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Challenge: How to monitor the
System state?

Centralized / Flat Selution:

s Data intensive.

= Dimensien: grows with system size: (areas).
a Data base/fermat must be standardized.

s Large amounts; off data and measurements
MUSE be exchanged between areas and 1SO:

= VUulnerable to disturbances to the central or
any one of the area SCADA systems.
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Challenge: How to monitor the
System state?

Hierarchical Solution:
= Each area uses Its own data.

x Problem size does not grew: significantly with
AUMBEr: of areas.

s Each area has I1ts own SE and Data-hase.

s Limited numBber of data and measurements
MUSE be exchanged between areas and 1SO:.

n Partialisystem monitering Is pessikble durng
Individual area failures.
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Problem Statement and Constraints

s Areas are reluctant to share network data and
measurements due to competition.

x Overallisystem state must be estimated basead
on lImited measurements from each area.

a Gress errors (had data) in measurements
mUuSt be detected, Identified and corrected
even It they appear at the area boundaries.

a |f the entire system s not ehservable, all
States assocliated with the ohservable islands
will have to be estimated.
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State Estimation Problem

Minimize J(X)=r'R™r

Subjectto z=h(x)+r

IS the' covariance of measurement enrors.
IS the estimated value of z.
IS the estimated state vector.
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Hierarchical State Estimation
Each area SE estimates Its own state.

Coordinator SE
= [Nerges the selutions; and
= processes had data for boundary measurements.

Coordinator
SE
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Measurement Decomposition

& . Unusanle
l 0—| ' Peiunusanie
K & . unusable
P i unusanle

Boundary

; Unusable By 2
PEiunusanie

May not be available to area 2. May not be available to
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Proposed Decomposition

Area 1
Internal bus =7 7
Area 3
Boundary bus
External bus J </ /\
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Proposed Decomposition

Define the state vector for each area I:
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Proposed Decomposition

Measurement vector for each area I:

ity } Unusable
O Measurements

Convent|onal Measurements

. Phasor (PMU) Measurements
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Properties of z!
Should render an observable area.

Externali beundary BUSes may. 0r may. hot
e elhservanble.

Redundancy. must e sufficient tor make
the Internal bad data detectable and
jdentifiable. Else; employ. eptimal meter
placement Mimethods to address this
preblem:

[1] Magnago, EH. and Abur, A., “*Unified Approach to'Rebust Meter Placement
against Bad'Data and Branch Outages,”

|EEE Trans. on Power Systems, Vol.15, No.3, August 2000, pp.945-9409.
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Area | State Estimation

Mi 1)2
Inimize El (rJ)
J

Subject to z'.:hj(xi)+r% 1<j<m

J

mi: number of measurements in z|

2'j =h j (1) estimated measurement
“

_ Xint

Xl = >A<|'o estimated state

|
Xext
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Measurements Received and Used
by the Coordinator’s SE

Each area state' estimates are treated as pseldo-
measurements with the fellowing distrution:

N(x',A")
where :

A=lc'[

o [ TRTH]
H! |=ah /ox!

R' =cov(e')
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Boundary measurements from each area Z,".
Any avallable PMUrmeasurements from area I, Zpi.
Netwerk data’ at area beundaries.

Boundary
Meas.

PMU

Tie-lines + First tier internal lines
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Coordinator’s SE

Minimize Z
j—l

Subject to zj:hj(xb)+rj 1< <k

N (O, GJ?) boundary measurements

eJoc N (O, apj) PMU measurements
N(O,A JJ) area state estimates
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R .. =diag{cov(e j)}

Note:
Multiple pseudoe-measurements
for the boundary states.

1l
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Properties

No houndary: measurements are discarded.

All detectable / identifiable bad data are
detected and'identified.

PMU measurements are effectively used, but
not reguired for this scheme to Work.

Areas do not share network data (internal
system detalls) or Intermediate: iteration
results. Tihey only: provide houndary: network
moedel and measurements and their
estimated states.

IEEE PES GM 2009, Ali Abur



IEEE 14 Bus System : IWwo Area Example
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COORDINATOR
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Estimation Results with Gaussian errors (No Bad Data)

-NMeasurements-
Inj. | Flow | Volt.Mag | Phase | I-real | I-imag | Boundary | External
Integrated 18 2 2 8 8
3 d 1 4 4
10 ‘A il 4 4
Coordinator §) 2 2 2 8 8 10 10
Error S.D. 0)50)1 0),0]0}) 0);0]0)4} 0),0]0]0) L 0)10]0): 0)50]0)l Computed Computed

-Estimation Results-

Degrees of Objective Largest Normalized
Freedom function J(x) Residual
Integrated 38193 23.38
6 16:81 2.52 1.321'8
6 16.81 9.09 1.8095
Coordinator 24 42.98 33.25 2.1457
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Bad Data Processing (P, at Bus 6)

Inj

INOte that P, DECOMES “CritiCal® after: decomposItion:
=» Bad data can not e detected by, the SE ofiarea 2.
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Bad Data ldentification Results

Largest
Area 2 SE Measurement Type Normalized
Chi-square limit | o Residual
(0.99% ) I=real (9,10)
Objective function Isimag (9,7) 1.8073
J(x) I-reali(9;14) 1.67.74

1 Largest
Coordinator SE Measurement Type Normalized
Chi-square limit . Residual
(0.99% ) |
Objective function I-real (5,6) 13754
J(x) Qinyl(B) 943880
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Conclusions

A hierarchicall state estimation appreach IS
PrepPosed.

ihe main advantage of the proposed set
Upl IS that individual area state estimators
can operate Independently. and doe Not
have te share netwerk data’ or
measurements with any neigninors.

Coordination Israccomplished via a central
coordinator, such as an ISO; which
fecelves State estimation selutions from
Individual areas and coordinates them.
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Conclusions ...

Cooerdinatoer alse carries out bad data
pPrecessing function In order to detect
missed bad data by Individual area
estimators due to the reduced redundancy
at area poeundaries during individual area
estimations.

Having PMU measurements greatly.
facilitates but are not required for the
hierarchical selution.
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