Bayesian Linear State Estimation using

mart Meters and PMUs Measurements
in Distribution Grids

DEPARTMENT OF
Luca Schenato Al -

M Ag l C University of Padova  ENGINEERING =

UNIVERSITY OF PADOVA s

Multi Agent Intelligent Control



M.4 glC

Multi Agent Intelligent Control

DEPARTMENT OF ™
INFORMATION
ENGINEERING —_—

IVERSITY OF PADOVA s

GArazia Barchi,
Univ. of Trento, Italy

David Macii,
Univ. of Trento, Italy

Alexandra von Meier,
U.C. Berkeley

Kameshwar Poolla,
U.C. Berkeley

o Joint work with

Reza Arghandeh,
CIEE
Calif. Inst. for Ener. and Envir.



magic. Can we bring PMU to
@
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Micro-synchrophasors for distribution systems

Develop a ultra-high-resolution micro-
PMU for measuring voltage angles

develop a wireless network optimized
for power distribution systems
deploy a hundred of these PMUs at
participating utilities

Investigate diagnostic and control
applications
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= Passive loads

= Oversized for peak loads
= No need for (real-time) monitoring

... Traditional Distribution Grid

(households, small
businesses and factories)
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) “ Active loads (DRES)
are being added !!

= DRES might create reverse power flow
EEaeRDiReRkexs-StaE MG TEDREMBWESTIMATION) |
= Rapid power-flow changes
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... ® What is state estimation ?

Voltage profile at every node
at every point in time: v(t)

At steady-state and
neglecting harmonics:
Vy=sin(wt)

v, (D) =V, sin(wt+6,)

Imﬁ

Ve = Vkejek cC
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e @ Why voltage phasors?

ENGINEERING —

W\ Y\ W . Voltage phasor + grid
e Ui *  impendences provide all
1 ; | = i- necessary information
{ P A 1 z=R+jXeC
! V“ —0 Line currents
I—@ ~—9 ;: ° o K ® E Uh—Uk:thfhk
T Vo o 1" Load currents
T ekl Dbk tie=0

Voltage & line current=> line power flows sxn = (vp —v3 )€y, € C

Voltage & load current=> load power flows Sk = vgir € C
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® (rid state estimation

= Global picture of the grid status

= Enabling Technology :

= voltage regulation, stability monitoring,
contingency analysis, dispatching, fault detection,
topology identification
= Hard problem

« Well studied in transmission grids (Schweppe and
Wildes, 1970)

= Non-linear stochastic problem
= Lines are mostly resistive in distribution grids
= Distributiuon grids are often 3-phase unbalanced




M.Ag..C. Can we measure

®
e voltage phasors?
Phasor Measurement Unit (PMU)

v ‘4 ]+ GPS timestamps
. ==+ Measure magnitude and
TN phase w.r.t. global time

« Few PMU: costly (5K$)

« Voltage phasor only

» Real-time

 Total Vector Error (TVE):
|Virue™Vimeas| <1%-0.1%

« Measures active (p) and reactive power (q)

« Measures average power over 5-15min

« Data available at “control center” at midnight
« Historical data available for each household



mg.: Available information:
smart meters

SMART METERS:
Based on smart meter historical data, build predictors of pg(t) and qx(t) for

following day.

Pe(t) = pu(t) +wp(t), E[(wp(t)?] = o1 P(t)
LQx(t)

wy (t), wi(t): zero mean prediction error
pr(t), qx(t): true power

Py (t), Qr(t): predicted power

or: conficence bounds (30-50%) !

pr(t), qx(t): assumed uncorrelated

pi(t), pr(t): prediction errors uncorrelated?

1R, Sevlian and R. Rajagopal, "Short term electricity load forecasting on varying levels of aggregation,” submitted
to IEEE Transactions on Power Systems




Mdgic.  Available information:
PMUs

SYNCHRO-PHASOR MEASUREMENT UNIT (PMU):
Multiple samples per AC cycle of voltage(current)

Samples globally synchronized using atomic clock (GPS)
Can compute frequency, magnitude, phase, harmonics, etc..

Vi(t) = [oe(@®)] +wy (1), E[(wy ()% = 0>V
Ou(t) = Zop(t) +wp(t), E[(wy(t)?] = ¢
T A lb/ Tm. OPMU

A
N opuu
Vi ¢ Uk
Vk From polar Uk
0 % to cartesian >
> b=c=0pyy R
€

Re Uy = Vkejek
vk (t) € C: true voltage phasor

Vi(t) € C: measured magnitude
0r(t): measured angle E[(wiH?] = E[(wi™)?] = 0% 0

up ~ v + Vow™ + JVow™,
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~ @ Objectives of this work

= What is the value of PMU in distribution grids ?
= What is the value of Smart Meters ?

= PMU measurement error of PMUs vs P-Q
prediction error of smart meters ?

= What is the optimal positioning if only few PMU
available ?
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e & Contribution

= Simple Power-Flow solver with P-Q loads
= Linear approximation of PF with P-Q loads
= Bayesian Linear State Estimation

= Same performance but faster then WLS

= Off-line optimal placement of PMUs



mgnc Power Grid modeling
e (single phase)
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Smart Grid Topology

3 o Z = diag{z1,...,2E5}

|: admittance matrix

Emk - I = ATZ—lA

S bk Hik =0 v~ k= 2k
AT€—|—’i:0 A’U—|—Z€:O i LU I Z

KLC at node k
Eok ke
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1.5+

Node models

Smart Grid Topology

Voltage generator ¢
v = Vo
Current generator

ik:IkEC \

dVANIT

Constant power load (PQ load)

Vkie = Pk + Jqr = sk € C

I
0.5

—

dV3INIT NON
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NFORMATION
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Power Flow with PQ loads

S =D

L ——

Power
Flow
Solver

POWER FLOW EQUATIONS:

Lv =1 KLV+KLC

v1 = Vp ldeal voltage generator
Veip = Sk, k=2,...,N PQ loads

EXAMPLE: 1

no solution

U A arge p
VO R (9 \\<
7 ; <>
VA
small p
two solutions

<)



M.Ag.i.C. Power Flow equations:

. . . .
RS 2 A linear apprOXImatlon
In distribution grids, typically: Im &)1

[ Vol <0.02 — 0.1(2 — 10%) =

LINEAR POWER FLOW MODEL
— [Z2ZN]T7 — [/UZ””UN]T



M-&g.{i;gm; Bayesian Linear State Estimation
REREE = (BLSE)

LINEAR POWER FLOW MODEL
) , D —= [/02 P /UN]

T T

SMART METERS MODEL
Pp(t) = pr(t)+wp(t),

Qr(t) = qu(t) +wi(?)
k=2 ...

PMU MODEL
U = Vkejek,

U = Vi + Vow” —I— jVQ”LU}im,
E[(wi)?] = E[(wy™)?] = 0By
kE/\/lz{ml,...,mM} C {2,...,N}




@

wimg = BLSE: Prior distribution

LINEAR POWER FLOW MODEL SMART METERS MODEL
i=lig-in]T, v=[vg - vn]|T Pi(t) = pr(t)+w(t),
Qr(t) = au(t) +wi(?t),
E[(w)(t)?] = o7Pi(t)
E[(wi(t)?] = o7Qi(t)
sk:pk—i—jq(k), k=2,...,N

diag{|S2|?,...,|Sn|*}
[So- - SNIY, Sk =pr+ JQu
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w2 BLSE: posterior distribution

UNIVERSITY OF PADOVA s

PRIOR DISTRIBUTION ON VOLTAGE PHASORS: PMU MODEL

E[v] = Voln + VLOL_IE Uk = Vk'ej " .
1 Up ~ vg + Vow” + 7Vowy™,
E[(wy')?] = E[(wy")?] = 0bup

diag{|52|2,...,|SN| } o
[52...SN]T, Sk =pr +JQk k < M - {ml,---,mM} C {2,,N}

E[(v—v2)(v—2")*] 2 LIS (LhH*

POSTERIOR DISTRIBUTION ON VOLTAGE PHASORS:

v = Elv|un] =0 + K(upy — v3y)
Y = zo—gocﬂ(CMzocﬂjuzv o5yud)” iCMEO

0 ... ] K

[0

1
~—
my
0

0




M.dg.i.C. Weighted-Least-Squares
State Estimator (WLS)

Non-linear measurement model

z=h(x)+e
x=1[V,...,Vn,01,...,0N]: voltage magnitude and phase of all nodes
2 = [VPMU  yEMU gPMU gPMU p . po 0 . Qyl: PMU magni-

tude and phase measurements, P-Q) forecasts

e=le1,...,enmsn|, Ele?] = Ry i.i.d. white noise

The problem is usually solved by Weighted-Least-Squares method:

N+M

min=J(x) = ¥ [5-h©®] /R, =[z=h(0)] R'[z=h(x)]

i=1

A. Abur, A. Gomez Exposito, "Power System State Estimation: Theory and Implementation,” CRC Press, 2004
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® BLSE and WLS: block diagram

Topology and impendences: L

l

Smart meters prediction
S
Pk’a Qk’a oL

PMU measurements:
yOPMU

BLSE

>xstimated voltage phasors

— :
Y pm: error covariance (confidence bounds)

Topology and impendences: L

1

Smart meters prediction
P, ) Qk:7 oL

PMU measurements:

Vi, Ok, opymU ’

WLSE

> U: estimated voltage phasors

— :
Y pm: error covariance (confidence bounds)
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Performance Analysis

Substation
| 1 2

Performance metric:

Theoretical (off-line)
average RMSE:

l5 ARMSE(M)::\/%ZQIIEHUIC—@JP]: ~trace(Spm)

=15

R

Empirical (Monte Carlo)
average RMSE:

2
U][:} _@Lt]

~ ARMSE =\ | 7 211 > pe |97

D.Das, D. Kothari, and A. Kalam, “Simple and efficient method for load flow solution of radial distribution
networks,” International Journal of Electrical Power & Energy Systems, vol. 17, no. 5, pp. 335 — 346, 1995.




MAgl.C. Simulation results:
® . .
wag = linear vs nonlinear model

SITY OF PADOVA s
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0 20 40 0 80 . .. 100 .
o, Load prediction uncertainty
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M.Ag.i.C. Simulation results:
@

S BLSE vs WSE
UNIVERSITY OF PAD ™"~ _3
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‘ |- -
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mglc Simulation result:
mé Greedy vs Optimal placement
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ARMSE as a function of number of PMUs with o, = 0.1% and opy,;=0.1% for BLSE
x10°
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MOP(3) = {7,12,15}
MeP(4) = {7,10,12,15}



M.dg.i.C. Simulation result:
@

wne = performance vs PMU accuracy

OPMU=O' 1% i

Oppy=0-01%

0 5 10 15
Number of PMUs



M.Ag""i‘c Simulation result:
Eﬁg%ggg the value of phase measurements

Magnitude and phase (PMU)

Magnitude only

-3
10

8’)(

7

U
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e JEEE 123 node Test Feeder
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U@

x 107 load uncertanty=50%, PMU TVE=0.1%

— WLS
110 112 113 114 —— RMSE Theoretical
| — RMSE Monte Carlo ||

0O 20 40 60 80 100 120

Number of PMUs
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. On-going work: 3-phase
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o Summary

= BLSE better than WLS for PQ uncertainty >30% and PMU
Total Vector Error <1%

= BLSE numerically much superior than WLS (non-iterative
method and provides unique solution)

= BLSE allows for off-line computation of estimation confidence
bars. Allows off-line:

= Optimal PMU placement
= Evaluation of trade-offs between # of PMUs, their accuracy and performance

= PMU with total error vector of 1% might not be sufficient for
distribution networks



Questions ?

URL: http://automatica.dei.unipd.it/people/schenato.html



