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This is a draft version of the paper available here: becoming increasingly widespread in transmission systems
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&atper=  [1]-[5], are expected to be widely used also in distribution
6568929&isnumber=6576154 systems. The utility industry across the world is trying to

modernize the distribution networks, considering, anywag

Abstract—Deregulation and privatization actions are creating best costs/benefits ratio. For this reason, the measurement
new problems of control, management and reliability, becage of devices will not be widespread in such systems. As a con-
g.ew.é"ayers and ”eWSte%h”O'og'e.s that are Spliead'lngd'”fpﬁwer sequence, it would be still necessary to develop estimators
istribution systems. Such scenario requires a knowledgef dhe e et T
system the more comprehensive and accurate to make control Snglflc for distribution systems, Distribution System t&ta .
actions efficient and reliable. In particular, attention must be ~EStimators (DSSEs). Examples of DSSEs can be found in
paid to phase-angles estimation to avoid critical situatios. In  [6]-[14]. In these systems, indeed, for both historical and
this context, the use of Phasor Measurement Units (PMUs) lds  economic reasons, measurement devices actually present in
promising. This paper presents an efficient branch currentdbased  {he field are very limited with respect to transmission Syste

distribution systems state estimator (BC-DSSE). The estiator - - . .
allows to include synchronized phasor measurements proveti by so that, sometimes, measurements exist only in the suirstati

PMUs. Besides, the branch current state model is extended soat 1 N€ estimation quality of the quantities of interest obgigu
the knowledge of the voltage profile is significantly improve. The reflects measurement system configuration. However, it has

estimator is expressed both in polar and rectangular coordiates become essential to improve the accuracy of the estimation
and a comparison between the obtainable accuracy and com- regyits, while enhancing measurement responsivenessend f

putational efficiency is presented. Furthermore, the possility . . . o o
to treat radial and weakly meshed topology, also in presence quency. Thus, innovative solutions specific for the distiitn

of dispersed generation, is analyzed. The results obtainedn SyStems Qf the future are increasingly needed. In p_arti,cula
different distribution networks are presented and discussd. the diffusion of DG could create unforeseen dynamics, that
Index Terms—Power system measurements, Phasor Measure- require estimations obtained with the necessary accunagdy a

ment Units, synchrophasors, Distribution System State Eghator.  Updating rate. In this context, PMUs appear very intergstin
because they are able to accurate measure phasors of voltage

and current, synchronized with the Coordinated Universal
Time (UTC), supplying frequency and rate of change of
frequency ([1], [15]). Furthermore, a significant repogtirate
State Estimation (SE) is generally used to determine tie selectable. In the area of transmission systems, PMUs
guantities of interest at unmonitored locations of a cagr@d have been included in mixed state estimators that rely both
system. SE is based on mathematical relations betweemsysten SCADA and synchronized measurements, with different
state variables and available measurements. SE technigagsroaches [2], [3]. On the other hand, it is important teenot
are broadly exploited as support to make secure conttbhtthere are no satisfactory proposals for estimatotsria&e
operations in power systems. However, in the actual evglviefficient use of PMUs in distribution systems.
scenario, traditional SE techniques could be insufficient t In literature, methodologies based on branch currents and
accurately evaluate the status of the network. Focusindgien tonsidering the peculiar characteristics of distributgatems,
last generation of distribution networks, the so calledvact as the radial or weakly meshed topology and the high
networks, with increasing presence of Dispersed Generati@tios, and efficient in treating current measurements have
(DG), storage devices and flexible loads to be controllebdeen proposed in [9]-[14]. Such estimators are faster with
new distributed and reliable measurement systems, prévidespect to those based on voltage state. In the seminal paper
with modern measurement devices, are required, so that fEa three-phase branch current DSSE was introduced using
knowledge of the status of the network could be sufficientigal and imaginary parts of branch currents as state vasabl
accurate and evaluated with the needed reporting rate. Iin[10] a fast and decoupled version of the BC-DSSE was
particular, the Phasor Measurement Units (PMUs), that gpeesented. Both methods neglect voltage measurements. In
[12], [13] voltage amplitude measurements were considered
The authors are with the Department of Electrical and Eleqn the estimator. In [14] the BC-DSSE was designed using
tronic Engineering of the University of Cagliari, Cagliaritaly (email: . . .
[marco.pau,paolo.pegoraro,sara.sulis|@diee.urica.it current amplitude and phase as state variables, allowing an
easier employment of current amplitude measurementseln th

I. INTRODUCTION



last years, the authors have been working on the problemassigned with a highes to highlight the lower confidence
how to improve the accuracy in state estimation and harmonmjiven to such quantities (quite low accuracy, due to the fact
state estimation procedures, see for example, [16]-[19]. that their accuracy is based on non-measured data).
particular, in a previous paper [20], the authors proposed aln the BC-DSSE approach the measurement model is often
method to include PMU measurements in a branch curresimplified by the definition of equivalent measurements. The
estimator (which basis can be found in [9], [13]). Besides, iestimation of the stat& in the BC-DSSE is obtained by an
[20] the model state was extended to include the slack-bitsrative three steps algorithm. Each iteration consigts o

voltage, allowing to significantly improve the knowledge of , Definition/update of measurements and residuals;

the whole voltage profile. « Branch currents estimation applying a Weighted Least
In this paper, an improved version of the estimator presente  Squares (WLS) method:

in [20] is proposed. The formulation in both polar and rect- , Network voltages state computation through a forward

angular coordinates (see Section Il and Appendices A and sweep calculation, descending the network graph starting
B) is presented and discussed. The possibility to treat also from the slack bus voltage.

weakly meshed topology, also in presence of dispersed g@i-ihe first step, the measurement residuals are computed.
eration has been introduced (see in particular Sectio®)I- £qr the first iteration, when estimates are not available, an

Furthermore, three-phase version has been implemented gfghiization for the state variables is needed. In thipgma

tested. The efficiency of the proposed method, a comparispR same initial values as in [10] are used for branch cusrent
between the accuracy and computational efficiency obt&nal equivalent measurements are employed, they have to be
with polar or rectangular coordinates, and the impact on t'ESmputed before calculating residuals. In particular, @ow
estimation accuracy of the synchronized phasor measutsmefeasyrements depend on both node voltages and injected or
are presenteq apd <_j|scussed on the basis of results Obta'ﬂlﬁﬁing currents. In [9] and [10] for instance, equivalent-cu

for different distribution networks. rent measurements are defined, starting from the knowledge o
the voltage state at iteration— 1, that allow a straightforward
integration in the estimator. In [14] instead, active arattwve
power measurements model is kept non-linear.

The distribution networks have very few measurement de-The WLS step is performed minimizing the weighted sum of
vices available on the systems. As a consequence, knotie squares of the residuals. At each iteration the staigblas
edge obtained frona priori information has to be added tovariation Ax = x, — x,,_; is computed starting from the
the real-time measurements to make the system observahieasurement residuals, by solving the following equations
This prior information is commonly referred to as "pseudo-
measurements” in power systems literature (see for example H"WHAx = H'W(y — h(x, 1)) ()

[7], [8], [10], [14]). Several DSSEs, mainly based on WLS hereH
approach, have been developed in the last years, for E
T

Il. BRANCH CURRENTSDISTRIBUTION SYSTEM STATE
ESTIMATOR

is the Jacobian of the measurement functions¥Wnd
Ghe weighting matrix, that is usually chosen equals to the
Verse of2,. HTWH represents the so called gain matrix.

n Appendix A detailed expressions for the elements of the
$4cobian, related to traditional measurements are reptote
sake of completeness. The forward sweep step is performed
tgecompute network voltages for each node, by a simple
evaluation of voltage falls along the lines, given the bhanc

estimation of the node voltages or the branch currents.
state variables used for branch currents estimation camte q
the currents amplitude and phase angles (as in [14]) or th
real and imaginary parts ([9]).

In state estimation the general measurement model can
represented as:

y=hx)+e () currents estimated in the WLS.
wherey = [y;.. .yM]T is the vector of the measure-
ments gathered from the network and of the chosen pseudo- I1l. THE PROPOSED METHOD

measurementsh = [hy...hy]" is, in general, the vector The main goal of the paper is to present a complete BC-
of non-linear measurement funcT:tions (depending on the typ&SE providing accurate estimation also in case of active
of measurement)x = [z1...xy] is the vector of the state network, where, in particular, the quality of the estimates
variables. The measurement noise veeias often assumed can Serious|y affect the System management_ The procedure i
to be composed by independent zero mean Gaussian variali@signed to use the real-time measurements, obtained fiem t
with covariance matriXy = diag{o; ...o; }. field, and all the available pseudo-measurements. Acogtdin
The statex is [i§ iy 1T zﬁ,}] if it is expressed [20], the slack bus voltage is added to the branch curreats st
in terms of the real}; and imaginaryi; parts of thej-th toimprove the knowledge of the voltage at the substatiors Th
branch current,, is the number of branches), whereas- knowledge is fundamental because such voltage influenees th
[iv...iny,,01...0n,,]" if a polar representation is chosen. whole voltage profile and can be influenced by unforeseen
The measurements can be of several types, voltage, curregfamics. In [9] it was highlighted that, if the value coresied
real and reactive power flows or power injections, while thier the voltage at substation is not correct, the whole etion
pseudo-measurements are above all obtained from hidtoricaaffected and, in particular, the estimation of the vadtatate
information on the powers drawn by the loads. Measuremetitsit can be derived by the forward sweep from the estimated
have low standard deviatiom, while the a priori values are currents. Adding new variables to the state vector impacts



on the JacobiarH of the measurement functions, becauseherez; and o, are the branch impedance magnitude and
the derivatives of each measurement with respect to the nphase. The corresponding row in the Jacobian becomes:
variables have to be considered. In this paper both the polar

and rectangular coordinates are used for state descrjatizh vp — [ cos(0y,) ... %Jh %ﬁ% } 9)
the expressions of the Jacobian in presence of synchronized
measurements and state extension are derived. where:
Oon _ —z; cos(a, +0; —6PY) (10a)
A. No PMU available in the network oi; FaT T T
When no phase m_e_asurement is availab_le, phase angles dvn = +zji;sin(a, + 6 _5757—1)) (10b)
of the network quantities have to be considered as phase 00, '

differences from a common reference. Thus the slack bus is

commonly chosen as the reference bus and only its voltagd '0M the above equations, it is clear that the voltage
amplitudev, .., can be included in the state and estimated.magn't“de measurements add non constant terms in the mea-

If rectangular coordinates are used for branch currents ement Jacobian, and thus the solution of (2) requiresva ne

in [20]), the new state vector for a network witfi,, branches actorization of the gain matrix at each iteration.
can be chosen as:

T B. At least one PMU available in the network

3
© When at least one PMU is available, it is possible to estimate
With such state choice, the main differences in the Jacobigi the “absolute” phase angles values with respect to the
H appear in the rows corresponding to each voltage amplitudeordinated Universal Time (UTC) reference (in [21] the
measurement;,. As described in [13], at each iteration possibility to avoid a reference bus without drawbacks i th
estimation is discussed for transmission systems).

_ -7 -7 T -
X = [Uslacka i1 'ZNbra .- ZNbr}

Uh = [Vstack — XF: zjtj] In the BC-DSSE context, the state can be extended to
Ietn include also the slack bus phase angle state. In partidalar,
_s(n—1) n-1) the rectangular form, the state becomes:
< Re | Vaacke % — > zjige o 1 ’
JETn X = [Vaeks Viaer 01 - i o i% |0 (A1)
= Vslack COS((%’Z_I)) - Z (TJZ; — lef) COS((SI()T;_U)‘F , . . .
jeTn wherev?,, . andv® . are the_ real anfj imaginary parts (_)f
B S Y i (5(n—1) the slack bus voltage respectively. It is important to retic
D (g +ryi5) sin(3; 1) (4)  that the slack bus voltage does not represent the reference f

JELn the phase angles anymore and is included in the state only to

wheres{" "V is the phase angle af;, at the previous step, €nhance estimation accuracy. _

zj = r; + jz; andi; arej-th branch impedance and current N case of traditional voltage magnitude measurements, the
respectively and’, represents the path from the slack bus t8eW Jacobian terms (equivalent of (5) in the new formulgtion
bush. In the following, the iteration index will be suppressed@€:

for simplicity. O _ cos(6y, ) Ow _ _ sin (0, ) (12)
The new term of the Jacobian is then: OV ack 000k '
stac stac
dvp, — cos(by, ) (5) From the above terms it is clear that a magnitude voltage
slack on measurement impacts on the estimation of both the real and
leading to the following row for each voltage amplitugdmaginary parts of the slack voltage. .
measurement: In case of pha_sorlal measurement performed by PMU, in
the proposed estimator, both measured voltages and csirrent
v — [ cos(dy,) .- %% %—;’% } (6) can be expressed in terms of their real and imaginary parts.
t Then, for each synchronized measure two rows have to be
where (for a branchy that belongs to the pathiy,): added toH.
v For PMU voltage measurement at notlethe added Jaco-
h . .
i = 73 08(0u,) — @ 5in(d, ) (7a) bian rows are:
J
dvp, : T o duy vy
o = xj o8(dy, ) — 1 sin(dy, ) (7b) vy — B B, On oF
! o ‘ (13)
When polar coordinates are used, (4) can be written as: = _ vy, 9vj; dvy, vy
h avglack av‘flack T aZ; 81;0 T

Uh 2 Vsigek COS(0y, ) — Z 2zjij cos(a; + 05 — dy,) @)

jETn Wlthj =1...Ny,.



The terms of (13) are: If polar coordinates are used for the state, PMU current

T ouT measurements can be straightforwardly included in the inode
5" h o —1 507 h =0 (14a) because they directly measure the state variable. In tisis, ca
gslgck aslgfk the weights of the measured amplitude and phase angle are
:)h =0 :h =1 (14b) directly given by measurements variances. The slack btss sta
OV ack Vlack variables can be included in this case both in terms of polar
au; S av;; _ (14c) and rectaqgular coordinates. V\/_hegr;ack andvf, .. are used
i’ 01 the Jacobian terms that describe slack voltage influence on
oy o traditional voltage amplitude measurement are equal teetho
= Xy — — Ty (14d) in (12)
01 01§ :

Two options are also available for voltage phasor measure-
whereuv;, andvy, are the real and imaginary parts of the voltaggents that can be included both in their polar and rectangula
at node’, andr; andz; are the real and imaginary parts of thgorm. However, when branch currents are expressed in polar
impedance ofj-th branch. When branchis on the path from form it is not possible to find constant Jacobian terms, éven
slack bus to the measured node the above equations are vgiifkage PMU measurements in contrast to what happens when

otherwise the corresponding partial derivatives (14c)@dd) the state is in rectangular coordinates. In fact, the dévis
are equals to zero. It is interesting to note that PMU voltagg (14c) and (14d) translate into:

measurement has an impact on slack bus voltage estimation,, .

It is clear from (14) that Jacobian terms are constant among-/ — —zjcos(az; + 0;) v _ zjijsin(a; +0;)
the algorithm iterations, thus allowing a faster compotati 9t; 09, (18a)
It is useful to recollect that, if the accuracy of PMU 0v} . ovy, ‘
measurements is given in terms of magnitude and phase angleg;; ~ sin(az; +6;) o9, Y cos(az; +6;)
the following expression, derived by direct applicatiorf2i?], (18b)
is used for the covariance matrix of, = (v}, vi]": where the dependency of the expression from the current
' ) amplitude and phase angles is evident. For sake of clearness
N - { cos(0v,)  —vp sin(dy, ) [ Tuy, 20 } and to avoid an excess of equations and different cases, the
v sin(dy,)  vncos(dy,) 0 95, terms that appear in the Jacobian when the slack voltage and

voltage phasor measurements are treated in polar form are

T
) } (15) reported in details in Appendix B.

cos(0y,)  —vp Sin(dy,
sin(dy,)  vp cos(dy,)

where o7, and o3 ~ are the covariances of amplitude and. Weakly meshed networks

phase measurements respectively. In the WLS algorithm theDistribution networks, in a Smart Grid scenario, could
weights of such equivalent PMU voltage measurements ajiesent some meshes in the topology. Each mesh adds a con-
chosen as the inverse of tifex 2 covariance matrix, thus straint on branch currents due to the correspondent Kir¢isho

considering also their cross-correlation. Voltage Law (KVL):
For PMU current measurement at brangh the added .
) h Z )\ijZj =0 (19)

Jacobian rows are: ey

. il iy di AL . .

iy — ST 507 e B B where A is the set of branches belonging to the mesh and

stack  Tstack ’ (16) = andi; are the impedance and current phasor of fhe
RN i aiz di dif. th branch.)\; can be+1 or —1 depending on the reference
h Mack  MWiaer, 0 01 0 T mesh direction with respect to brangtdirection. In [9], [10]

the KVLs of the meshes are added to the equation system (2)

The following equations represent the terms of (16): : o : )
using Lagrange multipliers. In this paper, as usually doitk w

% _ % _ (17a) Z€ro injections, (19) is treated as a virtual measuremettt wi
OV ok OV high weight in the WLS. This approach, while giving same
oy 0 diy 0 (17b) estimation accuracy results, allows to keep lower the ayste
Mg ack a Ok a dimension.
Oip, |1 whenj=h, (17¢) IV. TESTS AND RESULTS
gij |0 elsewhere In order to analyze the performance of the proposed BC-
i 1 wheni=h DSSE, several simulations have been executed on different
h J ) . .
5 = {0 elsewhere (17d) networks smulated by means of Matlab 2010 environment.
J The following values are assumed:

Eqgs. (17) clearly reflect the fact that the state currents-com « Number of Monte Carlo trial$Vyic = 50000;

ponents are directly measured. An expression analogue t@ A maximum deviation 060 % with respect to the nomi-
(15) can be derived for current measurements, and similar nal values for the active and reactive powers (Gaussian
considerations about the weighting matrix can be applied. distribution) drawn by the loads;



« Measurements assumed to be distributed as a Gaussian DG

distribution with a standard deviation equal to a third of % 124
the accuracy value. s s 4 s [@ e o 10
As for the PMUs, the following accuracy values are con- ! | ! 6 ! Loy
sidered:1 % for the magnitude and crad ((0~2 rad) for the 15, 16 18 ! "
phase angle; whereas for non-synchronized measurenéfts, |
for the magnitude of the voltage andx for the power flow 17 R 14
and current magnitude measurements are assumed (as in [23], : &

[24]). It is important to notice that quite a large UNcert@in iy 1 Test system 18-bus

is assigned to synchronized measurement. The synchraghaso

standard [15] allows & % vectorial error in phasor estimation, _ _ _

that can be translated into a maximum deviation1df in In both cases, the substation voltage is considered to be
amplitude estimation or a maximum deviation bfcrad for monitored, and each measurement point is constituted by one
phase angle. Such limits are given for every test conditio"r‘\?de voltage and two current measurements (the currents of
except for the amplitude and phase modulations. In the 148¢ branches downstream the node).

case a3 % vectorial error is allowed (see [15] for the details !N the first series of tests, to better highlight the perfanoea

on test design). However, it has been shown (for instan@bthe estimator, no DG was considered in the network.

in [25]) that there are algorithms designed for achieving As preliminary test, a comparison of the extended state

phasorial measurements with much better compliance levBi9de! (11) and the traditional one is performed in Case 2
sgenario. Table | shows the results in terms of Root Mean

than required. On the contrary, quite low uncertainties al ] >
assumed for traditional measurements, almost negledtieg £avare Error (RMSE) obtained with type 2 measurement

impact of the lack of synchronization (discussed in [19pisT PCINts and considering state model expressed in rectangula
approach is used to design a “worst-case” scenario in theordinates. The minimum and maximum RMSEs (obtained
comparison between PMUs and traditional measurements,@V€raging oniNyc) of the magnitude voltage estimations
To assess the performance of the proposed procedure,%rthe network nodes, calcglated from the estimated branch
a given measurement configuratiofc possible operative curren.ts, are reported. It. is cle.ar that a notewor.thy error
conditions are considered. In each operative conditioa, tFFAUction (higher thafi0 %) is obtained by the new estimation
chosen measurements and active and reactive powers atRA@gadigm. The importance of the voltage measurements in
buses are extracted from their probability distributioref- vo!tage profile evaluation appears evident.
erence values are evaluated for all the quantities of istere
starting from the nominal values of the system. Then, the \;,uimum AND MAXIMUM ROTCA)\TB&';N SQUARE ERRORS(RMSES)
estimation process is performed and the differences betwee incLUDING OR NOT V" INTO STATE SPACE MODEL

T
slack’ Yslack

the estimated and the reference values are computed for eagh Vodel Type Vin RMSE 00) | Max RMSE 60
. . . . .« . 0 0
possible operative condition. For the sake of simplicityesel Withoutor——and o 033 051
measurement configurations have been considered, withogit— ==tk —rstack PRI 020
slack slack . .

applying a meter placement technique. Measures have been

located, as an example, in different points of common cogpli  Results evaluated with the state in polar coordinates are

of the network. In particular, two types of measurement foinpractically identical and the consideration holds for thtnea-

have been considered: tion error values of all the performed tests. The true déffee
Type 1. “Traditional” measurement point: amplitude voltaghetween the two state models is in the efficiency and appears

measure along with branch current amplitude(s) measuggident from Table I, where the average iteration number

ments. and execution time obtained considering Case 2 scenario are
Type 2. “Synchronized” measurement point: amplitude andported. These and following tests have been performed on a

phase angle of both voltage and branch current(s) measurg@l| Dual Core3.17 GHz.

by PMU.

TABLE Il
COMPARISON OF THE COMPUTATIONAL EFFICIENCY OF THE STATE
MODELS IN POLAR OR RECTANGULAR FORM

A. 18-bus U.K. radial feeder

Fig. 1 shows the considered small distribution network [26] Vodel " . Average Average
that is a simplified version of a 18-bus U.K. radial feedere Th ~ "'°%® CASUTEMEN  eration number| Execution Time [ms]
rated voltage is 11kV. Details on the network (line paramgete rectangular type 1 4.9 4.6
angdrapefumier shatiReieriRicsicamebfgitenbitH28bdes and ngi i; 23
branches are numbered, the latter ones are indicated with pola? gge 5 4'0 6'3

a number in a square label. As an example of possibte : , — ,
. . For a fair comparison of execution times, equivalent cusdrave also
measurement scenarios, two test cases are presented: been used instead of power injection measurements.

Case 1. A measurement point in the nddis considered.
Case 2. Two measurement points in nodeand 11 are Polar state is more efficient in treating the traditional am-
considered. plitude current measurements (that become linear), haweve



the overall average execution time is affected by the heav-
ier evaluation of Jacobian terms corresponding to injectio

pseudo-measurements. In the rectangular form, the esimat Estimation | Measurement| Min RMSE | Max RMSE
algorithm in presence of PMU measurements has a reduced amplitude type 1 0.23 %] 0.25 [%]
computational cost because Jacobian matrix (and thus the ga type 2 0.23 [%] 0.24 %]
matrix of WLS) can be designed to be constant. Since the | phase angle|— YP¢ 1 0.13 [crad] | 0.14 [crad]
estimation accuracies are equivalent, in the followindy ¢ine type 2 0.12 [crad] | 0.13 [crad]

TABLE Il
CASE1l. RMSES RESULTS FOR NODE VOLTAGES

results obtained with the rectangular form will be presénte

A reduced computational cost of the estimator, along witBjned using a mixed (traditional-synchronized) measergm
the available high reporting rate of PMUs, are very useful fgystem, with a traditional measurement in the node 11 and a
state estimation applications, above all considering t&ve  synchronized one in the node 4, are shown. This hybrid system
ing scenario of distribution systems, where high dynamscs s indicated as “mixed” in the following tables and labelks!
expected in the quantities of interest. “mixed meas.” in the figures.

Focusing on the estimation results, a comparison between
results obtained with type 1 and type 2 measurement points
in Case 1 is shown in Figs. 2-3 and in Table Il in terms
of RMSEs. In particular, Fig. 2 shows the comparison of the
percentage results obtained for the amplitude of the ctaren
at every branch, while Fig. 3 shows the results for the phase
angles (in radians). In all the figures the blue dashed line
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Fig. 4. Case 2. RMSE of branch current E)hase angle estinsation
he increasing impact of the PMUs on the accuracy of

the estimation is shown by the notably reduced RMSEs. This
appears very promising considering active networks, inctvhi
the estimation of the phase angles will be probably required
to be more and more accurate, due to the importance of the
control and management actions to be taken on the basis of
the estimated data.

Table IV summarizes the results obtained for branch current
and node voltage amplitudes. The influence of the synchro-
nized measurement is more evident on the estimation of the
branch current amplitude. All the three measurement system
lead to similar estimations of the node voltage phase angles

RMSEs of current magnitude [%)]
.

9 10 11 12 13 14 15 16 17
Branch

1 2 3 4 5 6 7 8

Fig. 2. Case 1. RMSE of branch current magnitude estimations
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TABLE IV
CASE 2. MINIMUM AND MAXIMUM RMSES OF BRANCH CURRENT AND
NODE VOLTAGE AMPLITUDE RESULTS

o

o

N}
T

RMSEs of current phase angle [rad]
o
I
2

12 3 4 5 6 E‘3,3raénchl‘0 112 15 14 15 16 17 Measurement Current amplitude RMSE \oltage amplitude RMSE
. o Min (%) Max (%) Min (%) Max (%)
Fig. 3. Case 1. RMSE of branch current phase angle estinsation type 1 0.71 14.70 0.19 0.20
represents the type 1 results, whereas the continuous black Mxed 0.29 14.70 0.19 0.19
type 2 0.24 14.70 0.19 0.19

line corresponds to type 2 results. It is possible to obstrae

even one PMU measurement point significantly impacts bo_th_l_he presence of DG on the network has been also inves-

on amplitude and phase angle of the brgnch currents esmirmat[ligated_ Two generators on nodes 7 (0,25 MW and 75 kvar)
errors. Table Il shows the results obtained for node veisag and 14 (0,5 MW and 50 kvar) have been considered.

The influence of the synchronized measurement in this casq:ig 5 shows the results in terms of RMSEs for the phase

is not so evident. In this regard, it is important to recaltth anales of the branch currents. The impact of DG is evident
voltage magnitude measurements give the main contributif)ng ”» ' pact ol '
. o S n case of traditional measurements, a significant pergenta
to the amplitude estimation and thus similar results were o L .
. . . . efror exists in the estimation of branch 10 current (adjacen
expected since, with the chosen conservative hypothestls, bto node 11. where a measurement point exists in Case 2
traditional and synchronized voltage magnitude measun econfi uratioﬁ)' without information on tae hases of cutsen
ha]\_zet e same accurac 9 ' b

Ig. 4 reports the es wX'ations of the branch current phase &1 and 12, several pseudo-measurement configurations can
gles obtained in Case 2 configuration, with two measuremanatch the measured current amplitudes independently aiepha
points. In this and in the following tests, also the results ovalues, thus leading to significant errors in the low currEht



estimation in some of théVy;c trials. This fact is typical of

: . ) 0.12} --- traditional meas.
distribution systems due to the small number of measurement - - mixed meas.
0.1r — synchronized meas. /j

points and the high uncertainty of prior information. Thensa
kind of problem was highlighted in [27], where it is statedith
the lack of measurements able to provide phase information
can cause algorithm convergence to a local minimum having
a reverse flow direction to the actual one or even convergence
problems. By considering non-synchronized measurements,

RMSEs of current phase angle [rad]

this problem can be partially faced using more branch ctirren PR s e T e, R s e
measurements or simultaneous active and reactive powes flggy. 6. case 2, with DG at PCC. RMSE of branch current phaséeang
measurements. estimations

Table V summarizes the results obtained for node voltages.

In this case, the influence of synchronized measurements is._ . . TABLE VI

. - . . URRENT MAGNITUDE RESULTS BETWEEN
significant above all for phase angle estimation. RADIAL AND MESHED TOPOLOGY

Topology | Measurement| Min RMSE (%) | Max RMSE (%)
TABLE V type 1 0.71 14.70

CASE2,WITH DG. RMSES RESULTS FOR NODE VOLTAGES radial mixed 029 14.70
Estimation | Measurement| Min RMSE | Max RMSE type 2 0.24 14.70

type 1 0.20 [%] 0.20 [%] type 1 0.71 17.43
amplitude mixed 0.19 %] 0.20 [7%] meshed mixed 0.24 16.35

type 2 0.19 [%] 0.20 [P%] type 2 0.24 16.10

type 1 0.10 [crad] | 0.13 [crad]
phase angle mixed 0.06 [crad] | 0.06 [crad] results equivalent to those reported in Table V.

type 2 0.06 [crad] | 0.06 [crad] It is interesting to highlight that including meshes by mean

of virtual measurements (see Section IlI-C) leads to a $aste

As further analysis, the impact of DG position was alsoomputation (more than0 % in the tests): the number of
investigated. The original network has been modified to tegtrations is the same but the system is smaller and the elegre
also DG presence in points of common coupling (PCC). Aif sparsity in gain matrix increases.
the carried out tests gave results similar to those in Fig. 5An example of application of the proposed estimator to a
and Table V. As an example, the results obtained for brankgrger network is also presented.
currents phase angles when DG is moved from node 7 to node
6 are showed in Fig. 6. B. 95-bus U.K.

The possibility to have a weakly meshed topology has beenFig_S shows a part of the U.K. Generic Distribution Network

also taken into account considering two closed tie switch SIKGDS . .
) - model. The considered system comprises 95 buses
between nodes 18 - 8, and 18 - 14 (dashed lines in Fig. 1‘)Em ) 4 P

i . d 94 branches, with two sources of BGThe network and
Fig. 7 shows the results in terms of RMSEs for the phage, 4 yata for UKGDS were obtained from 23], [28].

angle of the branch currents. Again it is possible to observeAS example of the results obtained for this network Figs. 9
the im_pact_of synch_ronised measurements on the impfO‘_’emSHa 10 can be considered. These results present the RMSEs
of estimation quality. As for the branch current amplitudg, e estimation of branch currents and node voltage phase
estimation, in this case, the accuracy §I|ghtly WOrsend»mes angles respectively, in the measurement scenario 3 of [29],
branches, as reported in Table VI. It is worth noting that, Wi, ¢yrrent measurements instead of power flow measure-

any cases, a higher number of measurement devices woul ts. An hybrid measurement configuration has also been
required in order to obtain an accurate knowledge of theistat

of the branch currents in the network. As for the node volkage Numeration of the branches follows the same criterion usedi8 bus

also in this case, the impact of Synchronized measuremelfigvork: each branch index is given by the node number ofnitsrede (the
. . . . .Iarr_?er one), decreased by one.

on the voltage phase angle RMSEs is evident, with estimatio
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Fig. 8. Test system 95-bus

considered by using two type 1 measurements (on nodes 2
and 27) and two type 2 measurements (on nodes 1 and Zési/

RMSEs of current phase angle [rad]

L --- traditional meas.
== mixed meas.
[ — synchronized meas. \
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TABLE VI
95-BUS. RMSES RESULTS FOR NODE VOLTAGES

Estimation | Measurement| Min RMSE (%] | Max RMSE (%]
type 1 0.17 0.22
amplitude mixed 0.17 0.21
type 2 0.16 0.20
TABLE VIII
95-BUS. ITERATION NUMBER AND EXECUTION TIMES
Measurement Ayerage A_V(erage
Iteration number| Execution Time [ms]

type 1 4.7 28.5

mixed 4.6 29.2

type 2 3.0 16.7

C. 13-bus unbalanced network |EEE

he estimator has also been tested with IEEE 13 nodes
nbalanced network [30]. In order to deal with unbalanced
jstems, a three-phase line model of the network, takirgy int
account the magnetic coupling between the phases, has to
be used (see for example [9]). Thus, for each branch, a 3x3
impedance matrixZ is obtained, wherey;; terms represent
the self-impedances ang; are the mutual ones. Given the
asymmetry of the electrical quantities, the state vectartba
be expressed, with analogy to (11), in the three-phaseorersi

_ r x - - - -
X = [Uslack,A7 Uslack,A7 Zl,A s ZNbr,Aa Zl,A s ZNbr'Aa

Vglack,B+ Uslack, B> 11,8 - - - INy, 5 11,8 - Ny, o (20)
Vslack,C's Vslack,Cs 11,0+ Iy, 0 81,0 - iﬁfbr,c]T

In the three phase formulation, all equations in Section IlI
still hold, but analogue derivatives have to be calculated a
with respect to the other phases. Mutual impedances determi
coupling among the different phases for both traditional an
synchronized voltage measurements. In fact, mutual tegms
andz;; (real and imaginary part of;;, respectively) appear
in the derivatives of each voltage measurements with réspec
to the currents of the other phases. It is worth noting that
self-impedances are generally greater than mutual terms an
as pointed out also in [10], BC-DSSE allows to obtain a
decoupled version of the WLS step by neglecting mutual
impedances. Then, in this step, the state of each phase can
be considered separately and the WLS can be performed
by solving three smaller equation systems. However, in both
coupled and decoupled version, mutual terms are considered

Also in this situation, synchronized measurements ha{fe the forward sweep step and thus no approximation exists
proven to guarantee a significantly more accurate estimatily the network modeling. _
of the network status. RMSEs for branch current phase angled €StS have been performed to assess the proposed estimator
are more than halved and dramatically reduced as for nde@h in coupled and decoupled versions and confirm that
voltage phase angles estimation. Table VII reports the anp&nase-decoupling is possible in presence of both traition
on node voltage estimation amplitude, while Table VIII ssow2nd synchronized measurements. Fully coupled estimates gi
iteration number and execution times for the considered teSightly better accuracy (as reported in Table IX) but lower
It is worth noting that, in case of mixed measurements, it fecution times are obviously obtained with the decoupled
not possible to define a constant gain matrix. In comparis§frsion since decoupled WLS s faster.
with type 1 measurements results, the higher number of state _ _ o
variables and measurements leads to a larger equationmsyste Piscussion on real time applications
thus determining, despite of a smaller iteration numbehéi
execution times.

In previous subsections, a discussion on execution times
obtained by simulation in a PC Matlab environment was



TABLE IX APPENDIXA
IEEE 13BUS. AVERAGE RMSES RESULTS .
In a rectangular coordinates framework, power measure-

Current | Current | \oltage | Voltage ments are translated into equivalent current measurer(esgs
Meas. Version magnitude | phase | magnitude| phase [101).
[%] [crad] [%] [crad] (P + Q)" ‘
ype 1 |__coupled 9.16 8.25 0.26 0.18 foq= ~————— = ipy + jiog (A.21)
decoupled 9.17 8.29 0.26 0.19 v
type 2 coupled 8.98 6.91 0.25 0.12 whereP and(@ are respectively real and reactive powers and
decoupled|  8.99 6.91 0.25 0.12 is the node voltage estimated at previous iteration. Edgmia

current measurements, that can represent flowing or imjecte
reported. The aim was to highlight the performance of thmurrents, are treated as the current phasorial measuréseent
algorithms and different behaviours. It is worth notingttsge- Section 1ll) and the corresponding non-zero elements in the
cific time and implementation requirements strongly degendacobian are-1 and—1, when the branch current contributes
on the application and Distribution System Operator pefici to the given measurement.
and priorities. Research activities aimed at deployment ofCurrent amplitude measurement at branchontribute to
applications for distribution systems are in progress.nij@as the Jacobian with the following derivatives:
of implementations using industrial PCs both in Matlab and ‘
other environments can be found in [31], [32]. Applications Y _ cos(6;) % = sin(6;) (A.22)
are many and evolving very fast (above all considering the e 91§
smart grid paradigm) and thus their time cycles can vary on
a wide range. The final application working cycle depend
not only on the state estimation module, but on the whoﬂ1
chain (measurement, communication, estimation, decemh
control). PMUs can re_ach really high r.eportir.\g rates, 50/s,pj = wpij cos(by, — 0;), Qj = vpijsin(d,, —0;) (A.23)
nevertheless, considering latency (and, in particularjititer)
and data concentration architecture, reporting rate ofuabevherev;, andé,, are respectively magnitude and phase angle
10/s will be a more realistic objective. For example in [33)f node/ estimated at previous iteration. Thus the terms of
the state estimation is expected to be performed multiglee Jacobian corresponding to the real and reactive powers a
times per second. In this regard, it is worth noting that DSSE

When polar coordinates are used, as in [14], power flow
easurements of branch j (measured at node h) are expressed

speed is related above all to the size of the network. As a 5p. OP;
consequence, possibility of network splitting, node aggtien W] = vp, cos(dy,, — 0;) a—ej = —wpi;sin(dy, —0;)
and parallelization can be sought. ! ! (A.24a)
0Q; . 0Q; .
— =vpsin(dy, — 0;) - = vpijcos(dy, — 0,
V. CONCLUSION oi; " (O, = 65) 09, "7 ( /)

(A.24b)

In this paper an efficient state estimation algorithm aimed o
Power injection measurements generate analogue terms for

imating th f a distribution m is presken . .
at estimating the status of a distribution system is prese tﬁgch branch connected to the given bus. Only the sign of the

The estimator is developed to use both traditional, no bove terms can chanae if the branch is an ingoing branch
synchronized measurements, and synchronized ones, edtai 9 . going branch.
Each branch current amplitude measurement is easily in-

from PMUs. Furthermore, the state model is extended to ted b the state alread tains th di
include the slack-bus voltage in the estimation procesthao serted because the stale already contains the correspondin

the knowledge of the whole voltage profile can be signifi(;antvariable'

improved. The estimator can be expressed in polar or rectan-
gular coordinates. Furthermore, the possibility to treathb
radial and weakly meshed topology, also in presence of DG,When polar coordinate$vsiack, 0v,,,.,) Of the slack bus

is shown. Test results obtained on three distribution neksyo Vvoltage are added to the polar branch current state the new
two balanced and one unbalanced, are presented and digcustae becomes:

to highlight the efficiency of the proposed procedure. The , ,

impact of PMUs usage on the estimation accuracy is inves- * = [Vstacks Ovaraer 01 -+ i 01 - Oy,

t|gate_d. Results prove that the state expressed in red@ngu The row of the Jacobian corresponding to voltage amplitude
form is computationally more efficient, unless a large numbe

. . rements thus incl 1 nd the new term iva-

of current measurements exists. In fact, in presence of prFaS“ © e. ts thus includes (10) and the new terms (equiva
o . . : lent of (12)):

measurements, it is possible to define a constant gain matrix

All the performed tests, considering different measuremendv, cos (8 —6.) vy,
configurations, topologies and DG location, show that PMUSv;,... Vstack —TURT 90 ek
measurements can significantly impact on the accuracy of (B.26)

estimations, in particular for networks with DG or with wéak ~ Voltage phasor measurements can be treated both in their
meshed topology. rectangular and polar form. In the first case, the derivative

APPENDIXB

1" (B.25)

- = Sin(évslack - 5%)



with respect to the slack bus are: [11]
dvy, ovy, _
Tomer c08(0u, 00 ) rswam = —Vstack SIn(0y,,,., ) 12
(B.27a)
81}“‘ . a,Ua;
—avSl:Ck = sin(dy,,,.,.) T%Mlk = Usiack €0S(0y_;..0 ) [13]

(B.27b)

while the derivatives with respect to branch currents remai ,
equal to (18). In the second case (voltage amplitude andephas
measurement directly employed), the derivatives relaietie

slack bus can be found approximatisg(d,.,,., — 0v,) =~
Ovg1aex — Oup
[16]
a’U}L -
m = c08(0uper — Ovy) (B.28a) [17]
6vh
D6 = T Uslack SM0ug0e ~ Ov B.2
aévsmck Uslack Sln((g slack o h) ( 8b) [18]
. (B.28¢)
avslack
aévh Zjij [19]
Wlk =1+ Z ’U— COS(aZj + oj - 5slack> (BZSd)
el JETR
[20

whereTl', is, as already said, the path between the measure
node and the slack bus.
[21]
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