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Introduction

State! estimatoers facilitate en-line moniterng of
POWEI SyStems.

Available measurements have: traditionally,
excluded phase angle (phaser) measurements.

Phiaser measurement units (PMU); ane devices,
WhICH tise synchronization signals; fremrthe' glohal
positiening system (GRPS) satellites and provide
ihe phasors of Veltage: and curents measured: at
a gIvVeni supstation.



Motivation

FVAS In the process ofi installing, PViUs
o enhanced Moniterng efrthe VA
system| and wishes te determine the
eptinmal’ lecatiens for them.



Preject Ohjectives

Make: use eff a minimmum aumiber off PMUS! i
erder to make: the system fully elhsernanie.

Since: installation: o PMUsiwillfee a gradual
AECESS, determine the hest pessible
ecations;fer a limited number off PMUSs at the
PEginpIng.

Develop a systematic method iox fnding the
pest locations for new: PVIUs iRl the: presence
of otiher already: placed PVIUs and/er
conventionall measurements.




Preliminary: Obsernations

PVIUS typically have: Righerr accuracy: than
conventional measuliements, RewWever: their
aceuracy: will'loe reducead due tor the
IRstrument transtermers; used: at thelrr InpUis.

ey are useful for ether applications; such
as system| protection, control and: stanility.
assessment.

Viay: aid topoelegy: erer Identification,
parameter enror detection and correction.

May, Impreve: state estimation, sulksequently
Improving market functions (e.g. LMP).
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Seconadary. Objectives

Determine: strategjes; o placing PMUs iR
QlGer te alser Impreve had data pPrecessing.

Study the impact eff PMUSs en| the acecuracy. of
state’ estimation. Speciifically, address;the

guUestions:
= Dormere PMUS tiransiate internmore acecuracy?

s IS/ there a trade ofif between incremental
[INCrease IR acecuracy’ anadiinvestments in PVIUS?

s How' do we guantify and value SE accuracy?



PMU Placement Problem

Assumpition:

A PMU placed! at a bus nmakes that bus and

all 1S neighnboers: ehservanle.

Ii-the number off PMU channels Is not suificient,
then this assumption willfbe relaxed:

Il phasors /l




PMUrPlacement Proeblem
ApPpPreach:

Set Up an integer programming prokliem where: all the
systeni BUSEs are made ehservanie by placing PMUSs at: a
mIiRIMUm AUMBEr of PUSES) threugheut the system.

It there are PVMUS already. installedl or planned to: he

installedl at' specific: buses, start Withrthese: already: pre=
assigned to thelr respective BUSES.

[i-there ane zZero Injection Uses, Incerpolate: this

Information Into the placement logic and save: as, many.
PIVIUs; as pessibie.



PMUr Placement Problem

n
minimize 2 W; - X;
|

subject to f(X) > 1

1 1f a PMU is installed at bus I
otherwise

0



[liustrative Example

-

1 if k=m
=<1 If kandm areconnected
0 if otherwise

\

f2:x1+x2+x3+x6+x7
f3:x2+x3+x4+x6
f4=x3+x4+x5+x7
f5=x4+x5
f6:x2+x3+x6




Handling Injections

f(X)=

f7=x2+x4+x7
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Effects of considering| zero Injections

Number of PMUs

Svst No. of zero
p oot injections ~ Ignoring zero  Using zero
Injections Injections
14-bus 1 4 3
57-bus 15 17 12

118-bus 10 32 AS
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[llustrative Example

Only make the entire system observable.

Note that IS a pUS.
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Handling Flows

f1_new
f4 =Xy + Xg + Xgr + X7

f7 =Xy + X4 +Xg
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Use ofi existing flews
e Flow measurements in the set
set no.
1-2 21-20 21-22 17-113 86-87
41-42 43-44 46-48 53-52 53-54
90-89 90-91 91-92 101-100 101-102
System A me:;turement Number of PMUs
none AY)
1 26
118-bus 1 and 2 23

1,2and 3 21
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Placement against the
joss ofi a single: PMU

Choeese two Independent PVMU sets; a primany: set and
a ackup set, each of Wilch can make the system
@lhservalie on Its ewn.

Ii-any of the PMUSHIS |est, the altermative set ofi PVIUS
willfguarantee netwoerk ensernvaniity.

Clheese ther hackupiSet By remoeving all the X termmsiin
the constraint functions, Where bus / IS/ i the
primany set.
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Effects off considering
joss of single PMUs

Number of PMUs

No. of zero
Systems 1wk : _
Injections  [gnoring zero  Using zero
Injections Injections
14-bus % 9 7
57-bus 15 35 26

118-bus 10 72 66
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TVA’s Network

A protetype PVIU placement: progiamiis
developed:

EQUIF CASES ane studied:

s Noinstalled PMUS

s 11 existing PVIUs

n 43l existing and planned PMUS

s Noinstalled PMUS but consideringl 330 zero
INjection PUSES
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Case Results

Total ne. aff buses = 1375
No. of zero injection buses = 330
Reguired N[EY,
FVUS PMUs
Case 1: No installed
PMUS 377 377
Case 2: Existing PMUS
A 378 367
Case 3: Existing and
planned PMUs (43) 590 347
Case 4: No installed
PMUs but considering 205 205
Zero-injection bUses




How: can PMUs help: te improve

Bad Data Detection?

A Measurement ISy sald te Be “critical™ I
uhersystem ecemes; Unoksenvanie tpen
LS remoeval.

Bad data appearng Inrcrtical
measurements; can NOi be detected.

Adding new: measurements at strategic
locations Will* transiorm: them, allewing
detection off had data wWhich would
OLRENVISE have Been missed.
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Transferming Critical Measurements

Critical | Type
\Vieas;

1 F41-43
2 F36-35
3 F42-41
4 F40-56
5 1-11

6 [-24

7 1-39

8 1-37

e -46
10 |-48
11 1-56
17 |-57
13 1-34
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Effect off PMUS on SE Accuracy

T EPMUS arer more: accurate than: all ether
conventional meters, then estimation: error
Variancees; for system| states are: expected

1O be ree

Lced:.

Otherap

Plication functions;, such as LMP

calculatiens willflber carred! out- With Righer:

accuracy

WRERN! the state' estimates; are

moere aceclrately: optained.
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Quantifying Accuracy.
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Effect off PMU on Accuracy. of State Estimation

10% Only
NENEIVII 20% P MUIS0%PIVIUIA0% P VL
NEYIVISN W PUTZ2IID EGZEEIID PGS

Power Irijections

Power Flows

Voltage reagriiiucle

PMU (L, Scurrents )

-PMUIExample:

1PIVIU MIeasurement
=1\Veltage + 8 Currents

~—-VIeasurement=-

Power Injection

(0) Power Elow,
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Simulation Results for IEEE 30BuUs-System:

30" Bus" Awverage Standard Deviation of |V

MNo 10%% 20%% 30%%0 40 %p Only
PhLs PMUs PMUs PMs PMUs PMUs
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Simulation Results for IEEE 30BuUs-System:

30" Bus"" Average Standard Deviation of Voltage Angle

Mo 10%% 202 302 40 %% Only
PMRUs Phils PhIlUs Phs Phs Phils
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Conclusions

I the alksence oii any’ ether
Measurements, PeWEI: Systems can loe
made elservanle by placing PVUs at
reughly: 30% eii the BUSES N the: system.

RIS numBber may: significantly, decrease. I
there are Zere Injection PUSES.

IS number will iacrease I loss ol PVIUS 1S
taken inter account for reliability.
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Conclusions ...

ACCUracy. of state: estimation: can e
Impreved by strategically: placing PMUsF at
10% of the network buses. Increasing the
Aumber of PMUS further will Aot lae: as
effiective.

Placing few PNVIUSs can transierm; several
cliticall measurements, allowing thelr gress
Errors to e detectanle.
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