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ABSTRACT

This paper focuses on the problem of optimal plaagmf the PMU (Phasor Measurement Unit) in a |grgeer
network.

Optimal PMU placement has multiple solutions dejregpdipon the consideration of constraints and toeee
consideration of field based topological and openat criteria can give better and actual resuttisThas been carried out
using integer linear programming with the consitleraof different types of criteria such as, zengection measurement,
cost constraint, voltage level, future expansiars location in the network, owner of the substatmentre of load point,
availability of communication link, connection witfenerating station and evaluation based on sygparating condition.
Different indices like BOI (Bus Observability IndexSORI (System observability Redundancy Index) &ystem
Operating conditions are also being considerediéermination of location at which PMU can be illsthto achieve full
network observability. It has been clearly visuadizhange in location of PMU in cases of with aritheut consideration
of said criteria.

KEYWORDS: Phasor Measurement Unit(PMU), Integer Linear Papgning(ILP), Optimal PMU Placement(OPP),
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I. INTRODUCTION

Currently, drastic changes in generation and trésson system, i.e., power system restructuringjadyic
loading conditions etc. Result in stressed opematibpower system. In such circumstances, to makieles & reliable
operation of power system. An accurate measurearahtmonitoring is a mandatory requirement. Mainkynitoring is
performed by the Supervisory Control and Data Asitjon (SCADA) system and Remote Terminal Unit (RTWhe
limitation of the said system is that the measurg@macquired are not time synchronised. Latendiyria can lead to mal-
operation or delayed operation of load dispatchlaad shedding. Hence result into catasphoric titnan power system.
To overcome this limitation, recently developed dyophasor based techniques are quite useful aperisu This
improves the system operation, monitoring and sysprotection. The synchrophasor technology implesdérMU
(Phasor Measurement Unit), a device for fast andclapnised measurement based on Global PositioBygjem
(GPS).PMU reports phasor data of voltage and cyrfeequency, Rate of change of Frequency. Furtheil) data is
applicable for calculation of other data such asitp@, negative and zero sequence of voltage anekt, active power,

reactive power etc. All measured and calculated dah be managed by PDC. It will be useful for il study to
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20 Gami Ashish N& V. M. Dholkiya

improve the overall reliability and security of pemsystem network. But, one of the major challengesociated with
implementation of this technology is identificatiofi optimal location of the PMU in a network to neaketwork fully
observable and at the same time it should be dfisteat as well. Further, one also has to lookoirseveral other
topological and operational considerations sucletsork configuration, system voltage level, powransfer through
transmission line, availability of communicatiorfrastructure & further expansion. These informagiavill be helpful to
locate the PMU in the system at proper place cenisig holistic approach to power system. The pnobtd deciding an
optimal location of PMU can be decided into two suimblems i.e. objective function and system caists. The
objective function is to minimize the number of PMSubject to ensuring factor of full network obsdility overall
above the same it is also constrained by sevehalr gtarameter such as cost, types of PMU, avathalof the channel,
availability of communication network, network tdpgy, power transfer during particular time perietf;. As the nature
of objective function and constraint is linear. §idan be found out from integer linear programmingthod. It is
generally observed in different literature that thecision of locating PMU at particular bus is niypdiased on the
topology of the power network only. Further, sonshars have discussed the PMU placement basedr@tramts such
as cost & availability of channels in a PMU as w&herefore no of other consideration of practfegtl situation along

with conventional considerations result into bepiaicement scheme [2] [3] [4].

Section | contains introductory discussions reldtew/ide area measurement system based technofabysage
of PMU for the same. It has highlighted the problefmecessity optimal location of PMU in large netw not only of
deciding the base of ensuring network observabditygl cost involved but several other practice evoifis as well.
Section Il gives conventional system observabilities and relative procedure. Section Ill expldmsnulation of ILP
method to evaluate the problem of deciding optitoehtion of PMU in large network. Section IV proe&linformation
regarding the power network considered for saidyaig It included description of system paramethiferent voltage
level, type of substation, etc. Section V contdims algorithm which has been tested for the sagdesy in MATLAB

environment. Section VI contains conclusion anénefices.
Il. SYSTEM OBSERVABILITY

System observability referred to as the system nreasent set and these is mandatory for solvingtneent state
of system. The power system connectivity consi$tdl nodes which represents number of busbar imepsystem,
connected with corresponding network branches tatwiee busbars. To assess a topological obsetyatifilsystem with

placement of PMUs, the following rules and assuomsti [4][5][9]

* Rule 1: If the current phasor and voltage phasor of the tenminal end are known then other end voltage

and current phasor can be calculate based on bbeneid equation.
* Rule 2 If the voltage phasor of the two terminal knowen current phasor at other branch can be calculate

* Rule 3 If there is a zero-injection node without PMUgsasiated branch current is calculated using KCL

equation.

* Rule 4 If there is a zero-injection node without PMUgsasiated node voltage is calculated using KVL

equation.
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[ll. INTERGER LINEAR PROGRAMMING METHOD

Integer Programming is mathematical programminghoebtof solving an optimization problem having irgeg
design variable, while the constraints and the aihje function are linear, nonlinear, or quadratie)s leading to integer
linear programming (ILP). ILP formulation based te measurement configuration and the system tggol@he
description of simple ILP based optimal placemerthuad ensuring complete topological observabilitythee system
under some constraint case, which has been coadidier the optimal PMU placement. Additionally soimsts
communication link constraints of power network aomsidered as measurement limitation. Based oprtetical aspect
only this constraint are not sufficient feasible nake the system fully observable and economicgkger linear
programming mainly depends on the objective fumctiad constraints. The objective function includesimation of the
number of connected bus or buses which will becsdle place PMU. Constraint will govern the finasult of the

optimization [5][10].
A. Formulation Step of ILP

Step 1:Objective Function

n
Min Z C.X,
i=1

Here, G= Constraint factor

. (@)

¥ i" bus

The objective function of the Optimal PMU Placeminto minimize, number of PMU to make fully obsable

network.
Step 2:Subject to,
n
Fiay = Z a; X;, Bi el
i=1
Fiy =0
...... 2

Here,a;= Bus connectivity matrix
Here,q; are depend on the transmission line connectiond®at i-bus and j-bus which is as follows,
1,if j=1i

a;; = 11,if j and i connected to each other
0, otherwise
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Consideration of Different Criteria

Zero Injection Bus (ZIB)

The zero injection buses are of that type of busre/imeither the source nor load is connected.usésl to transfer
the power from one branch to another only. Conaiiten of the same will result into reduced no of Pkequirement for

same observability. As parameters of the same e&méwn from KCL & KVL.

Bus Observability Index (BOI)

BOI indicates the probability of observability ofarticular bus via direct and/or indirect (Pseud@asurements
under normal as well as under contingency opersitibhus it is basically maximize bus observabibitya particular bus by

one or more no of PMUs and can be defined as fsllow
BN +1

Where, &= Max bus observability, N= No of Bus
System Observability Redundancy Index (SORI)

Summation of the BOI. Maximum SORI have more sysbéservability in term of PMU loss.

SORI of the network (y) = X7-, R,

Where, n= No of bus
e Cost of PMU, communication network availability, BMhannel, PMU specification

e Bus/Substation- voltage level, loading on the Bus connectivity, Substation’s Location in netwdPlower

system analysis, owner.

* Here, Gis the constraint factor of the PMU which is coesation base on criteria interested at bus,j,id-
subject set, vector function, whose entries arezawa if the corresponding bus voltage is solvisqg the
given measurement set and zero otherwise. In thatieq (2) greater than zero indicate that the veseat

least one or zero time by installed PMU.[6]
Step 3: Results
IV. SYSTEM DESCRIPTION

The system considered for the said analysis istnégsion network of Gujarat state. At EHV levetat®0 buses
are of the 400kV, 193 buses are of 220kV. ThesarallEHV substation and more than 15 buses of gtngrstation
connected to each other with different type of $raission line. As the type & location of a typicalbstation where the
buses are situated are having their own differbatacteristics. This can be categorized based wraeaspects such as,
based on power system analysis, based on the higliage level, based on get way point of poweseblaon connection
with interstate station, based on location in teemork and connection with generating station. $aiel locations are few
only shown in Table I. There are several similgretyof substation in network as well. Based on th#s= considered
network contains total 243 buses of 400kV &220 k&twork, out of which 193 buses are of 220kV, 5@dsuare of
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400kV[12].

Table 1: Network Criteria Description

Sr No Criteria Description Location
1 Voltage Level 765kV, 400kV Vadodara,Vav
2 Power system analysjs Loading condition Kasow, ¥a&0j, Chornia, Timbdi
3 Connection Wind station Nakhatrana
4 Get way point Power flow starting point Chorania
5 Interstate connection Rajasthan Kansari
Madhyapradesh Asoj

V. SIMULATION AND RESULTS

The base cases are deficient based on voltagedadetonnectivity with different voltage level bas@&hese are

optimizing with defined constraint factor and algfum in MATLAB environment.
A. 400&220kV Network Observability

By using ILP formulation formulate 243 bus(400&220) system as follows, in this system all bus carieé with

the either generator or load so for that with/withconsidering zero injection bus formulation,

Step 1: Objective Function

DF: —_ MI:H Z E].X]. + EzXz + "'+ C243X243
. (5)

Step 2:- Subject to,
Fj_: Xl + XEU E 1
FZ: Xz + ng E 1

FlQ:Xlg +X20 + ij_ + Xzz + ng + X24 + ng + ng +X45
+Xes = 1

Foap: Xgp + Xgg + Xg7 + X305 2 1
Fraz: X309 + X371 + X343 21

Step 3: Result

By the help of said algorithm in MATLAB environmegéts 73 optimal location of 243 buses system kot
considering zero injection measurement. Furthezdmsidering zero injection measurement gets 58nabtiocations which
is mention in Table IIl. And also, by consideriregl field constraint as variable constraint fagtets 54 optimal locations,

which is mention in Table Ill. These 54 locatiom® as follows, 25 locations are already placed Plttation and
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remaining are future location to place PMU. Basedsaid topological and operational criteria fad&iranged/choose
location mention in Table Il. The said Locations &w only. There is several similar type of looatas well, which are

mentioned in Table Ill. A few of locations whicheachanged after the consideration of topological aperational

considerations are mentioned in Table Il.

Table 1I: Field Criteria Based Changed Location

Sr. No. Location Changed Location Reason
1 Navsari, karamshad Vav, Kasor Voltage level, Sysimportance
2 Pandharo Nakhatrana Centre point of generation
3 Chandrapura Asoj Load center
3 Gondal Jetpur Power flow

B. 400kV Network Observability

In the 400kV network, 50 buses are connected \utheither generator or Load. Based on ILP simitadpcer for

the system has been follows,

Step 1: Objective Function

Table Ill: Results of Optimal PMU Placement for Different Case Studies with Large

Network Topological & Operational Criteria

Case | No of Bus Optimization Result
No. System L ocation of the PMUs ZIB Without ZI B
4,19,26,28,32,36,38,44,45,46,51,54,57,58,62,686%0782,8
243(400 3,84,87,88,91,92,93,94,102,103,104,105,106,10712241.25
A &220kV) ,131,134,137,147,148,149,151,152,156,160,162,183.16, 58 73
Without ZIB | 177,180,183,185,188,192,193,195,196,202,203,20£202
10,216,218,227,231,238,239,241
206(400 19,26,28,31,32,36,38,39,40,45,46,47,48,49,57,6@8069,72,
A £220KV) 76,80,81,82,83,84,86,88,91,92,93,94,98,100,10210641 14, 58 73
With ZIB 122,125,131,134,137,142,143,144,145,146,156,16(,682
67,171,177,180,186,187
2065?(3?&22 19,26,28,31,32,36,38,39,40,45,47,48,49,57,65,6826%0,81, 54( Field
A Variable 82,83,84,86,88,91,92,93,94,98,100,102,106,114,2821 81, constrai 73
) 134,137,142,143,144,145,146,156,160,162,163,16/4T711
Constraint nt)
80,186,187
factor
50(400kV) 2,3,9,10,11,14,16,17,23,25,34,38,4346, 15 15
19,26,28,31,32,36,38,39,40,45,46,49,51,57,62,682685,80,
193(220kV) | g1'g2'33.84.86.88.91.92.93.94 58 58

Step 3: Result

NG

By considering constraint factor as unity, in tkigstem no one has Zero injection bus so that wiihéurt

considering ZIB get the 15 optimal locations whigk mention in Table lIl, to make fully observa®kv network.
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C. 200kV Network Observability

In the 220kv network 193 buses are connected witleregenerator/440kV bus or Load. Based on ILPilam

producer for the system has been follows,

Step 1: Objective Function

OF:— Mlﬂ Z Cj_Xl + EZXZ + -+ C193X193

(8)
Step 3: Result

By considering constraint factor as unity, herethis system no one has zero injection bus so wiinéurt
considering ZIB get the 58 optimal location to mélkity observable which are given in Table. [ll].

CONCLUSIONS

For the control & operation of large & diversifipdwer network it is desirable to have complete olality of
the network. And hence to achieve the same thaliagon of PMUs is now a days very vital and esisénMainly it is
considered that the selection of location for phaeset is function of network observability and isrgeaffected by the large
cost of PMU involved. And therefore can be onehefinajor concerns for optimal placement of PMUh&we more clarity
in depth, there are several other practical fieldnario based topological and operational criteege been followed to
finalize the location of PMU. Such parameters aitage level, location of substation, type of castios, future expansion,
availability of communication infrastructure etchdresult can further be improvised using sevemkemadvanced methods
and numerical observability subject to all concean also be evaluated. The consideration of coatiog may affect the
result achieved for steady state operation of p@ystem.
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