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Abstract—SCADA/EMS system has been the most commonly the same time, industrialization and automatiopuitting more

used tool for real time power system operation anccontrol

throughout the world. This system has been found tde very

useful in steady state analysis of the power systerfihe ever-
increasing dependence of human society and countg/economy
on electrical energy calls for reliable power deligry. In order to

meet these expectations, engineers across the gldieve been
exploring for new technologies that can improve upo the

limitations of SCADA and provide dynamic visibility of the

power system. A breakthrough has now been achieveid the

form of  Synchrophasor technology. Synchrophasor
measurements using PMU deployed over wide-area, fltate

dynamic state measurement and visualization of powesystem

which are useful in monitoring safety and securityof the grid

The Power System Operation Corporation (POSOCO) hataken
up initiative and implemented its first pilot project in NR
wherein nine Phasor Measurement Units (PMUs) alongith one
Phasor Data Concentrator (PDC) were commissioned. He
primary objective of this pilot project was to compehend the
Synchrophasor technology and its applications in Reer System
operation. The data received and information derivd from pilot
project have been found very useful and helped imiproving the
performance of the grid operation in several waysThe pilot
project is operational since last 2 years. Meanwtdl other
initiatives have been taken up and pilot/demo projets are being
implemented in other regions also by Power System p@ration
Corporation. This paper detailed out the utilization of data
collected from these pilot/demo projects and applation of the
data towards improvement in operation of the Indianelectricity
grid.

Keywords- Phasor Measurement Units (PMU),
Synchrophasors, Wide Area Monitoring System (WAMYS),
Oscillations, PSS Tuning.

. INTRODUCTION

Electricity energy being the most basic raw matdoiaany
activity of human being and its ever increasingeroh
country’s economy must be delivered with secusitgl high
reliability. Until now, Supervisory Control and fa
Acquisition system is very humbly discharging thetyd of
managing power grid efficiently by providing thatst view of
the grid to the grid operators. But integration widely
dissimilar generating resources, increases in ddnsdnmore
power flow on limited transmission resource haveulted in
exponential increase in the complicity of the grjmkration. At
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pressure on secure, reliable and environment fiyedelivery

of electrical energy. In order to meet these exgi@gis under
ever increasing risk, new technologies that carravg upon

the limitations of SCADA are being explored. A tkdmough

has now been achieved in the form of Synchrophasor
technology which has capability to provide time @yonized,
dynamic visibility of the power system

Utilities in several countries are experimenting thwi
Synchrophasors and trying to utilize the data tnatld assist
the System Operators in real-time as well as pepiatch. The
Power System Corporation has implemented a pilojept
wherein nine PMUs have been deployed for acquipingsor
data from widely dispersed locations in Northerdidn In the
project, time synchronized data is telemeteredigit speed
from phasor measurement units (PMUSs) at high stieedigh
Optic Fiber communication and at Phasor data cdreten
located at northern Region Load Despatch CentelL(NR.
The objective of the pilot project was to gain estfhand
experience of synchrophasors based Wide Area Mesamsunt
Systems (WAMS) before its large scale deploymenindia.
Since the commissioning of this project, POSOCGtiiizing
the information acquired from synchrophasors data i
improvement of grid performance in several waysm&aof
these are as mentioned below:-

e Enhancing situational awareness in real-time.

e Setting of df/dt relays.

e Forensic analysis of faults/Disturbance analysis /
determining the exact instant of fault and fault
clearing time.

« Detection and analysis of oscillations in the power
system.

e Angular separation value observed through the PMU
also helps in validating the network model in the
SCADA as well as offline simulation packages.

* Validation and determining the need of Special
Protection Schemes

It has been found that that synchrophasors can atieaily
improve the performance of grid operation and nwing in
several ways. Several other initiatives have atsnitaken up
by POSOCO in the form of pilot projects in othegioms i.e



Western Region, Southern Region,
Southern Region. All the pilot projects will fingll be
integrated in National Level pilot project under
implementation as extension of NR pilot project.tBg end of
December 2012, a National Level pilot project wik
available with about 53 PMUs located all over ofitn This
paper deals with experiences and improvementsechonit to
Indian power grid from the real time as well agdrigal data
obtained from synchrophasors pilot projects. Tlapep
elaborates upon the details of the pilot projegilemented in
Northern Region and also includes the case stuthésling
the applications of the information obtained frohe tpilot
project.

Il.  PILOT PROJECT INNORTHERNREGION

The NR project comprised of Phasor Measurement Un
(PMU) along with GPS clock at strategically select@ne
substations in the Northern Region. Phasor Datec€unator
(PDC) and other associated equipment have beeall@tsiat

Northern Regional Load Despatch Center (NRLDC), New

Delhi [1].

The primary objective of the WAMS pilot project Northern
Region (NR) was to comprehend the WAMS technology a
its applications for Power System Operation. Furtitewas
also understood that the PMU commissioned at atatidns
could be relocated very quickly in case the eadiection of
location was not found appropriate. Therefore, ariséc
approach was adopted for faster implementationceSithe
number of PMUs were small in comparison to the Itota
number of buses in Northern Region, PMU locatiorexew
selected strategically rather than optimalygure-1 shows
the locations existing Phasor Measurement UnitSldanthern
Region The broad criteria used for selection of Pldthtions
in Northern Region are:

Locations separated by large geographical distance.
Locations with large load angle separation.

Locations near large Generating Stations / Critica
Nodes.

Locations having fiber optic communication link kit
the control center

Locations important from point of view of operation
and prospective power system augmentation.

In order to implement the project in minimum possitime,
initially only 4 PMUs and one data concentrator everstalled

in May 2010. Facility of data storage along wittrsyalata
exchange with other system was also provided, d@eroto
analyze the data in commercially off the self (CQagailable
software like Microsoft Excel, Matlab etc. Afterigang the
experience and realizing the significance of phaso
measurement, subsequently, five more PMUs werecdatile
the project in Jan 2011. The phasor LAN of thejgmbwas
also integrated with the existing SCADA LAN to tefer real

Eastern Region artime phasor data to SCADA visualization for disphaythe

load angle values between various points of thehdon Grid.

JAMMU & KASHMIR
PMU LOCATIONS

1 - Vindhayachal HVDC
2 - 400 KV Kanpur S/s
- 3 - Dadri HVDC
""" 4 - 400 KV Moga S/s
5 - 400 KV Agra S/s
6 - 400 KV Bassi S/s
7 - 400 KV Hissar S/s
8 - 400 KV Kishenpur S/s
9 - Karcham Wangtoo HEP

Figure 1

As on date Fourteen (14) PMUs have been installedenu
different pilot projects out which nine are installin Northern
Region, two in Western region and three in Southregion.
The three Phasor Data Concentrators (PDC) have badsa
installed at the respective Regional Load Desp&tehters
(RLDCs) located in New Delhi, Mumbai and Bengaluru.
Placement of PMUs/PDCs at few more locations indrhs
been envisaged under the pilot projects taken upthay
RLDCs. The existing WAMS in Western and SouthergiBe
are demonstration projects, while in the NortheagiBn it is
was a pilot projectFigure-2 shows the locations existing
Phasor Measurement Units in India.

AFGHANISTAN

Figure 2



Ill.  SYNCHROPHASORSAPPLICATION WORLDWIDE

Worldwide many utilities from North America, Eurgpe
China, Russia and Brazil have started using/deyrdofhe
new PMU applications to harness the potential biemef this
emerging technology in operating very large eleatrigrids.
In 2006, China's Wide Area Monitoring Systems (WAM&
its six (6) grids had 300 PMUs installed mainlys80kV and
330kV substations and power plants. Presently Cliiaa
installed more than 1000 PMUs in their Grid. By 20China
plans to have PMUs at all 500kV substations andoailer

plants of 300MW and above. In U.S there are ten(10

synchrophasor projects underway involving 57 g#itand
grid operators across the country and installinguat850
networked PMUs. By 2013, the devices will be opatain
nearly all regions of the country. The Eastern rodanect
Phasor Project (EIPP) (now known as the North Acagri
Synchrophasor Initiative, or NASPI www.naspi.ordyas over
40 connected phasor measurement units collectitayide a
"Super Phasor Data Concentrator" system centered
Tennessee Valley Authority (TVA). Southern Calif@n
Edison (http://www.sce.com/PowerandEnvironment)
successfully using synchrophasors today to triggeme
automated grid protection functions on their Systgh

Oklahoma Gas &  Electric Co.(OG&E), USA
(http://www.oge.com) uses synchrophasor technolagy a
practical tool to locate and solve real-world opie
problems. The utility has added more than 100 PNtJthe
system, which provided monitoring almost 30% of its
transmission grid. From the synchrophasor data, 8G&n
determine if a disturbance is cleared by high-spaedtep-
distance (delayed) tripping. The data is being usetbcate

the source of event disturbance and proceed with an

investigation. Another valuable use of synchrophaka is
the detection of equipment failure, most of which riot
detectable by SCADA system. System stability assens is
being carried out using synchrophasor data espgecial
capturing the intricacies of an interconnectedesyslike low
frequency oscillations due to generation contrabpgm or
other reasons. The benefit of PMU measurementseapadint
of wind farm interconnection facilitates customerreceive
clean power (in terms of voltage fluctuation/flickewhile
maintaining the level of system stability necesdaryreliable
power system operation. Apart from above nationthero
countries like South Africa, Brazil, USSR, Westé&lectricity
Coordinating Council (WECC)(http://www.wecc.biz) vde
service territory extends from Canada to Mexico aodhe
European countries have deployed/ planning to gepltarge
no. of PMUs in their system [3].

IV.  APPLICATIONS OF SYNCHROPHASORS DATA

When the first commercial PMUs became availablest-po
event monitoring was the only application due te tbw
availability and high cost of communications chdsane
required for real-time monitoring, control, and f@wtion
applications [4]. New information and communication
technologies enabled synchrophasors to be processezil

time [5]. Utilities and vendors in several coundrgre striving
hard to utilize phasor measurement data in reale tim
applications from early warning and improving opers
situational awareness to wide area control andeption.
Since, pilot project in NR, was implemented witmaimalist
approach, no real time applications was acquireth \he
project. PMU data from the project is being utitizéor
forensic analysis of faults; post-dispatch analysfs grid
performance and; detection and analysis of osictiatin the
power system. During the period of last 2 yearses# event
nalysis were carried out successfully with thephafl data
zom the PMU. Information from the project were fml
useful in taking decisions at various instant afi at the
control center by increasing the visualization deptthe grid
operators which helped in improving the performan€tdhe
Indian electric grid. Rest of the section of thigppr will
describes some of the such applications of PMU dauz
information used in different regions. However, @rerview
gf the applications of synchrophasors data usediffierent
regions in real-time and offline have also beenrsanized.

is

V.  UTILIZATION OF SYNCHROPHASORS IN REAL TIME

The synchrophasor data is currently being usedffierent
regions for the following applications in grid op&on:

i). Improving Situational awareness through reakti
monitoring of frequency, df/dt, angular separation.
ii). Occurrence of transmission line tripping/ neadi
within a flowgate by observing
» Step change in angular separation.
» Step change in line current (MW & MVAR)
iii). Occurrence of generator tripping by observing
» Frequency decline
* Increase in df/dt
» Change in angular separation
» Decrease in voltage magnitude
iv). Occurrence of auto reclosure by change intdf/d
v). Occurrence of load crash/ load throw off byeasg
 Sustained High frequency
 Sustained abnormal phase angle separation
 Sustained High voltage
vi). Help in subsystem synchronization during restion
by using standing phase angle separation and phase
sequence

VI.  UTILISATION OF SYNCHROPHASORS DATA IN OFFLINE

Synchrophasors data is being used in grid operati@arious
instances of off line applications as listed below:
Visualization of power system dynamics with the
help of State measurements.

Visualization of phasors, sequence components,
angular separation, inter area oscillations, df/dt,
voltage dip during fault, voltage recovery after
clearance of fault, synchro-check etc.



Extensive utilization for post event (forensic)
analysis. It helped in detection of type of fault
(phases involved), Identification of the phase in
which fault has occurred, Fault clearing time
Protection mis-operation detection.

Detection of various modes in low frequency
oscillation using techniques like Prony Analysiast
Fourier Transform etc.

Detection of inter area/local mode oscillations
Validation of operation of under frequency and tif/d
relays due to availability of high resolution fremey
data at the control center.

Used in computation of Frequency Response
Characteristic

Delay of 8 cycles was introduced in the df/dt relay
in Northern Region to reduce spurious operations.
Identification of coherent group of generators dgri
grid event

e Observing SVC response during grid events
Validation of operation time of SPS used for inter
tripping generating units at Karchan Wangtoo after
tripping of evacuation lines

Validation of Transfer Capability for evacuation of
Karcham Wangtoo generation; Oscillations were
visible when the actual power flow crossed the
prescribed limits

Validation of Steady state network model in
SCADA/EMS

Validation of fault level as reported by Disturbanc
Recorder and as computed from offline studies

CASE STUDIES OFAPPLIACTIONS OFSYNCHROPHASORS
DATA

Synchrophasors data from the pilot projects impleted by
POSOCO, have been utilized in several ways likédamce
analysis, detection of oscillations, validationagferations of
special protection scheme (SPS), fine turning of SRc.

VII.

unit 3 tripped on FD Fan off and Unit-4 trippedloss of fuel
supply.

The event sequence could not be ascertained in NRLD
control room only with SCADA data. However, whentala
from the pilot project’s historian was analyzed amdvery
clear analysis of the event could be achievedak feund that
the cause of tripping was occurrence of some fmdtnot the
switching operation and envisaged initially. Durirtis
analysis, we could gain the experience of actuslialization
of df/dt and oscillations in the power system. Dgrthe loss
of complete power station a decrease of 10 degnethe
angular separation between Vindhyachal and Moga al&s
observed. The comprehensive plot of the measursnfiem
PMU located in the vicinity of Rihand STPS has bskown
in figure-3 which is self-explanatory.

df/dt & Voltage Profile during the tripping of Rihand Stage
1& 1l on1stJune 2010

| Instant Rihand Stage-1 Tripping
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Figure 3

B. Improved Grid Stress Indication

Most significance measurement from a Phasor Measme
Unit is angular separation. The angular separatietween
two nodes within a synchronous system is primaxifynction
of the voltage at the two nodes; Impedance betwieriwo
nodes and the power flow between the nodes. Therdfe
angular separation between the two nodes is semgii the
variation in one or more of these variables. THégince of

POSOCO has published a report titled “Synchroplsasorthe phase angles between any two buses in the pgwner

Initiative in India” comprising about 38 case sesli The
report can be downloaded from the website of NLD@ a
RLDCs. Important case studies have been analyzed he

A. Incedence Analysis

First encounter of significance of information from
synchrophasors were very exciting and revealingtialn
project was completed in the month of May 2010.Jume
2010, a event took place at Rihand Super ThermalePo
Station (Rihand STPS) (Stage 1 with 2x500 MW arab&tll
with 2x500 MW units) located in the lower right paf the
Northern Region. Rihand STPS switchyard has oneaé h
breaker scheme. One of the tie circuit breaker, Riaand
STPS switch yard, went under lockout due to lowpaéssure
in the breaker. While carrying out the switchingemion to
isolate the locked out breaker, Rihand STPS stageits
tripped on pole slipping. And after 7 seconds Reth&tage-II

gives accurate indication of the grid stress. Highe value of
this angle, higher the stress of the grid. Thisnoineena has
been used in Indian power grid very successfullgnemuch
before the implementation of WAMS pilot project.€elhhase
angle difference across different nodes is a meastistatic
stress across the grid and its proximity to inditgbiand

therefore can be monitored with respect to predeted

stability threshold limits. These threshold limée being put
based on the past experiences of the system sepagatd

offline simulations [6].

On 22nd October 2006, Northern Region,
Region, Bhutan system and parts of Eastern Re@parated
from rest of the N-E-W (synchronized North, Easyl &West
grid) grid due to the tripping of a transmissioneli Both the
systems survived and they were quickly synchronkzsek. It
was observed that the export from Northern Regiorest of
the grid continued to increase along with the aagul

Northeastern



separation between Vindhyachal North bus and Waesttiti
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the tripping point was reached [6].
measurement was being done by phase angel tramsduce

installed at Vindhyachal.Figure-4 depicts the whole
incidence. After installation of phasor measuremanits the

phase angle measurement are now more accurate, fagtre
and available form more number of locations. Thiss h

resulted in improved visualization of grid stressl amproved
situational awareness to the grid operator.

C. Detection of oscillations and validation of transfer
capability

Assessment of transfer capability is required &iimeating the

permissible quantum of power flow through a flowega@ver

The phase angle

The oscillation were observed in the system asalized from
the plots of frequency from the data collected fréMiUs
installed under the pilot project as shownfigure-6. It was
observed that magnitude of oscillations are mord@ga sub
station, which is nearest to the Tehri. Hence i wancluded
that source of oscillation is Tehri power statiSnbsequently,
PSS tuning of Tehri power station was carried and after
this no oscillations had been observed again. Byifisue of
line loadability / transfer capability could be obsed with the
help of synchrophasors.

Oscillations observed in Fregquency profile during controlied incresse of flow on 765kV
Tehri-Meervt Cht#2 on 3rd February 2011 at 11:29 Hrs (40ms data plot)
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Figure 6

D. Setting of df/dt relays

Rate of change of frequency (df/dt) relays havenhmevided
to arrest the large drop in grid frequency subsegteea large

assessment may lead to insecure operation whileerundgeneration loss. These relays are set to initiatenaatic load

assessment may lead to under-utilization of thestrassion
network or throttling of generation.

Tehri Hydro Electric Power Plant having 1000 Mpacity
is located in north of Northern Region. Therefarg 765 KV
transmission lines emanating from this plant foa@ation of
power generated. These all four lines are chargetD@ KV
presently. Tehri power station has informed theeeigmces of
oscillation in the system. An exercise was carr@ad to

shedding whenever the frequency declines at ahigker than
0.1 Hz/second. Until the availability of data fromMUs of
pilot project, concept of df/dt was a parametempaper only.
Grid operators in India were not able to visualizén real
time. Moreover, it was never thought that valued ahdf/dt
may be different at different locations especiaflycase of
disturbance. Relays operated by the df/dt sigaedsbeing
used in India for islanding operation in case st famp down
of grid frequency in order to save certain importarea of

examine the oscillation phenomena and ascertain thgrid. Placement criteria of df/dt relays was bettume based

loadability of the line. Test was performed by kiegponly
two out of four lines in service (reféigure-5) and generation
at Tehri HEP was increased in controlled manner.
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Electric
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e 400KV line
— = 765kV line charged at 400kV

Figure 4

on the premises that df/dt is same at all placesase of
disturbance. But visualizations of df/dt trends idgr
disturbances (as shown figure-7) caused the demise of this
premise. Now, placement of df/dt is also considgrithe
different values at different locations.



Plot of df/dt of different location during a disturbance

——Dadri ——Kanpur

Moga —Vindhyachal

Figure 7

On several occasions it was also found that thaysehad
operated even when no generation loss had occurheddf/dt
data recorded by synchrophasor during various igaaients
was examined. It was observed that df/dt duringititeal 40
ms was significantly high in comparison to the dffecorded
after 100 ms. The problem was discussed with egplrivas
learnt that the measurement of df/dt during thendient
condition (within the first few milliseconds of tHault) may
be erroneous due to the inherent algorithm used
computation and is not dependable. Subsequently statay
was provided in df/dt relay in order to preventdatipping.

E. Validation and determining the need of Special Protection

A hydroelectric power station Karcham Wangtoo haerb
constructed by a IPP in the north of Northern Ind&ving
capacity of
transmission circuit were planned from this powgtisn to
nearby pooling station at Abduallapdig(re-8).

Baspa _.____ 00 MW
ed = 6x 250 = 1500 MW - Karcham Wangtoo

Nathpa Jhakri

ah

- Yet to be
Nalagarh commissioned

Abdullapur
Patiala Kaithal B.a\:lana 'S()'nepal
Figure 8

Due to some reason the commissioning of theses lget
delayed but plant was ready to generate in itsdaiacity. In
order to save the loss of generation, studies warded for
exploring the possibilities of evacuation of thengetion
through transmission lines through nearby powetiosta
Naptha Jhakri. Since, evacuation of more generatiinout

security of grid during any n-1 contingency may deto
cascading of tripping; a special protection schemas
implemented. SPS should trip the machines at Kancha
Wangtoo in case of outage of any of the evacudirdnand
line loading of any of the remaining lines increaseore than
800 MW load. However, during the operation of SRShe
incidence, system wide oscillations were observednfthe
plot of PMU data. On investigation, it was foundtthihere
was an unintentional delay of about 10 secondbkertripping
of unit through the operation of SPS as showiigiare-9. The
delay was unknowing introduced, and it was remdsézt on.
After this oscillations were not observed again.

Frequency profile on 16th July 2011 from 04:28 - 04:31 Hrs
(40ms data plot)

42993 000 42999 000 42912000 1700

Figure 9

500 MW (2x250 MW). Two dedicated F. Validation of Auto-reclosure of EHV line

Single phase auto reclosure has been provideddrk¥dines
for transient faults. The operation of single phaago-
reclosure gets recorded in the Disturbance RecamigEvent
log in the transmission substations. At the Redi&tate Load
Despatch Centre the Auto reclosure operation isrded in
the Sequence of Events available through the SCABAem.
The synchrophasors data available at every 40 smehabled
visualization and validations of the auto reclosoperation in
the Load Despatch Centre. At many incidences it fvasd
that opening and closing time of circuit breakecorded in
SOE received from SCADA system is matching with PMU
data.

VIIl. CONCLUSION

The synchrophasor technology has brought aboutadigm
shift from state estimation to state measuremerite T
experience with synchrophasor pilot projects indrftas been
enriching and highly rewarding. Though the appiaatof
synchrophasor data is still in a nascent stagedia] it has
facilitated building an understanding of the tedbgg. It has
been established that synchrophasors can dranmatical
improve the visualization available at the contoanters.
Huge volume of synchrophasor data is being receied
stored at the control center. It is difficult tongprehend the



data due to limited availability of real time andfline
applications. Hence there are immense possibilieb scope
for further work on real time applications, custeed real
time and offline displays for better visualizatiafi power
system, integration of PMU data with SCADA/EMS &yst
Wide area applications for improving the stabiiitythe grid
by initiating action through System Protection cbube
explored. The wealth of information available ir thistorian  [5]
needs to be analyzed thoroughly for drawing vatigrences

for the Indian grids. Challenges in regard to sieraf huge
volume of PMU data have also been faced; this asoires (6]
developing mechanism to store these data. Currdintiyed
analysis has been done only with the help of Mot Excel.
There is a need to use signal processing techniguetable

in specialized software tools such as Matlab. 7]

(2
(3]
(4]
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