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Presentation Outline

* Hybrid state estimator overview
* Measurement uncertainties

* Impact of Instrument Transformer (IT)
accuracy class on the hybrid state estimator

* Consideration of |IT accuracy class in
measurement weighting
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Synchronized Measurement Technology

* Present in the market since the early 1990s

Synchronization of measurements

The key element of SMT is the Phasor
Measurement Unit (PMU)

GPS synchronized equipment

Synchronized voltage and current phasors

. . '“} .- ?t £ r
High reporting rate
e 100 or 120 phasors per second depending on the system
operating frequency |
/ Source: SEL

Source: Arbiter

e Conventional measurements are updated every 2-10
seconds

Angle measurements not possible with
conventional measurement technology
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State Estlmatlon In Power Systems

Measurements every 5-30 s

o-}o
2 Bus 14
Bus 13 ] Not synchronized

\LC

Bus 12

Bus 10

A State Estimation (SE) executed every 1-5 min
- using asynchronous measurements

Bus 7

Bus 11

Goal of state estimation: Obtain an estimate of
the “state” of the system (V and 6 at every bus)

/]\ Bus 4 A
@ @‘* Bus 3

When the state is known, all MW and MVAr
flows can be calculated.

Bus 1

Bus 2
O Active/reactive power flow measurement SE assum ption S:
O Active/reactive injection measurement o Balanced svstem
A Voltage magnitude measurement ] y
* Line parameters perfectly known
* No time-skew between measurements

* Topology known
(Exes O IEEE
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State Estimation in Power Systems

Model of the state estimator

Z=h(x)+e
_ U

2 i |
Fij =Vi“(9si + gij) — ViV (9jj cos G;j + bjj sin 6;) Measurement errors are

P ] - .
QflOW Q|J = _Vi2 (bSi + b”) —ViVj (g” SIn 9” — b” COoS eij)’ . lndependent.“ . .
flow P =V, ZVJ_ (Gij COS Hij + Bij sin eij) . following a normal distribution

Pinj = jENi +
anj Qi :Vi ZVJ(G” Siné?ij—Bij COSQij)
L Vv _ JeN;
1

The states of the system can be determined using a
Weighted Least Squares (WLS) estimator
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Hybrid State Estimator

Idea: Take advantage of voltage and current phasor measurements from PMUs
Incorporate these measurements into the existing state estimator

Emergence of a new state estimator: The Hybrid State Estimator  [6Psy,  Psiow
00 oV
aPinj 6ij
Pfiow 06 oV
P Conventional Qtiow  Qlow
J measurements 00 oV
Q flow aQinj aQinj
ini GPS
00 oV
Zhyh = Hpyp (X) =
MU PMU L PG - Noma N pm
Opy, | Measurements 2 Y
Vi 0, 00 06
Npmy/ 1,26, lpmu lpmu
00 oV
Olpmu Ol pmuy
00 oV
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Hybrid State Estimator

* The previous scheme may exhibit convergence problems during the
iterative process

e The elements of the Jacobian matrix related to currents take
relatively large values for specific values of the voltage

phase angle w.rt. voltage phase angle

Derivatye of current phase angle w.r.t. voltage magnitude

Derivaty e of current

1
1.05 Bus voltage magnitude (p.u.)

045 105 Bus voltage angle (rad)

: 1 o
Bus voltage magnitude (p.u.) : 05 Bus valtage angle (rad) 08 4

055

0a 9

* S. Chakrabarti, E. Kyriakides, G. Ledwich, and A. Ghosh, “Inclusion of PMU current phasor measurements in a power system state estimator,”
I%ﬁeraﬂon, Transmission, and Distribution, vol. 4, no. 10, pp. 1104-1115, Sep. 2010.
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Use of Pseudo Flow Measurements

Assuming that a PMU is connected to bus i, the voltage phasor at bus i, V;, as well

as the current phasor of the branch connecting bus i and bus j, [;;, are available.

To avoid the convergence problems, include indirectly the current phasor
measurements to the measurement vector.

Pijpseudo =Vi IlJ COS(Hi —@ij)

Qijpseudo :VI IIJ SII’](@, B 0”)

Vi Z 0,

gsi+j bsi gsj+j bsj

* M. Asprou and E. Kyriakides, “Enhancement of hybrid state estimation using pseudo flow measurements,” IEEE Power and
ociety General Meeting, Detroit, MI, USA, paper no. 1022, pp. 1-7, July 2011.
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Use of Pseudo Flow Measurements

I:)inj
Qflow

QflowIOSe

inj
9meu
V

pmu

P

= ——

>\

%

Extremely accurate

measurements

T

Related to state variables similar to the
conventional flow measurements

4

Ri =Vi%(gsi +8ij) ~ ViV (9ij cos(6; — 0;) + 1 sin(6; - 6,)
Qij = ~Vi® (bsi +bij) —ViV (gjj sin(6; — 0;) — by cos(6; - 6;))

The use of pseudo flow measurements overcomes the
?nvergence problem and improves the estimator accuracy
|
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Measurement Chain Uncertainties

* The state estimator is based heavily on the measurements

* In practice, usually only the measurement device error is used
for estimating the measurement uncertainty

* Important to look at the whole measurement chain (cables, ITs,
measurement devices)
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The Impact of Instrument Transformers

Investigate the effect of the accuracy class of the instrument transformers on
the accuracy of both the conventional and the hybrid state estimator

Case studies

 Measurement chain includes instrument transformers with good accuracy
class (0.2S)

 Measurement chain includes instrument transformers with lower accuracy
class (0.5)

Hybrid and conventional state estimators are executed every half hour for a whole
day for the IEEE 118 bus system, using a daily load profile

Metric of accuracy: Average sum of voltage magnitude and angle residuals

1 N M ) 1 N 1 M A
resy = H—Z\vi (k) = V4 (K) res; = 2 Z\emk) - 6; (k)
= i=1 k=1 =1

N: Number of buses; M: Number of trials
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Instrument Transformers Accuracy Class

X 10- 0.24: T T T T T T T T T T T
26 F L C L L C L r L L C L
0.221- -l
24r- g
0.2 o
% :',’ 0.18- -
w2 ' =X
3 i o 0.16- . 4
2 sl Conwentional-IT accuracy 02 E —t— Conwentional-IT accuracy 02
o Conventional-IT accuracy 05 2 014k ComentionalT accuracy 05 |
3 “~ Hybrid-IT accuracy 02 o ~+— Hybrid-IT accuracy 02
< 16r i i = Hybrid-IT 05
? Hybrid-IT accuracy 05 2 0.12- ybrid-IT accuracy
IS @
o 1.4r- - &
g & o1ir 4
5 o
L - >
> 12 0.08 - -
i ST B e Yot Attt
T T ] 0.06 bty y 4 - ppetebepetbtrbe e bt et
08 C L C r r C r r r r L r 004 o r r r r r r r r r r r
0 4 8 12 16 20 24 28 32 36 40 44 48 0 4 8 12 16 20 24 28 32 36 40 44 48
Time instants Time instants

The instrument transformer accuracy class impacts only the hybrid
state estimator accuracy

*M. Asprou, E. Kyriakides, and M. Albu, “The effect of instrument transformer accuracy class on the WLS state estimator accuracy,”
IEEE Power and Energy Society General Meeting, Vancouver, Canada, pp. 1-5, July 2013.
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Variable Weights in State Estimation

* |n WLS state estimation, the measurements are weighted according to
the inverse of the square of their uncertainty. The instrument
transformer uncertainty is ignored (as highlighted previously).

* In the case of current transformers, the measurement error depends on
the loading level — concept of variable weights

Current transformer maximum errors

+ Phase displacement at percentage
+ Percentage of current error at
of rated current (degrees)
Accuracy percentage of rated current

class

1 5 20 100 | 120 1 5 20 100 120
0.1 - 0.4 0.2 0.1 0.1 - 0.25 | 0.133 | 0.083 | 0.083
0.25 0.75 | 0.35 | 0.2 0.2 0.2 | 0.5 0.25 | 0.167 | 0.167 | 0.167
0.2 - 0.75 1035 | 0.2 0.2 - 0.5 0.25 | 0.167 | 0.167
0.55 1.5 | 075 | 0.5 0.5 05 | 15| 0.75 0.5 0.5 0.5
0.5 - 1.5 | 0.75 | 0.5 0.5 - 1.5 0.75 0.5 0.5

1 - 3 1.5 1 1 - 3 1.5 1 1

*M. Asprou, E. Kyriakides, and M. Albu, “The effect of variable weights in a WLS state estimator considering instrument transformer
uncertainties,” IEEE Transactions on Instrumentation and Measurement, vol. 63, no. 6, pp. 1484-1495, June 2014.
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Weights for PMU Measurements

The hybrid state estimator uses voltage phasor measurements and
pseudo flow measurements

Uncertainty of PMU measurements

V V 2 V 2
umeas:\/(uVT) +(UMU)

Ul =)+ k)

Derived from the sum of two Gaussian distributions

urlneas = \/(U\I/T)2 "‘(UII\/IU )2

meas \/(U ) -I-(U

Magnitude uncertainty Angle uncertainty
_| _el _a/
e M e e
Uy =92 |l meas| Uy = 0 Vimeas | Uf/iu = Uﬁ/(u = Errors follow a normal
1.96 1.96 1.96 .96 . .
) 4 distribution with
_ & et 6, _ &1 959
Uor = | _ ~CT _ VT coverage factor 95%
cT =7 96‘ meas‘ VT l 9% Nmeas‘ uCT 106 Uyt 196

s
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Weights for PMU Measurements

Uncertainty of pseudo flow measurements
P =V, 1. cos(&; — &

! pseudo 11

ij) Pseudo flow measurements are
Q =V;l;; sin(6; - ;) correlated

Use of uncertainty propagation theory

1) pseudo

U(Ry o) = \/ Zizl[ﬁpu e ORI [U(P(K))T?

Diagonal elements of the
weighting matrix

uQy,) = D [0Qy,.., /PO (PO

(P Q. )= 24_ Plprso iy [u(p(k)]? Non-diagonal elements of the weighting
P P k=1 ap(k) ap(k) matrix

\Y | 0
p(k) = h/meas exeas | meas ‘9r|neas J u(p) = [U meas ur%/eas Umeas umleas]
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Welghts for Conventional Measurements

nnnnn

transi— P P Vtransf Itransf COS( transf transf ) + N (0 uMU)
rans meas
Instrument .,-_>
transformers —
Viranst meas | o
/V% ) C | Qmeas Vtransf Itransf Sln( transf gtransf ) +N (O’ uMU )

meas \/(ulT) A@ 1M9U6 (Preas » Qmeas)
Preas \ 2 | 2
U™ _ \/{u\\f] J{U%J +(UV-|— tan A&)Z +(uCT tan A0)2

Pmeas
> Diagonal elements
2 2 2 2
Qrreas V I tanAf tanAd W,
oP, 0
U(Peas: Qneas) = \/ Zil{ 6p:e(aks) GQ:EiS) }[U (P ()] Non-diagonal elements

_Q
ptr (k) [Vtransf Itransf HtYansf Htransf] U(ptr) [UVT u(IST U\%/- ung] tanAe = Pmeas
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Resulted Weighting Matrix

The measurement error covariance matrix R based on the
instrument transformer and measurement device
uncertainties is formed as:

uz(Pflow) 0 0 U(Psiow» Qiow) 0 0 0 0
0 u? (Priow) 0 0 U(Piow: Q fiow) 0 0 0
0 0 u?(Py) 0 0 U(Pinj+ Qing) 0 0
R — | UQiiow: Prow) 0 0 u* (Qriow) 0 0 0 0
0 U(Qfiow: Priow) 0 0 u®(Qfow) 0 0 0
0 0 U(Qinj+ Piny) 0 0 u”(Qiny) 0 0
0 0 0 0 0 0 U% (Vpens) 0
0 0 0 0 0 0 0 U? (Oeas)
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Case Study 1 — No Systematic Errors

Weighting scheme 1 (current practice: only measurement device uncertainties,
constant weights)

Weighting scheme 2 (only measurement device uncertainties, variable weights)
Proposed weighting scheme (consider instrument transformers, variable weights)

Assume a daily load profile.

Run hybrid state estimation every 30 minutes
Results shown for 118 bus system

4500 —

4000 -

3500 -
Metric of performance: Sum of Power Flow

Mismatches (SPFM)

SPFM _—Z v ii

k=1 i=1 j=1

2000 1 1 1 1
5] 8 10 12 14 16 18 20 22 24
(lEEE Hours th

_®|EEE

Load (MW)

3000 ¢

real
2500 F
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Case Study 1 — Results

SPFM for optimal PMU locations

SPFM for arbitrary PMU locations

(MW) (MW)
Weighting  Weighting Vlz\)l;?pﬁtsiid Weighting  Weighting va)/tre(i)pr(l)tSi?]d
scheme 1 scheme 2 gnting scheme 1 scheme 2 gnting
scheme scheme
294.57 291.25 260.6 433.17 430.19 344.17

Average of 30.6 MW better estimation for
each time instant - 10% improvement
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Average of 86 MW better estimation for
each time instant - 20% improvement
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Case Study 2 — Erroneous PMU

Assume one PMU (out of the 20) provides measurements that are biased by
a 10% systematic error from their actual values.

Type of weighting scheme | SPFM (MW . .
yp — sNlng ( ) Average of 664.4 MW better estimation for
Weighting scheme 1 1537.2 L o0
- - each time instant-42% improvement
Weighting scheme 2 1516.2
Proposed weighting scheme 851.8
Percentage error in power flows

-"-1-':' T T T T T T T T T T T :2.-'.1.
:E o] '/—’\’\‘"’vf_ Eg 2F
2 - 20F
=z 25| {1 =
g IIIIIIIII g 181
Zonp e 1 &
% o TP PP PRPTRLE L % 16 F
z 181 4 z
= = 14 +
g 10 i g
0 o

5EI f;f a 12 1IE 2:] 2:1 2;3 317'_ 3;5 4:] fllfl 48 12[‘ 4 g 12 18 20 24 2B 3 3w 40 44 45

Tirne instants Tirme instants
Weighting scheme 1 Weighting scheme 1 |
......... Weighting scheme 2 s AWeighting scheme 2

—¥— Proposed weighting scheme —#— Proposed weighting scherme
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Conclusions — Lessons Learned

 The accuracy of ITs did not play a major role in state estimation so far,
since we have been using the state estimation with conventional
measurements.

 The connection of an extremely accurate device (e.g., a PMU) to an
instrument transformer of low accuracy will deteriorate the accuracy of
the measurements, overshadowing the true capabilities of the advanced
measuring device.

 Weighting the measurements based on the combined uncertainty of the
instrument transformer and the measurement device improves
considerably the accuracy of the state estimator (even more important in
the case of erroneous measurements).

 With the addition of the more accurate PMU measurements we should
use ITs of higher accuracy class if we want to see improvement in our
state estimator results.
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