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Abstract

support schemes for system prognosis and control.

and SPS is validated using real-time grid data.
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Introduction: Aspects of power system protection which contributes to mal-operations and blackouts can be
improved by supervision of system behavior and response based analysis rather than condition-based or event-based
analysis using wide area measurements based on synchrophasor technology. The paper explores the application of
micro-Phasor Measurement Unit for time synchronized real-time distribution network monitoring and agile decision

Case description: The scheme is proposed as part of a project on “Power System Voltage Stability Analysis using
synchrophasors in Distribution System of Kerala Grid" at Kerala State Electricity Board Ltd. An actual grid occurrence
during the severe tropical cyclone Ockhi, is considered as the base case which motivated the work.

Discussion and evaluation: A voltage stability index (VSI) based special protection scheme (SPS) for radial
distribution network at a proposed smart city is presented in the present study. The proposed special protection
scheme on actual implementation can use data from proposed local micro-Phasor Measurement Unit. The PMU is
proposed to be placed at one of the key nodes of the distribution system network in the city.

Conclusion: The VSl is derived using local phasor values and is used to initiate a Special Protection Scheme for N-1
contingency at the key node, so as to ensure availability of the most essential feeder which provides supply to a
hospital campus housing several health institutes of prime importance. The voltage stability index derived is tested

Keywords: Micro-phasor measurement unit, Power system protection, Voltage stability, Power system stability,

1 Introduction

Driven by large scale growth and penetration of dis-
tributed energy resources (DER), distribution networks
face an unprecedented evolution and the rising of pro-
sumers increases energy management and control chal-
lenges in dynamic, complex distribution networks. The
advent of £-PMU s in distribution system has been proven
as a tangible solution for acquiring high resolution mea-
surement data. Development of novel monitoring systems
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to achieve situational awareness at distribution-level is the
need of the hour to support distribution system operators
in making proactive decisions during system disturbances.
The imminent utilization of synchrophasor data in the
distribution network is to be supported with cutting-edge
research to bring out the potential applications to the
fullest use by power system community. In India, the PMU
deployment has been covered only in transmission system
while the applications of ©-PMU in distribution system is
yet to be exploited completely and is yet to achieve atten-
tion from utilities for practical implementation. Kerala
State Electricity Board Ltd. (KSEBL) is the only state-
owned integral utility in power sector of Kerala with a
consumer base of nearly 124 lakhs, out of which nearly
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5000 are high tension and remaining all low tension con-
sumers. Thiruvananthapuram, the capital city of Kerala
tops among the 30 new cities recently added to Govern-
ment of India Smart Cities Mission. The vision for a smart
city stresses upon a reliable, safe, quality 24/7 electricity
supply to be established with a smart distribution grid. As
part of this effort, in order to ensure reliable, robust and
uninterrupted power supply at institutes of importance
in the proposed smart city, the deployment of micro-
Phasor Measurement Unit (u-PMU) is explored as part of
distribution system automation.

In the proposed smart city, Paruthippara substation, one
of the key nodes in the power distribution network of the
capital was considered under this study as a pilot initiative.
110 kV Paruthippara substation (SS) under Thiruvanan-
thapuram Project Management Unit is feeding 110 kV
Medical College SS and other important 66 kV as well
as 11 kV loads. The outgoing 110 kV Medical College
feeders feed Government Medical College (MC) cam-
pus, the oldest and most prestigious medical college in
Kerala state. Medical College campus houses several insti-
tutions of importance including Regional Cancer Cen-
tre, Thiruvananthapuram, Dental College, Sree Chitra
Thirunal Institute of Medical Sciences and Technology,
Regional Institute of Ophthalmology (RIO), Government
College of Nursing, College of Pharmaceutical Sciences,
Priyadarshini Institute of Paramedical Sciences and Sree
Avittom Thirunal Hospital for Women and Children.

This paper devises a special protection scheme based
on synchrophasors for the emanating distribution system
from Paruthippara SS. This scheme can serve as an inte-
gral part of the Distribution Management System under
implementation by KSEBL in Thiruvananthapuram, the
proposed smart city. Keeping in view an actual grid occur-
rence during Ockhi, the severe tropical cyclone that dev-
astated various parts of SriLanka and southern India from
29 November to 6 December 2017 as the base case, a spe-
cial protection scheme is derived in the present study to
enhance the voltage stability of distribution system. The
scheme is proposed as part of a project on “Power System
Voltage Stability Analysis using synchrophasors in Distri-
bution System of Kerala Grid” at Kerala State Electricity
Board Ltd. Special protection schemes (SPS) are designed
for tackling rare contingencies, when the consequences of
a particular operating point at a particular system state is
beyond the capability of conventional protection scheme.
SPS are tailor-made schemes with a predetermined con-
trol action sequence and operates less frequently. The
SPS formulated here is a synchrophasor based adaptive
scheme that supports local decisions of distribution sys-
tem operator at Paruthippara SS, for maintaining the
system voltage stability. The paper is structured as follows:
Section 2 presents a background review on the evolv-
ing synchrophasor technology applications and p-PMU
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deployment in distribution system. Section 3 describes the
base case which served as motivation for deriving the spe-
cial protection scheme. Section 4 discusses the method-
ology for developing the SPS application. Section 5 talks
about the simulations done using actual grid data and the
validation of the method suggested using results obtained.
Section 6 concludes the paper and presents future scope
of research in line with the work done.

2 p-PMU for smart distribution system
The effective deployment of micro Phasor Measurement
Units (u-PMU) [1] for real-time wide area monitoring and
control of large and renewable rich complex power sys-
tem thus enhancing system operational efficiency is being
explored by utilities worldwide. For PMU deployment in
Indian power system, a hierarchical architecture is estab-
lished for routing and updating GPS time synchronized
information at the respective Load Dispatch Centre, via
high-speed wide- band communication network at rates
up to 60 cycles per second [2, 3]. Dynamic response of
the system is revealed by the high-resolution time syn-
chronized PMU data. This helps in designing adaptive
wide area monitoring, protection and control (WAMPAC)
applications for visualization real-time system behavior
and improving system stability as well as reliability [4—6].
The state of art synchrophasor technology is a stepping
stone towards a smart, intelligent transmission or distri-
bution system with highest operation efficiency. A broad
spectrum of potential applications of synchrophasors in
distribution systems have been acknowledged in [7-10].
The evolution of low cost PMU designs for monitoring
and islanding microgrids considering growing DG inte-
gration is pointed out in [11]. Deployment of PMUs at
distribution level in several Nordic universities for devel-
opment of various WAMPAC applications is discussed in
[12]. The Indian institutional experience and efforts by
Indian utilities to integrate PMUs and its applications for
transmission and distribution grid operation are brought
out in [13]. While WAMPAC applications in transmission
system extends to intricate inter area oscillation identifi-
cation, the greatest contribution of ©-PMUs to support
distribution system automation is the time synchronized
phase magnitude and angle measurements i.e. the time
series. The typical u-PMU deployment structure is shown
in Fig. 1.

u-PMU is connected to single phase or three phase dis-
tribution circuits for continuous sampling of GPS time
synchronized voltage and current phasors at a rate of two
readings in a cycle which is 1.08x10° times the report-
ing rate of a typical smart meter. u-PMU is utilized for
descriptive analytics in grid management and supervision.
The high-fidelity ;.-PMU data is a significant leap towards
toward preemptive analytics. An event of utilizing time
synchronized u-PMU measurements with high temporal
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resolution in root-cause analysis of voltage sags is shown
in Fig. 2.

Studies by Lawrence Berkeley National Laboratory
(LBNL) on high-precision ©-PMUs being developed by
Power Standards Lab is presented in [14, 16] where LBNL
focuses on synchrophasor data for control and diagnos-
tic applications in distribution systems. The capabilities of
synchrophasor in distribution grid along with challenges
and lessons learned are discussed in [16, 17]. Synchropha-
sor data from u-PMU deployed at multiple campus loca-
tions as well as utilities are used to analyze the planning
and operation of supporting distribution system and DG
control which includes generation and storage. Diagnos-
tic as well as control applications are delineated in [17].
Diagnostic applications aid the power system planners
and operators to comprehend the present or past state of
the distribution system better, thus providing enhanced
decision making capability on equipment maintenance,
interconnection of resources or network rearrangement.
Control applications focus on real-time decisions / spe-
cific actions in response to a challenging power system
condition and it directly alters power system operat-
ing point through reconfiguration of circuit topology or
demand response variations [18]. A comprehensive review
on a wide range of applications intended for smart dis-
tribution feeders, including innovative developments in
transmission system synchrophasor applications which
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can prove equally good for distribution systems, is pre-
sented in [19]. A grid study is presented in [20] which is
a significant push towards realization of the vast possibil-
ities of ©-PMU measurement by depicting the application
in a real-life distribution network for fault analysis.

Maintaining system voltage within the operation band
set by the country’s grid code is a critical aspect to
power system utilities. In lines with the same distribu-
tion feeder voltage stability has been analyzed in various
literature [21-23]. Real time dynamic voltage stability
analysis has been considered as one of the most impor-
tant applications of synchrophasor technology enabled
system operation, which helps power system operators
to mitigate cascading catastrophes. Preventive and cor-
rective defense mechanisms to prevent voltage collapses
are detailed in [24-26]. Previously, the traditional SPS
were simple under voltage load shedding schemes which
relied on drop in system voltage. This implies monitor-
ing an already degraded power system [27]. The syn-
chrophasor applications however are complementary in
nature, by sensing inception of instability by real-time
monitoring of system dynamics instead of analyzing the
consequences. Synchrophasor technology improves the
anticipation capabilities and avoids post mortem analy-
sis. Voltage stability analysis methods based on phasor
measurements from local PMU with very less or no infor-
mation exchange between different locations being mon-
itored are explained in [28]. The prospective application
of real-time ©-PMU measurements in deriving a control
algorithm to stabilize the voltage deviation in a distribu-
tion feeder is investigated in [29]. Controllers are triggered
on support vector machine based prediction of voltage
condition of distribution system. Thus, the practical uti-
lization of time synchronized real-time data collected
from p-PMU in distribution system for signaling the most
important signals governing power system dynamics is
the need of the hour for wide area monitoring, state esti-
mation, fault localization, harmonic analysis and stability
analysis etc..

3 Case description

A single line diagram showing the system chosen for
study, i.e. Paruthippara Substation, a key node out of the
eleven 110 kV substations in power system network of
Thiruvananthapuram city, is given in Fig. 3.

The two outgoing 110 kV feeders go to 110 kV Med-
ical College substation from where it is fed to Medical
College hospital campus. Down lane, the 66 kV stations
mentioned further feeds important institutes viz. Vikram
Sarabhai Space Centre - a major space research centre of
Indian Space Research Organisation (ISRO) which focuses
on rocket and space vehicles for India’s satellite missions,
Technopark - one of world’s greenest Technopolis and
one among India’s largest IT parks, Office of the Reserve
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fury of Ockhi. On November 30 2017, southern regional
load dispatch centre had reported that cyclone Ockhi
hit the southern coastal areas of Kerala with widespread
rains. The voltage at Thiruvananthapuram grid was out
of IEGC band of 1.05 pu - 0.95 pu for 0.9 hours. On
November 30 at 12:54 hours, Pothencode-Paruthippara
Line-II (PPRA2) tripped on operation of distance protec-
tion relay at both ends. The load (base of 100 MVA) in
the PPRA?2 feeder and outgoing Medical College feeder
(PPMC) before tripping is shown in Fig. 4.

Considering the rising load in PPMC outgoing feeders,
the operator at Paruthippara SS control room switched
off a part of 11 kV loads manually at 12:55. This reduced
the load in Pothenocde-Paruthippara Line-I (PPRA1) dur-
ing the N-1 contingency.However 66 kV Paruthippara-
Vizhinjam line which feeds Technopark tripped at 12:59
hrs. The 66 kV line was declared faulty on Decem-
ber 1 2017, the next day. Uninterrupted supply to an
institute of prime importance like Medical College Hos-
pital campus, in the wake of chaos during Ockhi was

Paruthippara-Medical College load
Fig. 4 Incoming and Outgoing feeder Load

completely in the hands of manual operation by con-
trol room operators. Based on all of the above, a need
was felt to a) enhance the reliability and quality of power
supply by providing real-time visualization of system con-
dition using w-PMU, b) carry out prognosis of system
condition using synchrophasors for an automatic and
proactive decision support system to aid system opera-
tors and c) devise a synchrophasor based SPS scheme,
based on local measurement of synchrophasors, which
is an automatic and adaptive control logic to help sys-
tem operators to ensure the stability of Medical College
feeder. Research work to achieve the above objectives aids
in the journey towards smart city status as well as the
aspiration of KSEBL in creating a quality distribution grid
by 2022.
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4 Proposed methodology

4.1 Voltage stability index

Paruthippara bus is the local network under study termed
as node N. The substation with outgoing lines to Paruthip-
para SS, i.e. Pothencode is Node M. The detailed model is
shown in Fig. 5.

An equivalent system at local node N is formed as
shown in Fig. 6.

In order to arrive at the equivalent voltage V,; and
system equivalent impedance Z,, node N is divided into
two comprising of a) lines with incoming power flows to
Node N and b) total outgoing line power, flowing out of
Paruthippara node (i.e. the sum of power flows on the
outgoing lines). The total outgoing current at Node N
represented by I, is calculated as

Iy = S/ Vi*
_J@rﬂ”j%—ﬁ)

Z1 Zy
= Y1Via + YaVip — Va(Y1 + Y2)
V,=Y1+Y; (1)
\/;q = (Y1Va1 + Y2Vip) /Yy
Veq = 12 + Vs )

whereZ,, = 1/Y,

The equivalent impedance at Node N comprises of Z1 and
Z2 the impedance of incoming two lines and also con-
siders the reactive charging powers at line ends denoted
by B1 & B2. The line impedance parameters of incoming
Pothencode line 1 and 2 can be utilized to obtain equiv-
alent local system impedance, Z,. The local voltage and
current phasors can be obtained from p-PMU proposed
to be installed in Paruthippara bus. The synchrophasor
data can be used to arrive V¢,. In order to encompass the
effect of the power system network external to Paruthip-
para SS, a system model is formed with an equivalent

Node M 110KV Paruthippara (Bus 2)
110KV Medical College
(MC) (Bus 3)

|Mc load

110kv
Pothencode (Bus 1)

1=5)

110/11
3X20MVA

@
110/66

66kV Paruthippara 2X63MVA 11kv

=

o=
Sn=Pn+j

8l

n

Bus4 Paruthippara
— e — —— BusS

Bus6 _| Buss |
66 kv Bus7 |

L= -l
Fig. 5 Test system - Paruthippara SS

11kV outgoing feeders
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Fig. 6 Equivalent system at local node N

voltage source and a source impedance added to the local
equivalent system model of Fig. 5, as shown in Fig. 7.

The equivalent system model with voltage source E; and
source impedance Z; will hold true, with effect same as
that of an external power system network, if the following
equations are satisfied. These equations imply that voltage
phasors and power flows identical to original system are
ensured for the equivalent model formed.

P +jQu)* = Vi Ieq

- (Eg—Ve)  (Veg— Vi)
Z, Z,
Zy _ (Eq—Ve)
Z”l (Veq - Vn)

where, Pm and Qm are the incoming real and reactive
powers flowing into the local node N, i.e. the sum of
incoming power flows through each of the incoming lines
to Node N. Introducing a complex coefficient,

r= (Zq + Zn)/Zn
Ej=rVeg+ (1 =1V, 3)
Considering two equilibrium states of the system under

consideration, the equivalent source voltage and source
impedance will remain same as shown in equations below.

E;= (Ve + 1 =1V
E;=(Vep+ 1=V
Equating above,

_ 1

T = (Vg = V) | (Vi — Vi)

Evaluating r from Eq. (4) and substituting in Eq. (3) will
give equivalent voltage source. Knowing value of r and Z,,,
the source impedance Z; can also be found out. Now we

(4)

— - —> —> >

Eq Pm+jQm Pn+JQD%>

725N\

( Zq Zn —

Q//”+— v in”
M N

Fig. 7 System Model
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represent the voltage phasors and impedance in rectangu-
lar form and separate the real and imaginary parts as in
the Egs. (6) and (7) derived below.

E;=E /6, V, =V, /6,

Iy=(E;— V,)/Z,where Z =R+ jX = Z, + Z,
Su=Vaul; (5)

PuR + QuX = Vycos6,(Eycos6, — Vy,co56y)
+Vausind,(Eqsinfy — Vycosb,)  (6)
PyX — QuR = Vycos0,Eysinb; — Egcos0y Vysind,  (7)

The equivalent system model for Paruthippara node N
built using local synchrophasor measurements will have
a mathematical solution for the Egs. (6) and (7), if the
power system is at a stable state [30]. The singularity of
the Jacobian (]) determines solvability of Egs. (6) and (7).

J = (Eqcos05 — 2Vcos0y,) EgsinGy — 2Vysinty )
Eysinty, —E cost,

If a mathematical solution does not exist for the system
model of node N given by Egs. (6) and (7), it implies
Det(])=0, i.e. the operational voltage does not exist at the
node N and thus, loss of voltage stability. The determi-
nant of Jacobian (as in Eq. (9)) thus serves as an index
for analyzing dynamic voltage stability index (VSI) of
Paruthippara SS.

Stability Index = 2E,V,(cosby, + sinfy,) — E;, 9)

where 6, = 6,—6,, The stability index calculated in Eq. (9)
is utilized to calculate VSI of 110 kV Medical College sub-
station and further in determining SPS initiation. During
N-1 contingency at Paruthippara, if a decline in VSI of
Medical College bus is observed, an SPS can be initiated
based on rate of change of VSI (RVI), to shed the down
lane load to maintain reliable supply at Medical College
hospital campus. A threshold of RVI is to be set for each
monitored node to initiate the SPS and shed load.
_|VSI(®) — VSI(t — D)| |

B VSI(t — 1)

Once the voltage instability condition is identified, weak-
est bus at Paruthippara SS which contribute to the
instability at Medical College during N-1 contingency
at Paruthippara SS is determined. This is to decide the
location of load curtailment as explained in next section.

RVI

(10)

4.2 Load curtailment strategy

Load curtailment being the answer to the detailed contin-
gency in power system network, the best suitable location
of load curtailment needs to be found. Bus modal analysis
and determination of participation factor is proven to be
an effective methodology as presented in [31-33]. In order
to improve the stability of the system, shedding the load
at weak buses is the best solution. Modal analysis involves
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evaluating eigenvalues and the corresponding eigen vec-
tors of the reduced Jacobian matrix. As voltage stability is
focused in this study, the reduced Jacobian matrix is con-
sidered instead of system state matrix. The magnitudes
of eigen value provide an accurate estimation of proxim-
ity to voltage instability by recognizing different unstable
modes. Eigen vectors help in arriving at the weakest node
contributing to the unstable mode. The right and left eigen
vectors help in arriving at the participation factors.

For modal analysis power system network is modeled as

APT _ T Ad
AQ | ™| AV
where ] is the Jacobian matrix and AP, AQ, AV and Af

are changes in real power, reactive power, bus voltage and
angle respectively.

AsAP =0,AQ = JrAV,
reduced Jacobian/z = [ Jov — Ja/po " pv |

Taking & as the right eigen vector matrix of /g, A as the
diagonal eigen value matrix and n as the left eigen vec-
tor matrix of Jr, Jr = & An. The participation factor, P,
of the m" bus to the n mode is evaluated using the left
and right eigen vectors. The value corresponding to the
n'" critical mode of the system is given as Py = Ennlnm.
The load buses which are the suitable candidates for load
shedding can be identified using the magnitude of par-
ticipation factor, the highest contributing the most to the
voltage instability. The VSI derived in this work serves
as an index for identifying the weakest bus contributing
to instability in power system, thus serving as a com-
prehensive solution for voltage instability detection. The
load bus with lowest VSI is the weakest bus contributing
to instability. Flowchart of the proposed SPS is given in
Fig. 8. A comparison of various notable concepts used and
assumptions made while deriving voltage stability indices
in previous research works of past 10 years is given in
Table 1.

4.3 PMU deployment

For effective sampling of phasor data and calculation of
stability index, two u-PMUs, one each at Paruthippara
and Medical College bus are proposed to be installed at
present. The measurement values of current phasor are
collected from substation line current transformer, so that
all incoming line current add up to give total bus incom-
ing current. This is similar as the bus current is wired
up for bus differential protection. The bus voltage phasor
can be sampled from bus capacitive voltage transformer.
The u-PMU is connected to a u-PDC for data analyt-
ics through a network infrastructure capable of sending
data streams using local area network infrastructure. The
communication network is to be built to comply with
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Table 1 A comparison of concepts on voltage stability indices
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the standard IEC 61850 protocol. The voltage and cur-
rent phasor measurements are to be streamed under IEEE
standard C37.118 protocol. A GPS time synchronized
Precision Time Protocol (PTP) master as per the IEEE
1588 standard is proposed as a perfect fit for generating
clock signals for synchronization upto nanoseconds.The
proposed u-PMUs sample four fundamental three phase
measurements i.e. voltage magnitude, voltage phase angle,
current magnitude, and current phase angle. The sam-
pling rate is considered as 100 samples in a second, which
would be 2 samples per cycle for a 50Hz system. This
upgradation in data sampling rate is critical considering
the leap from standard 2-10 seconds SCADA system sam-
pling rate. u-PMU deployment single line diagram with
details is given in Fig. 9. If the proposed scheme is to be
utilized for automatic load shedding procedure, further p-
PMUs need to be installed in down lane 66kV and 11kV
stations.

5 Simulation results and discussion

The test system presented in Fig. 5 was simulated in MAT-
LAB using actual grid data and real-time measurements
collected from Paruthippara (PPRA) substation.

Case 1 The base system was studied by increasing the
load in outgoing Medical College (MC) feeders in steps of
load factor ). While increasing the load, the voltage limits
were kept as per IEGC band for all feeders except 11 kV. It

Reference Concept Assumption
[34] Two bus system considered, discriminant of the voltage Shunt admittance is neglected.
quadratic equation > 0.
[35] Two bus system considered, discriminant of the voltage Shunt admittance is neglected.
quadratic equation > 0. The angular separation of sending and receiving end bus
voltage § ~ 0.
[36] Same concept as above line voltage stability indices. Line resistance & shunt admittance neglected.
(37] Same concept as above line voltage stability indices. Shunt admittance is neglected.
The angular separation of sending and receiving end bus
voltage § ~ 0.
[38] Limiting the maximum power transferable through a transmis- Shunt admittance is neglected.
sion line. Power factor assumed to be constant.
[39] The voltage drop across equivalent Thevenin impedance = Equivalent Thevenin impedance connected to sending bus is
load voltage at the point of voltage collapse neglected.
Ideal voltage source assumed at sending end bus.
[40] Discriminant of the voltage quadratic equation > 0. Shunt admittance is neglected.
Voltage angle assumed to be very small.
[41] The largest value of difference in voltage magnitude of two The voltage of the generator closest to the load bus is taken as
buses is the correction factor 8. the Thevenin voltage of the load bus.
[42] Based on % diversity, between moving average value, RMS of The generator voltages are held constant.

Present work

N PMU values of load bus voltage, Vi and ith sampled data

An equivalent system of the local network is modeled with
an equivalent source and impedance encompassing the effect
of entire power system network external to the node under
consideration

Angular separation of sending and receiving end bus voltage
Ogn is considered as it carries important information regarding
system dynamics.

Local synchrophasor data utilized.
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was observed that the voltages in 110 kV PPRA bus (bus 2),
110 kV MC bus (bus 3) and 66 kV bus (bus 4) declines as 20
seen in Fig. 10. )
The angular separation (§) with respect to Pothencode 0
bus (incoming 110 kV) as reference, is also seen to increase 0 10 20 30 40
with increasing load at MC as seen in Fig. 10. Now, in order time
to study the nature of the voltage stability index derived, Bus2 Bus 3

the lower voltage limit of all buses were set as zero and the
load in outgoing MC feeders in steps of load factor A. The
voltage stability indices of PPRA 110 kV bus and MC 110
kV bus are calculated and plotted in Fig. 11.

1.2
T L

Voltage (pu)

angular separation (degree)

time (s)

Bus2 Bus3 Bus4

Fig. 10 Bus voltage and angular separation on MC load rise

Fig. 11 VSl and RVl on MC load rise

It can be seen that with an increase in load at MC,
as expected, the voltage stability index of MC bus starts
decreasing. The decline of VSI is reflected in Paruthip-
para 110 kV bus as well. The VSI of MC and PPRA bus
approaches zero when power flow fails to converge.

Case 2 Next the impact of N-1 contingency at PPRA bus
is analyzed. The load in outgoing MC feeders are increased
in steps of load factor A keeping the IEGC voltage limits for
all feeders except 11 kV. The incoming PPRA bus is also
seen to approach zero. Line 2 (PPRA2) was tripped almost
near to 1.5 times full load at MC SS. The VSI of both
Paruthippara and MC stations were seen to approach zero
once PPRA2 got tripped indicating voltage instability. The
VSI computed and rate of change of VSI (RVI) is shown in
Fig. 12.

From the figure it can be seen that RVI % is an ideal can-
didate to initiate corrective action for the instability as seen
by the drop in VSL

Case 3 Next, modal analysis was carried out on the base
system to identify the critical mode and the weakest bus at
Paruthippara SS. Table 2 shows the eigen values of inverse
reduced Jacobian matrix.

As seen, 0.3801 is the highest value and corresponds to
mode 2. Corresponding to mode 2 the values from eigen
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Fig. 12 Voltage Stability Index and RVI on N-1 contingency

vector shows that bus 4 has the critical value. Thus the 66
kV bus (bus 4) at Paruthippara SS is the weakest bus. The
voltage stability index values also shows that Bus 4, the
66kV bus is the weakest load bus at Paruthippara as shown
in Fig. 13.

Next the modal analysis was repeated on the system in
case 2, i.e. with PPRA2 tripped at 1.5 times full load at
Medical College feeder. The critical eigen vector entry and
corresponding bus is shown in Fig. 14. It can be observed
that 66 kV bus at Paruthippara is the weakest bus con-
tributing to voltage instability on N-1 contingency. The
load participation factors are then computed for the down
lane 66 KV feeders of the 66 kV bus at Paruthippara. The
participation factors of the loads are shown in Fig. 14.

It can be seen that 66 kV load at bus 7 contributes most
to the instability followed by bus 8. Voltage stability index

Table 2 Eigen values and Eigen vectors at Paruthippara SS

Eigen value Eigen vector (mode 2)

1 0.0000 Bus 1 Swing bus
2 0.3801 Bus 2 0.1036

3 0.0575 Bus 3 0.1050

4 0.0022 Bus 4 0.4696

5 0.0014 Bus 5 0.1129
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VSl

values also show that Bus 7 is the weakest bus as it has
the lowest value of VSI approaching zero during the contin-
gency. Accordingly while configuring the special protection
scheme to maintain voltage stability at MC and ensure reli-
able power supply to MC hospital, the load curtailment
shall begin with bus 7 followed by bus 8 if required.

Case 4 Validation of the proposed SPS for mitigating
voltage instability is presented as Case 4. The load in out-
going Medical College feeders are increased in steps of load
factor X\ keeping the Indian Electricity Grid Code (IEGC)
voltage limits for all feeders except 11 kV. The incoming
Paruthippara Line 2 (PPRA2) is tripped at almost near
to full load at Medical College SS. As proposed in the
flowchart of Fig. 7, the SPS scheme monitors the value of
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Fig. 14 Critical eigen vector entry and participation factor
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VSI of Medical College bus. The SPS is initiated based on
value of rate of change of VSI (RVI) of MC bus. In the
present study RVI threshold is fixed at 10% based on the
nature of RVI observed in Fig. 10 earlier. Once RVI is above
threshold, the highest contributor to instability i.e. load at
bus 7, based on the lowest value of VS, is first isolated. The
value of RV1 is rechecked as to whether within the threshold
limit. The critical eigen vectors and participation factors
are also recalculated after each load curtailment to moni-
tor the highest contributor to instability and changes due to
network reconfiguration. In this study bus 7 remained the
highest followed by bus 8. As the RVI is not within limits
even after shedding load at bus 7, the next highest contrib-
utor i.e. the load at bus 8 is also isolated. The VSI and RVI
of MC bus is shown in Fig. 15.

The bus voltages and angular separation (8) of Paruthip-
para and Medical College buses are as seen in Fig. 16.

Initially as the load in MC feeders increase, the VSI
of MC bus does not show any appreciable change while
VSI suddenly declines and approaches zero as PPRA2 is
tripped. As the SPS is initiated when the RVI reaches
10%, the VSI profile improves and with shedding of both
loads becomes steady. Similarly, the voltage of Paruthip-
para and MC bus starts falling gradually but declines
suddenly on tripping PPRA2. As the SPS is initiated, the
voltage profile improves and becomes steady. The angular
separation which was showing an increasing trend settles
to a steady value on initiation of SPS and isolation of 66 kV
loads in bus 7 and 8. Thus the special protection scheme
based on voltage stability index using local u-PMU data
is seen to be effective in maintaining the voltage stabil-
ity of Medical College bus and Paruthippara bus as well.
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Fig. 15 VSl and RVI of MC bus on SPS initiation

(2020) 5:9

Page 10 of 14

0.982

098 [
—_ 0978 T
3
2 o976 \
% 0974 T \
X o972
g 097 \ /
V4
0288 T ———5 pont4fsps niatidn
0966 - = = > =
o 5 10 15 20 25 30 35
time (s)
25 ‘
5 ——9 point of|SPS initiation|
- 2 T
8 15
: I¥;
"
5 1 e—— T T
>
I&D 05
<
o
o 3 10 15 20 25 30 35
time(s) —Bus2 —Bus3
Fig. 16 Bus parameters on SPS initiation

This ensures a reliable power supply to MC hospital cam-
pus and add on to the meticulous efforts taken by power
system operations team for upgradation of power system
protection and automation, in the journey towards smart
Thiruvananthapuram city.

Case 5 The characteristics of the voltage stability index
derived in the present work have been compared with the
index derived in [42). The study assumes availability of
data from PMU using which a dynamic voltage stabil-
ity criterion i.e. voltage stability risk index (VSRI) [42] is
devised to analyze the voltage stability of system in real
time. The VSRI at each load bus is used for deciding
upon suitable locations for the load curtailments to miti-
gate voltage instability. The scheme using VSRI was chosen
for study as comparison has been made with conven-
tional under frequency load shedding scheme as well as
another load shedding scheme in [42]. As in [42], the New
England 10-machine 39-bus system shown in Fig. 17 has
been chosen for testing VSI derived in the present stud)y.

While VSI is derived based on the concept of singularity
of the Jacobian matrix of equivalent system model, VSRI is
based on percentage diversity of PMU sampled voltage. A
system has stable post fault voltage if VSRI of all buses con-
verge to zero, while the bus with most negative deviation is
the weakest one giving highest contribution to instability.
The scheme in [42] works in two stages and depends on L-
index based voltage stability analysis for post disturbance
analysis. A case of outage of generator at bus 33 at 6.1s sim-
ulated, which causes a power deficit of 6.45pu. Voltage at
selected critical buses post contingency is shown in Fig. 18.

It can be observed that voltage collapses in Bus 19 and
20. Now VSI is calculated for the critical buses and char-
acteristics compared with VSRI. The study in [42] proposes
that if the most negative value of VSRI at the load buses
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Fig. 17 10-machine 39 bus New England system [43]

ie. VSRI,,;y, is lesser than VSRIy, after a set time, the system
is considered voltage unstable. Thus, VSRI is evaluated
after a time interval ty; = 5s from point of disturbance =
6.1s at 11.1s and the system is considered voltage unstable
as VSRIiy is below threshold value. Load shedding is car-
ried out at 11.3 s in [42]. VSRI (from [42]) and VSI (from
present paper) plots post contingency are shown in Fig. 19.

The VSI approaches zero at 8.2s indicating singularity of
Jacobian, i.e. voltage instability. The RVI plot in Fig. 20 also
indicates impending voltage collapse as it crosses threshold
at 8.0s.

As rate of change of VSI is utilized the RVI index derived
in the present study helps in early detection of impending
voltage collapse. The collapsing bus voltage angular sepa-
ration in Fig. 21, which is included in VSI, is a key indicator
which contributes to early detection.

In the scheme using VSRI load shedding of 3.01pu hap-
pens in Bus 20 at 11.3s initiating the system corrective
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Fig. 18 VVoltage profile post contingency
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action. The load shedding action is triggered at 8.0s based
on RVI in the scheme using VSI. Bus 19 is seen to be the
weakest bus from RVI and VSI values followed by Bus 20.
3.01pu at Bus 20 is shed at 8.01s. The voltage is seen to
approach acceptable limits as in Fig. 22. However as dis-
cussed in [42] post load shedding generation rescheduling
has to be done to attain an optimal operating point. Thus
RVI serves as a key indicator in detecting impending volt-
age instability well on time and VSI serves as an indicator
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Fig. 20 RVI post contingency
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Fig. 21 Bus voltage angular separation post contingency

of the weakest bus contributing towards instability. Fur-
ther only local phasor values are required for formulating
the stability index VSI and further threshold using RVI
The effect of entire power system network external to node
under study is encompassed, without the need for intricate
power system details.

6 Conclusion
The study derives critical indices to detect contingency
related voltage instability conditions and designs System
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Fig. 22 VSRI(a) and VSI(b) based load shedding
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Integrity Protection System (SIPS) to initiate remedial
actions. These actions are usually pre-planned, aid to
alleviate the consequences and keep system parameters
within limits. SIPS actions comprise of generation or
load shedding or system configuration changes to main-
tain system stability. Thus, the study attempts to con-
tribute towards dynamic stability assessment for self-
healing of smart grid using the pioneering technology
of synchrophasor based wide area monitoring protec-
tion and control. A special protection scheme for voltage
stability monitoring using synchrophasors from micro-
PMU, based on recent incidents of instability and lack
of reliability in power supply in a proposed smart city, is
presented.

The novel idea is of introducing cutting-edge micro-
PMU applications for enhancing distribution grid oper-
ation efficiency in the march towards smart city vision.
The capability of initiating the SPS scheme based on local
monitoring along with accuracy and fast response of 1i-
PMU measurements are added advantages of proposed
scheme. While deriving the VSI from local phasors, the
effect of both local network as well as power system
outside the considered node is taken into account by for-
mulating an equivalent source and impedance model. The
load participation factors arrived using modal analysis of
the system helps in most appropriate load curtailment
strategy. The future scope of work lies in field implemen-
tation of the scheme and extending it to other real-world
complex power system networks containing various type
of renewable energy sources. The future research objec-
tive envisages a closed loop control scheme, which can act
based on inputs as well as monitor the effects of actions
based on feedback.
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