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Abstract—Distribution System State Estimation (DSSE) is one network, the DSSE reaches observability by relying on the
of the key elements of the monitoring activity of an active a priori information on network behaviour (the so-called
distribution network and is the basis for every control and pseudo-measurements, [7]), which is mainly represented by
management application. The DSSE relies on real measuremen . . :
collected by the distributed measurement system and on othe historical pr forecast data 9” generators production aadslo
available information, mainly obtained from historical data, that consumption. The better is the accuracy and completeness
help obtaining observability. This prior information is necessary of the pseudo-measurements, the higher the quality of the
to derive the so called pseudo-measurements. Accurate inpdata  final state estimation. Thus, it is fundamental to have a rich

are fundamental for an accurate estimation, as well as knowddge  giaisiical description of loads and generators that can be
on possible correlation in the measured and pseudo-measute . .
included in the DSSE.

data. A degree of correlation can exist in the measured data, - . )
due to measurement devices, and among power consumptions DSSE proposed in the literature are mainly based on
or generations of some particular nodes. This paper presestan weighted least squares (WLS) algorithms ([6]-[11]). In{7é

exhaustive analysis on the influence of correlations on theuglity weights for the WLS were fixed and equal to 1 and 10 for real
of the estimation. The importance of including correlationin the measurements and pseudo-measurements, respectively, whi

WLS estimation approach is discussed using both traditionk . .
and synchronized measurements. Results obtained on a 95<u [6], [8]-[11] assume the inverse of the variances of measure

distribution network are presented and discussed. ments and pseudo-measurements as weights for measurement
o N . residuals.
Index Terms—Distribution systems, state estimation, dis- H th lati diff t t
tributed measurement systems, data correlation, measureemt owever, the correla '9” among difrerent measurements or.
accuracy, Phasor Measurement Units pseudo-measurements is usually neglected and the analysis

of its impact on the estimation results is lacking. There are
few works in the literature, concerning both trasmissiod an
distribution systems, considering correlation. In [1P tcor-
Distribution System State Estimation (DSSE) is becomingg|ation between loads has been considered in a probabilist
in particular in the Smart Grid (SG) scenario, a fundamentgbwer flow, that uses the real measurements as constraints. |
tool of monitoring, control and management activities. datf [13], the correlation among different measurements pevid
control systems, such as Distribution Management Systeps 5 specific power meter device is used and it is shown
(DMSs), rely, for meaningful operation, on a knowledge ahat considering it into the WLS weighting matrix resultsain
the state of the network, in terms of voltage profiles angore accurate estimation of the system state, for tran@niss
current or power flows, as accurate as possible [1]. Dieu systems. Analogously, in [14], the possibility of inclugim
measurement systems are the underlying infrastructuneof sthe \eighting matrix the correlation among different loads
monitoring activity, and DSSE methodologies represent th@nerators and between active and reactive power injection
cornerstone to elaborate the measurements acquired f@mAls been considered. In [15], spatial correlation amondsloa
field and translate them into the estimation of the operatigp sources located in the same geographical area is used
point of the network. In this context, synchronized measurggain to perform probabilistic power flows. In addition, as f
ments and, in particular, the so-called synchrophasomngiransmission systems, in [16], a method to include possible
by Phasor Measurement Units (PMUs) are used along WiBrrelations among transformer signals is presented.
voltage amplitude, current or active and reactive power-mea | [17], the authors investigated the impact of the corre-
surements provided by traditional or new intelligent met@r |ation among the pseudo-measurements at some nodes of a
instruments. PMUs are becoming increasingly widespread distribution network on the accuracy of a branch current BSS
transmission systems and in state estimation [2]-[5], &eg t aigorithm. The importance of refining the load models to be
are expected to be widely used also in DSSE [6]. used in the DSSE and matching the statistical behaviour of

Since it is impractical and economically unfeasible tghe pseudo-measurementswas discussed, using bothanaiiti
have a measurement device at each node of a distributigiy synchronized measurements.
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importance of modelling the type and characteristics of the
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loads is proved. Furthermore, the correlation among the reaeasurement system involves heterogeneous measurement
measurements is discussed, both for traditional measumtentgpes and different measurement accuracies.
devices and for PMUs. Methodologies to include such corre-Even if in the literature (see for example [6], [11]) the
lation in the DSSEs are reported along with the descripti@movariance matrix is usually considered diagonal, the ggne
of the correlation sources inside a measurement statioa. Téxpression of the covariance that includes correlationlzan
impact on the network state estimates is assessed comgjdeexpressed as:
a 95-bus test network.
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II. DISTRIBUTION SYSTEM STATE ESTIMATION : I :

Distribution networks have a few measurement points andy, _ - . : @)
as a consequence, pseudo-measurements are necessary to Pirj02i 02 ' :
know the state of the system. Different state variables can 5 . :
be considered for the estimation algorithm, since differen P1LMOz 0z v o2,
quantities (voltages, currents, powers) and forms (polar @hereo. is the standard deviation of theth measurement
rectangular) can be used, depending on the needs. andp; ; is the correlation factor between measuremerstad

~ In this paper, the branch-current based estimator proposediieasurements have a lower standard deviation than pseudo-
in [6] is adopted. This algorithm will be referred here as BCmeasurements and this reflects the higher accuracy ofineal-t
DSSE. It is worth noting that the considerations derivednfro measurements over historical data.

the tests on BC-DSSE are expected to hold even for voltagen the WLS approach the estimation of the statis usually

state DSSE algorithms based on WLS (like [7]), since, &htained by the minimization of the weighted sum of the
demonstrated in [18], the accuracy of the two classes idaimi squares of the residuals:

The BC-DSSE has been chosen because it is the most recent y
DSSE based on WLS proposed in the literature, it is really . _ . . 9
fast and is designed to allow the inclusion of the synchreahiz e J(x) = z_; wilzi = hi(x))
phasor measurements. - T
The DSSE relies on a general measurement model that can = (z—h(x))"W(z - h(x))
be represented as: wherew; is the weight associated to thigh measurement. In
z=h(x)+e (1) the second term of (3) the general matrix form of the WLS is

. reported, wherdV = ¥~ is the weighting matrix.
where z = [zl...zM]T is the vector of the measure- b “ ghting

Because of the non linearity of the measurement functions,
ments gathered frqm the network and of the chosen pseug&- the solution of (3), a Gauss-Newton iterative approach i
measurementsM is the total number of available mea-

. T . . used. At each iteratiom, Ax = x, — x,,_1 IS computed
surements),h = [h. ] 1S, 1N general_, the vector of st?rting from the measurement residuals, by solving the so-
non-linear measurement functions (depending on the type %ed normal equations;
measurementsy = [z, ... x| is the state vector, composedp '
of N state variables. The measurement noise veetds
usually assumed to be composed by independent zero mean
Gaussian variables. The state vector of the chosen DSSEwagreH is the Jacobian of the measurement functions and is,
aforementioned, includes the branch currents of all 8¢ in general, function of the state, ; of the previous iteration.
network branches and the voltage at a reference bus, @r= HTWH is the gain matrix that has to be inverted to find
instance the slack, in rectangular coordinates. In pdatiicuthe solution of the system.

x becomes equal tqvl, .., 050 01 - - - iy, 0T - .z‘fvbr]T In the BC-DSSE approach, at each iteration, before solving
when synchronized phasor measurements are present ant#}oall the power measurements and pseudo-measurements ar
[|Uslack|ai7i---igvbrvi;f---i%l)r}T when there are only tradi- translated into equivalent current measurements to siynpli
tional measurements. In fact, when no synchronized measufee measurement model for power measurements (see [9] and
ments are present, the slack bus voltage phase angle habL1 for details) thus allowing a straightforward integoat

be assumed equal to zero since it serves as reference forithghe estimator. Then, the state variatidn is computed
other buses phase angles. When synchronized measurem@pgsall the voltages are calculated starting from the slak b
are present, it is instead possible to measure the absoN@éage estimate and using the voltage drops associatéd wit
phase angles with respect to the coordinated universal tithe branch currents (forward sweep step). Such computation
(UTC), given by global positioning system (GPS), or othe¢an be synthetically expressed in a matrix multiplicatitor (
synchronization sources (see for instance [19], [20]). Tr&ch iteratiom) as:
pseudo-measurements usually consist in a priori infolnati

about the consumption of the loads or the production of the

generators. The real measurements can be voltage amplitwdeere v = [v; ...vx]T is the complex voltages vector and
branch current and current injection amplitude, power flo%,.:s is the matrix that contains, for each rowthe path of

or power injection, voltage and current phasor measuresnerthe branch impedances that linksto vg..;. The calculated
depending on the installed devices. In general the dig&iu voltages are also used to compute the measurement vector

3)

H"WHAx = H'W(z — h(x,_1)) (4)

Vn = Zpaths Xn (5)



for the next iteration and the procedure is repeated urgil tmatrix multiplication (wherez,,, = (V P Q)T is the
desired convergence is reached. corresponding measurement deviations sub-vector) as:

Looking at (4), it is clear that the presence of the correfati
reduces the sparsity of the weighting matfiX and, as a
consequence, the speed in the inversiorGoflt is then im-
portant to understand when it is relevant to include cotieta )
to enhance the estimation performance and when, on the other of oy ) OfT
end, the estimation can be kept accurate without degrating t = {aZT ] X % ) X [3%@,]
speed of the estimation process. o
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wherez,y; = (V. ¢ I)T and 52— represents the Jacobian

Ill. CORRELATION OF THE MEASUREMENTS of the function vector (7) with Trespect to the independent
Measurement values given by different devices can €asurements. o _ _
reasonably considered independent. As a consequence; decdy Substituting the derivatives and solving the maitrix

relation is assumed for voltage amplitudes, current anmptis, Multiplication (see the Appendix, for details), the foliog
voltage and current phasors, real and reactive power floy@iances can be found:
or power injection measurements collected by different in- 2 _ 252 2 27,272 2 21,2 2
strupments. On the contrary, correlation among the differen p=ovlieostotogVilTsin" g o7V eos" o (9)
measurements given by the same device has to be taken intq,g? =02 %sin® ¢ + J;V2]2 cos’ ¢+ o2V?sin’ ¢ (10)
account, for both traditional measurement units and PMUs.
Besides, as pointed out in [17], correlation can arise amoﬁg for the covariances terms, the following results can be
different loads or generators and between active and veactbtained:
powers. ovp = oyl cosd (11)
ovg = U‘Q/Isin(b (12)

A. Correlation in traditional measurement devices 1

N o opqQ = 5 (0y 17 sin2¢ — o3V2I? sin 2¢+

A traditional measurement device is assumed, for the fol- 2 (13)

lowing analysis and test results in the Section 1V, to be &ble + 07V sin 2¢)
measure both voltage amplitude and power flows (in particula By considering that information provided by the power
two measurement channels are considered for active afdter only refer to voltage and power measurements, it is
reactive power flows). The correlation among measuremeRiscessary to express the equations in (9)-(13) in terms of
provided by such devices can arise, specifically, amonggelt the above mentioned measurements and of the independent
magnitude {) and active and reactive power measureméht (measurement uncertainties. Since the uncertainty is lysual
and@). expressed in terms of relative values, it is simpler to prese

As described in [13], digital power meter devices usuallhe variances terms in (9-10) divided by the squared medsure
provide voltage and power measurements starting from thgantities, thus obtaining:

direct measurements of voltage and current magnitude (

2 2 2
and I) and voltage-current phase angke € 6, — 6;) and ‘7_1; — U_‘g + U_g + 02 tan® ¢ (14)
computing the active and reactive power indirectly. Catish pzove o0
is thus introduced in the elaboration and it is possible ke ta o2 o2 g2
: - ot @ _ 2V L 7L 4 52 cot ¢ (15)
into account the independent measurements uncertaimties t Q2 vz 2 ¢

achieve variances and covariances of the different measure

ments provided by the device. Instead, as for the covariances terms, equations in (13))-(1

If, for simplicity, only the fundamental components artleead to: ovp 0%
taken into account, the measuré&dand ) can be expressed VP V2 (16)
as functions ofl/, I and¢ as: 5
ve _ 9 (17)
P=P(V,I,¢)=VIcos(¢) ©) Ve V2
Q= Q(V, I, ¢) =VI Sin((b) oPQ 0\2/ + U% 2 (18)
— =5+t = — 0
and grouped in a vector function relationship: PQ vz
If equivalent current measurements are used in place of the
4 power flow measurements, as in the BC-DSSE, an equivalent
£V, 1,¢) = | P(V,1,9) 7 covariance matrix must be calculated to include covariate
QV.1,9) the DSSE. The relationship describing the equivalent ctirre
Indicating the standard deviations of voltage and currefté@surements (see [9] for further details) is:
magnitudes and phase-angleas, o;, o4, respectively, the (P — jQ)(v" + jv*)
resulting covariance matrix can be calculated by means of "+ it = (29)

V2



If voltage magnitudé ~ 1p.u., the following equations  To evaluate the uncertainty of the phase-angle measurement

hold for the equivalent current measurements: performed by a PMU, the sum of three contrbutions can be
considered:
i~ Pu" + Qu” (20)
i~ Po® — Qu” (21) €A = €1, tes, T e (23)
€ = €1y tesy +en (24)

In a single phase framework, if only traditional measuretsien

are available on the network, the slack bus phase anglewikeree, andep are the phase deviations on two different
chosen as reference for all the other phase angles and ijyusuzhannels A and Bsr, (i = A, B) is the effect of the transducer
set equal to zero. In this case, considering the small weltaghase error (or of the residual uncertainty, if a compeonaif
drops along the lines of a distribution network, the voltagiae transducer errors is performed), (i = A, B) is the phase
phase angles are really close to zero, thus we héve: V and deviation introduced by the inner PMU signal conditioning
v® ~ (. With these assumptions, (20) and (21) dre- P and system, ande,, is the phase deviation related to timebase
i* ~ —(, then the covariance matrix including the equivalersteviation, that is to the achieved synchronization levdl. A
current measurements, will become: the above variables can be considered zero-mean. Cataylati
the covariance of4 andeg:

0"2/ oyir OVyiz 0"2/ oy p —ovQ
oirv 0% o | | opy  0h  —opq| (22) Eleaep] = El(er, + €5, + €w)(ers + €55 + €1)] (25)
Oy Oiair O —oqv  —oqp 0 = B3] = 02

~ In this case only a change of sign in the covariancggere the last equality is obtained by considering decatice
including i* is required. Instead, if PMU measurements argmonge,,, er,, €5, andeg,, and between, and the other

also available or if a three-phase framework is considéfe, components. To obtain the correlation factor, the standard
assumption of voltage phase angles close to zero does bt idyiations should be considered:

any more. Thus, the covariance matrix taking into account ) A ) ) ) )
the equivalent measurements should be evaluated using the o; = Ele]] = o1, + 05, t oy (26)

formulation of the error propagation (similarly to the orsed wherei = A, B and the second term is obtained by consid-

in (8)) and referring to equations (20) and (21). ering the additive terms as decorrelated, as aforememtione

It is worth noting that the aforementioned approximatio % the two channels can be assumed equal, as it appears
are used only for the weighting matrix computation anr(}easonablegs — os.. Finally, the correlatio;] factor can
A B* ’

thus, for a faster iteration of the algorithm. Tests havenbe . .
performed and confirm that, as illustrated by several pape%r% computed merging (25) and (26) as:

(see for example [8], [18]), the comparison between resiits _ Eleaep] o3,
tained with a classic polar voltage estimator and a fornanat PAB = s \/02 o2 4 o2 \/02 o2 4 o2
based on branch currents and equivalent current measut@men Ta 178 TN Pl TS T T
shows that approximations introduced in the equivalent-mea _ 1
surements do not significantly affect the estimation aagura \/1 + (0%, +0%) /J?b\/l + (02, +02) /0%,
In Section 1V, the described covariances will be specified fo 27)
possible applications, to understand typical correlatewels
and to show their impact on the estimations. Such equation, as is intuitive, shows how the correlation

factor strictly depends on the ratio between the independen
B. Correlation in PMU measurements contributions to _the p.hasg error and the common ones, and
. can be further simplified iby, = op, (for example, when

PMU measurements include voltage phasor at the noggaiogous transformers and similar currents are consijlere

and current _phgsors of the branches adjacent to the ”Od?,lsing the aforementioned assumptions and knowing the

where PMU s installed. The number of channels depenggyice specifications for each contribution, usually regbby

on the PMU and in the tests it has been assumed that tya ppuy datasheet (see for instance [21]), standard dewiati

currents are measured, thus allowing comparison betwegh pe computed. It is worth recalling that standard denriati

PMU and traditional measurement station. Generally spegki -5, obviously, depend on the measured values.

correlation can arise between different measurement @snn |, section IV, correlation factors will be calculated refag

and between amplitude and phase measurement in the sam@ealistic applications and used to test the impact of PMU
channel. The measurement of voltage and current amplituge$,e|ation on the DSSE accuracy.

in the same PMU can be usually considered decorrelated. In

fact, starting from device specifications and given norngal o o ) )

erative conditions, no significant common uncertainty egusC: Correlation in pseudo-measurement information

can be identified. On the other side, phase angle measurementhe number of pseudo-measurements in DSSE is high
are based on the same synchronization. For this reasorg inwlith respect to real measurements typically available in a
following, the effect of a common reference time in the PMUdlistribution system. A given degree of correlation can be
is considered and a method to include this correlation in tipeesent, in sub-areas of the distribution network, amomggpo
estimator is presented. consumption at different nodes of the network (inter-node



correlation) due to several causes. In fact, loads can iprese

similarity, in particular on a geographical basis. Weather X

87

conditions, energy cost or network management operation ca
influence the inter-node correlation. &
Besides, correlation can become relevant for the power 100—139 30[ 32] 34y 59, 38,
injected by distributed generation (DG) or renewable energ 11 + 2 5%, 58
sources. In fact, weather conditions or management interve 12 3 55,
tions (such as reactive generation control or active power 1do—b13 a7 4, 42
curtailment) can have a strong effect in correlating getoesa 16e—b1s 40 39 | 44 a3
or prosumers that belong to the same geographical area. by 25 38 4738 % 15
In a DSSE perspective, it is important to have a measure ol %7 50 51
of the correlation factor between two pseudo-measurements o 2 » » *l ol s
Such factor is, from the point of view of a priori modelling, 20 *°

a relative concept: the correlation level can change ddpgnd ”

on available information and accuracy of unmonitored loadfg. 1. Test system 95-bus

description. For instance, if the knowledge about load ab- _ _
sorption is very accurate, even if the behaviour of two load@King into account the assumed correlations. In partictda

is very similar, the correlation to be inserted in the moddpe presented tests, the following assumptions are caeside
and, thus, in the DSSE can be low, because it describes only Number of Monte Carlo trialsVaic = 50000;

the residual random fluctuation around the known values. Ine A maximum deviation of50 % (Gaussian distribution)
DSSE, the temporal load profiles are usually used and, in this with respect to the pseudo-measured values for the ac-
context, correlation should describe the relationshipragrtbe tive and reactive power injections on all the load and
variations of the loads with respect to the expected values. generation nodes;

Correlation can be assumed also between active and reactive Normal distribution for the real measurements with a
power consumption at the same bus (intra-node correlation) standard deviation equal to a third of its accuracy value.
considering that a high degree of knowledge of the powerThe normal probability distribution, along with a coverage
factor is a common assumption for the MV loads. These typ&sctor equal to 3, has been assumed for the tests, since it is a
of correlations have been considered in this paper for thtemmon assumption for this kind of data (see, for example,
analysis aimed at understanding their impact on DSSE bag2d], [23]).
on different measurement systems. Simulations have been carried out considering a possible

It is important to recall that when different levels of correconfiguration of the measurement system. In particular,-mea
lation are present among different quantities, all therixti surement devices have been located in different points of
cross-correlation factors have to be considered, whewlibgil common coupling of the network. Each measurement point
the covariance matrix of the measurements. As an examplehdfs one voltage measurement on the node and two flow
the power consumptions of two loads are correlated andeactineasurements (current or power) on adjacent branchese Thre
and reactive powers of each node are also related, spuripassible measurement configurations have been considered:
correlation arises also between the active power of one node Type A: voltage magnitude measurement on the node and
and the reactive one of the other. In the following tests, current magnitude measurements on the branches;
spurious correlation factors are computed by multiplmaiof « Type B: voltage magnitude measurement on the node and
the different contributing terms. active and reactive power measurements on the branches;
o Type C: phasor measurements provided by PMUs for both

the voltage of the node and the current of the branches.
Table | reports the positions of the chosen measurement
In order to analyse the impact of the different correlatggbints in the considered measurement system. Such choice

input data onto the accuracy of the DSSE, several tegSonly based on technically sound reasoning, without using
have been performed on a 95-bus network (Flgl) This |80@t|ma| meter p|acement techniques_

symmetrical radial system, with two sources of DGominal

IV. TESTS AND RESULTS

data of the network were obtained from [22]. Simulationsehav TABLE |
been carried out by means of Matlab. MEASUREMENT POSITIONS
To assess the uncertainty in the DSSE, several Monte Carlo  Nodes 1 11 37 60
trials have been used. In each trial, the absorbed and gener- granches 1 (1-2) 3(14) 11 (11-12) 28 (11-29
ated powers have been randomly chosen from the respectiy&art-End node)| 36 (37-36) 40 (37-41) 60 (60-61) 76 (60-77)

distributions, the power flow has been computed to obtain the _
reference values, and the random measurement errors haJ/8 addition to the selected real measurements, the pseudo-

been extracted considering the measurement uncertaiaty gifasurements in all the load and generation nodes are con-
sidered to be known. These, together with the zero-injactio

1As for the numeration of the branches, each branch indexvendby the noc_ies (here 'nCIUded_ as virtual measurements with verg larg
node number of its end node (the largest one), decreasedeby on weight) allow to obtain the observability of the networkidt



worth noting that such a low number of real measurements is

quite realistic in distribution networks (see for exampld, [

TABLE Il

IMPACT OF TRADITIONAL MEASUREMENT CORRELATION

[71, _[11], [22]) _where, c_)ften, measurement devices could be Mean of the Root Mean Square Error
available only in the prlmary_substatlo_n. _ . Current Current Voltage Voltage
~ Inthe presented tests, the impact of including the coiielat Model | magnitude | phase-angle| magnitude | phase-angle
into the estimator model is analysed assessing the Root Mean
. . , [%] [crad] [%] [crad]
Square Errors (RMSE) of the estimated quantities over the 5o s
Nysc trials, according to the following: inweights | " 2.26 017 | 6.3x 107
Nue o2 with cort. |7 g 2.25 0.17 1% 1073
RMSE, = \/M (28) in weights 6.1 <10
Nue

where y; and y; are the true and estimated value of the

considered quantity, respectively. (that translates into a maximum phase-angle deviation of

0.018° = 0.31 - 10~3rad);
o A maximum deviation equal to 0.03 % for the magnitude
measurements.

As shown in Section IlI-A, the correlation among the jging the assumed values for the PMU phase deviations, if
measurements provided by a power meter strictly depends_(p.g_dasS transducers (with maximum deviationsaf - 10—3

the .meaSUre(.j quaﬂtities. .themsewes. Thus, it |S not peSSIng as indicated in [24], [25]) are considered for both cledsin
to simply define a specific value of the correlation factor t9 .o ralation factorpaz = 2.8 - 1073, thus negligible, is

be used in the simulations. Tests, in this context, are henggained. Instead, if the transducer error can be neglected
performed considering the real behaviour of the power metg,e {5 fine compensation, the correlation factor becomes
First of all, measurements of voltage and current are ebetdac A5~ 0.26.

starting from the reference values: in the tests the acgurac

values arel% for the magnitude measurements dng. 10-? Results obtained using this latter correlation factor db no
0 ]l

> . ..show any improvement on the estimation accuracy: almost
rad for the phase-angle measurements (as indicated in [3 y imp y

f‘i same results have been obtained both neglecting and
[25] for the 0.5-class transformers and assuming phasbaq d J
f

A. Traditional measurement correlation tests

cluding correlations into the DSSE. A possible reasomés t
errors totally caused by transducers). From these data,

X _high accuracy of the measurements (above all with respect to
corresponding measurements of voltage and power proviggl 1 aiority of the available measurements, that are pseudo
by the power meter are calculated. measurements) and the low degree of the correlation fdator.

Performed tests have shown the presence of correlatign; i, gych a situation, the additional information prted
factor;_ varying from O',S to 0.8 depending on .the involve correlation terms could be not able to further improve the
quantities and t_he c_:on3|dereq measurement point. In _gen% timation of already accurately measured quantities.
results do not highlight Ia}rge Improvements on the estiomati In order to stress this aspect, also following aforememtibn
accuracy when correlations are duly considered. Table | siderations, another test has been performed. In this ca
reports a summary of the outcomes, the average of the RM '

Il the b h d h d Itis i ; wer accuracy((7% for magnitude measurements and 0.7
among all In€ branches or nodes are snowed. TL 1S Impor %Péd for phase-angle measurements) has been chosen and a
to highlight that, in particular for branch currents, théeet

S o i ery high correlation degree (0.9) has been assumed. Table
of correlation is local and thus specific results can be ﬁyghv y g ! d (0.9) has Ssu

. : ] S . [l shows global results for the network by means of the
more _ewdent than in Table IlI: considering for instance entr average of the RMSEs among all the branches or nodes. Also
magnitude of branch 7, the percent RMSE can pass fr 'this case, even though an extremely high correlationl leve
14.27% 1o 13.65% (-0.62%), while for branch 37, phase- is considered, including correlation into the estimatoesinot

angle RMSE is decreased of 0.1 crad. From the results, |ti|1§$|y large improvements. In fact, even in such an extreme

possible to deduce that, in case of power meter MeASUreMERLS ation scenario, the enhancements are not relevant fo

using the covariance t_erms_ into the Welgh_tmg matr|>§ of t oltage estimations, while for currents they are analogous
DSSE lead only to slight improvements in the estimation

accuracy.

TABLE Il

B. PMU measurement correlation tests IMPACT OF PMU MEASUREMENT CORRELATION

Tests on PMU measurement correlation have been per- Mean of the Root Mean Square Error
formed taking into account the considerations reported in Current Current \oltage \oltage
Section 1lI-B. A first analysis has been performed using Model magnitude | phase-angle] magnitude | phase-angle
the data sheet of a commercial PMU [21]. The following [%] [crad] [%] [crad]
assumptions on the accuracy values have been made: no corr. 747 293 0.12 18 x 10-3

o A maximum deviation of the system phase erkgr in weights

equal t00.03° = 0.52 - 10~°rad, and an accuracy of | With corr. 745 291 012 | 43x10-3
the term associated to the time base error equajte [ ™ Weights




those of previous Section. Therefore, in realistic condi Figure 4 shows the results obtained for the current magni-
neglecting PMU correlations in the estimator model does niide estimations assuming correlation among the loadslifor a
seem to lead to a significant degrade of the estimation gualithe zones and between the generators. In this case, asexpect

results are similar to the previous case, but with a larger
C. Pseudo-measurement correlation tests number of branches involved in estimation enhancement.

As for the pseudo-measurements, as mentioned in Sectiots for the intra-node correlation, correlation betweerivact
II-C, two different kinds of correlation can be analysedeT and reactive power of the same node have been studied.
first one is aninter-node correlation, that is the correlationSeveral correlation factors have been tested. Results show
between the powers of two different nodes of the network. TH@at, in this case, the impact is mainly on the phase-angle
second one is aimtra-node correlation, that is the correlation€stimations and that it is strongly dependent on the type of
between the active and the reactive powers into the same ndigasurement devices available on the network. In fact, the

Accuracy values of the measurement devices used in th&a-node correlation provides additional informatiooat
following tests are:1% for the voltage and current magni-the power factor of the power injections. Thus, it is paitcly
tudes, 3% for the active and reactive powers (Type A andiseful to integrate data coming from measurement devices
B configurations), an®.7% and 0.7 crad for magnitude andwhich do not provide any information about the phase-angles
phase-angle measurements of PMUs (Type C), respectivel@f the electrical quantities (or provide it with poor acauya

As for the inter-node correlations, following the assumg-igures 5 and 6 show the results for the current phase-angle
tions reported in [14], different groups of correlated lsqdve estimations in case of Type A and Type C measurements, re-
been identified: spectively, when intra-node correlation, with correlatfactor

« zone A: loads included between nodes 12 and 27:  €dual to 0.8 in all the load nodes, is considered. In pasigul

. zone B: loads included between nodes 38 and 54:  these results refer to power factors of the nodes supposed

. zone C: loads included between nodes 62 and 76;:  basically known and with small variations. Such assumpton

. zone D: loads included between nodes 81 and 94,  Very common in this kind of study and refers to usual opegatin
%nditions of the networks.

For each group, a correlation among the active powers of fkahd ib| b h h | q
load nodes, with correlation factor equal to 0.8, is congide |t IS POssible to observe that, when voltage and current
magnitude measurements are used, an improvement in the

In addition, a strong correlation (correlation factor 0i8) L
assumed between DG on nodes 28 and 95 current phase-angle estimations of the branches near to the

A first series of tests has been performed taking into account
correlation in only one of the above mentioned zones and
between the generation nodes. 91— no correlation in weights

Figures 2 and 3 show the results for the branch curre g~~~ corelatonnweights
estimations in presence of inter-node correlation amorg t
loads of zone A and in the case of Type B measureme
devices. It is possible to see that a relevant improvement
the accuracy of the current estimation can be found wh
the correlations are included into the weighting matrix. |
particular, the benefits are localized on the branches rear
the correlated nodes. As for the voltage estimations, bet
estimations can be found, but with lower enhancement th
for the currents. Similar results have been obtained also 1
the other measurement devices (Type A and Type C) a
considering the correlation in the other zones.
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measurement points can be found. On the contrary, in cake load nodes 3, 13, 53, 66 and 81. Thus, in such nodes the
of PMU measurements, since the devices already providerrelation has been removed while in the pseudo-measured
accurate information about the phase-angles, there are mmales both intra-node and inter-node correlation has been
significant differences in the estimation results. considered. Fig. 9 clearly shows that the impact of corietat
Tests including both inter-node and intra-node correfatids still evident in all the branches near to the correlatedieso
have also been carried out. In this case, besides the assuthidpossible to observe that similar results have beenimmdda
correlations, also spurious correlations arise (for edammbviously with the exception of the branches adjacent to
between the active power of a load and the reactive powertbe nodes monitored with real measurements, where a better
a correlated node when both are characterized also by intestimation is now achievable. In the following, the reduced
node correlation). Results show a cumulative effect of theeasurement systems is again assumed for the tests.
enhancements associated to the different types of camelat The analysis on the impact of correlated pseudo-
In Fig. 7, results obtained with inter-node correlationlittee  measurements, has also been extended to study the effects
zones and intra-node correlation in all the loads are reportobtained with different levels of correlation. Tests hawei
From the comparison between Figs. 5 and 7, it is possilperformed taking into account inter-node correlation fbtree
to observe the additional contribution given by the intetead groups, correlation between the generators and muda-
node correlation. It is also important to highlight that, irtorrelation. Table IV shows results for the current magigtu
such a situation, because of the large number of correlaestimations (Type B measurements) on branches 25, 39 and
data, more significant improvements are also obtained ®r th5 when the direct correlations are reduce@6;, 50% and
voltage estimations. In Fig. 8 results obtained for theagdt 75% of the reference case. Obviously, the impact is larger
magnitude estimations are reported: improvements ex@ateab when higher correlation factors are used. Finally, it is tor
all in the nodes farther from measurement points. nothing that the impact is non-linear, also due to the presen
Results obtained until now have been achieved consideripigspurious correlations.
pseudo-measurements for all the load or generation nodes abome tests have been performed also to understand which
the network. In order to analyse the impact of correlatias the effect of a possible underestimation or overestionabif
also when some pseudo-measurements are replaced by tleakorrelation factors, in order to simulate situationsviich
measurements, another test has been performed supposingpteelation degrees are not perfectly known. The aim of this
have real power measurements in the generation nodes andtuay is to analyse what can happen in a realistic envirohmen



20 V. CONCLUSION

18] e s
In this paper, the impact of the input data correlation
on DSSE results has been presented and analysed. Different
types of measurement devices and different kind of possible

correlations have been considered. Correlations in tosdit
measurement devices, in PMU measurements, and in pseudo-
measured data have been analysed and discussed. Different
results have been obtained depending on the kind of cor-
relation. As for the correlation among real measurements,
‘ U ety ot eeem kST outcomes show that only slight improvements can be ob-
5 1015 20 25 30 35 40 45 50 55 60 65 70 75 80 8 90 tained. In case of correlated pseudo-measurements, dhstea
results highlight that a proper modeling of the measurement
covariances, obtained by including possible correlations

161
14 ﬂ

101

RMSE of current magnitude [%]

Fig. 9. RMSEs of current magnitude estimations with inted& and intra-
node correlation (Type B measurements) in case of largerbeurof real

measurements the weighting matrix of WLS, is really useful to improve
the estimation accuracy. Moreover, tests show that impbrta
TABLE IV benefits can also be obtained when correlation factors are no
IMPACT OF DIFFERENTLEVELS OF CORRELATION perfectly known or estimated. This is an important featare f

realistic situations where the knowledge (or estimatidrithe

Correlation level Improvement on RMSEY] possible correlations could be affected by a certain degfee
Branch 25| Branch 39| Branch 75 .
uncertainty.
25% 1.7 5.7 5.1
50% 6.8 15.4 14.7
75% 16.2 29.4 28.0 APPENDIX
100% 33.0 484 46.7 The vector functiorf (defined in (7)) relates the independent
T
measurements vectas,s; = (V¢ )" to the dependent
T . .
£ o T o conetaion n weghs ] mé;—:-fasurements one,, = (V P Q) . Its Jacobian matrix
E%‘ 147-0- with correlation in weights ] 52T can be expanded as f0||OWSZ
S E 121 ] Vi
w'e *
@ Y-l 8 rov. oV av
ZE o * T 4o + of v 9 oI
14 204 314 44 5/4 _ |ep or or| _
Ratio between used and actual correlation 8ZT ] oV JP ol
e ‘ v 9Q 99 @
g 8 i —— no correlation in weights :8‘/ 8¢ 2 (Al)
§ % 1.6r - 4 - with correlation in weights q 1 0 0
3o
Egl-s’ il = |Icos¢p —VIsing V cos¢
%gl-“’ T [P e ammmm + | I[sing VIcosg Vsing
=13 1)4 2}4 3}4 4}4 5}4 . . .
Ratio between used and actual correlation and thus (9)-(13) are obtained by the following uncertainty

Fig. 10. Branch 45. RMSEs of branch current amplitude a) arasg-angle Propagation:
b) estimations in presence of correlation mismatch (Type éasarements)

vpg X
Ising VIcos¢p Vsing

1 Icos¢ Isin ¢
X

where correlation factors are obtained from historicaladat
or run-time estimations. To highlight the behaviour of the r%,
a

1 0 0
E [szquzT } = [I cos¢p —VIsing Vcos¢

(A.2)

2

o 0 —VIsing VIcoso¢

estimation results in presence of such a mismatch, coioelat X
0 V cos ¢ V' sin ¢

factors used as reference case have been decreased, so that
both underestimation and overestimation are possiblegdt hi
degree. Thus, a correlation factor of 0.6 has been assume"2l0gously, the measurement vector used by BC-DSSE
for the intra-node and the inter-node correlation of theltpa ¢an be defined a&,;-i- = (V. i" 4*)" and the correspond-

while a correlation factor equal to 0.675 has been used f&g covariance matrix is obtained by means of the Jacobian

the inter-node correlation of the generators. Startingnftbis 8zi7 of the transformation function vectey with respect to

reference case, tests considering all the correlations begn the independent measurements;. With the simplifications
performed, with the correlation factors adopted for the BSSntroduced in Section I1I-A the transformation is lineardaits
that range from 1/4 to 5/4 of the reference values in order d@cobian becomes:
simulate the errors in covariance estimation.

of

10 0
Results clearly show that considering correlations in® th 9g —lo 1 o (A.3)
estimator leads to significant benefits also when correlatio az,fm 00 -1

factors are not perfectly matched. Fig. 10 reports, as an
example, the results for the current estimation in branch 4%nd thus (22) follows thoroughly.
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