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ABSTRACT

State Estimator is the basic functionality necesdar the
“smart” operation of power networks, both in tranission
and distribution side. Being integrated in a poweanage-
ment system and facing different quality of netwdsika,

robustness and efficiency are essential to prowiciurate
estimation of a power network operation state. ribigtion

State Estimator, applied in Distribution Managem8gistem
development project in Guizhou Province in Chires vested
in field operation. Estimation principles and tessults are
described in this article.
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1. INTRODUCTION

Smart operation of power distribution network reggiireal-
time system for Supervisory Control and Data Adtiois
(SCADA) integrated with Distribution Management 8ys
(DMS) for network modeling, calculation, analysiglaopti-
mization. Distribution State Estimator (DSE) isritical pre-
condition for accurate insight into the operatitatesof distri-
bution network (DN) [1-5]. Since all other DMS fiilonis

depend on the quality of network state estimatias obvious
that DSE is the basic function of DMS. DSE thearg enod-
eling was subject of many articles, but it is harfind experi-
ences with application in field [6]. There were pattempts
to apply state estimation models, successfullyfiegriin

transmission networks [7], also in distributionvinatks, how-
ever without success. The basic problem was iomiffi
number of real-time telemetered measurements reomd

observableareas of distribution network [8fo overcome
such problem, robust and efficient DSE was develops
briefly described in Section 2. Accuracy of sucit&Estima-
tor was tested in several examples of the netwoekation in
Guizhou Province in China and compared with sintéating
made in European network [6]. Test results arespted and
commented in Section 4, followed by conclusion eefdr-

ences used in writing this paper.

2. STATE ESTIMATION PROCEDURE

Distribution State Estimation procedure providdsutation
of the network operation state in real-time, ordwnulation
analysis. It requires voltage vectors for each ostwoot,
network model (parameters and connectivity), abiglaeal-
time data (telemetered measurements and switchigdases)
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andvirtual measurementsf non-observable areas. The meas-

urements could be voltage magnitudes, current rusaigs,

power factors, active and reactive powers at atwank loca-
tion.

At every network loading point without real-time asare-

ment, appropriate virtual measurements need tostab-e

lished, based on historical data:

(i) Daily load profiles (DLPs) for current magnitudedan
power factor or active and reactive power, norredliz
by average or peak values.

(i)  Load weights (LW): peak values based on field (Joca
measurements (A, kW, kVAr), averages derived from
supplied energy (kWh, kVARh) or only rated powefrs o
the equipment (KVA).

DLP (currents or powers) multiplied by correspogdioad

weight at any moment, gives corresponding absalotts

(vitual measurementsor pseudo-measurementsTypical

DLPs are established for different consumptiongypesiden-

tial, commercial, industrial, etc.), furthermoragcle consump-

tion type is presented with a set of DLPs and spoeding

LWs. Appropriate DLPs and corresponding LWs arakest

lished for each weather season (summer, fall, wisfing,

etc) and each typical loading day (working day,ufSiaty,

Sunday, holiday, etc). DLPs and LWs are calculateédmati-

cally with statistical data processing of local meament data

(e.g. smart meters) or generated manually basemgineer-

ing experience.

DSE algorithm includes 4 steps [6]: (1)Pre-estiomati

(2)Topology and Measurements Verification, (3)Ld2ali-

bration and (4) Load Flow Calculation.

2.1 Pre-estimation

The first step i$re-estimationwhich consists of Load Flow
Calculation in considered time moment [9], for st root
voltage and loading values received from virtuabsoee-
ments. All calculated values in this step are terrpee-
estimated valuedf power network doesn’t have any real-time
measurements, provided by SCADA system, this stdpei
last step of the estimation algorithm.

2.2 Veification

The second step igerification, which consists of topology
(switchgear statuses) verification and real-timasueements
verification.

Topology Verificationincludes detection and elimination of
errors made in updating of the network model tapglafter
changes of switchgear statuses in field. Changete g
SCADA are automatically transferred to the netwmibdel,
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but manual operations in the field have to be atlat the

model manually. Heuristic rules are used in ToppMegrifi-

cation process, for example, if feeder breakeldsed and
there is a significant difference between SCADA-tieze

measurement and virtual measurements, probablyran e

exists in the network topology.

Measurements Verificatiois detection of errors in real-time

measurements of SCADA system and correction toesalu

optimally fitting the network model and virtual nsegements

(final estimated values). Pre-estimated valuegages, cur-

rents, powers...) are available for any network pafiter DSE

pre-estimationstep, thus creating redundancy between any
real-time measurement and appropriate pre-estinaiee.

Measurements Verification is based on this redurydand

includes five sub-steps:

(a) Preparation of measurementthis sub-step consists of
transformation of all real-time measurements dewéfit
nature (powers, currents, power factors) into umfo
measurements: 1 — current magnitude and powerdacto
or 2 — active and reactive powers.

(b) Elimination of obviously bad SCADA real-timeaswae-
ments:(i) it is outside of limits imposed by relay protec
tion which has not tripped; (i) it is zero-valuédit down-
stream of this measurement a load exists; (igxideeds
the pre-specified difference from pre-estimatedueal
These measurements are discarded from the nestaftep
the estimation procedure.

(c) Network reductionin this sub-step the network is reduced
by equalizing of allnon-observable islandsyhich con-
sists of all electrically connected elements (leetions,
transformers ...) without telemetered measurements of
currents and powers. Non-observable island is ctethe
to the external network exclusively by branched wét
lemetered measurements, and they are observattieiby
total load. In this way, after applying a very sienpquiva-
lency procedure, the predominantly non-observabte n
work with N buses (Fig.1a) is reduced to a fully observa-
ble equivalent network witNl, buses (islands are stressed
by dashed lines in Fig. 1b).
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Fig. 1 — The network (a) divided on non-observaiidads (b).

(d) Verification procedure: The constrained optimization
procedure for verification of measurements, appiethe
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observable network equivalent model (with reduasa-n
ber of buses), is radically faster than one appiiethe to-
tal network model. This procedure consists of mirém
tion of the objective functiondy), which is the sum of
weighted squares of differences between measuangd (
and pre-estimategb) from estimated values)( of N, te-
lemetered measurementggndN, total islands loads:

Nm
— 2 2
© = SO - xD2 + wp (<P = X)W,

j=1 1)
NO
+ 3w (x - x) 21w, ,
n=1
with one constraint per each island:
Nm
fo=Xxg+AxP =Dk X§=0, n=1.Ny,. (2

j=1
The relative weights of telemetered and pre-estidnedl-
ues are denoted witk; the relative weights of state varia-
bles and islands loads are denoted Withk,; represents
the sign of the measured valyépositive when the meas-
ured value enters into the islandy, represents the total
active and reactive losses when active and regmivers
are the unknown variablesin (1) and real and imaginary
parts of island total shunt current when currenésum-
known variables. The results of the optimizationcpr
dure consist oéstimated measuremeiaisdtotal islands
loadsthat will be checked in the following sub-step.

(e) Bad data detection and eliminatiomhe measurement
with maximal deviation from its estimation calcelhtin
the previous sub-step, exceeding the pre-spetifiegh-
old, is also termetiad measuremeaind it is eliminated
from the remaining part of the estimation proced@feer
elimination of the bad measurements, sub-gg@d(d)
are repeated until no bad measurement exists.

2.3 Load calibration

All telemetered measurements are verified in thevipus
verification step,with result of the finalestimatedvalues,
which have the best fit with the network modell-timae and
virtual measurements. lhoad Calibration step, all pre-
estimated (non-telemetered) loads in non-obsenialaleds
are corrected (calibrated) with correction paramétesed on
estimated value for an island. The estimation eflttad of
busi, in the islanah, with N, buses, says:

3)

2.4 oad-Flow Calculation

Finally, after all real-time measurements are iegtifand all
loads estimated (calibrated) in previous stepsoffexation
state of the power network is recalculated withtribistion
Load Flow [9]. The whole process is fully automated
takes less than second in advanced systems.
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3.FIELD TESTING OF STATE ESTIMATOR

DSE was tested in a real-life operation of Distidiu Utility
Guizhou Power Corporation (GPC), China, LiupanBSluwer
Supply bureau. GPC supplies 40 million people intreé
Chinese province Guizhou and has implemented Ghfinst
advanced DMS in 2009—2011 [10].

Test procedure included recording of real-time mnegsents
data, provided by SCADA system implemented on @ebst
tions 110/10 kV and by TTU system (transformer teain
units) implemented on secondary of substations,4 MU
(Fig. 2), each hour in duration of 5-7 days (wagkitays and
weekend).

SCADA measurements in 110 or 35/10 kV Substations:

O -1 (R Q) measurements
O - Vi measurements

SCADA in 10 kV Switching stations or TTU on secondaf 10/0,4 kV subs.
o -1 (R Q) measuremen
o

—V; measurements

= Ty I

Fig. 2 — Test recording of real-time measuremeatts d

110kvV
Chengzhong
substation

In the same period, DSE results were recordeddimgjyore-
estimatedvalues, as result of pre-estimation calculatiep,st
and finalestimatedvalues, as result of verification and load
calibration step, described in DSE procedure iptena.

The first test was executed in May, 2012 [11] iratlan of 5
days, and the second test in December 2012 iniaturait
seven days. Test results are presented in FigurésBith the
same line coloring: (iyreencolor for "pre-estimated” values
(virtual measurements); (ifed color for "estimated" values
(after verification and calibration); (iiBlue color for real-time
measurements by field devices (SCADA and TTU).

DSE estimation error [6, 11] was calculated ancbeprd
with four parameters: A — average absolute dewviatiothe
measuredralue frompre-estimated%]; B — maximal abso-
lute deviation of theneasuredralue frompre-estimated?o];

C — average absolute deviation of theasuredvalue from
estimatedvalue [%]; D — maximal absolute deviation of the
measuredialue fromestimatedalue [%)].

Test on transformers 10/0,4 kV

The transformer (LuYuan housing estate No.2 Tisliidas
residential load profile (Fig. 3), parameter A 2486 in pre-
estimation step and parameter C 16% after catiraty DSE
[11]. Pre-estimated values (green) were based od tpad
profile and higher peak indicator giving overestiedaresults;
however, after verification with real-time datapdi (red)
estimated values were closer to reality. In thiecpeak indi-
cator should have been corrected on lower values.
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Fig. 3 — Transformer with residential load profileuYuan housing estate
No.2 Tin kiosk

Another transformer (Local tax Bureau estate Nua$)mixed
residential and commercial load profile (FigurepBrameter

A was 21% and parameter C 23%. Pre-estimated values

(green) were based on good load profile and pedikaitor,

but due to lower temperatures than usually in Deegmeal-
time values (blue) were higher in peak-periodsalFéstima-
tion (red) was calibrated only by lower deviatiams Feeder
side, since there were no real-time measuremesite ih0 kV
feeders. More real-time (SCADA) measurements irfSetel-
er 10 kV would help DSE to pick-up such local clesng
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Fig. 4 — Transformer with mixed residential and owrcial load profile —
Local tax Bureau estate No.1

In European network [6] results were much betteadl C
under 1%), since this network was tuned for mamaysyeith
high improvement of load profiles.

Test on Feeders10kV

Feeder Zhongkang | supplies a group of six resaleistri-
bution substations, with residential load profiesigned to
each transformer (Fig. 5). Parameter A was 35%parame-
ter C 12%. Obviously, load profiles were overestinganight
load and evening peaks, but matching good in daytivhich
indicates that peak indicators were correct. Ia daise, load
profiles should have been improved on better stémpeever,
after verification with real-time data, final (redptimated
values were close to reality, which presents rolesstof DSE.
Feeder ZhongMing Il supplies 25 residential distitn sub-
stations, with appropriate load profiles assigredach trans-
former (Fig. 6). Parameter A was 23% and parant@tens
14%. Due to lower temperatures than usually in Dées,
real-time values (blue) were higher in peak-periadsl DSE
made a good calibration on working days. Howevédrerw
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differences between SCADA and pre-estimated vakers
too high (daytime in weekend) and over set limigEDwas

discarding SCADA and accepting pre-estimationhis ¢ase,

when weather conditions are deviating very mucinfusual
in certain season, DSE verification should haven iecked
and SCADA values accepted as correct.

Fig. 5 — Feeder Zhongkang | with 6 residential tioss
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Fig. 6 — Feeder ZhongMing Il with 25 residentidsations

Test results presented that DSE was facing diffgnetlems
in operation; however robustness of DSE algoritrem man-
aging to reduce deviations on acceptable valuesrieter C,
relevant for quality of Load flow calculation, whspt inside
10 - 20%, which is still acceptable for good resolt DMS

fault management and optimization functions. Ondtheer
side, continuous improvement of load profiles, dvesetting
of peak indicators, and implementation of more -tiea

measurements inside 10 kV network, would signifigan

improve DSE results, as achieved in European niefibr

4. CONCLUSION

DSE field testing results in real power networlCinna were
leading to the following conclusions:

a) The real-time State Estimation in distribution reate is
feasible, sufficiently reliable and accurate fa furpose
of real-time management of distribution networks.

b) Contribution of real-time measurements in DSE iexif
tion and calibration steps have significant impattthe
quality of the DSE results, therefore more reabtimeas-
urements should be available inside 10 kV network;

c) Even if a quality of historical data (load profjlés not
very high, DSE calibration based on real-time deds
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correcting estimated values close to real values;

d) Comparing DSE field results after short time of liapp
tion in immature project in China with mature pobje
Europe [6], results are of expected quality;

e) Accuracy of DSE can be improved with continuous im-
provement of quality of historical data, basedaaulpro-
filing, data clustering, post-estimation analysts,
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