tab. 2: Performance of the algorithm for a fault on line 7-8.

FACTS device in line 7-8 | Faulty bus and line | Fault type | Fault resistance | Line and bus identified

Bus 7 Line 7-8 LG 1, 10, 100, 500 Bus 7, Line 7-8

Bus 8, Line 7-8 LG 1, 10, 100, 500 Bus 8, Line 7-8

Bus 7, Line 7-8 LLG 1, 10, 100, 500 Bus 7, Line 7-8

Bus 8, Line 7-8 LLG 1, 10, 100, 500 Bus 8, Line 7-8

Bus 7, Line 7-8 LLLG 1, 10, 100, 500 Bus 7, Line 7-8

STATCOM Bus 8, Line 7-8 LLLG 1, 10, 100, 500 Bus 8, Line 7-8
Bus 7, Line 7-8 LL 0.1, 1, 10 Bus 7, Line 7-8

Bus 8, Line 7-8 LL 0.1, 1, 10 Bus 8, Line 7-8

Bus 7, Line 7-8 LLL 0.1, 1, 10 Bus 7, Line 7-8

Bus 8, Line 7-8 LLL 0.1, 1, 10 Bus 8, Line 7-8

Bus 7, Line 7-8 LG 1, 10, 100, 500 Bus 7, Line 7-8

Bus 8, Line 7-8 LG 1, 10, 100, 500 Bus 8, Line 7-8

Bus 7, Line 7-8 LLG 1, 10, 100, 500 Bus 7, Line 7-8

Bus 8, Line 7-8 LLG 1, 10, 100, 500 Bus 8, Line 7-8

e Bus 7, Line 7-8 LLLG 1, 10, 100, 500 Bus 7, Line 7-8
Bus 8, Line 7-8 LLLG 1, 10, 100, 500 Bus 8, Line 7-8

Bus 7, Line 7-8 LL 0.1, 1, 10 Bus 7, Line 7-8

Bus 8, Line 7-8 LL 0.1, 1, 10 Bus 8, Line 7-8

Bus 7, Line 7-8 LLL 0.1, 1, 10 Bus 7, Line 7-8

Bus 8, Line 7-8 LLL 0.1, 1, 10 Bus 8, Line 7-8

Bus 7, Line 7-8 LG 1, 10, 100, 500 Bus 7, Line 7-8

Bus 8, Line 7-8 LG 1, 10, 100, 500 Bus 8, Line 7-8

Bus 7, Line 7-8 LLG 1, 10, 100, 500 Bus 7, Line 7-8

Bus 8, Line 7-8 LLG 1, 10, 100, 500 Bus 8, Line 7-8

9850 Bus 7, Line 7-8 LLLG 1, 10, 100, 500 Bus 7, Line 7-8
Bus 8, Line 7-8 LLLG 1, 10, 100, 500 Bus 8, Line 7-8

Bus 7, Line 7-8 LL 0.1, 1, 10 Bus 7, Line 7-8

Bus 8, Line 7-8 LL 0.1, 1, 10 Bus 8, Line 7-8

Bus 7, Line 7-8 LLL 0.1, 1, 10 Bus 7, Line 7-8

Bus 8, Line 7-8 LLL 0.1, 1, 10 Bus 8, Line 7-8

Bus 7, Line 7-8 LG 1, 10, 100, 500 Bus 7, Line 7-8

Bus 8, Line 7-8 LG 1, 10, 100, 500 Bus 8, Line 7-8

Bus 7, Line 7-8 LLG 1, 10, 100, 500 Bus 7, Line 7-8

Bus 8, Line 7-8 LLG 1, 10, 100, 500 Bus 8, Line 7-8

TCSC Bus 7, Line 7-8 LLLG 1, 10, 100, 500 Bus 7, Line 7-8
Bus 8, Line 7-8 LLLG 1, 10, 100, 500 Bus 8, Line 7-8

Bus 7, Line 7-8 LL 0.1, 1, 10 Bus 7, Line 7-8

Bus 8, Line 7-8 LL 0.1, 1, 10 Bus 8, Line 7-8

Bus 7, Line 7-8 LLL 0.1, 1, 10 Bus 7, Line 7-8

Bus 8, Line 7-8 LLL 0.1, 1, 10 Bus 8, Line 7-8

Rxy
i

0 1 2 3
Time (s)

Fig. 12: Case A4: Variation of R, for various lines (R7s, Rgo,
Ros, Rea, Ras, R57) for an LLG fault (Rf = 100 Q)
at t = 2 s near bus 7 on line 7-8 with SVC in line 7-8.

e Case Bl: Fault Type: LLL, Line: 8-9 FACTS
device: SSSC.

e Case B2: Fault Type: LL, Line:6-4 FACTS
device: STATCOM.

e Case B3: Fault Type: LG, Line: 5-7 FACTS
device: SVC.

e Case B4: Fault Type: LLG, Line: 9-6 FACTS
device: TCSC.

Case B1: Fault Type: LLL, Line:8-9 FACTS
device: SSSC.

Variations of bus voltage sequence components
and line end powers during the simulation periods are
shown in Fig. [13] and Fig. [14] respectively for an LLL
fault, with fault resistance 1 2, near bus 9 in Line
8-9. Magnitudes of negative and zero sequence com-
ponents are negligible for symmetric faults. The mag-
nitude of positive sequence bus voltage is the lowest
for bus 9 and is below the threshold value. This indi-
cates the occurrence of a symmetrical fault on a line
connected to bus 9. The magnitude of Rygg is the high-
est after the fault as shown in Fig. [I5 and line 7-8 is
identified as the faulty line.

Case B2: Fault Type and line: LL fault at line 64,
FACTS device: STATCOM.
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Fig. 13: Case B1: Variation of magnitudes of (a) positive sequence, (b) negative sequence and (c) zero-sequence bus voltages for
an LLL fault near bus 9 in line 8-9 containing SSSC (Magnitudes of negative and zero sequence components are negligible
for symmetric faults).
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Fig. 14: Case B1: Variation of Py for an LLL fault near bus 9 in line 8-9 containing SSSC.
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Fig. 15: Case Bl: Variation of Rgy for various lines (R7s, Rgg, Fig. 16: Case B2: Variation of Ry for various lines (R7s, Rgo,

Roge, Rea, Rus, R57) for an LLL fault (Rf =1Q) Rgs, Re4, Rus, R57) for an LL fault (Rf =10 Q)
at t = 2 s near bus 9 on line 89 with SSSC in line at t = 2 s near bus 4 on line 6-4 with STATCOM
7-8. on line 7-8.
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Tab. 3: Performance of the algorithm for a fault on a line other than line 7-8.

FACTS device in line 7-8 | Faulty bus and line | Fault type | Fault resistance | Line and bus identified
Bus 7, Line 7-5 LG 1, 10, 100, 500 Bus 7, Line 7-5
Bus 5, Line 7-5 LG 1, 10, 100, 500 Bus 5, Line 7-5
Bus 5, Line 54 LLG 1, 10, 100, 500 Bus 5, Line 54
Bus 4, Line 54 LLG 1, 10, 100, 500 Bus 4, Line 54
Bus 4, Line 4-6 LLLG 1, 10, 100, 500 Bus 4, Line 4-6
STATCOM Bus 6, Line 4-6 LLLG 1, 10, 100, 500 Bus 6, Line 4-6
Bus 6, Line 96 LL 0.1, 1, 10 Bus 6, Line 9-6
Bus 9, Line 9-6 LL 0.1, 1, 10 Bus 9, Line 9-6
Bus 9, Line 8-9 LLL 0.1, 1, 10 Bus 9, Line 8-9
Bus 8, Line 8-9 LLL 0.1, 1, 10 Bus 8, Line 8-9
Bus 7, Line 7-5 LG 1, 10, 100, 500 Bus 7, Line 7-5
Bus 5, Line 7-5 LG 1, 10, 100, 500 Bus 5, Line 7-5
Bus 5, Line 54 LLG 1, 10, 100, 500 Bus 5, Line 54
Bus 4, Line 54 LLG 1, 10, 100, 500 Bus 4, Line 54
e Bus 4, Line 46 LLLG 1, 10, 100, 500 Bus 4, Line 4-6
Bus 6, Line 4-6 LLLG 1, 10, 100, 500 Bus 6, Line 4-6
Bus 6, Line 96 LL 0.1, 1, 10 Bus 6, Line 9-6
Bus 9, Line 9-6 LL 0.1, 1, 10 Bus 9, Line 9-6
Bus 9, Line 89 LLL 0.1, 1, 10 Bus 9, Line 8-9
Bus 8, Line 8-9 LLL 0.1, 1, 10 Bus 8, Line 8-9
Bus 7, Line 7-5 LG 1, 10, 100, 500 Bus 7, Line 7-5
Bus 5, Line 7-5 LG 1, 10, 100, 500 Bus 5, Line 7-5
Bus 5, Line 54 LLG 1, 10, 100, 500 Bus 5, Line 54
Bus 4, Line 54 LLG 1, 10, 100, 500 Bus 4, Line 54
9850 Bus 4, Line 46 LLLG 1, 10, 100, 500 Bus 4, Line 4-6
Bus 6, Line 4-6 LLLG 1, 10, 100, 500 Bus 6, Line 4-6
Bus 6, Line 96 LL 0.1, 1, 10 Bus 6, Line 9-6
Bus 9, Line 9-6 LL 0.1, 1, 10 Bus 9, Line 9-6
Bus 9, Line 89 LLL 0.1, 1, 10 Bus 9, Line 8-9
Bus 8, Line 8-9 LLL 0.1, 1, 10 Bus 8, Line 8-9
Bus 7, Line 7-5 LG 1, 10, 100, 500 Bus 7, Line 7-5
Bus 5, Line 7-5 LG 1, 10, 100, 500 Bus 5, Line 7-5
Bus 5, Line 54 LLG 1, 10, 100, 500 Bus 5, Line 54
Bus 4, Line 54 LLG 1, 10, 100, 500 Bus 4, Line 54
TCSC Bus 4, Line 4-6 LLLG 1, 10, 100, 500 Bus 4, Line 4-6
Bus 6, Line 4-6 LLLG 1, 10, 100, 500 Bus 6, Line 4-6
Bus 6, Line 96 LL 0.1, 1, 10 Bus 6, Line 9-6
Bus 9, Line 9-6 LL 0.1, 1, 10 Bus 9, Line 9-6
Bus 9, Line 89 LLL 0.1, 1, 10 Bus 9, Line 8-9
Bus 8, Line 8-9 LLL 0.1, 1, 10 Bus 8, Line 8-9
2 R78 Case B3: Fault Type: LG fault at line 5-7 FACTS
- —-R89 device: SVC.
15 .......... Rgs
----- R64
o | e R45
& 1p|---Rrs
——————— 2 R78
05 ! - —-Reo
| 15[ R
0 o [ [ R45
5 L 5 s & 1rl---Rs
Time () 05
Fig. 17: Case B3: Variation of Ry, for various lines for an LG O e ey
fault (Ry = 500 €2) at t = 2 s near bus 7 on line 5-7 0 1 > 3

with SVC on Line 7-8.

An LL fault near bus 4 at line 64 is simulated
with STATCOM on line 7-8 and fault resistance
10 Q. The magnitude of negative sequence bus volt-
age is found maximum for bus 4. It is identified as
the faulty bus. The magnitude of Rgy is observed
as the highest as shown in Fig. and line 6-4 is
confirmed as the faulty line.
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Time (s)

Fig. 18: Case B4: Variation of Ry for various lines for an LLG
fault (Ry = 1 Q) at t = 2 s near bus 6 on line 9-6 with
TCSC on line 7.

LG fault is created in line 57 with ground resistance
of 500 € near bus 7. Bus 7 is successfully identified as
the faulty bus. Line 5-7 is identified as faulty with
the highest value of Rs; (Fig. .
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Case B4: Fault Type: LLG fault at line 9-6 FACTS
device: TCSC.

In line 9-6, an LG fault is created near bus 6 ground
resistance 1 ). Line 7-8 has a TCSC at the mid-
point. After the fault, bus 6 has the negative sequence
bus voltage above the threshold set and is the highest.
Bus 6 is detected as the faulty bus. Ryg has the high-
est value indicating a fault in line 9-6 (Fig. .
The results are summarized in Tab. Bl

5. Conclusion

A WAMS-based generalized backup protection algo-
rithm, for a transmission system containing mid-point
FACTS compensated lines, is developed using the ac-
tive power differential principle. The active power
differential value is not affected by the compensat-
ing device operation, either series or shunt. So, it
is more appropriate for generalized relaying purposes
compared to the current differential signal. The com-
pensating device cannot exchange active power on its
own with the transmission line, unless it is supported
by an active power source that can supply and absorb
active power. The threshold settings are so adjusted
to overcome the device losses.

The proposed algorithm is validated on a Modified
WSCC 9 Bus system, incorporating FACTS devices,
through simulation studies in MATLAB/SIMULINK
environment. Symmetrical and unsymmetrical faults
are simulated on different lines in the system. Vari-
ous types of faults are created with different fault pa-
rameters to verify the effectiveness of the algorithm.
The proposed WAMS-based algorithm successfully
identifies the faulty line in all these cases. The pro-
posed backup protection scheme can support the pri-
mary distance protection of the transmission system
and does not depend on the apparent impedance. This
algorithm can identify faulty buses and lines in a sys-
tem containing compensated and uncompensated lines.
It can be used in both series and shunt compensated
systems. Fault type, fault parameters, and line load-
ing do not affect the performance of the algorithm.
The Algorithm identifies the line in a period of 2—4 cy-
cles, Considering the communication delay in the sys-
tem a worst case of 9 to 11 cycles, can be expected for
the protective actions, which is a reasonable time delay
that can be allowed for backup protection.
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Appendix A WSCC 9 Bus Loads:
Svst Dat Load A: 600MW-+j100 MVAR,
ystem Lata Load B: 200MW +j75 MVAR,

Load C: 150MW+j75 MVAR.
Transmission Lines parameters:

Generators: Positive Sequence Parameters:

Generatorl: 600 MVA, 22 kV, 60 Hz, Resistance: 0.0329 Q-km™!,

Generator2: 465 MVA, 22 kV, 60 Hz, Inductance: 0.964 mH-km™*,

Generator3: 310 MVA, 22 kV, 60 Hz. Capacitance: 11.441 nF-km~!.

Transformers: Zero Sequence Parameters:

Transformerl: 600 MVA, 22/400 kV, 60 Hz, A - T~!, Resistance: 0.1587 Q-km~!,
Transformer2: 465 MVA, 22/400 kV, 60 Hz, A - Y~!, Inductance: 3.114 mH-km™1,
Transformer3: 310 MVA, 22/400 kV, 60 Hz, A - Y~!. Capacitance: 3.394 nF-km~!.
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