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Abstract

Natural calamities that include heavy storms, earthquakes, snowfall, and drought/heat waves are now predominant over the
world. These natural calamities cause high impact low frequency (HILF) events, such as multi-location faults and multi-area
stressed conditions, that may cause large blackouts and reduce system resilience. This paper proposes a system integrity
protection scheme (SIPS) to accurately identify the multi-location faults and multi-area stressed system conditions. The
proposed SIPS accurately detects the multi-location faults for synchronized operation of distance relay and simultaneously
provides backup distance relay blocking in higher operating zones, during stressed system conditions. For the entire operation,
data from WAMS are used to first detect the abnormal operating areas followed by identification of vulnerable buses in the
system. Further, by comparing the phase angles of transmission lines connected to vulnerable buses, faulted lines are identified.
The effectiveness of the method is tested for multiple scenarios carried out on the WSCC 9-bus system and New England
39-bus system in MATLAB/Simulink platform. For practical implementation, the performance is validated on a 4-bus test
network on Typhoon hardware in loop (HIL) system. Adequate and synchronized relay operation results in the augmentation
of resiliency in the power system network. Calculated resistance indices reflect increase in transmission capacity up to 140%,
load loss reduction percent up to 0%, and improvement in the active power deficiency up to 57% during different operating
conditions for considered test systems.

Keywords System integrity protection schemes (SIPS) - Multi-location fault - Power system resiliency - Distance relay -
Phasor measurement unit (PMU) - High impact low frequency (HILF) events

Abbreviations Gg a Real power output of unit g during disaster
SIPS System integrity protection scheme

Vst Steady-state bus voltage matrix HILF  High impact low frequency

IsT Steady-state branch current matrix WAMS Wide-area monitoring system

IsT Steady-state branch current matrix PMU  Phasor measurement unit

Vu Measured bus voltage matrix ANN  Artificial neural network

Iy Measured branch current matrix NIAC  National infrastructure advisory council

ZAB Impedance of section AB CR Current ratio

Bui_ Phase angle between voltage and current ACR Area current ratio

P Active power flow ACRThg Threshold value of area current ratio

0 Reactive power flow CLPP  Current load loss percent

Ly Load demand under normal condition ATCS  Available transfer capacity of section

Ly Actual load demand during disaster APDA  Available power deficiency in area

Cia Power flowing in link k during disaster AOA  Abnormal operating area
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1 Introduction

Due to climate change, extreme natural events such as heavy
storms, earthquakes, snowfall, and drought/heat waves,
become more frequent in the past few years. These extreme
events cause multiple-location faults system conditions that
are responsible for cascaded system failure and wide-area
blackout. Local measurement-based distance relays are very
fast, especially in zone-I but suffers from asynchronous trip-
ping at either end of the line during specific faulty conditions.
Also, local protection schemes are not sufficient to pro-
tect the system during multiple-location faults. During the
HILF events, the system also faces severely stressed con-
ditions. Due to the large area on RX-diagram, the distance
relay higher operating zones specially zone-III is severely
affected by these stressed conditions. The impedance seen
by local measurement-based distance relay during such con-
ditions may come in the zone-III characteristic of the relay
and increases the chances of relay mal-operation.

In the last few years, several cases are observed of dis-
tance relay mal-operation that initiates large area blackouts
[1,2]. Modern communication and protection technology has
guided for development of a WAMS-based SIPS for a large
power system network. PMUs, the fundamental component
of WAMS, are used for measuring the time-synchronized
phasor data of a power system network. The PMU data have
ahigh sampling rate and are time-tagged by a global position-
ing system (GPS), which substantially enhances the power
system monitoring and control over the conventional pro-
tection system. PMU-assisted SIPS utilizes the data from
WAMS to take the control actions such as load shedding,
generation rejection, and relay tripping/blocking for safe and
reliable operation of the power system. SIPS is the wide-
area protection schemes that are planned to detect abnormal
operating conditions and initiate pre-planned automatic cor-
rective actions based on system studies. SIPS utilizes local
as well as global data to detect abnormal system conditions
and to decide on the course of action and take appropriate
corrective measures [3].

1.1 Literature review

The dependency of modern society on electrical power is very
high. For the availability of electric power at our end, the grid
must ensure the transmission of power from generating sta-
tions to load centers through an interconnected transmission
network. In the past few years, this interconnected power
network collapsed due to various HILF events. The Hud-hud
cyclone in AP, India [4], and Hurricane Sandy in USA [5]
severely affected the power system as well as the large popu-
lation. Peak summer affected the hydel power generation and
the increased load demand caused Indian grid blackout and a
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high cost of power purchase in Rajasthan, India [6, 7]. Earth-
quake in Bhuj, India, and ice-storm in the USA and Canada
also affected the electricity supply of millions of people [7,
8]. These events lead to the tripping of multiple transmission
lines and multi-location fault scenarios.

From the past HILF events, it is clear that multi-location
faults and multi-area stressed conditions are common dur-
ing these events. These multi-location faults and multi-area
stressed conditions are responsible for the mal-operation
of distance relays. Few authors reported fault identification
strategies for multi-location faults. A multi-fault location
strategy based on a fault fitting factor is proposed in [9].
A correlation matrix is formed by the fault equivalent model
and node voltage equations of the faulted branch. Then, the
virtual fault location and the fitting degree of each fault com-
bination are calculated. In [10], a fault diagnosis framework
is proposed that identifies the nodes of multiple faults. The
probabilistic neural network is trained using the eigenvalues
of system voltage. The final diagnosis is done by an adap-
tive neuro-fuzzy inference system. In [11], discrete wavelet
transform-based artificial neural network (DWT-ANN) mod-
ules are used to identify the multi-location fault using voltage
and current signals in less than 10 ms. This method also
avoided any mal-operation of other healthy transmission
lines. Another fault location estimation scheme using ANN
is proposed for multi-location faults and transforming faults
occurring in thyristor-controlled series compensated lines in
[12]. DB-4 wavelets are utilized for the processing of cur-
rent and voltage signals. This algorithm identified the fault
location with an accuracy of 99-99.999%. In [13], a multi-
location fault is interpreted by utilizing Smoothed Pseudo
Wigner-Ville distribution and Hilbert transform. Finally, the
proposed indices are calculated to identify the multi-location
fault.

The methods proposed in [9-13] are effective to find the
multi-location faults. However, methods [10—-12] are based
on training the data sets, and as the system complexity
increases, the requirement for training sets increases. Also,
with the addition of new components in the network, the
algorithms require new training. None of the methods [9-13]
provides the synchronous tripping of the relay at either end
of transmission lines, also none of these methods apply
the SIPS technology to find the multi-location fault. Only
method proposed in [13] is validated on a real-time simula-
tor platform for identification of multi-location faults. Also,
no method provides the detail about the backup protection of
distance relay in higher operating zones. Table 1 represents
the comparison of existing literature on the multi-location
fault assessment.

The distance relay mal-operation in higher operating
zones is one of the subsequent effects of multi-area stressed
system conditions. A survey is presented in [ 14] to explain the
reason and consequences due to the mal-operation of distance
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Table 1 Comparison of existing literature on multilocation fault assessment

Ref  Problem Method Solution Feature Limitations
Training Protectionin  Implemented  Synchronized
requirements  higher on RTDS tripping
after operating
network zones
changes
[9] Multi-location ~ Forming Development of  Low compu- No No No No
fault nodal fault tational
admit- equivalent burden
tance model
matrix
and cor-
relation
coeffi-
cient
[10] Multiple fault ~ PNN + Use of Two-phase Yes No No No
diagnosis ANFIS eigenvalues of classifica-
the correlation tion
matrix approach
[11]  Multi-location DWT + One DWT + The algorithm  Yes No Yes No
fault ANN ANN module detects/
for fault classifies
detection and fault in less
second for than 10 ms
classification
[12]  Multi-location DWT + Detection of Yes No No No
fault ANN fault in
TCSC com-
pensated
lines
[13]  Multi-location ~ SPWVD Time—frequency  Detecting No No Yes No
fault and analysis fault within
Hilbert 0.01s
trans-
form

relay. The survey suggests that remote measurements along
with a communication-assisted protection scheme prevent
the distance protection mal-operation. Few authors reported
the application of SIPS for adequate operation of distance
relay [15-19]. Distance relay mal-operation under stressed
system conditions is blocked by developing a SIPS that uti-
lizes an index based on angle derived from PMUs and rate
of change of active power [15]. A deterministic-probabilistic
approach is proposed in [16] to identify the critical lines that
may be responsible for cascaded system outage after zone-II1
operation of distance relay. For blocking the mal-operation
of distance relay, this approach identified the critical lines
that have the highest contribution to cascading failure. A
fast fault detection method based on support vector machine
(SVM) under impedance fault detector is proposed in [17].
Further probabilistic neural network and S-transform are uti-
lized to discriminate the faulty condition from the stressed

system condition. SIPS for enhancing the situational aware-
ness (SA) of the power system is proposed in [18]. This
method utilizes PMU to detect the sensitive region within
a network. Also, estimated peak time and settling time of
voltage phasors are utilized to differentiate between single
location fault and stressed system conditions. In [19], the
faulty lines are identified by utilizing a new voltage-based
index derived from dynamic state estimation. For dynamic
state estimation, Cubature Kalman filtering is utilized for
full system observability and to take appropriate actions for
backup zones.

It is observed that most of the methods suggested in
[15-19] although use SIPS but are effective for adequate
operation of higher operating zones of distance relay for sin-
gle location fault and stressed conditions. The coordinated
operation of distance relay higher operating zones using
SIPS during multi-location faults and multi-area stressed
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condition is a significant field of research. There are sub-
stantial chances of mal-operation of distance relay in higher
operating zones during stressed system conditions. This mal-
operation reduces the resilience of the system.

The term ‘resilience’ consists of several elements rang-
ing from resisting a disruptive event to recovering from that
event. As no standard indices are available for resilience,
estimation of resiliency after implementing a protection
scheme is a difficult task. However, various methods are
proposed for the resilience assessment of power system.
The resiliency assessment methods are broadly classified as
qualitative and quantitative assessments [20]. Various quan-
titative assessment approaches are proposed by different
authors [21-24]. In [21], multiple indices are proposed to
measure the effect of hazards on the power system. Out-
age index, resistance, and restoration speed are utilized to
quantify resiliency. This framework may further be used to
enhance the planning design and operation of the power sys-
tem under hazardous conditions. Another resiliency index
is proposed in [22][2 based on six different factors, i.e.,
critical fraction, network topology, graph diameter, average
path length, betweenness centrality, algebraic connectivity,
and clustering coefficient. The quantification of resiliency
using different network topology parameters is proposed in
[23]. This method stressed a minimal number of switching to
restore the critical loads. In [24], time-dependent resiliency
metrics are proposed that include four different matrices that
are the rate of degradation, level of degradation, the exten-
siveness of degradation, and rate of recovery to discriminate
operational and infrastructure resiliency.

The qualitative assessment techniques as in [25-31] dis-
covered the weak zones in a power network to enhance
resiliency. For resiliency assessment, the three components
of resilience are classified as robustness, resourcefulness, and
recovery [25]. These components are further divided up to
level five and then related indices are computed for resiliency
assessment. In [26], a similar method is adopted in which the
indices are first classified as preparedness, mitigation mea-
sures, response capabilities, and recovery. These are further
classified up to level six. Qualitative assessment based on
power metrics related to load mismatch, supplied and unsup-
plied load, and available generation capacity are proposed in
[27, 28]. Duration metric that is based on load curtailment,
customer outage duration, and average interruption duration
is proposed in [29]. Frequency metrics are based on loss of
load frequency, and frequency of customer disconnections
is proposed in [30, 31]. Various resiliency indices are dis-
cussed for the resiliency assessment in [25-31] but none of
these indices are utilized to represent the resiliency augmen-
tation of the power system network with the incorporation of
SIPS.
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1.2 Major contribution
The major contributions are as follows:

e Proposed a SIPS for accurate identification of multi-
location faults and synchronized tripping of distance relay
at either end of lines.

e During extreme events, the system network is severely
stressed. The proposed SIPS effectively discriminates
between a faulty and stressed area.

e Schemed SIPS assists in the blocking of higher operating
zones of distance relay during severely stressed conditions.

e Resilience augmentation due to blocking of distance
relay mal-operation in higher operating zones during
stressed conditions and synchronized tripping during
multi-location faults.

o Estimation of resistance indices to represent the resiliency
accession in different network scenarios using the pro-
posed method.

e Validation of proposed SIPS using the data obtained from
real-time simulator (Typhoon HIL).

e Comparison of the proposed method with conventional
digital distance protection and existing literature is done
to prove the efficacy of the proposed method.

The remaining paper is organized as follows: In Sect. 2,
effect of HILF events on distance relay performance is
briefed. Section 3 outlines the proposed SIPS strategy.
Section 4 presents the resiliency assessment indices for
the schemed SIPS. Section 5 analyzes the effectiveness of
the proposed methodology to protect the system during
extreme events through simulation and HIL implementation.
Section 6 concludes the work.

2 Effect of HILF events on Distance Relay
performance

Distance relays are extremely prevalent for primary and
backup protection of long transmission lines. The relays
operate when the impedance of the line falls inside its char-
acteristic area. A distance relay Ry as shown in Fig. 1 at
bus-B typically has three-zone characteristics. The zone-I
boundary for distance relay is 80% of line length. The zone-
II boundary covers the complete line along with a half-length
of the immediate shortest line. Similarly, zone-III covers the
total length and 110% of the immediate longest line. Distance
relay calculates the apparent impedance at relay location that
is further dependent on the line power flow and calculated
using Eq. (1) [32].

Pgc + OgsC
Ppc + OBcC Psc + Ogc

Zac — [ }WBP (1)
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Fig. 1 Multi-area network to representing multi-location fault events
and its effect on distance relay operation

Here, P and Q are the active and reactive power flow
between bus-B and bus-C, and V' is the voltage of bus-B,
respectively.

The conventional distance protection is prone to asyn-
chronous tripping at either end of line. In Fig. 1, both
relays R; and R, provide instantaneous tripping for fault
F;. However, fault F, is in zone-I of relay R; and in
zone-II of relay R;. In this scenario, R; provides instan-
taneous tripping while R, a delayed tripping. This asyn-
chronous tripping may lead the system toward a cascaded
blackout.

Figure 1 also presents multi-location faults, i.e., fault in
Area-I and Area-III that are hit by the same extreme weather
conditions. Due to these multi-location faults, the power
swing phenomenon persists in the transmission network. Dis-
tance relays are very prone to operate during these power
swings and may mal-operate in such conditions. The mal-
operation of distance relay may lead to cascaded system
failure.

During multi-area stressed system conditions, the chances
of load encroachment and voltage instability are very high.
During load encroachment, the impedance measured by dis-
tance relay is determined by the loadability limit, as the
specific power factor exceeds [33]. Increased load in the
selective area of the power system reduces the impedance
seen by the relay. During extreme events, the network may
also face a shortage of reactive power due to line limits,
increase in load reactive power consumption, or failure of
generating plants. A reduction in reactive power causes a
reduction in the voltage of the system, which further reduces
the impedance seen by the relay. The zone-III characteristic
of distance relay has a large area, and reduced impedance
seen by a relay may come under the zone-III characteristic
and causes mal-operation.

A multi-area stressed condition is represented by a three-
area network in Fig. 2. In this network, the major power
generation in Area-I and Area-IIl is by thermal power sta-
tions. Area-II has dominating hydel power generation. In a
draught condition, the power generation capacity of Area-1I
decreases. The peak summer increases the load in all the

@ Shut down
Generating Stations

- > Interconnected Lines
I Overloaded Lines

@ Dominated Thermal Power Generation Area (O) Dominated Hydel Power Generation Area

Fig.2 Multi-area network representing Multi-area stressed condition
and its effect on distance relay operation

areas causing overloading of interconnected transmission
lines leading to multi-area stressed conditions.

Advancements in microprocessor and communication
technologies enabled a new dimension to the protection
schemes. These advancements in technologies facilitate the
SIPS to preserve the power system integrity under all oper-
ating conditions.

3 Schemed SIPS Strategy

Protection algorithm under extreme natural events has two
major tasks: Firstly, identification and isolation of faulty por-
tions and secondly to block the operation of relays that are
under stressed conditions but are in the no-fault region. For
this purpose, SIPS strategy is significant and discussed in
this section that enables synchronized relay tripping, finds
the multi-location faults, discriminates the faults with multi-
area stressed conditions and operates utilizing local or global
information for needful action. The flowchart of the proposed
algorithm is shown in Fig. 3. The conventional protection
scheme is modified to facilitate synchronized tripping for
fault locations F'; and F'3 shown in Fig. 4a, and thus enhance
the protection scheme. For fault location F;, the local SIPS
initiates the tripping command instantaneously for either end
of the line. However, for a fault at location F'; in Fig. 4a, the
impedance seen by relay R; will come under the zone-I set-
ting of relay Ry, i.e., Zget s g7 and the impedance seen by
relay R, will come under the zone-II setting of relay R,
i.e., Zser-11_r2. Similarly, for a fault at location F’3 in Fig. 4a,
the impedance seen by relay R, will come under the zone-
I setting of relay Ry, i.e., Zs 1 g2 and the impedance seen
by relay R; will come under the zone-II setting of relay R;,
i.e., Zser i1 r1- The proposed algorithm in these cases actuate
relays at either end of the line using global SIPS and initiates
synchronous tripping.

The proposed SIPS assists the distance relay performance
in the higher operating zones during stressed system con-
ditions. If stressed network conditions take the impedance
of relay R3 or R4 under zone-III of their relay setting, i.e.,
Zset_mm1_r3and Zgeq 1m1_g4, respectively, the proposed SIPS will

@ Springer
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Fig. 3 Flowchart of the proposed System Integrity Protection Scheme

not initiate the operation of either relay. The algorithm will
first detect the abnormality in the system and if no fault con-
dition is detected, it will block the unnecessary tripping of
distance relay in higher operating zones. Also, in case of
failure in the primary protection, i.e., by relay R; or Ry, the
backup protection is provided by relay R3 and Ry in collab-
oration with the proposed SIPS.

The execution sequence of the proposed SIPS is illustrated
as follows:

(a) Determination of steady-state voltage and current val-
ues:

The steady-state voltages and currents are determined with
the help of network data and topology. The steady-state volt-
age and currents matrix for a network having n buses and m
lines is represented in Eq. (2).

Vst = [Vigr Vast Vasr
Ist = [I1_stlo_stl3 st

......... @
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If the system has P number of areas with three transmis-
sion lines in each area, the steady-state line current matrix
for each area is represented in Eq. (3).

Ia_p_sT= [qusT Ip_sT Ic,ST] 3
where 14 p st is the steady-state line current matrix for
Area-P under rated conditions and I, st, /5 st and I, st are
the line currents of lines a, b and ¢, respectively, in Area-P.

(b) Determination of voltage and current violations:

In real-time conditions, PMUs are utilized to measure the
voltage and current phasors of the complete transmission
network. PMU is a device that acquires three-phase volt-
ages and currents from potential transformers and current
transformers, samples them using a common synchronizing
clock signal obtained from GPS, and then computes discrete
Fourier transforms (DFT) on the resulting current and volt-
age phasors (magnitude with phase angle). In practice, most
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R&ueniw deviation is expressed in Eq. (5)
AV = Z=M T TST L 00% 5)
Vi_st

6
sSIPS

(a) 4-Bus System with Fault in Section BC

Va
Z1 VB

3t

90%

(b) Eq. Circuit of fig. 4(a) for fault F;

Fig.4 4-Bus System during the faulted condition

PMUs utilize DFT for the identification of the magnitude and
phase of the desired signal [34]. Thus, the magnitude and
phase of the fundamental component of measured voltage
and the current signal are obtained from DFT for processing
the algorithm.

With modern technology, the latency of PMU and PDC
systems is reduced drastically. P class PMUs having low
latency are placed at optimum locations within networks.
PMUs measurements are collected at a reporting rate of
25-50 samples per second. The collected samples are time
synchronized thus at a central location; a comprehensive
view of the whole grid is available all-in real-time. The col-
lected data are communicated to PDC through fiber optics
at a very high speed and the reporting rates are 60 frames/s
[15]. Received data in PDC are aggregated and relayed using
a two-way communication system to local control centers
(LCCs), which co-ordinate their actions interacting with a
SIPS.

The measured voltage and currents matrix is represented
in Eq. (4).

Vi =[ViimVouVam......... Vim] &
Iy = [11_M12_M13_M ......... Im_M]

“

The proposed algorithm compares the voltage and current
violations at each bus and transmission line continuously to
find the abnormal condition in the power system. The voltage

The voltage violations are observed if |AV| > 5% [13].

In the power system, additional types of equipment such
as FACTS devices, tap changing transformers, and capaci-
tor banks are utilized to maintain the voltage level during
stressed conditions. Thus, considering only voltage violation
as an indicator for the normal/ abnormal state of the system
is not a decent alternative. Hence, the current ratio (CR) is
calculated to confirm the violation in the system. The CR in
each transmission line is defined in Eq. (6).

Ii j m

CR = (6)

Ii j st

The system will be in an abnormal operating state, if ICRI>
1.5 [18]. If violations are observed utilizing Eqs. (5) and (6),
the system condition is considered to be an abnormal state.
After the abnormality detection, the abnormal operating areas
are detected.

(c) Determination of the abnormal areas and vulnerable
buses using PMUs Data:

The algorithm proposed in [18] is modified to find the multi-
location fault or multi-area stressed system condition. The
measured line current matrix for Area-P is shown in Eq. (7)

Inpw = Lowt Towt T | )

wherels_p_ s is the measured line current matrix for Area-P
and I, m, Ip_p and I. p are the measured line currents of
lines a, b and c, respectively, in Area-P.

The area current ratio (ACR) for each area is calculated by
taking the ratio of the maximum measured line current from
the line current matrix of an area to the maximum steady-
state line current from the steady-state line current matrix.
The ACR for Area-P is shown in Eq. (8).

max(IA_p_M)

ACRA_P - max(]A_p_ST)

®)

A particular area is detected in an abnormal operating
condition if the ACR of that area is higher than the threshold
value ACR (ACRTy). The value of ACRTy is determined by
simulating various faults at different locations and overload-
ing conditions on the transmission network. In other words,
an abnormal condition in Area-P is detected by Eq. (9)

ACRA_X > ACRTH (9)
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If the condition mentioned in (9) is satisfied for any area,
that area is categorized as an abnormal area, and the bus with
maximum fault current in that area is treated as the vulnerable
bus.

(d) Identification of fault for synchronized tripping:

The identified vulnerable buses are utilized to find the faulted
line. The power flow direction at both ends of the lines con-
nected to vulnerable buses is compared to find the faulted
line.

This power flow direction is detected using the voltage
and current phase angle. Optimally placed PMUs provide
the real-time voltage and current phasors at each terminal of
anetwork. The local control center (LCC) will get the control
signal for synchronized tripping or blocking the relays based
on the proposed SIPS. For understanding the above principle,
a 4-bus system is shown in Fig. 4a is utilized.

The fault '3 shown in Fig. 4a in section BC is assumed
at 10% of line length from bus C. The zone-I protection
of relay R, will operate for such faults. However, the relay
R; at bus B will treat this fault in zone-II and thus initiates
delayed tripping. The asynchronous tripping of relay R; and
R; increases the chances of unwanted tripping of adjacent
lines.

The equivalent circuit of a 4-bus system for a three-phase
fault in section BC is shown in Fig. 4b, where V4, Vp and
V ¢ are the voltage of buses A, B, and C, respectively. Igr and
Icr are the fault currents from bus B and bus C, respectively.
Zpr and Zcf are the impedance of the line to the fault point
from terminals B and C. Vy is the voltage at the fault point
and Zy is the fault impedance. The current / gf in section BC
from terminal B is as in Eq. (10)

Ipgp = — (10)

If the phase angle difference between the voltage Vp and
current /pF is represented by &,; p, it can be computed by
Eq. (11).

IpF
Svi_B = arg(V—B> (1D

On placing the value of I pr from Egs. (10) to (11), Eq. (12)
is achieved.

12)

5 Vg — VF
;g = ar
vi-b g (Zpr + ZF) x Vg

Taking Vp as a reference phasor, the impedance of the
line is considered to be mostly inductive and ZF to be resis-
tive in nature in Eq. (12) makes the arg(Zpr + ZF) in the
range of (0°-90°). The value of arg(Vp — V) lies between
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(—90° to 90°), thus, making the angle §,; p in the range of
(180°-360°).

Similarly, Icr in section BC from terminal C is as in
Eq. (13)

Ve — Vr

= — 13
Zcr+Zr (13)

Icr
If the phase angle between the V¢ and I cF is represented
by éui_c, itis computed by Eq. (14).

IcF
Svi_c = arg(—) (14)
Ve
On placing the value of I cr from Eq. (13) to (14), Eq. (15)
is attained.

Ve — Vi ) (15)

Svi ¢ =
vic arg((ZCF +Zr) Ve

As Vp is assumed as a reference phasor, the phase angle
of Vp and V¢ lies in the range of (09 to 90). In Eq. (15),
thearg((Zcr + Zr) * V¢) isin the range of (0°-180°). The
value of arg(Vc — V) lies between (—90° to 90°). It makes
the angle §,; ¢ in the range of (0°-90°).

The angular difference between terminal B and C from
Eq. (12) and (15) will be in the opposite range for the fault
between terminals.

(e) Blocking of the distance relay in higher operating zone
during multi-area stressed conditions:

Zone-III of distance relay is highly sensitive due to stressed
system conditions and may cause mal-operation of distance
relay in zone-III without any fault.

For the fault shown in Fig. 4a, R3 will provide backup
protection in higher operating zone. This relay R3 may also
see impedance trajectory in zone-III due to stressed system
condition and without any fault may mal-operate.

The angular difference as mentioned during the faulty
condition in Egs. (12) and (15) will not be present during
stressed conditions. This is utilized to block the backup relay
mal-operation in a higher operating zone.

The equivalent circuit of Fig. 4a with stressed condition
is represented in Fig. 5, and the current in section BC during
the stressed condition is represented by Eq. (16).

Vg — Vi
Ig=1Ic=-2_"€ (16)
Zpc
The phase angle difference between the voltage Vp and
current /p and voltage V¢ and current I ¢ is as in Eq. (17)

1 1
Sui g =arg( -2 ) &8, ¢ = are[ < (17)
. el 3 ) el Ve
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Fig. 6 Illustrative representation of resilience response of power system

On placing the values of I and I¢ from Eq. (16) to (17),
Eq. (18) is attained

Vg — Vi Vg — V,
Suiy = arg(ZBC—*VC) & Syip = arg<ﬁ> (18)
B B B

In Eq. (18), the angle 6,; g and §,; ¢ and both will be in
the same range of (0°-90°) for no-fault conditions.

As no fault condition is detected by the proposed SIPS, no
signal is fed to backup relay R3, and is blocked mal-operation
of the relay during the stressed condition.

Adequate operation of distance relays also enhances
the resilience augmentation in the network. Thus, the
resilience assessment is also done to achieve resiliency
augmentation.

4 Resilience assessment indices
for the proposed SIPS strategy

Resilience is progressively identified as a new parameter
for designing the infrastructure and control strategies of a
modern power system. A highly resilient system should be
capable enough for fast restoration after any HILF event.
An illustrative process of a resilient power system is pre-
sented in Fig. 6. In the preparation and anticipation phase
(from ¢y to ), weather forecasting technologies are used to
prepare the system for extreme events. At ¢;, the disruption
takes place, and the system resists the disruption and absorbs
the changes by generation and load dispatching (from ¢; to
t2). From t, to t3, system response such as islanding and
switching of local generation takes place. After #3, the sys-
tem recovery is done by the maintenance of faulted lines,

replacement of damaged equipment, switching on loads, and
generation [35]. The power system is said to be resilient if
the area covered under the resilience curve decreases. Practi-
cally, all these stages are different and separate methods are
adopted to enhance the resilience in each of these processes.
In the proposed work, the system response and robustness are
improved by utilizing SIPS during a disaster-hit state. Pro-
posed SIPS reduces the unwanted tripping of transmission
lines that reduces the magnitude and the slope of resilience
system function between ¢; to ¢. This reduces the area under
the resilience curve and represents the resilience augmenta-
tion.

To assess resilience during a disaster-hit state, the during-
disaster system resistance proposed in [36] is utilized. For
each faulted scenario, three parameters, i.e., current load
loss percent (CLLP), available transmission capacity of the
section (ATCS), and active power deficiency in the area
(APDA) are used to find the during-disaster system resis-
tance.

CLLP shows the loss of load in the power system under
natural events. It is represented by Eq. (19).

i1 (Luti — Larb)

CLPP =
> izt Lutb

19)

where L ; is the load demand of bus i under normal condi-
tions; Ly p is the actual load amount of bus b during disasters
and # is the number of buses in the power system.

The ATCS represents the damage situation of the trans-
mission section, and it is expressed as in Eq. (20).

ATCS = Y (Crmax —

jelduring

|Ck.al) (20)

Here, C, max 1s the upper limit of line &, Cy_4 is the power
flowing in line k during disasters and lquring is the set of
normal lines during disasters.

The APDA indicates the real power deficiency of the area
where sufficient generation is not available. It is represented
by Eq. (21)

ADPI= Y lirala— Y. Ggua 1)

i€Ban gEGduring

where /; req1,4 is real power load demand of bus i, Gduring 1S
the normal operating units of the disaster area and G 4 is
the during disasters real power output of unit g.

An improvement in these resistance indices represents the
resilience augmentation during a disaster-hit state. Proposed
SIPS improves these resistance indices and thus supports
resilience augmentation.
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Fig.7 WSCC 9-bus Test System [37]

5 Simulation and HIL Implementation

In this section, the performance of the proposed algorithm
represented in Fig. 5 is tested through multiple scenarios on
WSCC 9-bus system and New England 39-bus system on
MATLAB/ Simulink platform and proposed SIPS strategy is
validated with a 4-bus test system in Typhoon HIL.

5.1 Steady-state performance of WSCC-9 bus
and New England 39-bus system

A single line diagram of WSCC 9-bus test system is shown
in Fig. 7. The system consists of six transmission lines, three
generators at buses 1, 2, and 3, and three loads at buses 5, 6,
and 8, respectively. Two different areas are considered in the
system to test the performance of the proposed method.

The steady-state voltage and currents matrices are
obtained with reference to Eq. (2) for WSCC 9-bus system
as

Vst = [V]ST Vost Vagr e ovv v VgsT] &
Ist = [I7.8_st15_7_s1l4_5_s114_6_sTl6_9_sTI3 9_ST]

The steady-state line current matrices as represented using
Eq. (3) for each area is represented as

Ia g sT= [177875T Is 7 sT 14,5,ST]

Ip o sT= [14_6_ST Is 9 sT IS_9_ST]

wherel4 1 st and I4 o st are the steady-state line current
matrix for Area-1 and Area-2, respectively, under rated con-
ditions.

The steady-state bus voltage and line current phasors of
WSCC 9-bus system are represented in Table 2.

The New England 39-bus test system shown in Fig. 8
consists of 10 generators. Optimally placed PMUs are rep-
resented in Fig. 8§ which are utilized for real-time phasor
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Fig.8 New England 39-Bus Test system [7]

measurements. Three different areas are considered in the
system to test the performance of the proposed method. Each
transmission line is associated with distance relays at both
terminals, but in this analysis, only five relays are repre-
sented, i.e., R3, R4, Rjs, R;7, and R3; which are utilized.
The steady-state bus voltage and line current phasors of New
England 39-bus system are as in Table 3.

5.2 Distance relay operation with proposed SIPS

Various scenarios are simulated on the considered test
systems and discussed in this sub-section to find the effec-
tiveness of the proposed algorithm. The performance is tested
for the following scenarios:

(a) Distance relay performance with proposed SIPS during
single location fault with the stressed condition.

(b) Distance relay performance with proposed SIPS during
Fault at multiple locations.

(c) Distance relay performance in higher operating zones
with proposed SIPS during stressed conditions.

(a) Distance relay performance with proposed SIPS during
single location fault with the stressed condition

A LLL fault is applied at 10% of line length from bus 4
of Ly 5 in Area-I for WSCC 9-bus system, as in Fig. 7 at
1.5 s. Additionally, a stressed system condition is created by
increasing the load at bus 6 and bus 8 to 1.5 times their rated
value, followed by switching off the alternator at bus-3.

During this faulty condition, the conventional protection
scheme initiates asynchronous tripping. Figure 9 shows con-
ventional three-zone characteristic with impedance locus of
both relays R1 and R3, respectively, for protecting the line
L4 5. MHO relay R; detects the fault under zone-I and R3
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Table2 V; g7 and I; ; g7 of

WSCC 9-bus system Area Bus (i) Vi st (P.U.) Line (i—) Ii j st (PU)
Area-1 2 1.025 Ly g 0.2647
5 0.9724 Ls 7 0.3188
7 1.004 Lys 0.397
1 1.04
4 0.9966
Area-II 3 1.025 Lys 0.2155
6 0.987 Ls_g 0.2844
8 0.994 Lsg o 0.2945
9 1.004

—2Zone-| Impedance

—Zone-Il Impedance

—Zone-lll Impedance
Impedance Locus Relay R1
Impedance Locus Relay R3-

Reactance (X) ohm
S @
o o
-

-50 0 50 100 150 200 250
Resistance (R) ohm

Fig. 9 MHO Relay R; and R;3 characteristic for faultin L4_s and stressed
system condition in WSCC 9-bus system
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Fig. 10 MHO Relay Rcharacteristic for fault in Ly4_s and stressed sys-
tem condition in WSCC 9-bus system

detects the fault under zone-II. As the faults are detected
by either end of relays R; and Rz in two different zones, it
initiates the asynchronous tripping of relays and may start
cascaded tripping. The conventional protection scheme also
initiates mal-operation of relay in healthy section due to
stressed system condition along with a fault. Relay R, at
bus 4 sees a reduction in impedance, which comes under
zone-1II as shown in Fig. 10. The proposed SIPS enables the
synchronous operation of relays R; and Rj3 at either end of
line and blocks the undesirable operation of relay R>.

In the proposed SIPS, the real-time voltage and current
phasors measured from PMU as referred in Eq. (4) is repre-
sented for WSCC 9-bus system.

Vi =[VimVouVam......... Vo m] &

Iy =[I8 mls7 mlas_mls o mls o mlIz o v

For detection of any abnormal condition in the WSCC 9-
bus system, as in Fig. 7, the voltage and current violations at
each bus and transmission line are measured by measuring
voltage violations and CR by using Egs. (5) and (6), respec-
tively.

During LLL fault in L4_5 under stressed system condition
for WSCC 9-bus system, measured line current matrix for
Area-1 and Area-2 is obtained referred from Eq. (7)

In v m= [17787M Is 7 m I4757Mi|

In o M= [14_6_M Is 9 m IS_9_M]

wherels 1 p and Iz 2 p are the measured line current
matrix for Area-1 and Area-2, respectively.

The area current ratio (ACR) for each area for the WSCC
9-bus system is calculated from Eq. (8) and represented as.

_ max(Ia 1 m) _ laswm
ACRA*I - max(lA_]_ST) - 1475757“

maX(I A727M) _liem

ACR, = -
= max(Iao.sr) Isost

For analysis purposes the ACRty is considered as 1 for
WSCC 9-bus system. The ACR4 1 and ACR4 » both are
found to be higher than the threshold value ACR7y. Thus,
both areas designated in Fig. 7 are considered under abnormal
operating areas (Table 3).

The maximum current is found to be flowing through L4_s
in Area-I and in L4 s in Area-II. Thus, the vulnerable buses
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Table 3 Vi_ST and Ii_j_ST of New

England 39-bus system Area-1 Area-11 Area-III
Bus (1) Vi_st Uy Bus (i) Vist v Bus () Vi_st Uy
1 1.14 4 0.98 15 0.953
2 1.08 5 0.97 16 0.94
3 1.024 6 0.972 19 0.93
9 1.093 7 0.96 20 0.951
17 0.97 8 0.954 21 0.931
18 1.055 10 0.953 22 0.93
25 1.11 11 0.951 23 0.935
26 1.12 12 0.96 24 0.99
27 0.96 13 0.94 33 1.01
28 1.14 14 0.98 34 1.12
29 1.12 31 0.991 35 0.998
30 0.97 32 1.008 36 0.991
37 1.01
38 0.99
39 1.14
Line (i~j) Li- Ii j st (pU) Line L;; i j st (pU) Line L;; Ii j st (pU)
L 0.966 Lys 1.597 Liggs 0.8816
Li_39 0.931 Ly 14 1.633 Lis_16 1.605
Ly 3 4.29 Ls¢ 3.156 Lis_19 3.742
Ly 25 0.983 Ls_g 1.669 Lis_2; 3.606
L3 4 2.001 L7 4.402 Lis_24 1.218
L3 ;s 1.665 Le_11 1.8 Lyj_2 3.606
Lg g 3.203 L7g 1.277 Ly 23 1.177
Log_39 2.684 Lio_11 1.961 L3 24 2.615
Li7_18 1.043 Lio-13 1.934
L7 27 3412 L3 14 2.142
Lys_»6 3.24 Lis_17 4.813
Lys 27 2.732
Lo 28 1.81
L3629 0.722
L 29 0.8934

are identified as bus 4 in Area-I and bus 6 in Area-II. As soon
as the vulnerable buses (bus 4 and bus 6) are identified, the
power flow direction at both ends of lines Ly_5, L4, and
Ls_g are compared.

Table 4 represents the bus voltage, line current violations,
and abnormal operating area detection.

The equivalent circuit of WSCC 9-bus system for a LLL
fault in Ly 5 with stressed system conditions is shown in
Fig. 11. Z4 r and Z5  are the impedance of the line to the
fault point from terminal 4 and 5. Vr is the voltage at the
fault point and ZF is the fault impedance. The current /4
in section L4_s5 from bus 4 and current /5 r in section Ly_5
from bus 5 is calculated from Eq. (10) and (13), respectively.

@ Springer

Va—V,
lor =z

I _ Vs — Vi

= Zs r+Zf

The phase angle difference §,; 4 and §,; 5 can be com-
puted by referring Eq. (11) and (14), respectively.
Syi_a = arg(L{/TF)&

Is
dvi_5 = arg A

The value of §,; 4 and §,; s are computed referring to Egs.
(12) and (15), respectively.
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Table4 AV, CR, ACR and Abnormal Operating Area (AOA) Detection for fault in L5 with stressed system condition in WSCC 9-bus System

Area Bus(i)) V;u (PU) AV IsAV > 5%(Y/N) LineL;; [I;ju (PU) CR Abnormal Condition = ACR  AOA
Area-1 2 0.8931 1286 Y L7 g 0.723 273 Y 9.07 Y
5 0.1528 8428 Y Ls 7 1.165 365 Y
7 0.6438 3587 Y Lys 3.602 9.07 Y
1 0.6524 3726 Y
4 0.05538 9444 Y
Area-1I 3 0.3138 6938 N Lis 0.5428 253 Y 1.95 Y
6 0.1431 8550 Y Ls-o 0.5706 204 Y
8 0.4055 5920 Y Lgo 0.5152 174 Y
9 0.3138 6874 Y
300
—Zone-| Impedance
——Zone-ll Impedance
250 —Zone-lll Impedance
~—Impedance Locus Relay R4
S 200 Impedance Locus Relay R14 -

Fig. 11 Equivalent Circuit of WSCC 9-bus system for LLL faultin L4 5
with stressed system condition
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Fig. 12 Comparison of §,; for both ends of Ls_g, L4, and L4 5 for
single fault with stressed system condition in WSCC 9-bus system

Svi_4 =
are(p 2w )

The angular difference between terminal §,; 4 and §,; 5 is
in the opposite range for the fault between section Ly 5 and
it is represented in Fig. 12.

Similarly, 8,; ¢ and &,; o for Ls_g and 8,; 4 and §,; ¢ are
computed for L4 s referring to Egs. (12) and (15).

Vo — Vi Vo — Vs
dvi_6 = arg ZeoxVe) dvi_9 = arg Zoow Vo

5 Ve — Vau s Vo — Vau
4= arg| ——— ), 8,; ¢ = arg[ ———
vi_4 g Zoa Vs vi_6 g Zo4* Vo

In Fig. 12, the angle §,; is compared for Ls_9, L4 and
L4 s and it is clear that after the fault event, §,; at line ends
of Ls_g and L4 5 is in the same range. It means the power

V4=V —
arg (<Z4,p4+zlf>*v4) &dvi_s =

@
o

Reactance (X) ohm
8

@
o

A

-50 0 50 100 150 200 250
Resistance (R) ohm

o

Fig. 13 MHO Relay R4 and R4 characteristic for fault in Ly_;4 under
stressed condition in New England 39-bus system

flow direction at both the terminals in Ls_gand L4_g remains
the same. Thus, no fault is there in between Ls_9 and Ly_g,
respectively. Angle §,; is also shown in Fig. 12 for both line
ends of Ly s. In this line, after the fault event, angle §,; for
terminal 4 is in the opposite range with respect to terminal 6.
This represents a fault in line Ly 5.

Similarly, for a single fault with stressed system conditions
in New England 39-bus test system, a LLL fault is applied
at 10% line length of Ly ;4 from bus 4 at 0.2 s in area-II.
Additionally, stressed system condition is created in Area-
I of the system by increasing the load at bus-27, bus-28,
and bus-16, respectively, to 1.5 times their rated value and
switching off the L,_3 and alternator at bus-37.

For this fault, Fig. 13 shows that conventional distance
relays R4 and Rj4 placed in Ly j4. It is observed that the
impedance trajectory is obtained in two different zones, i.e.,
R4 operates in zone-I and R4 operates in zone-II and thus
initiate asynchronous tripping. Also, due to fault in Area-
II (L4_;4) and stressed conditions in Area-I, R;7 observes a
reduced impedance under the zone-III and mal-operates dur-
ing this stressed condition as shown in Fig. 14. The proposed
SIPS enables the synchronous operation of relays R; and R4
at either end of line and blocks the undesirable operation of
relay R;7.
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Table5 AV, CR, ACR and AOA Detection for single fault with stressed system condition in New England 39-bus system

Area Bus Vi m (PU) AV Is Line I j m (PU) CR Abnormal ACR AOA
() AV > 5% (Y/N) Lij Condition
Area-1 1 0.926 19.47 Y L, 1.29 1.231 N 1.44 N
2 0.952 13.7 Y Ly 39 1.851 1.946 Y
3 0.222 81.93 Y Ly 3 0 0 N
9 0.6605 41.99 Y Ly 55 2.637 2.684 Y
17 0.3688 62.12 Y L34 5.152 3.131 Y
18 0.3258 71.35 Y L3 s 4.945 3.716 Y
25 0.8778 22.23 Y Lg o 5.338 1.66 Y
26 0.7162 37.33 Y Lo 39 5.14 1.917 Y
27 0.3435 64.19 Y Li7-18 2.401 5.979 Y
28 0.8586 26.3 Y L7207 2.573 1.424 N
29 0.9018 21.26 Y L5 26 2.723 0.837 N
30 0.2954 74.56 Y L2627 5.075 1.759 Y
37 0 100 Y Ls-28 1.482 0.666 N
38 0.1517 84.47 Y L6 29 1.103 1.180 Y
39 0.8789 22.35 Y Lg 29 1.369 1.544 Y
Area-11 4 0.08167 97.82 Y Lys 5.685 5.194 Y 2.31 Y
5 0.1725 86.06 Y Ly 14 10.34 8.756 Y
6 0.1852 77.94 Y Ls ¢ 3.302 1.628 Y
7 0.1815 78.76 Y Lsg 3.118 2.005 Y
8 0.1805 79.07 Y Ls 7 2.285 0.434 N
10 0.1318 86.89 Y Le 11 1.987 0.216 N
11 0.1916 74.92 Y Ly g 2.186 1.454 N
12 0.191 75.32 Y Lio-11 2.408 0.757 N
13 0.1865 75.52 Y Lio13 2.801 1.246 N
14 0.0754 89.46 Y Li3_14 4.886 1.418 N
31 0.1072 87.54 Y Lis-17 3.302 0.567 N
32 0.5852 37.73 Y
Area-1I1 15 0.2514 72.89 Y Lisgs 6.963 7.236 Y 1.70 N
16 0.4427 51.86 Y Lis_16 7.125 4.072 Y
19 0.5574 39.33 Y Lis-19 4.6 1.189 N
20 0.5761 39.8 Y Lis_2; 3.179 0.844 N
21 0.5522 39.66 Y Lis24 1.631 1.440 N
22 0.6656 27.56 Y Ly 2 3.179 0.844 N
23 0.669 27.58 Y Ly 23 0.252 0.264 N
24 0.474 56.73 Y L2324 2.286 0.839 N
33 0.4218 58.23 Y
34 0.8958 20.45 Y
35 0.13 75.31 Y
36 0.117 84.3 Y

Table 5 represents the bus voltage, line current violations,
and abnormal operating area detection. For analysis purpose,
the ACRry is considered 2 for New England 39-bus system.
The ACR is higher than ACR7y for Area-1I only; thus, Area-
II is considered as an abnormal area. In Area-II, the CR of
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L4_14 is highest, so the angle §,; of both ends of line con-
nected to bus-4 and bus-14 are checked to find the faulted line.
Figure 15 shows the angle §,; at bus-4 and bus-14, respec-
tively. It is visible that after the fault event, the angle §,,; for
L4_14 is opposite for both line end terminals, i.e., bus-4 angle
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Fig. 14 MHO Relay R;; characteristic fault in Ly ;4 under stressed
condition in New England 39-bus system

8y; 1s higher than 90° while bus-14 angle §,; is lower than 90°,
and thus, L4 ;4 is considered as a faulty line. The proposed
algorithm successfully initiates the synchronous tripping at
either end of Ly ;4 as well as blocks the mal-operation of
relay R;7 as no fault is detected in area-I.

(b) Distance relay performance with proposed SIPS during
Fault at multiple locations

For multi-location faults on WSCC 9-bus system, one LLL
fault is applied at 10% of L4 5 from bus-4 in Area-I and
another LLL fault is applied at 10% line length of Lg_¢ from
bus9at1.5s.

During multi-location faults, conventional distance relay
R; observes an impedance trajectory under zone-I and R3
observes an impedance trajectory under zone-II as shown in
Fig. 16 for fault in Ly 5. Similarly, the relay Rs observes
an impedance trajectory under zone-I and relay Rg observes
the impedance trajectory in zone-II as shown in Fig. 17. In
both lines, the conventional approach initiates asynchronous
tripping of relays at either end of lines. Also, due to multi-
location faults, relay Rz observes an impedance under its
zone-I as shown in Fig. 18, and may mal-operate. The meth-
ods discussed in [9-13] may provide the accurate location of
faults but will not be able to provide the synchronous tripping
at either ends of lines.

Proposed SIPS accurately identifies the multi-location
faults and blocks the tripping of healthy lines. For proposed
SIPS, firstly violations of bus voltages and line current are
observed and presented in Table 6.

Table 6 shows that the violations are observed, and the sys-
tem is considered to be in an abnormal state. The calculated
ACR is higher than 1 for both areas. The maximum current is
observed to be flowing through L4 5 in Area-Iand in L4 ¢ in
Area-II. Thus, the vulnerable buses are identified as bus 4 in
Area-I and bus 6 in Area-II. Figure 19 shows the equivalent
circuit of WSCC 9-bus system during multi-location fault
condition. The power flow direction for Ly_s, L4 6, and Ls_g
is presented in Fig. 19.

bus system

The power flow direction at both ends of Ly 5, L4 s and
L g is compared as in Fig. 20 by monitoring change of angle
8yi- In these lines, after the fault events, angle §,; is opposite
at both line end terminals for Ly 5 and Lg_g. It means the
power flow direction at both the terminals in Ly 5 and Ls_g
is not the same and both lines are considered faulty lines.
However, the §,; as found in the same range for both ends of
L4 s which shows no fault in Ly 4.

Due to multi-location faults, relay R, also observes an
impedance under its zone-II as shown in Fig. 18. The conven-
tional algorithm observes this condition as a fault and may
trip relay R, but the §,; comparison presented in Fig. 20
shows no faultin L4 s and the proposed algorithm blocks the
relay R; to stop the unnecessary tripping.

Similarly, for multi-location fault scenarios in the New
England 39-bus system shown in Fig. 8, a LLL faultis applied
at the 10% line length of L4 ;4 from bus-4 in Area-II and
another LLL fault is applied at 10% line length of L3 p4
from bus-23 at 0.2 s.

During the event, conventional distance relay Ry sees an
impedance trajectory in zone-I and R;4 sees the impedance
trajectory in zone-II as shown in Fig. 21. Similarly, the relay
R»3 sees an impedance trajectory under zone-I and relay
R>4 sees the impedance trajectory in zone-II as shown in
Fig. 22. In both lines, the conventional approach initiates
asynchronous tripping. Relay R;s also sees a reduction in
impedance as shown in Fig. 23 and experience a fault in its
zone-II enabling conventional protection scheme to trip Rj¢.

For enabling synchronous tripping and blocking the mal-
operation of relay R;s, proposed algorithm first detects the
bus voltage and line current violations as presented in Table
7.

As violations are observed, the system is considered to
be in an abnormal state. The calculated ACR is higher than
ACR7y for Area-II and Area-III, respectively. The maximum
current is found to be flowing through L4 ;4 in Area-II and in
Lj6_24 in Area-III. Thus, the vulnerable buses are identified
as bus-4 in Area-I and bus-24 in Area-III, respectively.

The power flow direction atboth ends of Ly_j4, L7473, and
L4 ;5 is compared as in Fig. 24 by analyzing the angle §,;.
In Ly j4, after the fault event, angle 6,; for Ly ;4 is oppo-
site for both line end terminals, i.e., for bus-4 angle §,; is
higher than 90° while bus-14 angle §,; is lower than 90°, thus
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Fig. 16 MHO Relay R; and R3 Characteristic for multi-location faults
in WSCC 9-bus system
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Fig. 177 MHO Relay Rs and Rg Characteristic for multi-location faults
in WSCC 9-bus system
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Fig. 18 MHO Relay R, Characteristic for multi-location faults in
WSCC 9-bus system

L4 14 is considered as the faulty line. Similarly, the power
flow direction at both ends of L3 24 and L;s_24 is compared.
Figure 24 also shows that §,; for L3 24 is opposite for both
line end terminals and it is also considered as the faulty line.
The proposed algorithm ensures a fault at multi-location, i.e.,
in L34 and Ly_j4, respectively, and initiates synchronous
tripping of relays at either end of the line. Also, from the
proposed algorithm, no fault is observed in lines connected
to bus-16; thus, the mal-operation of Relay R4 is blocked.

(c) Distance relay performance in higher operating zones
with proposed SIPS during stressed conditions

@ Springer

The performance of distance relay in the higher operating
zone is assisted through proposed SIPS in WSCC 9-bus sys-
tem and New England 39-bus system.

To test the performance of the relay in the WSCC 9-bus
system, Area-I is stressed by similar conditions imposed in
section (a), and Area-Il is stressed by switching off its gener-
ators at 1 s. With the stressed conditions, MHO relay R;; at
bus-8 observes an impedance trajectory under zone-III as pre-
sented in Fig. 25. The conventional algorithm identifies it as
a fault in zone-III of relay R;; and may initiate the unwanted
relay tripping. The methods [9-13] discussed in the litera-
ture are not providing the coordination of backup distance
protection in higher operating zones. Thus, these methods
will also fail to stop the distance relay mal-operation during
stressed conditions.

The proposed algorithm restricts the operation of distance
relay in higher operating zones due to stressed condition.
First, the violations in voltage and current are observed and
the system is abnormality is detected. The violations of bus
voltages and line current are presented in Table 8.

The ACR is also calculated for further verification of
abnormal areas, and it is found to be higher than 1.5 for both
areas. The CR is higher than 1 in L;_g and Ls_7 in Area-I
and L4 in Area-II, respectively. Thus, the vulnerable bus is
identified as bus 7 in Area-I, further §,; is compared for both
ends of lines connected to bus 7. In Area-Il, Ls_9, and Lg 9
both CR is found to be less than 1, thus §,; is compared only
for both ends of L4 ¢. Figure 26 shows the equivalent circuit
of WSCC 9-bus system during stressed system conditions.
The power flow direction for Ly 4, L7 g and Ls_; is also
presented in Fig. 26, respectively. In Fig. 27, the angle §,;
is represented for Ly ¢, L7_g and Ls_7. In these lines, after
the generator tripping event, the angle §,; for all the lines are
obtained to be in the same range for both line end terminals.
It means that the power flow directions at both the terminals
in Ly s, L7_g and Ls_7 are the same and no lines are faulty.

As no fault is detected in any of the transmission lines in
the system, the distance relay operation in higher operating
zone is blocked. This blocking operation restricts unneces-
sary tripping and enhances the system’s resilience.

The performance of proposed method is also tested on
New England 39-bus test system for coordination of distance
relay higher operating zone during stressed condition.

The stressed condition in Area-I of New England 39-bus
system of Fig. 8 is created by similar conditions imposed in
section (a). Area-II is stressed by switching off L;3_ ;4 and
Lg 39 at 0.2 s. Due to imposed stressed conditions, MHO
relay R3 sees an impedance trajectory under zone-III as
shown in Fig. 28. The conventional algorithm shows a fault
in zone-III of relay R3and initiates the unwanted tripping.

With the proposed algorithm, the unwanted tripping of
relay R3may be blocked. The proposed method measures the
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Table6 AV, CR, ACR and AOA Detection for fault at Multiple Locations in WSCC 9-bus system
Area Bus Vi m (PU) AV Is Line I j m (PU) CR Abnormal ACR AOA
(i) AV > 5% (Y/IN) Lj; condition
Area-1 2 0.8933 12.84 Y L7 g 0.988 3.732 N 7.488 Y
5 0.1308 86.54 Y Ls_7 0.9878 3.098 Y
7 0.6607 34.19 Y Lys 2973 7.488 Y
1 0.5157 50.41 Y
4 0.0464 95.34 Y
Area-II 3 0.6127 40.22 N Lys 3.41 15.823 Y 14.12 Y
6 0.1289 86.94 Y Ls o 4.16 14.622 Y
8 0.3422 65.57 Y Lg o 1.11 3.769 Y
9 0.1263 87.42 Y
120 - £ —Zone-I Impedance
——Zone-Il Impedance
100 ——Zone-lll Impedance 1
£ e Impedance Loous Relay A14
% 60
g 40
&

Fig. 19 Equivalent Circuit of WSCC 9-bus system for multi-location
faults

180 - . —Delta 4 in Line 4-5/—
L —Delta 5 in Line 4-5| -
150 \ Delta 4 in Line 4-6| -
E 1 —Delta 6 in Line 4-6|
120 \ —Delta 6 in Line 6-9| -
9 ( Delta 9 in Line 6-9(—

Angle Delta

60 -
30 =

0 !
1.44 146 1.48 L5 1.52 1.54 1.56 1.58 1.6
Time

Fig.20 Comparison of §,; for both ends of Ly 5, Ly and Ls_o for
multiple fault location in WSCC 9-bus system

violations of bus voltages and line current as presented in
Table 9.

During stressed condition, no violations in current and
voltage are observed, and the system is considered to be in
normal state. The ACR is also calculated for further verifica-
tion of abnormal areas, and it is found to be lower than 1.5 for
all the areas. Thus, the proposed algorithm assists the oper-
ation of distance relay in higher operating zones and blocks
unwanted tripping.

5.3 Practical Implementation of Proposed SIPS
on Typhoon HIL

The proposed method is also tested in the real-time platform
to validate it for practical implementation. Real-time emu-
lation allows visualization of the actual dynamics under the
practical scenario. For real-time implementation, Typhoon

. !
-40 20 0 20 40 60 80 100
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Fig.21 MHO Relay R4 and R4 characteristic for multi-location fault
in New England 39-bus system
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Fig.22 MHO Relay R,3 and R4 characteristic for multi-location faults
in New England 39-bus system
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Fig.23 MHO Relay R;s characteristic for multi-location faults in New
England 39-bus system
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Table7 AV, CR, ACR and AOA Detection for multi-location faults in New England 39-bus system

Area Bus (i) Vim (PU) AV IsV >5%(Y/N) LineL; [I;ju ®PU) CR Abnormal condition ~ ACR AOA
Area-1 1 0.6134 46.19 Y L;» 0.927 0.96 N 1.47 N
2 0.5068 53.07 Y Ly 39 0.4131 0.44 N
3 0.0.31 9697 Y Ly 3 6.508 1.51 N
9 0.4844 55.68 Y Ly s 2.337 2377 Y
17 0.1029 8939 Y L3y 6.005 3 Y
18 0.2696 7444 Y L3 18 0.7788 0467 N
25 0.5482 50.61 Y Lg o 3.657 1.141 N
26 0.5002 5533 Y Lo 39 3.495 1.30 N
27 0.1272 86.75 Y L7 18 0.931 0.892 N
28 0.8121 2876 Y L7207 3.521 1.031 N
29 0.8621 23.02 Y Ljs 26 1.549 0478 N
30 0.1442 85.13 Y L6 27 3.721 1.36 N
37 0.2165 7856 Y L6_2s 1.415 0.781 N
38 0.2914 7056 Y Ls-29 1.203 1.666 Y
39 0.8 2082 Y L8 29 1.41 1.58 Y
Area-11 4 0.0662 9324 Y Lys 4.708 2948 Y 2.82 Y
5 0.1925 80.15 Y Ly 14 10.47 6411 Y
6 0.2352 7580 Y Ls¢ 2.845 0901 N
7 0.1815 81.09 Y Ls g 2.184 1308 Y
8 0.1805 81.07 Y Le 7 1.468 0.33 N
10 0.1219 8720 Y Le_11 1.965 1.091 N
11 0.1916 7985 Y L;g 1.379 1.079 Y
12 0.191 80.10 Y Lio-11 2.183 1.113 N
13 0.1865 80.15 Y Ljo-13 3.216 1.66 N
14 0.0754 9230 Y Lis14 5.379 2511 Y
31 0.1072 89.18 Y Lis_17 4.432 0920 N
32 0.5935 4112 Y
Area-1II 15 0.1505 8420 Y Lysgs 3.008 3.41 Y 2.892 Y
16 0.4427 5290 Y Lis 6 3.091 1.92 Y
19 0.4901 4730 Y Lis-19 5.658 1.51 N
20 0.4911 4835 Y Lis21 1.764 0489 N
21 0.2285 7545 Y Lis24 6.229 5.11 Y
22 0.3362 63.84 Y Lri 2 1.764 0489 N
23 0.3181 6597 Y L2223 3.497 2.97 Y
24 0.4605 5348 Y L2324 6.202 2371 Y
33 0.4218 5823 Y
34 0.8595 2325 Y
35 0.1045 89.52 Y
36 0.1079 89.11 Y
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Fig. 24 Comparison of angle §,; for Ls_;4 and L33 24 in New England
39-bus system
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Fig.25 MHO Relay Rg Characteristic for L;.g in WSCC 9-bus system
for multi-area stressed conditions

HIL 602 + with configuration 5, hardware in loop digital
emulator is used. The four-bus test system shown in Fig. 4a
is designed and run in Typhoon HIL as presented in Fig. 29.
The data obtained from the real-time emulator are utilized to
run the proposed algorithm.

The steady-state bus voltage and line current phasors of
the 4-bus test system obtained from Typhoon HIL are repre-
sented in Table 10.

This algorithm is mainly focused to accurately identify the
multi-location faults and multi-area stressed conditions. For
this purpose, the proposed SIPS is validated through Typhoon
HIL for the following two scenarios.

(a) Distance relay operation with proposed SIPS during
multi-locations faults for Typhoon HIL-based 4-bus test
system

Fig. 26 Equivalent Circuit of WSCC 9-bus system for stressed system
conditions
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Fig.27 Comparison of &,; for both ends of Ly, L7g and Ls 7 in
WSCC 9-bus system
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Fig. 28 MHO Relay R3;Characteristic for L34 in New England 39-bus
system for multi-area stressed conditions

For multi-location faults on 4-bus test system of Fig. 4a, one
LLL fault is initiated at 70% line length of Lp_p from bus-B
in Area-I and another LLL fault is initiated at 70% of Lg_¢
from bus-B in Area-II.

Table 11 shows that the violations are observed and the
calculated ACR is higher than 1 for both areas. The power
flow direction at both ends of Lp_¢, and Lp_p is compared

Table8 AV, CR, ACR and AOA Detection for multi-area stressed condition in WSCC 9-bus system

Area Bus Vi m (PU) AV Is Line I j m (PU) CR Abnormal ACR AOA
(i) AV > 5% (Y/N) condition

Area-1 2 0.9831 4.087 N Lys 1.078 4.07 Y 2.71 Y
5 0.9124 6.170 Y Ls7 0.3279 1.028 Y
7 0.9235 8.017 Y Lys 0.3138 0.7904 N
1 0.994 4.423 N
4 0.933 6.381 Y

Area-II 3 Lys 1.062 4.928 Y 3.73 Y
6 0.913 10.926 Y Ley 0.2084 0.7404 N
8 0.891 9.726 Y Lgo 0.2102 0.714 N
9 0.893 10.160 Y
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Table9 AV, CR, ACR and AOA Detection for multi-area stressed condition in New England 39-bus system

Area Bus Vi m (PU) AV Is Line L;  1I; j m» (PU) CR Abnormal ACR AOA

() AV > 5% (Y/N) condition
Area-1 1 1.14 1.08 Y L, 3.331 3.44 N 1.03 N

2 1.08 1.07 N Ly 39 2.523 2.70 N

3 1.024 0.98 N Ly 3 6.346 1.47 N

9 1.093 1.017 Y Ly 55 0.4475 0.45 Y

17 0.97 0.96 N L34 3.648 1.82 Y

18 1.055 0.97 Y L3 s 1.451 0.87 N

25 1.11 1.073 N Lg o 0.4258 0.13 N

26 1.12 0.98 Y Lo 39 0 0 N

27 0.96 0.956 N Li7-18 1.043 1 N

28 1.14 1.038 Y Li727 2.521 0.709 N

29 1.12 1.061 Y L5 26 3.306 1.02 N

30 0.97 0.963 N L2627 2.39 0.87 N

37 1.01 1.004 N Ls-28 0.733 0.40 N

38 0.99 0.98 N L6 29 0.408 0.56 Y

39 1.14 1.132 N Lg 29 1.464 1.63 Y
Area-11 4 0.98 0.975 N Lys 1.7 1.06 Y 0.86 N

5 0.97 0.966 N Ly 14 0.818 0.50 Y

6 0.972 0.961 N Ls ¢ 1.893 0.599 N

7 0.96 0.956 N Lsg 2.007 1.202 N

8 0.954 0.967 N Ls 7 2.299 0.522 N

10 0.953 0.953 N Le 11 3.817 2.12 N

11 0.951 0.952 N Ly g 0.979 0.766 N

12 0.96 0.96 N Lio-11 2.816 1.436 N

13 0.94 0.939 N Lio13 1.395 0.721 Y

14 0.98 0.967 N Li3_14 0 0 Y

31 0.991 0.990 N Lis-17 2.722 0.566 N

32 1.008 0.984 N
Area-1I1 15 0.953 0.949 N Lisgs 0.8816 0.848 Y 1.02 N

16 0.94 0.934 N Lis_16 1.605 1.68 Y

19 0.93 0.93 N Lis 19 3.742 1.015 Y

20 0.951 0.95 N Lis 21 3.606 0.867 N

21 0.931 0.96 N Lis24 1.218 0.317 Y

22 0.93 0.931 N Ly 2 3.606 0.867 N

23 0.935 0.933 N Loy 23 1.177 0.669 Y

24 0.99 0.98 N L2324 2.615 0.867 Y

33 1.01 0.997 N

34 1.12 0.998 Y

35 0.998 0.978 N

36 0.991 0.983 N
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Fig. 29 4-bus test system in Typhoon HIL 602 +
Table 10 V; g7 and I; j st of ] ] o
4-bus test system Area Bus (i) Vi st (PU) Line (i—j) I; j st (PU)
Area-1 A 1.001 Lsp 0.2177
B 0.9983 Lap 0.483
Lpp 0.055
Area-II D 0.9968 Lp ¢ 0.1716
C 1.0003 Lcp 0.324
Table 11 AV, CR, ACR and AOA detection for multi-area stressed condition in 4-bus system with Typhoon HIL
Area Bus(i)) V,m(PU) AV Is AV >5%(Y/N) LineL; I;jy (PU) CR Abnormal condition = ACR  AOA
1 A 0.96 409 N Lap 4.69 2154 Y 9.92 Y
B 0.302 69.7 Y Lap 7.77 16.08 Y
Lgp 4 777 Y
11 D 0.242 762 Y Lp ¢ 4 2331 Y 16.7 Y
C 0.558 442 Y Lcp 5.43 1675 Y

as in Fig. 30 by monitoring the change of angle §,;. In these
lines, after the fault events, the angle §,; is opposite at both
line end terminals for Lp_¢ and Lp_p and thus initiate syn-
chronous tripping of both lines.

b) Distance relay operation in higher operating zones with
proposed SIPS during stressed conditions for Typhoon HIL-
based 4-bus test system

To assess the distance relay performance with proposed
scheme in higher operating zones during stressed conditions,
the load of the network is increased to double capacity and

Lc_p is switched off. The performance of Rjs is tested by
initiating a tripping of Lc_p. It.

During stressed condition, the higher operating zone of
distance relay Rs, i.e., zone-III observes an impedance tra-
jectory under its characteristic as shown in Fig. 31 initiates
mal-operation.

Table 12 shows that the violations are observed and cal-
culated ACR is higher than 1 for Area-II. The power flow
direction at both ends of Lp_p, is compared as in Fig. 32 by
monitoring change of angle §,;. §,; comparison in Fig. 32
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Fig.30 Comparison of §,; for both ends of Lp ¢ and Lp_p in 4-bus
system
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Fig. 31 MHO Relay RsCharacteristic for Lp_p in 4-bus test system

shows no fault in Lp_p and unwanted tripping of Lp_p in the
higher operating zone is blocked.

5.4 Resistance indices-based resilience assessment

The resistance indices discussed in Sect. 4 are calculated in
this section using Eqgs. (19)—(21) for resilience assessment
during HILF events based on all the conditions presented in
Sect. 5.2 for both the considered network.

For WSCC 9-bus system, the resistance indices CLPP,
ATCS, and APDA are calculated for the network as a whole.
A similar analysis is adopted for New England 39-bus system
but is restricted to area presented in Table 9 as in Sect. 5.1.

For scenario (a), the conventional protection scheme trips
the L4 5, L4 and Ls_g due to fault under stressed condi-
tions and the load of bus 6 gets completely disconnected
in WSCC 9-bus system. Similarly, in New England 39-
bus system, the conventional scheme may trip relay R;;
due to stressed network conditions. The proposed algorithm
restricts the unnecessary tripping of Ly ¢ and Ls_g in WSCC

g 401 T T

835 —Delta B in Line BC
30" | —DeltaCinLineBC
= L |
<

25
05 0.55 0.6 0.65 0.7 0.75 0.8
Time

Fig. 32 Comparison of 8,; for both ends of Lp_¢ in 4-bus system

9-bus system and similarly, blocks the operation of relay R;7
in New England 39-bus system and resulting in improved
resistance indices. With the proposed algorithm, for WSCC
9-bus system, the CLPP is zero, which means no loads are
disconnected from the system. Also, the values of ATCS and
APDA are improved with the proposed algorithm. Also, the
improved values of CLPP and ATCS for Area-I of New Eng-
land 39-bus system represent an enhancement in resilience
during disaster.

For scenario (b) as in Sect. 5.1, the multi-location fault
in Ly_s5 and Lg_g trips relay R, for WSCC 9-bus system and
relay R;¢ in New England 39-bus system with conventional
protection scheme. Tripping operation for 9-bus system dis-
connects the generator G-1 and load at bus 6 from the system.
The CLPP, ATCS, and APDA with the conventional algo-
rithm are represented in Table 9. The proposed algorithm
stops the unwanted tripping of relays in both the networks
and improves the resistance indices. The improved resistance
indices for both WSCC 9-bus system and Area-III of New
England 39-bus system are presented in Table 13.

Similarly, in scenario (c) as Sect. 5.1, the conventional
protection scheme trips relay Rg for WSCC 9-bus system
and relay R;3 in Area-I of New England 39-bus system, due
to multi-area stressed conditions. Due to the increase in load,
the APDA is high that requires load shedding with both algo-
rithms. But with the proposed algorithm, the increase in ATCS
reduces the amount of load shedding compared to the con-
ventional algorithm. The proposed algorithm improves the
resistance indices and thus improves the resilience of the
network.

The resistance indices also calculated using Egs. (19)—(21)
for conditions discussed in Sect. 5.3 for 4-bus test system,

Table 12 AV, CR, ACR and AOA Detection for multi-area stressed condition in 4-bus system with Typhoon HIL

Area Bus(i) V;u (PU) AV IsAV >5%(Y/N) LineL; I;jy (PU) CR Abnormal Condition ~ ACR AOA
1 A 1 0 N Lap 0 0 N 0416 N
B 0.988 1.04 Y La-p 1.23 2.54 N
Lpp 1.159 21.07 Y
1I D 0.968 288 Y Lp ¢ 0 0 N 4.84 Y
B 0.988 149 Y Lcp 0.511 1.57 N
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Table 14 Comparison of Proposed Method with existing literature

Requirement of training and data sets

PMUs location

Utilization of SIPS

Measurement of resilience indices

Identification of stressed area

Reference

Not required
Required

Required

Not required
Not required
Not required
Not required

Optimum
Optimum
Optimum

All
All
All
NA

XX X X X YD)

XX oK K X XD

ST SN

—_ — — — .

e e el e

(d) PMUs location: The methods represented in [10—12]
need PMU at all buses within a network. The proposed
method requires the optimal PMU data for decision-
making. This makes the proposed approach more prac-
tical and economical.

(e) Requirement of training and large data sets: The pro-
posed method does not require any data sets and
computational training compared to the soft computing-
based method.

6 Conclusion

Robustness is an important feature of a resilient power sys-
tem, and it can be increased by deploying suitable SIPS. This
work proposed a SIPS to enhance the robustness of a resilient
power system during HILF events such as multi-location
faults and multi-area stressed system conditions. Proposed
SIPS utilizes local and global data for accurate multi-location
fault identification for synchronized distance relay tripping
at either end of lines. Also, the proposed method restricts
the distance relay operation in higher operating zones dur-
ing no fault yet stressed system conditions. Under abnormal
operating conditions, real-time data from PMUs are utilized
to calculate AV and CR to identify the abnormality in the
system. After the abnormality detection, the abnormal area
and vulnerable buses are identified using the ACR. After
the identification of vulnerable buses, the lines connected to
these buses are tested for faulty conditions by comparing 6,;,
i.e., the phase angle between voltage and current of either end
of the line. The synchronized operation of distance relay is
supervised based on the comparison of this angle. Results
show that the proposed method effectively detects multi-
location faults and enables synchronized tripping of relays for
such faults. The operation of backup distance relay in higher
operating zones is assisted with the proposed method. Results
show that the unwanted operation of the backup relay in zone-
IITis blocked if §,; is in the same range at either end of the line,
hence increasing the robustness of the system. The proposed
methodology has been tested through extensive case studies
conducted on WSCC 9-bus and New England 39-bus systems
and validated for a 4-bus test system developed on Typhoon
HIL. The resistance indices CLPP, ATCS, and APDA are also
calculated and compared for different abnormal conditions
on WSCC 9-bus, New England 39-bus system, and Typhoon
4-bus test system for conventional approach and proposed
SIPS. With the implementation of the proposed SIPS, the
transmission capacity increases up to 140%, the load loss
percent reduces up to 0%, and the active power deficiency
is enhanced up to 57% during different operating conditions
for considered test systems. It represents an augmentation in
resilience with the proposed protection scheme during HILF
events.
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