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Abstract. The power transmission system, in this age, is characterized by ultra- and extra-high voltage AC,
and multi-terminal high voltage DC networks. It has a wide-area power network across the nation. It incor-
porates conventional and ultra-mega-power plants (UMPPs). It also has a submission of increasing penetration
due to Renewable Energy Sources (RES). A crucial role is delivered by the system integrity and protection
schemes (SIPS) in sustaining guaranteed and safe grid operation. A SIPS also assists efficient grid management
during serious power system emergencies. In this article, thorough investigation of the performable capabilities
of three influential SIPS in India is made. The shortcomings in ongoing SIPSs got revealed. A proposed
methodology eliminates these obstacles. Apperception and vitality of the recommended technique get decided
by simulation exercise on an IEEE 10 generators 39-bus test system ingrained with HVDC link in MATLAB.
Simulation outcomes accomplished the credibility of the method in defending system integrity. Electrical
Transient Analyzer Program (ETAP) is used for the validation of MATLAB results. ETAP has an organizing/

investigation mechanism and it is a remarkably convenient interface.
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1. Introduction

System integrity protection schemes (SIPS) are strategies
that can act under consternation and avert a total failure of
an electrical power network. The main objective of SIPS is
to monitor the state of the electricity transmission network
in actual time and revert it in exigency conditions.
Attainment of efficient execution of SIPS resolves the
threat before the research community. In literature, diverse
approaches and procedures have explained the advance-
ment in SIPS [1-5]. A joint compendium of IEEE and
CIGRE to regulate the SIPS regarding the authenticity of
performance is in [6]. It covers the design and the reliability
norms used for the development of expected SIPS. Online
demonstration of a new response-based (feedback) Wide-
Area stability and voltage Control System (WACS) is dis-
cussed in [7]. The control system comprises phasor mea-
surements at many substations using diversified behavior
for power system equilibrium. In [8], an adaptive fault
location technique based on phasor measurement units
(PMUs) for the electricity transmission line provides data
of voltage and current phasors of end terminals of the
transmission corridor. The online system’s parameters of
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the electricity transmission line determine the faulty sec-
tion. Article [9] depicts several PMU-based protection and
control systems. They include a synchrophasor for alter-
nator shedding and backup protection for earth faults. Two
extensive disruptions: (i) forced outages on generation units
and (ii) load dislocations, were reported in [10]. A Wavelet
method is applied to access the frequency and voltage
characteristics for the event analysis.

Article [11] gives computational and analytical aug-
mentation for power transmission networks due to faults. It
connects an online as well as an offline stage. The time
measurements of traveling waves promulgating from the
fault point support the online analysis. A critique of SIPS
applied in the power system of Norway along with its
preservation assessment study carried on the IEEE relia-
bility-proved system is discussed in [12]. However, these
SIPS did not give admirable solutions. A procedure
explained in [13] is to design SIPS for a tradeoff between
security and prominence. It adopts fault-tree reasoning and
the concept of nominal cut sets to disseminate the reliability
analysis of the complete SIPS into the individual opera-
tional phases of SIPS. The fault location technique given in
[14] uses sparsely positioned wide-area phasor measure-
ments. It gave the model of the abnormal system. The
equivalent terminal bus injections depicted the same
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changes in bus voltages with the abnormal current mea-
sured at any point on the faulted line. Thus it requires an
appropriate network model and a proportionate number of
phasor measurements for the network. A specific SIPS
described in [15] is for enhancing the security of protection
activity. Impressionable points, which may cause false
trippings under a stressed condition, are identified. The
false trippings could be avoided by including a protection
scheme. In [16], a few significant threats were resolved for
better performance of the protection system. It covers
cascade trippings and wide-area disruptions, blackouts, and
the security of backup relays in the more complex operating
conditions. Currently working SIPS and their state of the art
and coordinated protection system vested on inter-substa-
tion data are reported in [17]. In [18], root mean square
(RMS) values from time-synchronized voltage and fre-
quency of architecture determine coefficients determined
by regulated Wavelet energy function. However, it
regresses the non-stationary incidence of alterations in
signals. A procedure given in [19] is to ingress the risk of
SIPS false operations and inadmissible interactions among
different SIPS on similar or adjacent systems. These SIPS,
with robust protection logics, accommodate the increas-
ingly variable system contexts and the performance of
associated protection schemes.

The frequency phasors of current and voltage have some
facets described in [20]. They can segregate between power
swings and short-circuit faults. In this, the features extrac-
ted from alternator models are contemplated in stability
studies. A blackout is addressed in [21] at the ultra-mega-
power project (UMPP) in a western region (WR) grid of
India infuriated by the action of protection relay under
power swing. Also, to alleviate instability because of
unstable power swing, a SIPS has been invented. SIPS in
[22] impelled relay security indices from the apparent
impedance. They are used to rule out the zone-3 wrong
operations of protection elements under contingencies. This
approach does not require coherency group assimilation. It
remains impartial for the revision in network topology but
functions for only stable swing contingencies. The per-
forming attributes executed in [23] demonstrated the modal
current correlation plane. However, this arrangement is
restrained to dual power circuits. In [24], dedicated SIPS

Table 1. Indian power grid overview [31].

SN Particulars Quantity

1 Generation installed capacity 378 GW

2 Transmission line above 220 kV 381671 ckm

3 Transformation capacity above 220 791570 MVA

kV

4 Renewable energy installed 65 GW
capacity

5 HVDC bipolar/B to B systems 11 nos.

6 Multi-terminal DC (MTDC) 1

7 SIPS in operation 52
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Figure 1. SIPSs under study.

architecture is manifested for augmented achievability and
flexibility based on PMU technology. However, the maxi-
mum possible power flow due to this SIPS was not exam-
ined. A pilot scheme for the secured operation of zone-3
under stressed system conditions is checked in [25]. It
delivered on the New England 39-bus system. However, it
mandatorily requires the communication bandwidth for
correct operation. Article [26] provides an overview of the
structure and applications of wide-area monitoring, pro-
tection, and control (WAM-PAC) system that serves as
SIPS to monitor, control, and protect the transmission
network during ordinary and unusual operating conditions.
The application of the PMU mechanism reported in [27]
depicted the development of SIPS as a part of the WAM-
PAC arrangement. Here, the optimal bus breaking
scheme identifies necessary actions that can eliminate or
reduce power system overloads. Thus, it assures the
integrity of the power system.

Model prognosticative control maneuver is discussed in
[28]. It repeatedly amends the power stunts (set points) of
MTDC converter stations and generating units to alleviate
overloads. In this, the controller is for the typical automatic
power control. PMUs fault detector technique is ratified for
a transmission line. However, the extant SIPS need PMUs.
A PMU-aided SIPS for power transmission network is
described in [29]. It exploits synchronized voltage phasor
and current phasor information from all PMUs. It has
operated to detect the disturbance, identify a disturbed area,
and locate the sensitive region. Thus, it tries to improve the
situation awareness. A cyber-attack buoyant safeguard
scheme described in [30] is operated by multi-agents. Here,
a state-responsive protocol is applied to expedite data
interchange with agents. Thus, the disorganized protection
arrangement has more pliancy and affability when facing
venomous attacks compared with traditional protection.
This article presents the participation of some SIPS exe-
cuted in India and their realization. The uniqueness of this
research paper is as follows:
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Figure 2. One-line diagram with a sequence of occurrence at CGPL [21].

Table 2. Details of SIPS-1 operation [32].

SN Triggering event Action plan
1 If exports exceed 3100 MW and any one of the lines trips Decrease generation of two units to 800 MW
or if loading is above 900 MW
2 If exports exceed 3100 MW and if CGPL-Bhachau Remove one unit immediately from system
twin-circuit line trips
3 If CGPL-Bhachau double-circuit line trips, CGPL-Jetpur or Back down generation to 800 MW such that the loadings of
combination of any one circuit rest of the lines are below 900 MW

of Bhachau or Choronia or Jetpur trips
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Figure 3. PMU data retrieved at 400 kV CGPL-Bhachau Line 2: (a) voltage and current, and (b) angular separation at CGPL [32].

(1) Three existing SIPS in the northern (NR) and
western regions (WR) of India have been
assessed.

IEEE 10-generator 39-bus system is accomplished
and ingrained with HVDC line in technical com-
puting software MATLAB and performance of all
three SIPS tested.

The disparities of prevailing SIPS are enumerated.
The methodology is suggested to overcome these
disparities by two subroutines.

Working current SIPS in coordination with recom-
mended methodology were inspected.

(i)

(iii)
(iv)

)

(vi) MATLAB simulation results are justified by com-
paring them to the Electrical Transient Analyzer
Program (ETAP) results.

The evaluation of online performance was carried
out based on information from a wide area. It
incorporates the intelligent control responses
through an intended algorithm

(vii)

The advantages of the proposed methodology are that it
is applied to any SIPS and requires PMU data for execu-
tion. It does not demand any previous or historical data and
assessment procedures. Measurements by PMU facilitate
the SIPS to refrain from arduous electrical network
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Figure 4. PMU data retrieved for SIPS-2: (a) power flow variation due to HVDC pole tripping, (b) frequency variation at CGPL—
Mundra PMU, (c¢) angular separation, and (d) load shedding in NR [32].

Table 4. Details of SIPS-3 operation [32].

SN Triggering event Action plan

1 If import by NR is within 1000-1500 MW on 765 kV Agra—Gwalior Back down generation of two units to 520 MW
Circuit 1 and 2

2 If import by NR is greater than 1500 MW on 765 kV Agra—Gwalior Load shedding 1150 MW in NR

Circuit 1 and 2

modeling. Thus this reduces potential errors, and the
accuracy of operation achieved is more than 95%. This
coordination with extant SIPS gives close-loop control and
makes the scheme robust. A prospective algorithm can

tackle any normal and abnormal conditions. The remainder
of this paper is as follows. Section 2 describes the func-
tional assessments of three currently working SIPS in India.
The methodology recommended to beat the drawbacks in
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Figure 5. PMU data retrieved for SIPS-3; voltage dip after a trip of 765-kV Gwalior—-Agra: (a) Circuit 1, (b) Circuit 2, (¢) generation
back-down at CGPL-Mundra, and (d) angular separation observed by Agra PMU.

/6

Figure 6. Application of PMU for SIPS improvement.

these SIPS is explained in Section 3. In Section 4, the
comparison among the MATLAB simulation results and

corresponding ETAP results validates the performance. The
conclusion is in Section 5.

2. Functional assessment of current SIPS

India is an extensive electric power producer and con-
sumer in the world. The Indian Power system comprises
five provincial grids for operational and planning pur-
poses. In the last century, the Indian national grid fabri-
cation was completed with the territorial power networks.
The consolidation of territorial grids beginning with
asynchronous HVDC back-to-back union encourages an
exchange of power between the provinces. A critique of
the Indian power grid as of January 2021 is in table 1.
Fifty-two SIPS perform in India. These SIPS are used to
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Figure 7. Proposed methodology: (a) main flow chart, (b) subroutine 1, and (c¢) subroutine 2.

perform certain specific tasks. It considers the opening of
critical transmission lines, secure discharge of generation,
overriding transformers, backing down of generating
units, etc. Three incidences in the Indian power grid
motivate the authors to write this article. Figure 1 illus-
trates SIPSs under conversation. Their performances are
analyzed.

2.1 Blackout at CGPL - UMPP, India, on 13" July
2016

A private power project in Kutch district near Mundra Port
(Gujarat) is India’s most energy-proficient thermal plant.
This ultra-mega-power plant (UMPP) managed by M/s.
Tata Power is known as Coastal Gujarat Power Limited
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Figure 8. IEEE 10 generators 39-bus test system ingrained with HVDC link.

Table 5. Generation and load connected to IEEE 39-bus New England system embedded with a HVDC link.

Generation Load Load
Bus no. P (MW) 0 MMVAR) Bus no. P (MW) 0 (MVAR) Bus no. P MW) 0 MMVAR)
30 200 50 3 310 10 23 260 120
31 250 60 4 520 70 24 300 70
32 620 200 7 210 70 25 210 60
33 590 -80 8 410 280 26 150 30
34 550 180 12 10 90 27 270 -80
35 630 210 15 300 80 28 220 40
36 580 120 16 345 45 29 300 30
37 500 180 18 155 30 31 10 5
38 840 40 20 620 120 39 1090 240
39 1000 110 21 285 100

(CGPL). It administrates five generating units of 800 MW.
Power by this project is supplied to three states in WR
(Rajasthan, Gujarat, and Maharashtra) and two states in NR
(Punjab and Haryana). A blackout happened at CGPL on
13" July 2016 due to an unstable power swing [32]. The
one-line diagram (OLD) of this event with disturbances is
shown in figure 2 for 400 kV substations. SIPS-1 is

intended to act under contingencies. It came into action
under abnormal conditions. The course of action for SIPS-1
is in table 2. CGPL was generating 2875 MW before this
occurrence. Two consecutive faults on bus 1 and 2 at the
Varsana substation infuriated these crises. The previous
fault occurred at 20:29 Hrs. and a successive fault occurred
on bus 2 at 21:50 Hrs. It led to a blackout of the 400 kV
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Figure 9. Functional investigation of SIPS-1 under normal
condition: (a) voltage monitored by DRI, (b) current seen by
DRI, (c) variations in the angles of generating units, and (d) SSF
within bus 16 and 19.

Varsana substation. After closing the circuit breaker of the
Bhachau—Varsana-1 transmission line from the Bhachau
end, a line fault in zone-2 appeared in the relays at Bha-
chua, Ranchdopura, and CGPL substations.

At the time of occurrence, CGPL generation delivered
power to the Varsana substation. It is there in the distur-
bance records. After closing circuit breakers of Bhachua—
Varsana line 1, at 350 ms, the opening of 400 kV lines with
a perpetual decline in bus voltage for 290 ms was noticed.
A voltage enhancement appeared at the CGPL end. Thus,
power swings impinge in zone-1 of all the lines. Respective
distance relays (DRs) sense it. Then they issue a trip
command to the corresponding circuit breakers. It resulted
in an unstable power swing and the oscillations did not
damp. Subsequently, out-of-step (OST) protection got
activated for the CGPL alternators. It results in a 2875 MW
generation loss. Figure 3(a) gives the voltage and current
before and after the fault. It illustrates that the problematic
section is disconnected. The fault is attended for 400 kV
Bhachau—Varsana line 2. However, due to the disturbance

Sadhana (2021)46:214

inserted by unstable power swing, the system did not
acquire stable condition. The voltage variation was recor-
ded from 151 to 108 kV within 290 ms.

Power swing was identified by DR of five lines emanating
from CGPL. Angular disengagement at the time of occurrence
is in figure 3(b). The expert study group made transient sta-
bility studies reported in [32]. The consultation made by this
study group consists of the following: (i) employment of line
differential relaying because critical fault clearance time was
100 ms; (ii) zone settings of distance relay under power swing
encroach just after the fault are very high; (iii) unstable power
swing observed in simulation studies is due to disconnection
of one generating unit at CGPL alleviating the oscillations and
extending fault clearance by 300 ms; and (iv) modification is
necessary for currently operating SIPS. The task force
appointed after the 2012 Indian blackout had endorsed block
and de-block feature activation in distance relay during power
swing.

2.2 Bipolar HVDC link tripped on 8" January
2016

The first £500 kV HVDC bipolar line in India is 960 km
long and transmits 2500 MW power as depicted in figure 1.
This line traverses power from the WR (Mundra) to the NR
(Mahendergarh). The SIPS employed to operate in contin-
gency is given in table 3. It responds in two ways: one for
backing down of generation at Mundra and second for pre-
defined load shedding in the NR. On 8" January 2016 at
6:40 Hrs., this HVDC link tripped on earth fault. Mahen-
dergarh was importing 1800 MW as each pole was trans-
mitting 900 MW. Figure 4(a) shows the sudden change in
power due to tripping. The fluctuation in system frequency
was from 49.73 to 49.98 Hz as seen in figure 4(b). The hike
in frequency by 0.1 Hz (49.85 to 49.95 Hz) caused load loss
due to this occurrence. The bus voltage fluctuations
appeared for 10 s. Due to this sudden load dislocation in
NR, the angular estrangement between the WR (Dehgam
substation) and NR depressed by 10 degrees. Fig-
ure 4(c) illustrates this deviation. Due to the interruption of
the HVDC line, there was an enhancement in the power
flow on neighboring 765 kV lines. The exclusive SIPS
employed under the opening of the HVDC line came into
action for proper grid management. The control action trips
the two generating units and reduces the generation of a
third generating unit at Mundra. It also imposed 1400 MW
load shedding in the NR, see figure 4(d). Associated SIPS
gave correct performance under this stressed condition.

2.3 Twin circuits between WR and NR forced
under outage on 14" January 2016

The 765-kV superpower highway is Sipat (WR)-Seoni
(WR)-Bina (WR)-Gwalior (WR)-Agra (NR)-Fatehpur
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(NR)-Sasaram (NR)-North Karanpura (ER)-Sipat (WR)
765 kV Agra—Gwalior—Bina governed at 400 kV. This
transmission corridor is in operation since March 31%,
2007. It provides an inter-regional synchronous link within
the NR and WR grid. PMUs installed at 400 kV sub-sta-
tions, 765 kV sub-stations, and major power plants with
fiber-optic (FO) communication promote regulation, con-
trol, and situational awareness of the power grid. Cus-
tomized SIPS-3 is activated at Gwalior (WR) for corrective
measures of such events. It is used under contingency and
prevents grid disturbances. Table 4 gives its course of
action.

On 14" January 2016, in the early morning, dense fog
was in northern parts of India. Some 400 kV lines were
under maintenance outages. Mundra—Mahendergarh
HVDC link was operating with a restricted power flow of
about 1000 MW. As recorded by Agra PMU, the L-G fault
on phase-b tripped 765 kV Gwalior-Agra Circuit 2 at
07:14 Hrs. Bus voltage momentarily dropped to 155 from
430 kV. This tripping boosted the power flow of 765 kV

Gwalior—-Agra Circuit 1 to 2300 MW. At 07:30 Hrs., 765
kV Gwalior—Agra Circuit 1 tripped on phase-b to ground
fault. Agra PMU recorded the optimum voltage dip in
phase-b. This tripping increased the angular separation to
34 degrees from 17 degrees between Bina (WR) and Agra
(NR) terminals. After this tripping, dedicated SIPS came
into action and forced load shedding of 1200 MW in NR
(Punjab, Haryana, UP, and Rajasthan). It backed down the
generation of 180 MW at Mundra, 145 MW at Korba
Thermal Power Station (KTPS), and 250 MW at Vind-
hyachal. This SIPS-3 strategy is seen in figure 5. The
functional investigation made in this section is about the
three existing SIPS. SIPS-1 did not give an intended
performance under contingency. Therefore, the CGPL
turned dark. However, SIPS-2 and SIPS-3 operated cor-
rectly. They gave a satisfactory performance. However,
they got influenced due to excessive load shedding, forced
outages of generating units, and backed down generation.
The following section suggests a methodology to resolve
these discrepancies.
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Figure 11. Functional investigation of SIPS-1 under stable swing
condition: (a) voltage monitored by DRI, (b) current seen by
DRI, (c) variations in the angles of generating units, and (d) SSF
within bus 16 and 19.

3. Improvement in the performance of currently
working SIPS

The repulsive opening of power transmission lines because of
power swings, exaggerated load curtailment, and derated
operation of alternators are the issues conferred in the previous
sections. In this section, a methodology is apprised to settle
these issues using PMU technology. PMU is a synchrophasor
device used to determine the magnitude and phase of an
electrical quantity, viz. voltage or current at specific locations.
Figure 6 delineates a part of the power grid. By connecting
PMUs at ends (i and j), it is possible to collect practical voltage
samples v(f) and current samples i(¢). An algorithm of three
sample techniques was applied to determine voltages V; and
V;, currents [; and I, and their corresponding phase angle 0;
and 0;. The small changes in voltage and current are

AVij—abc = Vi—abc — Vj—abc (1)

Bl = Ieare = B-ae @)

It has to be noted that Al;_, , Al;_;, and Al;;_. are zero
during power swing.
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AI,:/'_a = Alij—b = AI,'j_c =0 (3)

However, in L-G fault (phase-a to ground) in power swing,
ALy = Alj_. = 0 and Al;_, # 0. This irregularity iden-
tifies the faulty phase. The variation in impedance found by
the distance relay at the end i is

AVii_abe

i—abc

Aszfubc = (4)
The rate of change of AZ;_,. is constant in the power
swing. Thus, the differential impedance is zero. It is given
as

AZj o =AZy = AZ;j =0 (5)

However, PMU data giving angle deviations under forced
outages is the important parameter for perfect monitoring.
This angular displacement of voltage phasors acts as an
initial indicator of system stability. The small angular
deviation between bus i and bus j is given by

0j—ave (6)

dij—a = Ojj—b = Ojj—c (7)

5ij7abc = Hifabc -

Condition (7) is satisfied only if power swing is exhibited.
However, during power swing, if L-G fault exists,
0jj—a <0jj—p = Jjj—c. This constraint selects the faulty phase.
The correlation with the rate of 6;_q, for predefined time
interval T detects power swing. It signifies a stable power
swing if it is less than T

5’] Z 51/(}’}’11}1)7 ......... t S T (8)

where 05 = (0;j—q + Ojj—p + 0j—c) + 3. If this rate of
change of ¢;; is higher than T, it signifies an unstable power
swing

5,‘1' > 5ij(min); ......... t>T. (9)

The variation in impedance for all three zones given in (4)
is compared to its thresholds. The respective thresholds of
zone-1, zone-2, and zone-3 are AZ;, AZ,, and AZ;. It could
be possible that the impedance estimated by relay AZ; can
be less than its set value during power swing. Therefore, to
distinguish the fault and power swing, the incremental Alj;
is determined from (2). These differential currents
approaching zero implies no-fault in line and the change in
AZ;; is because of power swing. This constraint is added in
protection relays to avert false tripping. The system sta-
bility factor (SSF) gives the disparity between utmost
angular separation 0,y and actual d;

SSF = djjmax) — 0ij (10)

This SSF should be as low as possible for better system
stability. The prime objective of this exploration is to
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Figure 12. MATLAB and ETAP results of a test system for stable swing condition when line L-23 tripped: (a) bus voltage, (b) power

angle, (c¢) active power flow, (d) reactive power flow, (e) SIPS-1 operated active power flow, and (f) SIPS-1 operated reactive power
flow.

upgrade the SIPS discussed in Section 2. From (1) to (10), discussed in Section 2, the SIPS operation also results in
it is possible to segregate faults from the power swing. (i) heavy load curtailment and (ii) excess back-down of
Therefore, the unsought trippings of transmission lines alternators. This is because the availability under loading
could be avoided. From the functional investigation conditions of transmission lines is not known. In this study,
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Figure 13. Functional investigation of SIPS-1 under unsta-
ble swing condition: (a) voltage monitored by DR1, (b) current
seen by DRI, (c) variations in the angles of generating units, and
(d) SSF within bus 16 and 19.

to minimize load shedding and cut generation from alter-
nators, PMU data is used to access the under-loading of all
transmission lines.

Zone-2 and zone-3 act as backup protection in distance
relay. The protective elements of these zones initiate a trip
command to the respective circuit breaker after 350 and
700 ms. Thus, if any fault (L-G or L-L) appears, it is always
sensed by these backup elements. When the phase-a to
ground fault occurs during a power swing (either in zone-2
or zone-3), there is a deviation in phase-a current. This
variation (Al;_,) is measured by the backup relay. In case
of a no-fault on phase-b and phase-c, the differences Al;;_;
and Al;_. will be equal and zero. These differences dis-
tinguish between the power swing and the fault and also
select the faulty phase. If the primary relaying fails to
operate, the backup relay initiates the trip signal to the
respective circuit breaker after a predefined delay. There-
fore, the proposed scheme works effectively.

Let N and M be the respective EHV AC and HVDC
transmission lines. These EHV AC and HVDC lines either
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enter or start from the substations. The maximum power
transfer capacity of these lines is expressed as

N
Pacmar = Y _ Pac(i) (for EHV AC lines) ~ (11)
i—1

M
Ppcmar = Y Ppc(j)  (for HVDC lines) (12)
j—1

In practice, EHV AC and HVDC lines operate such that
n <N and m <M. Thus, the actual transformations by these
lines are given as

Pyc =Y Pycli) (for EHV AC lines)  (13)
i—1

Ppc = Ppc(j) (for HVDC lines) (14)
i—1

J

Equations (13) and (14) determine the under-loading fac-
tors as follows:

Puicmax — P
UFAC _ ACPax AC (15)
ACmax
Ppcmax — P
UFpe = —2Cmax — 7 bC (16)

PDCmax

These under-loading factors are used (i) to maintain the
system stability, (ii) to minimize the excessive generation
back-down, and (iii) thereby avoid load shedding.
Subroutines 1 and 2 deal with two issues. The first is dis-
criminations of faults and power swing. The second is the
under-utilization of EHV AC and HVDC transmission
lines. These two subroutines are attached to three operating
SIPS discussed in Section 2. Figure 7 gives the sequence of
operations with these subroutines. The testing of these
suggested subroutines and their validations are in succes-
sive sections.

4. Results and discussion with relevant cases

IEEE 10-generator 39-bus arrangement with HVDC line is
considered as a test system for this study depicted in fig-
ure 8. It considers bus 30 to bus 39 as PV buses, and bus 31
is the slack bus. Rest of the buses are PQ buses. This test
system possesses 19 loads and 34 transmission lines. The
power and voltages are in per unit (pu) with a respective
base of 100 MVA and 345 kV. The = equivalent circuit line
model is adopted. There are nine voltage control trans-
formers out of twelve transformers in the test system. Each
transformer has eight tap positions and the voltage is con-
trolled from the primary side. Three SIPS described in
Section 2 are assiduously tested on this test system. MTDC
ingrained with this test system has two converter stations.
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Figure 14. MATLAB and ETAP results of the test system for unstable swing condition when a fault in line L-23 not removed: (a) bus
voltage, (b) power angle, (¢) active line power, and (d) reactive line power.

Considering the economic constraints, PMUs are installed
atbus 2,5, 6,9, 12, 16, 19, 22, 23, 25, 29, and 39. The test
system is assembled in MATLAB®. At the earlier stage,
the power flow study is carried out to verify the similarity
with the practical cases. The power generation and MVA
load attached to buses are in table 5. General procedures
are followed for this dynamic simulation. After checking
the operation of a test system, the functional behaviors of
three SIPS are tested. The data received by relays DRI,
DR2, and DR3 for the respective SIPS is used for the
functional evaluation.

4.1 Functional investigation of SIPS-1

SIPS-1 is checked without and with suggested subroutines
to verify its ability to restrain system instability under
steady and contingency conditions. Test relay 1 (DRI1) is
established at E location near bus 19 on line L-22. The test
system operates in MATLAB®. Bus 31 is a slack bus with a

power angle equal to zero. The voltage and power angle at
every bus and power flows through all lines are given in
figure 9 for the normal condition. Figure 9(a) and (b) shows
respective voltages and currents recorded by DRI. Fig-
ure 9(c) and (d) indicates that the system is under
stable condition. All the power angles to generating units
are reconciled, and hence SSF is found within a limit. This
test system with the HVDC link was reassembled in ETAP
[33] to justify the functional investigation. This test system
results in ETAP are checked with MATLAB results as
given in figure 10. The voltages perceived from fig-
ure 10(a) for bus 16 by, respectively, MATLAB and ETAP
are 0.979 and 0.986 pu. The power angles for this bus
heeded from figure 10(b) are 5.794 degrees for MATLAB
and 5.849 degrees for ETAP. The active powers seen from
figure 10(c) for line L-23 are 193.14 MW from MATLAB
and 194.88 MW from ETAP simulations. The reactive
flows from these two simulations are 36.24 and 36.52
MVAR depicted in figure 10(d). The only line that carries
active power of 249.98 MW is HVDC line L-15. Thus close
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Figure 15. Functional investigation of SIPS-1 with proposed
algorithm under stable power swing (a) voltage monitored by
DRI, (b) current seen by DRI, (¢) variations in the angles of
generating units, and (d) SSF within bus 16 and 19.

matching of MATLAB and ETAP results is accomplished.
All the transmission lines found are loaded below their
rated capacity.

The symmetrical fault contrived in line L-23 between
bus 16 and bus 21 causes power swing in this test system.
Opening the breakers at A and B isolates this fault. The
stable and unstable power swings are created by controlling
this fault isolation time. The concentric circle method
judges the performance. The differentiation between power
swing and the fault is possible from the time elapsed to
cross the impedance trajectory outer circle and zone-3
circle. The threshold time is 25 ms.

4.1.1 Stable power swing A triple line to ground fault
(f1) appeared at 1.8 s in line L-23 when (151+j59) MVA
load was connected at bus 24 instead of defined load
(3124j89) MVA. Opening breakers A and B from both
ends within 85 ms isolates the fault. Thus, the constraints
(5), (8), and (9) are satisfied. The power swing was present,
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and not fault. Test relay DR1 recorded this swing in its
zone-2. Impedance trajectory took more time than the
threshold to cross its zone-1 circle. Hence power swing
blocking (PSB) is approved for the relays located at E, M,
S, and Q.

The voltage and current waveforms under stable power
swing are, respectively, in figure 11(a) and (b). The power
angle of generator G6 is shifted from 8.829 to 9.314
degrees in MATLAB. This angle changes to 9.383 degrees,
from 8.898 degrees in ETAP. The minute variations
appearing in the angular displacement of other generation
units are noticed from figure 11(c). The power swing curve
mollified after 7.2 s, SSF is presented in figure 11(d). As
line L-23 got opened, its flow became zero. The system
experienced momentary disturbance. Deviation in voltages
and power angles at every bus is, respectively, in fig-
ure 12(a) and (b). The power flow of L-23 shifted to its
adjacent lines seen in figure 12(c) and (d). The apparent
power flow of lines L-24, L.-28, and L-29 boosted from
(1874j17) to (383+j21), (29+j33) to (219+j71), and
(339+j48) to (528+j81) MVA, respectively. However, the
apparent power flow of line L-27 decreased from
(460+j152) to (272+4j124) MVA. Under such a scenario
the system is stable, and there is no operation of SIPS.
SIPS-1 activates only when the load at bus 24 exceeds 216
MVA. As soon as line L-23 underwent fault, the load at bus
16 got curtailed. This forces load cut of (3124j88) MVA
and also back-down unit G6. The mutations of active power
flow are in figure 12(e), and reactive power flow are in
figure 12(f). The load flows of lines L-24, L-28, and L-29
heighten from (187+j17) to (381+j21), (186+4j66) to
(72+4j12), and (494+j72) to (384+j21) MVA. However,
the load flow of line L-27 decreased from (460+j157) to
(2714j122) MVA. The system withstands stability by
scarifying load at bus 24.

4.1.2 Unstable power swing The symmetrical fault (f;)
is at 2 s in line L-23. Line breaker A opened as it received a
trigger signal from the associated relay. Deliberately, the
opening time of another breaker B of the same line is set at
240 ms. It simulates a circuit breaker stuck situation.
Hence, the tests relay DR1-sensed power swing in zone-2.
Thus, the constraints (5), (8), and (9) got accosted. An
unstable power swing without fault in zone-1 for relays E,
M, S, and Q appeared. Therefore, the PSB feature is made
active for these relays. Sticking of breaker B enables
activating local breaker backup (LBB) protection for bus-
bar 16. The breakers L, F, P, and R should acquire a signal
from the LBB scheme and isolate bus 16. However it did
not de-energies this bus as LBB protection was out of order.
The impedance trajectory arrives into zone-1 of protection
relays at E, M, S, and Q, and the conditions given in (5),
(8), and (9) are not satisfied. The fault comes into existence
due to a power swing. Relays at E, M, S, and Q got de-
blocked. Tests relay DR1, and activate trip command for
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Figure 16. MATLAB and ETAP results of a test system for the stable swing when SIPS-1 executed with the proposed algorithm:
(a) bus voltage, (b) power angle, (c¢) active power flow, and (d) reactive power flow.

breaker E. Similarly, another breaker of the remote ends
fixed to bus 16 (breakers M, Q, and S) opened because of
power swings and persisting fault in their zone-2. It isolates
bus 16 and curtailed load of (342+j44) MVA. This
isolation did not evacuate power from units G4, G5, G6,
and G7. Active power loads connected at buses 20, 21, 23,
and 24 did not pair with enormous generated power under
such a situation. Therefore, all these alternators went out of
service by OST protection.

The voltage and current waveforms, respectively, in
figure 13(a) and (b) indicate an unstable power swing. The
power swing (see figure 13(c)) is sensed from the angular
disengagement between power angles of generators, and
periodic oscillations seem to be unstable. The SSF has
inclined towards instability found in figure 13(d). The
system suffered due to instability later, 7.6 s, and it brought
power to break-down in the nearby area. The dislocation of
bus 16 made the blackout in that region. The change in
voltage is in figure 14(a), and the angle is in figure 14(b).

The relevant active power flow is in figure 14(c), and the
reactive power flow for the system is shown in figure 14(d).
In this SIPS logic the PSB is activated just after monitoring
the swing, and it blocks all zones except zone-1. Operation
of breaker A was performed correctly. However, SIPS-1
aborted as (i) breaker B of line L-23 did not open, (ii) LBB
protection at bus 16 was not in service, (iii) due to a per-
sistent fault, power swings that appeared in zone-2 did not
dampen, (iv) swing that arrived in zone-1 of relays at E, M,
Q, and S opened their circuit breakers, and (v) breakers W,
X, Y, and Z opened due to OST activation. This investi-
gation overcomes the discrepancy in SIPS-1 by some
modifications. The modification is made clear in the com-
ing subsection.

4.1.3 Stable  power  swing  with  suggested
subroutines The test system operates with the earlier
condition given in figure 10. All power lines are under
working conditions. At 1.8 s, L-L-L fault (f;) is aggravated
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Figure 17. Functional investigation of SIPS-1 with proposed
algorithm under unstable power swing: (a) voltage monitored by
DRI, (b) current seen by DRI, (¢) variations in the angles of
generating units, and (d) SSF within bus 16 and 19.

in line L-23 when supplying a load of (190+j32) MVA.
After 90 ms, the fault got cleared. Test relay DRI
experiences power swing in zone-2, and there is no fault
in its zone-1. It effectuated (5), (8), and (9). Hence, the PSB
got activated for relays at E, M, S, and Q. It forced load
curtailment of 312 MW and 91 MVAR at bus 24. The
power flow of line L-23 was transferred on lines L-24,
L-28, and L-29. The test system remains stable because of
the load cut. Transmission links L-24, L-28, and L-29
operated, respectively, at 63.5%, 11.84%, and 36.5% of
their maximum power transfer capacity. Hence there is a
clear possibility to transfer more power, and it reduces the
load shedding.

The suggested subroutines work out and curtail load
equal to 99 MW only. It prevented the load shedding of
loads attached to bus 24. Now, it fed (209+j90) MVA
demand at this bus. The power by L-29 heightened at 598
MVA. The corresponding voltage and current signals
indicate stable swing seen, respectively, from fig-
ure 15(a) and (b). The angular displacements of other
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alternators shown in figure 15(c) are little. At 7.4 s, just
after the load cut, the swing got mitigated. The SSF is in
figure 15(d). After the opening of L-23, fluctuations appear
in voltage and angle at other buses seen from corresponding
figure 16(a) and (b). Load flows are in figure 16(c) and (d).
This sustained stability is because of the correct execution
of SIPS-1 with limited load shedding.

4.1.4 Unstable power swing with suggested
subroutines The investigation of PMU technology
made it easy to access the rotor angle of generating unit.
This information supports grid management. Due to a weird
exigency, the prominence of the generation load angle and
its variation are higher than in a regular emergency. In the
test system, an unstable swing is ascertained by DR1 when
the L-L-L fault continues for a long duration of 500 ms in
line L-23. It pushed the system towards instability.
However, the curative measures commenced at an exact
instant and to prevent system instability. While accrediting
these modifications, it has to be confirmed that protection
operates for every fault in power swing.

In the power swing state, a three-phase fault () is in line
L-23 at 1.9 s. After 85 ms, by opening relevant circuit
breakers, this fault is removed. Breaker A opened, but
breaker B got stuck. Relay DR1 fixed at E and other relays
at M, Q, and S revealed this fault in zone-2 with power
swing. The recommended flowchart is with SIPS-1. LBB
protection of bus 16 is not operative. After checking SSF,
the relays at E, M, Q, and S are de-blocked. These relays
activate the opening of corresponding breakers and thereby
isolate bus 16 from the system. The logic applied is that
whenever line L-22 is open, or bus 16 is not in service, the
unit G4 must get detached from the system. Under con-
tingency, unit G4 mandatorily detached from service. Some
units, G5, G6, and G7, operated by backing down their
generations. It is in contrast with load at buses 20, 21, 23,
and 24. It forbids unwanted outages of G5, G6, and G7. By
this corrective measure, power swing is mitigated and also
blackout in this area is avoided. The system achieves
stable status depicted in figure 17(a), (b), (c), and (d),
respectively, for the voltage, current, power angle, and SSF.

The angular movement observed is more than 28.2
degrees. Figure 18(a), (b), (c), and (d) illustrates parameters
after isolating bus 16. The under-loading factors for L-17,
L-18, and L-19 were determined, respectively, as 48.18%,
49.88%, and 99.9% by the proposed subroutine. Therefore,
it partially withdraws the load shedding at bus 14. In such a
situation, bus 27 is made free from the load. Bus 15 sup-
plied (139.85+j64.15) MVA load because of the correct
operation of subroutines included in SIPS. This functional
response gives the following propositions: (i) revise and
coordinate settings of all the protection relays, (ii) confirm
operation of bus bar protection and LBB protection at each
bus, (iii) perform load flow study and figure out loading
factor of all lines, (iv) adjust OST protection so that it can
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Figure 18. MATLAB and ETAP results of a test system for the unstable swing when SIPS-1 executed with a proposed algorithm:
(a) bus voltage, (b) power angle, (¢) active power flow, and (d) reactive power flow.

avoid unwanted trippings of generating units, and
(v) backing down of generation should correlate with fre-
quency load dropping characteristics for every generation
unit.

4.2 Functional investigation of SIPS-2

The line to ground fault (f;) triggered at 2.2 s in the DC line
L-15 transmitting 582 MW, and the load at bus 39 was
(772+j182) MVA. Both ends circuit breakers opened
within 80 ms and isolated the faulty section. This fault
generated momentarily power swing diagnosed by test
relay DR2. The load flows of lines L-4 and L-12 due to
fault are more than the threshold, i.e. 600 MVA. The
maximum power transmission is restrained at 600 MVA for
400 kV because of its thermal limits. SIPS-1 operates and
disconnects the load at bus 7. It also reduced the generation
of unit G2 by (200 +j80) MVA. The voltage and current
are, respectively, in figure 19(a) and (b). Figure 19(c) and
(d), respectively, depicts the angular change and SSF.

The proposed subroutines determine the % under-loading
factor of adjacent lines. Line L-12 is found to be 27.57%
under-loaded. Subroutine 2 improved the generation back-
down of G2 by (96+j36) MVA and thus decreased load
shedding at bus 8 to (984j38) MVA. MATLAB and ETAP
simulation results for a few buses and lines without and
with the application of the advanced subroutine are in fig-
ure 20. It is confirmed from figure 20(a) and (b) that min-
imizing generation back-out elevates bus voltages and
diminishes angular disturbance. The improvements in
active power flow and reactive power flow are, respec-
tively, in figure 20(c) and (d).

4.3 Functional investigation of SIPS-3

Symmetrical (LLLG) fault (f3) is activated at 2.2 s in line
L-25 when transmitting 530 MW. Just after this fault, line
L-6 started export instead of import of power to bus 3. By
opening both end breakers within 90 ms, this fault is iso-
lated. Test relay DR3 monitored a power swing for a
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Figure 19. Functional investigation of SIPS-2: (a) voltage
monitored by DR2, (b) current seen by DR2, (¢) variations in
the angles of generating units, and (d) SSF within bus 9 and 39.

moment just after this symmetrical fault. This event raises
the flow through lines L-3 and L-4 to greater than 600 MW.
It enabled the SIPS operation. Thus it enforced backing
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down of generation G8 by 352 MW. It cuts the entire load
at bus 18 and reduces the load at bus 3 to 122 MW. The
voltage and current for this performance are, respectively,
in figure 21(a) and (b); the angular movements and SSF are
seen in figure 21(c) and (d). The proposed subroutine
computed that lines L-3 and L-4 are 21.53 % and 30.1 %,
respectively, less loaded. Therefore, another subroutine 2 is
executed. It forces a reduction in the generation of G1 by
101 MW. The load at bus 3 is shed to 42 MW. It managed
an 80 MW load at bus 18 against complete load shedding.
The MATLAB and ETAP results for some buses and lines
without and with suggested subroutines are in figure 22.

In this study, the authors have simulated similar condi-
tions that appear in practical cases. By simulation study,
three power system events have been analyzed. Perfor-
mance of these events is checked on IEEE 10 generators
39-bus test system ingrained with HVDC link. Further, the
proposed methodology constituted with two subroutines is
proposed to overcome the drawbacks of currently working
SIPS. The performance of this algorithm is tested in
MATLAB and validated in ETAP. Simulation results in
both environments match closely.

The summary of this investigation is as follows:

1. Functional investigation of three SIPSs made on IEEE
10 generators 39-bus test system ingrained with HVDC
link.

2. Proposed subroutines use PMU data to improve the
decision-making about blocking and de-blocking func-
tion in distance relays. It boosts the performance of these
SIPSs.

3. The recommended scheme did not require any prediction
system or estimation model. However, it works effec-
tively under critical situations.

4. Proposed subroutines prevent unwanted load shedding
and forced outages of generating units to a maximum
extent.

5. Performance results explore the causes behind right and
wrong SIPS operations. MATLAB results are compared
to ETAP results for validation.
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Figure 20. MATLAB and ETAP results of SIPS-2 without and with the application of proposed algorithm: (a) bus voltage, (b) power

angle, (c¢) active power flow, and (d) reactive power flow.

5. Conclusion

Three SIPSs in the Indian power grid were simulated and
analyzed in this article. It investigates the demerits in these
three currently operating SIPSs. Two proposed subroutines
resolved these discrepancies. PMU data was required for
these two subroutines. They avert the complex estimation
modeling and thereby the possibility of probable errors.

One subroutine separates the power swing from the fault
and prevents abnormal trippings of transmission lines.
Another subroutine estimates the under-loading factor of
every EHV AC and HVDC line and thereby abstains from
the disproportionate load shedding and back out of gener-
ating units. These three SIPS are meticulously tested by
developing the IEEE 10 generators 39-bus test system
ingrained with HVDC link in MATLAB and ETAP without
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Figure 21. Functional investigation of SIPS-3: (a) voltage
monitored by DR3, (b) current seen by DR3, (¢) variations in
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and with proposed subroutines. Their results prove the

technical feasibility of the proposed methodology.
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Listy of symbols

Abbreviations

SIPS System integrity protection schemes
CGPL  Coastal Gujarat Power Limited
UMPP  Ultra-mega-power plant

OLD One-line diagram

ER Eastern region
WR Western region
NR Northern region

KTPS  Korba Thermal Power Station

PMU Phasor measurement unit

SSF System stability factor

MTDC Multi-terminal DC

DR Distance relay

ETAP  Electrical Transient Analyzer Program
L-G Line to ground fault

L-L-L  Three-phase line fault

OST Out of step

Parameters and variables

V(1) Voltage signal

\4 RMS values of i bus voltage
RMS values of j bus voltage
Phase angle at i’ bus

Phase angle at j bus

~
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AV;

n
m

PACmax
PDCmax
Pac

Ppc

Differential voltage

Differential current

Change of impedance

Angular separation between bus i and bus j
Maximum angular separation

Define time interval

Change in impedance seen by the relay in zone-1
Change in impedance seen by the relay in zone-2
Change in impedance seen by the relay in zone-3
Maximum EHV AC transmission lines in a
substation

Maximum HVDC transmission lines in a
substation

EHV AC transmission lines in service

HVDC transmission lines in service

Maximum power transmission capacity of EHV
AC lines

Maximum power transmission capacity of HVDC
lines

Actual power transmission capacity of EHV AC
lines

Actual power transmission capacity of HVDC
lines

UF ¢ Under-loading factor of EHV AC lines in the
percentage
UFpc  Under-loading factor of HVDC lines in the
percentage
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