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Abstract—The availability of accurate measurements is the
prerequisite for the actual implementation of many monitoring
and management applications in smart distribution networks.
Phasor Measurement Units (PMUs) can provide synchronized
voltage and current measurements, referred to a common time
reference (usually the Coordinated Universal Time, UTC). This
feature, as well as the high accuracy and reporting rate of PMUs,
can be exploited for an accurate network monitoring.

At the same time, the smartness of the grid can include the pos-
sibility for the measurement system to self-detect its weak points
and improve its performance. In this perspective, a technique for
the estimation and the compensation of systematic errors existing
in the components of a PMU-based distributed measurement
system suitable for monitoring three-phase distribution networks
is presented. The uncertainty induced by the components of
the measurement system, mainly instrument transformers and
PMUs, is included in the model, along with the uncertainty
affecting the values of the network line parameters. The method
exploits the possible constraints introduced by the grid topology
(presence of multiple lines, injected currents, etc.) to improve the
accuracy of the estimation, so that a proper compensation of the
estimated errors can be allowed. The validity of the approach is
verified though simulations performed on a small portion of a
test medium voltage distribution grid.

Index Terms—phasor measurement units, power distribution
lines, instrument transformers, voltage measurement, current
measurement, measurement errors, impedance measurement.

I. INTRODUCTION

Sizeable changes are occurring in power distribution net-
works (DNs) with the advent of distributed energy sources and
storage systems, particularly distributed renewables, as well as
with the introduction of electric vehicles and the proposals for
responsive load management and new energy markets.

This evolution asks for new approaches in the management
and control of the network, requiring a more intelligent cyber-
physical infrastructure for DNs that allows transforming them
into ”smart” DNs (SDNs). A prerequisite for advanced net-
work operation is an upgraded and sophisticated monitoring
system that can foster the transition towards network automa-
tion.

Phasor Measurement Units (PMUs), which provide syn-
chronized measurements of voltage and current phasors, as
well as frequency and rate of change of frequency (ROCOF),
can represent an interesting improvement to the monitoring
infrastructure. Thanks to the synchronization with respect to

a common coordinated universal time (UTC) reference, their
high accuracy and reporting rates, these devices are starting to
play an important role in modern electric power grids, forming
the basis of advanced and more effective monitoring applica-
tions. PMUs are currently employed mainly in the transmission
grid, where synchrophasor measurements from PMUs are used
for several applications [1]. PMU measurements can be used,
for example, for state estimation [2], [3], voltage stability
assessment, line parameter estimations [4]-[6] and also for
off-line applications such as post-mortem analysis.

Because of their high potential, PMUs have begun to be
considered for use in the monitoring and management of SDNs
as well. The development of PMUs specifically conceived
for this type of network encourages the use of PMUs in
many distribution applications [7], such as state estimation
techniques applied to DNs [8], [9]. There are research projects
aiming to design low-cost PMUs [10], [11] and at a large-scale
installation in DNs [12].

One interesting application that can be made feasible by
the widespread use of PMUs is estimating and compensating
for the systematic errors existing in the measurement system,
introduced by both the Instrument Transformers (ITs) and
the PMUs. Referring to transmission systems, paper [13]
proposes a method that can simultaneously estimate line
parameters as well as measurements. It requires the availability
of accurate measurements that can be achieved by a pre-
calibrated PMU receiving voltage and current signals from pre-
calibrated ITs. A PMU-based approach for on-line calibration
of voltage transformers has been presented in [14]. It requires
the placement of multiple good quality voltage measurements
(i.e. achievable again by pre-calibrated devices) at optimal
locations inside the network. Paper [15] presents a framework
for online bias error detection and calibration of PMU mea-
surements in a single transmission line using density-based
spatial clustering of applications with noise.

Focusing on distribution grids, limited attention has been
paid to PMU application in this field. In [16], the feasibility
of directly calculating impedances (of a transformer and a
single line) in DN is investigated, but device and transducer
uncertainties are not considered in the model.

In this paper the main concepts of an approach aimed at
estimating the DN’s line parameters on the basis of PMU
measurements, proposed in [17] for single-phase systems



and extended in [18] for three-phase systems, are adapted
and integrated to define an original technique to estimate
the systematic errors existing in the distributed measurement
system, including both ITs and PMUs. The proposed method
does not require pre-calibrated measurement devices, which
would become impractical in DNs. It is designed to work
continuously online for three-phase unbalanced networks. It
suitably exploits the different constraints that characterize
the grid. Injected currents and zero injection constraints are
introduced and used together with voltage drops to improve
the accuracy of the estimation, so that a proper compensation
of the estimated errors can be allowed. The method, which is
based on a recursive linearized weighted least squares (WLS),
is designed to operate on multiple branches simultaneously to
improve the estimation performance. Simulations performed
on a sample DN derived from the IEEE 13 bus test network
are used to study the perfomance of the proposed methodology
and the impact of the different constraints.

II. PROPOSED METHOD
A. Network and Measurement Model

When a three-phase unbalanced distribution network is
considered, a model for the generic branch (¢, j) can be defined
as in Fig. 1. Shunt impedances are neglected as is usual in DNs
due to their small values'. The model can be represented by
means of the following symmetric 3 X 3 impedance matrix:

Zijaa  %ij,ab  Fij,ac
Zi; = | Zijab Zijbb  Zijbe (D
Zij,ac  Zij,bc  %ij,cc

where 2;jpg = Rijpg + 7 Xijpg (0 and g € {a,b,c}). When
one or two phases are not present in a branch (two-phase
or single-phase branch, respectively), the branch impedance
matrix is reduced accordingly and becomes 2 x 2 or 1 x 1.
The measurement system considered in the following is
represented by the synchronized measurements indicated in
Fig. 1: the wye-connected voltage synchrophasors v; 4, v;p,
Vi c» Vj,as Vj,bs Vj,c at both ends of the line and the line current
synchrophasors i;; q, %;5,5, %35,c. These measurements are given
by PMU devices that are assumed to be installed at each node
of the monitored network or subnetwork. Each PMU can have
multiple input channels and is connected to the corresponding
outputs of the instrument transformers (e.g. VTs and CTs).
PMU measurements can be time-aligned, thanks to the time-
tag associated with each measurement frame. In the following
and in the simulations of Section III the measurements are
considered, for the sake of simplicity, as independent of one
another. This assumption is realistic when measurements from
different instruments are considered. When multiple channels
of the same PMU are used, independence is not guaranteed.
Indeed, measured synchrophasors may present different levels
of correlation depending on PMU architecture and channel
coupling. For instance, a more detailed discussion about the

'If large shunt impedances were present, the models introduced in the
following could be modified to include them. In this case, it would be useful
to include in the measurement system also the end node current measurements
for each branch.
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Fig. 1. A generic network branch three-phase model and its parameters.

effect of a common timebase on correlation can be found in
[19]. If this kind of information is available, it can be included
rather easily in the model.

Following the approach [18], the above three-phase unbal-
anced model is used to define a measurement model that
considers all phasor measurements at a single timestamp’
and includes both systematic and random contributions to the
measurement uncertainty of the modeled PMU data.

As in [18], we first consider the single-branch model and
then we extend it to a set of branches, looking at the measure-
ments synchronized across a network. Referring to Fig. 1, the
voltage phasor measurements can be expressed as:

v’i,p = ‘/7:1p€j4pi.ﬁ = ‘/7:’;13 +]‘/;?:p (2)

where V;, and ¢;, (with p € {a,b,c}) are, respectively,
the magnitude and phase-angle measurements for phase p of
the ith node. V" and V%, are the corresponding real and
imaginary parts of the phasor measurement v;,. Analogous
symbols and definitions can be adopted for every node and,
in particular, for node j in the Fig. 1.

Similarly, the three current phasors of the line connecting
nodes ¢ and j are:

i T.. pdbijp — gT TT
tijp = Lijpe’” P _Iij,p+c7[ij7p 3)

where the I;; ;,, ;5. Ij; , and I}  have the same meaning
as before (measurements of magnitude, phase angle and the
corresponding real and imaginary parts of the measured syn-
chrophasor) with the phase p € {a,b, c}.

The measurement model requires the expression of the
measurements in (2) and (3) in terms of the measurement
errors as follows (h € {i,j} and p is always the generic
phase):

_ JPn,
Vp,p = Vipe? e

. R sys rnd
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. 0
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where (as in [18]) both the systematic and random errors are
explicitly indicated by the superscrits *¥* and "¢, respectively.
In particular, in the first equation, &, ,, and «y, , are the errors

2the timestamp is not indicated in the following, unless strictly necessary
for the clarity of presentation



associated with the voltage magnitude measurement V}, ;, and
the phase-angle measurement ¢y, , given by a PMU. Vhl?p and
@ﬁ p are the reference values (superscript £ from here on) of
the measured quantities, which are altered by ratio and phase-
displacement errors.

In (4b), with a similar notation, the parameters nij; and
;7 are the systematic ratio and phase-angle errors associated
with the synchronized measurements of the three currents. As
before, the superscript "¢ denotes the random counterparts
of the errors. The reference quantities of the current measure-
ments are denoted by the superscript .

In (4) it is assumed that the contributions of the small
relative errors, whatever their nature, in each stage of the
measurement chain can be summed up since the second order
products become negligible (with the uncertainties assumed
in Section III-A, they are typically three orders of magnitude
smaller). With this assumption, second order errors that arise
whenever there is a cascade of two relative errors are not
included in the model.

Separating the two error types highlights the different role
that the two contributions play: the systematic error is constant
across repeated measurements, while the random error changes
for every observation. For this reason, the first one is consid-
ered in the following as an unknown parameter to estimate,
while the second one gives the unavoidable uncertainty of the
available measurements. The measurement model in (4) allows
defining the parameters to be estimated by an algorithm that
aims at finding the compensation parameters for voltage and
current measurement chains.

B. Line Voltage Drop Equations

The estimation algorithm must rely on the synchronized
measurements and on the constraints given by Kirchoff’s laws.
In particular, in the single-branch case, the three-phase voltage
drop across the line sets the following relationships:

Avg = VR — V Z”l” 5)
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where v;* = {Uz’,aavi,bavi,o} and vi' = [vj,a’vj,b’vjm}

are the vectors of reference voltage phasors and i =

T “
(" indicates the transpose operator).

Equation (5) includes the actual branch-impedance matrix
that is known with a degree of uncertainty, since it is based
on prior knowledge from network database or previous mea-
surement campaigns. It is possible to rewrite (5) expressing
v, vl and iff in terms of the measured values and the
measurement errors. This amounts to making explicit the
reference values from (4). They can then be written as follows:

Vip eJPh.p
(14 & + &)

is the vector of reference current phasors

sys_ rnd
J(ah »Th p

R _ R _jel _
Uh,p—vh,pe =

~ JPh, sys rnd sys nd
~ Vi pe??re (1 — 620 — &) 1—j(ahp+ahp)}
(6a)
j % j01 i - sys
1] P Izlj?p J tR; P — 1117;06 7P e_j(wi;p+w:;?g)

sys d
(1 + Mij,p + ’r);(:]?’lp)

= Ty (L= s~ ) [ = G030 + o)

(6b)

where h € {i,j} as above and the last approximation in
each equation is obtained by assuming both the magnitude

relative errors £, £714, €597, €5, V% 7 and the phase-
angle deviations afzf, a:’;d, ajzos, a;"’;d, ij;, :7”3 much

smaller than one>, as it is, since transducer and PMU errors

are typically less than 1% for amplitudes and less than 1 crad
(102 rad).

Focusing on phase a (similar expressions hold for the other
phases) it is possible to rewrite the voltage drop constraint as
follows, by substituting (1), (2), (3), and (6) in (5):

(Vo + 3VE L= €0 = €72 [1 = (a3t + afid)] +
— (Vi 3V = 6 = € [ = a5l + af)]
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The constraint in (5), which involves only reference values
and branch impedances, is instead represented in (7) as a
relationship between the measured quantities and the mea-
surement errors of both magnitude and phase angle, using the
approximated expressions in (6).

Equation (7) is the complex-valued constraint of the first
phase and it can be rewritten in its real and imaginary parts,
after a few simplifications, as:

V;,a_vata - Z (Ri%al’jsz Xij’aplfj,p) =
pe{a,b,c}
VI (&0 + 6000 = Vil(&0 + &)
_‘/;g)ca(asys+arnd)+vm( ays+agzd)

f d
+ Y (Ruapliap + Xijaplhia) 035+ 0055)
pe{a,b,c}
nd
+ Z Rijap 2] ap T Xijapli ij, ap) (wij; + sz’,Lp)
p€{ab,c}
(8a)
V _‘/J?:‘l Z (Xij,ap ij,p + Rl]ﬂp i, p) =~
ped{a,b,c}
Va:a( sys 'rnd) Vm (fj;zs _._grnd)
+Vi, (ozsys +athy -V, (a3 + oy
x vd
+ Z 177010 l] ap Rij;aplgj,ap> (Tlfjj; + 77:;?;;)
pe{a,b,c}
] d
+ Z l] GP U ap Rij#lp 177ap) ijy; + w:_ynp)
pe{a,b,c}

(8b)

where approximations have been introduced considering the
sys nd sys d sYs
secgnd order terdms (Ew + & 21( + afzd), (& +
sYs sys sys 2 .
;,Z )(aj,a +Olg,?z )? and (7713 P :]np)(wz],p+’lp{;}p) neghglble
with respect to the others.

3the approximations (1 4+ x)~! ~ (1 — z) and e® ~ (1 + x) have been
used.



Equations (8), along with their phase b and phase ¢ counter-
parts, show that these physical constraints define new equiv-
alent measurements that depend on the unknown systematic
errors and on the random measurement errors introduced by
the transducer-plus-PMU system for each quantity of interest.
These equations could be directly used to estimate the sys-
tematic errors, but, as mentioned above, the line parameters
are not accurately known. In order to estimate such errors,
we exploit the same approach as in [18], but with a different
target.

The generic element of Z;; can be expressed as:

= Rijpg + 7 Xijpq
= R’Lj pq( + 71] pQ) +jXZj pq(1 + ﬂlj’pQ)

where 7;; pq and Bijpg (p and ¢ € {a,b,c}) are the relative
deviations of the actual values of resistance and reactance

Zij,pq

€))

parameters, respectively, from the available values R?J pq and
X9 (e.g. nominal parameter values from DSO database).

j,pq
These deviations are unknown and take into account the

lack of knowledge about the impedances while aiming at
the estimation of systematic measurement errors in voltage
and current. If neglected, they could have an impact on the
systematic error’s estimation.

Using (9) into (8), along with the expressions for the
other phases, and neglecting also the second order terms
involving 7;jpq and [;pq, it is possible to write the six
equations associated with the voltage drop as the following
linear problem:

&£;7"
o‘ijs a;‘;zd
oyt 8] [N o ppno] | X0
b = [H” H;j Hu} 11)8]98 +[Hi§ Hw] nrnd
1] g
d
Yij II)ZJH

Bij

ZHinij—Feij
(10)

where b;; is the vector of equivalent measurements associated
with branch (i,7) and is written as (only phase-a rows are
explicitly reported for the sake of brevity):

r r 0 r 0 x
Vi’a - Vj,a o Zpe{a,b,c} (RU ap[w P Xl] apr p)

b;; = Via = Vifa = Zpetanel R apliip + X, p)

(1)
Hfj(’ is the submatrix expressing the linear measurement
function of these equivalent measurements with respect to
voltage amplitude and phase-angle errors, while H?jw is the
analogous matrix relating to current amplitude and phase-
angle errors. The systematic deviations are collected into the
subvectors:

T
sYys __ SYS +SYS +SYS +SYS +SYS sys
E'zj - |:€i,a 9 j,a 752'7{; I j,b 761(- 9 :| (123)
T
sys SYs _SYys _Sys __Sys _Sys _Sys
Kj = [ a0 %ar X p 1Ay O e j,c} (12b)
sys __ Sys _sys __sys
nl] - |:T]lj U«’nlj b’nwc (IZC)

Wi = fugrs s ure] (12d)

Finally, that  takes

into account

H%ﬂ is the  submatrix
the line parameter deviations
Yij [Yij,aas Yig,bbs Yij,cer Vijsabs Vij,acs Yijpel and
sz = [ﬁz],aaa ﬁlj,bb? Bz],cc, Bz],ab; ﬁz],aca 61_7 bc]T' Details
on the entries of H H77 ¥ and H’YJ are given in Appendix
A. All the unknowns assomated with branch (¢, j) equations
are included in the state x;; along with the impedance
parameter deviations.

As for the random errors, vector €;; is the vector of the six
equivalent random errors associated with the six equivalent
measurements in (10). €;; is obtained from the voltage and
current random errors by a matrix multiplication, using the
same submatrices Hfja and H?]w as before.

T
AR A A
is necessary to estimate the state x;;. The main idea is
to use multiple measurement sets corresponding to different
timestamps (giving us different equations (10), one for each
time-tag ¢). In the next sections additional constraints are
discussed and the estimation algorithm is presented in detail.

To estimate the unknowns {

C. Multiple Lines and Injection Constrains

When considering a full set of nodes and the corresponding
branches, the voltage drop along all lines must be considered,
which provides additional constraints along with additional
unknown parameters corresponding to all included voltage and
current phasor measurements. All the measurements corre-
sponding to time ¢ can be considered simultaneously thanks
to PMU absolute time alignment.

For this reason, a new state x is defined as the concatenation
of vectors x;; for (i,7) € T, where T is the set of considered
branches. For each ¢, a vector b and a matrix H are obtained
by vertically concatenating b,; and H;; for (,5) € T', thus
defining the overall estimation problem.

In addition, Kirchoff’s Current Law applied at each node
can help define new constraints. In this paper, we assume that
current injection measurements are available. In the following,
current synchrophasors are condsidered injected at a given
node j as in Fig. 2.

The additional three-phase constraint given by the measured
injection i; is the following:

_ R ‘R
= Z Lip = Z L

+ _
kGQj ler

13)

where the symbol if indicates the reference injection vector,
while Q;r and () are the set of outgoing and incoming
branches of node j, respectively. Focusing on the generic phase
p, the constraint (13) can be rewritten in its real and imaginary
parts as a function of the measurements and the unknowns.
Equations similar to (6) are used (also for the injected current)
and the same assumptions as before to obtain:

Irp_ Z I P Z IJT’,l,p

+ —
keQ; leqy;



Fig. 2. Multiple branches three-phase example model.
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where 7)7%” and )7%” are the systematic errors of the measured
current injection, wh11e the corresponding random errors are
denoted by the superscript "¢,

The above equations for all the phases can be rewritten in
matrix form as:

n e
R SpTp— L
J— ;s 5 J* 5 5 g
b] - [Hj* Hj } n;ys + [Hj* Hj } n;nd (15)
w?ys 1I)rnd
J J

= Hij + €j

where all the symbols have a similar meaning as in (10),
with 7 indicating that all the branches arriving and leaving j
must be considered and subscript j referring to the injection
quantities. X; includes all the unknowns associated with both
the involved branch and node current measurements.

When a node is a zero-injection node, the information
can be used to define constraints similar to the injection
constraints. The only difference is that no injection-related
unknowns are present and thus the current balance in (14) is a
zero vector, while (14) and (15) can be simplified by dropping
the injection terms.

D. Solution of the Estimation Problem

To solve the estimation problem all the above constraints
must be considered and an overall problem can be defined:

b; =H;x+e€; = H;x+ Hgvam,wet

=[5 mpe mp)s [m e, 7
where the subscript ¢ makes the measurement timestamp
explicit, x is the N-size vector of all the unknowns and e,
is the vector of all the zero-mean random errors. e; has a
covariance matrix Y. (time independent), which is assumed
to be diagonal if it includes the variances of decorrelated
PMU measurements. If this is not the case, the fundamentals
of this method should not be affected, though the covariance
matrix would become block diagonal. No limitation prevents
the inclusion of correlation information between different
measurements, when available. €; is thus a zero mean random
vector and its covariance matrix is obtained as follows:

Se, = HP VS, (Hp® )T (17

It is interesting to highlight that (17) gives the covariance
matrix of the random components in (16) once the constraints
are defined as functions of the measured values. Given the
measurements, H; and Hf’o"”’d’ are defined and known. The
random term represents thus the a posteriori equivalent random
deviations of the constraints due to unknown random errors
isolated from the other errors.

Additional constraints can be added when considering prior
information on the errors and on the line parameter uncertainty
(see [17] for details). The initial prior is given by x,,, = Onx1
and the associated covariance matrix 3, is diagonal and given
by squared uncertainties associated with the parameters.

Thanks to the high reporting rates of PMUs, which are very
fast with respect to typical network dynamics, it is possible to
have repeated measurements of the same operating conditions
(e.g. considering the meausurements received in a second).
The assumption is that over such a small interval the conditions
of the specific measured quantity are almost stationary. Even
in a DN scenario, small-timescale variations can usually be
neglected. However, a check is always performed for the
compatibility of the collected measurements, so that abrupt
variations can be easily detected. The method allows using
a different number of repeated measurements and discarding
measurement sets that cannot be relied on, so that the above
assumption can be practically met. These measurements can
be used to define a problem like (16) for each time instant
t;. Since these repeated measurements can be considered as
repetitions of the same measurement process, the follow-
ing equivalent problem is considered (using the timestamps
ti,- o, ta):

b=Hx+é€ (18)

where b = tM  bi/M is the average of the equivalent

measurement vectors and H and € are the averages of the
matrices H;, and of the vectors €, respectively. The covari-
ance matrix of €, with the above assumptions, can be obtained



approximately as:

1

Eé = Mﬂéyamﬂﬁge(ﬁf,am?w)T (19)

with an analogous interpretation of symbols as before. A
proof of the validity of (18) as an approximate, but faster
to solve, counterpart of the complete batch WLS, which
would involve all the subproblems (16) associated with the
timestamps t1,--- ,t5r, 1S given in Appendix B.

The solution of the systematic deviation estimation problem
can be improved by considering not only repeated mea-
surements of the same operating conditions but also mea-
surements performed at different times, when the network
loading conditions have changed. We can consider M repeated
measurements of P different operating conditions (referred to
as “cases” in the following). All the equations and defined
problems share the same unknown vector x. This means that
the systematic error parameters are considered constant among
different conditions. This assumptions is further discussed in
Section III-A. In this paper, we propose to estimate x with
a sequential procedure that solves multiple WLS problems of
type (18), one for each case considered.

The following steps are performed:

1) Solve the problem for the first case c;:

b, | [H, €.,

[l

H,, HEonY 0] e, ] «

{IN}x—k [ 10 IN:| [epT =A.,x+d.
(20)

where c¢; indicates the first considered case with its
associated M repeated measurement sets. The solution
is obtained via WLS as:

gc,

}A(Cl = (AZWM Acl)ilAZﬂlWClgCl = G;Iﬂzwﬁ gcl

21
. o . >t o0
using the weighting matrix W, = 0C1 -1
. . . . . . pr
The covariance matrix associated with the estimation is

E&Cl = Gc_ll.
2) Define the new problem for the new case ¢, relying on
the obtained estimations of case ci:

_ [be,]  [H,,
8co = e, T 1y

X+ {ecz} = A,x+d,, (22)

e;(CI

where e, is the estimation error after first step. The
estimation is again obtained by WLS considering the
;0o
weigthing matrix W, = | €e2
g g C2 O G_C1

The estimation of X., and of 2;(02 are obtained. The

problem in (22) can be rewritten considering the de-

viation from the previously estimated quantities, thus

strengthening the linearization of Sections II-B and II-C.

3) Repeat the second step for any new case c;4; using the

output of case c¢; along with its covariance matrix as
input data untile all P cases are treated.

The sequential method allows to obtain estimation for each

new set of measurements and to update previous estimations

accordingly. The overall algorithm is thus a mixed recursive
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Fig. 3. Three-phase test network.

WLS considering P approximate problems of type (18). When
a new estimation is computed, it is possible to check for the
presence of bad data (highly erroneous measurements). The
WLS paradigm can be exploited by means of a x-square test
detection [20] with a possible normalized residual computation
for bad data identification. Other strategies could also be
adopted, but new proposals or in-depth analyses on this topic
are beyond the scope of the paper.

III. TESTS AND RESULTS
A. Test Assumptions

The proposed methodology has been tested by means of
simulations using a sample DN derived from the IEEE 13 bus
test network [21]. The network schema is shown in Fig. 3 with
node and branch (between parentheses) indices. The network
used for the tests has ten nodes and nine branches: four three-
phase, three two-phase and two single-phase. The network has
a zero injection at node 7. Appendix C illustrates the branch
and load configurations.

Monte Carlo simulations have been performed to verify the
performance of the estimator. Nj;c = 1000 trials have been
used, considering, for each trial, P = 10 cases and M = 10
repeated measurements for each case. Each trial corresponds
to a different realization of possible systematic errors and of
line parameter deviations. A powerflow with reference values
is used to compute reference quantities to be measured. Shunt
impedances have been duly used in the powerflow even if,
as discussed above, they are not present in the estimation
model. Preliminary tests have shown that their contribution
is practically negligible.

In the following, for the sake of a simpler presentation
and without losing generality, we assume that systematic
contributions are due mainly to ITs and thus depend on their
accuracy class, while random errors are mainly associated with
PMUs and thus are included in the accuracy intervals defined
by instrument specifications. The approach is in principle
able to deal with random contributions arising also from ITs,
provided that suitable information is available.

In each trial, for each case and for every set of mea-
surements, systematic and random errors are applied as a
cascade (without the first order approximation of (4)) to both



magnitude and phase angle of the reference synchrophasors
obtained with powerflow. As discussed in Section II, the
unknown systematic errors in each trials are assumed constant.
While for VTs the assumption practically matches the actual
behavior, since the voltage variations are limited, for CTs
the approximation is looser. In this concern, the proposed
estimation algorithm aims to compensate the main system-
atic contributions associated with the transducers, using a
linear model. Residual nonlinearities are thus not included
and not compensated. However, the algorithm is practically
implemented including a verification of the current levels
so that very low currents with respect to nominal ones,
where the effects of possible nonlinearities would be more
evident, are not considered in the estimation process. The same
assumptions as in [18] are adopted to have a realistic setup:

1) Voltage Transformers (VTs) and Current Transformers
(CTs) are assumed to be of class 0.5 [22], [23], thus
using: 0.5 % for voltage and current ratio errors, 0.6 crad
for VT phase-angle displacement and 0.9crad for CT
phase-angle displacement. The errors and deviations,
here and in the following, have uniform distributions,
meaning a standard deviation 0 = A/ V3, where A
represents the corresponding maximum absolute devia-
tion. These distributions are used to define each MC trial
and thus the actual systematic errors for each estimation
process.

2) As for PMUs, a maximum Total Vector Error (TVE)
of 0.1% has been considered by splitting it into a
maximum amplitude error of 0.1% and a maximum
phase angle error of 0.1 crad (1073 rad).

3) Maximum deviations of line parameters R;;,, and
Xijpq (for every (i,7) € T and p,q € {a,b,c}) have
been assumed equal to £15 %.

4) To simulate different cases, which correspond to differ-
ent loading conditions, the loads can vary up to 30 %.
Similar load variations are used in the literature, e.g.
in [13] and [24], and can be considered realistic when
compared to typical daily load profiles. It is interesting to
notice that current variations can be smaller in the main
feeders. In the simulations, the voltage profile remains
always within the permitted range.

B. Performance Indexes

To assess the performance, the following root mean square
errors (RMSEs) are used:

3 )
RMSE sys — 6P PLp S (23)
(354
i=1 Nue
Ny (@sys _ Oﬁys)2
RMSE sys = D) Y 24
S\ D Dy e (24)
Nyc (ASys . sYs\2
Mij Nijp)
RMSEyz; = [ D —H5—— (25)
i=1 MC

Nare )£y _ 45952
— Mijip — Vijip/
RMSEw'ny,Z = Z; Nare (26)
N i =y
RMSE, svs = L (27)
M
ke pt Nue
Nyre (1/;sys _ weyS)Q
— e Tap )
RMSE,ve = ; Nre (28)

where " denotes the estimated quantities, p the analysed phase,
(i,7) € T, and k indicates the measured injection node as
in Section II. RMSEs thus represent a statistical index of the
errors between the actual and estimated systematic errors.

C. Single branch

If only a single branch is considered (branch (1,2), nodes
1 and 2), the results in terms of ;%" and o} are reported in
Table I for the three-phases. The RMSE results are compared
with the standard deviations (between parentheses) of the
extracted systematic errors computed in the Ny, ¢ trials (which
are close to the theoretical values derived from the assumed
accuracies dividing by +/3). These standard deviations thus
represent the prior RMSEs. The improvements can be seen
from percentages of RMSE reduction reported under each
value. The results concerning RMSEn;g; and RMSwag_sp are
not shown in Table I, since the improvements are very small
(respectively below 0.4 % and 1 %).

TABLE I
RMSE OF ESTIMATED VOLTAGE MAGNITUDE AND PHASE-ANGLE
SYSTEMATIC ERRORS FOR BRANCH 1 (SINGLE-BRANCH ESTIMATION).

Phase RMSE [%]

mooay el el

0.21 0.21 0.25 0.25

a (0.28) (0.29) (0.35) (0.36)
—26 % —-29% —=27% —-29%

0.21 0.21 0.25 0.25

b (0.29) (0.29) (0.35) (0.35)
—28% —27% -29% —-27T%

0.21 0.22 0.25 0.25

c (0.29) (0.29) (0.34) (0.34)
—26 % —27% =27T% —-25%

To assess the validity of the first order approximation and
of the procedure presented in Section II-D, the results in Table
I have been compared with those obtained with a full batch
WLS implementation using Gauss-Newton iterative solution
of the nonlinear estimation problem defined without approxi-
mations. The percent RMSE values are almost the same (only
the fourth decimal digit changes), while the execution times
with the proposed approach are about one order of magnitude
lower. Similar results are obtained for all the tests in the
following, achieving an empirical proof of the correctness of
the assumptions made in Section II to define the proposed
technique for the estimation problem.



D. Multiple branches

Another set of tests has been performed to verify the
performance obtained when the algorithm is applied to a set
of branches simultaneously. Figures 4-9 refer to the system-
atic error estimation obtained using the full network when
only voltage drop constraints are considered (compared with
standard deviations of extracted errors as before). Figures 4
and 5 show, respectively, the estimation RMSE of the voltage
related parameters for phase a as a function of the node index
(node 3, 4 and 8 are missing since they are two-phase nodes
without the first phase). It is clear that a strong reduction of
the systematic errors (about 60 %, that is much larger than
in single-branch case) can be achieved for both magnitude
and phase-angle by compensating the measurements with the
estimated parameters. Similar results can be found for phases
b and c¢. If 30 % maximum deviation is assumed for the line
parameters (tests not shown here for the sake of brevity),
the results worsen only slightly, thus showing the efficacy of
the method also when such parameters are known with high
uncertainty.

The RMSE values give a statistical index of the estimation
performance achieved. To give a better insight, Fig. 6 com-
pares, for all the MC trials and with reference to the first
case of each trial, the values of node 2 voltage magnitude
affected by VT systematic error and the corresponding values
after that error has been compensated using the estimated &3, C5Ys,
The compensated voltages are clearly distributed in a narrower
band around the reference value. All the reference values
have been normalized to one to allow an easier comparison
and thus the horizontal dashed line represents the perfect
compensation. Complementary information is also given by
the representations of the errors in Fig. 7. In the upper graph
the histograms of actual systematic errors and residual errors
after voltage magnitude compensation are compared for the
same node 2. The occurrence frequency for each 0.05 %-wide
bin is reported. In the lower graph, the same errors are plotted
in terms of their empirical cumulative distributions (cdf). The
residual errors distribution depends on the distributions of the
systematic errors, but it is also the result of the combinations
due to the estimation algorithm. It is clear how the errors
are more frequently located around lower values and within a
smaller range.

As in the single-branch case, different results are obtained
when focusing on branch currents. Figure 8 shows the results
in terms of RMSE,, sve for all the branches of phase a, while
Fig. 9 reports the correspondmg values of RMSEwsys. The
advantages, even if present, are very limited (an error reduction
of less than 1% for 7;/; and at most 2% for ;. With a
30 % maximum deviation of the line parameters the reductions
are even smaller (e.g. almost halved for RMSE,l,j]'_yZ ).

On the contrary, when current injection measurements are
also present, RMSE,, sve and RMSEwsya undergo strong reduc-
tions (up to 57 % and 62 %, respectlvely) at some branches, as
shown in Figs. 10 and 11. The constraints directly applied to
the currents thus limit the variability of the systematic errors
in the measurements of the involved or near branches. This is
also confirmed by tests performed with higher variability of
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Fig. 4. RMSE of estimated voltage magnitude systematic errors, see eq.
(23).
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Fig. 5. RMSE of estimated voltage phase-angle systematic errors, see eq.
(24).

the line parameters (30 %), since the results are very similar.
The effects of the additional constraints on RMSEgsys and
RMSE,, svo are instead negligible in this configuration.

When 1nJect10ns are measured (nodes 2, 3, 6 are considered
in the following), the state is extended to include the cor-
responding magnitude and phase-angle systematic errors 7;"”
and ¢3%”. Table I compares the RMSE,, cv= and RMSE;v- for

nodes 3 and 6 with the initial uncertalnty "of the parameters (be-

o W|th systematlc errorp
x compensated
‘reference
52 e )

normalized voltage magnitude

400 600 800 1000

trial

Fig. 6. Normalized voltage magnitudes in the presence of systematic errors
before and after compensation.
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Fig. 7. Systematic error compensation: histograms of systematic errors before
and after compensation (top graph); empirical cumulative distribution of the
errors (bottom graph).
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Fig. 8. RMSE of estimated line current magnitude systematic errors, see eq.
(25).

tween parentheses) for all the three-phases. The improvements
are clear (percentages of reduction are reported in the third row
of each block). Node 2 does not achieve significant advantages
and the RMSEs are almost equal to prior uncertainties.

TABLE II
RMSE OF ESTIMATED INJECTED CURRENT MAGNITUDE AND
PHASE-ANGLE SYSTEMATIC ERRORS.

Injection RMSE [%]
O B A A N )
- 0.16 0.16 - 0.25 0.27
3 (=) (0.29) (0.29) (=)  (0.52)  (0.52)
— —44% —46% - —53% —48
0.15 0.13 0.13 0.22 0.24 0.21
6 (0.29) (0.29) (0.29) (0.52) (0.52) (0.52)
—47% —54% -53% —-57% —53% —60%

Other tests have been performed considering zero-injection
atnode 7 as well. In Fig. 12, the RMSEnsys values are reported

wiyj estimation
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Fig. 9. RMSE of estimated line current phase-angle systematic errors, see
eq. (26).
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Fig. 10. RMSE of estimated line current magnitude systematic errors when
constraints also on injected currents are considered, see eq. (27).

(and compared with the standard deviations of the correspond-
ing parameters), showing that the zero-injection constraints
significantly improve the estimation for the involved branches
of phase a and ¢ (RMSE reductions up to 30 % and 26 %,
respectively), while phase c¢ is almost unaffected since it is
not present in branches 6, 7 and 9. Similar results have been
obtained for RMSE,,-vs with a maximum reduction of about
31 %.

As a final consideration, it has been verified that the WLS
problem conditioning does not degrade significantly when
multiple branches and injection constraints are introduced
(constraints are not virtual measurements as in other appli-
cations). This, among others, is the effect of a homogeneous
accuracy of the instruments across the network and of the
lack of extremely different lengths and impedances among the
branches. If very large DNs with highly problematic topologies
were considered, the method could be still applied to set of
branches while multi-area strategies could be introduced.

IV. CONCLUSIONS

A method for estimating and compensating the systematic
errors of synchronized phasor measurements in three-phase



wiy:‘ estimation

* * x x x -]
0.5
O Estimation RMSE
=04+ x  Actual std
o
L
0.3r o
o
o
0.2 Q L L L Q L L L L
1 2 3 4 5 6 7 8 9
branch
Fig. 11. RMSE of estimated line current phase-angle systematic errors when

constraints also on injected currents are considered, see eq. (28).
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Fig. 12. RMSE of the estimations of line current magnitude deviations with
zero-injection constraints.

distribution networks has been presented. The estimation al-
gorithm takes into account the different uncertainty contribu-
tions in the measurement chain and considers line parameter
uncertainty in the measurement model as well.

Testing has shown that additional constraints, such as ad-
ditional injection measurements and zero-injections, allow a
much better estimation of current measurement systematic
errors.

The proposed techique is a first step towards the definition
of a total estimator that allows for a self-aware monitoring
system that is able to continuously improve its data.

APPENDIX A
MEASUREMENT MATRICES OF THE THREE-PHASE LINE
VOLTAGE DROP ESTIMATION PROBLEM

The expressions of the measurement matrices in the problem
(10) are given in the full page equations (A.1), (A.2) and (A.3).

APPENDIX B
PROOF OF THE VALIDITY OF REPEATED MEASUREMENT
EQUIVALENT PROBLEM

The solution of problems like (20) and (22) (the latter in the
same form as the former) is obtained from a type (21) solution.

Considering a generic case associated with matrix A = I
N

and equivalent measurements g = (the subscript referring

b
0
to a specific case is, from here on, dropped for the sake of
simplicity), where overbars denote that they are averages of
M timestamp-specific counterparts A;, and g;,. Since these
matrices are linear functions of the measurements (see (A.1)-
(A.3)) averaging corresponds to compute the matrices from
the average measurements. The random error vector is € =
H& %, The solution of the problems is:

x=H'SH+2])'H Seb
In the following, it is proven that the estimate in (B.1) is

equivalent, from a practical viewpoint, to the solution of the
following problem:

(B.1)

bt1 Ht1 Hfiam,w 0 s 0 €,
: _ : s :
th HtM Hf},vaﬂhw 0 €ty
0 IN 0 s 0 IN €pr
(B.2)
which is:
M M
=0 H{SH, +3.)"'Y HIZ'b, (B3)
i=1 i=1

Focusing on W = Egl and defining 0F, /
H%a’"’w (subscript r indicates here and in the following
matrices and vectors computed from the reference values), we
can write:

M a,n,
IS () 5,
n M M

M anT
Zi:l (H% e +5F;rz)]

A Hg;aﬂ?ﬂl’ _

X

-1
M

M

T T

~ M |HEY TS HEY 4+ (Z 6Fti> S JHGYY

=1

M -1
FHSYE, S 6F£] =M (ER + 55:) '
i=1
~ M (21;1 - 2;2165:21;1> =M(Wg+ 5VV)

B4
where the approximations are obtained by neglecting second
order terms. Similarly, defining dH;, £ H;, — Hp, it is
possible to obtain:

-1
Wi, = (SadFy, SHE" + HG " SeoF] )

= (Zp+0%,) ' 2p - 250, 2!
=Wg +(5Wt1

(B.5)
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Substituting (B.4) and b = Y2V b, /M in (B.1) and
defining 6b;, £ b, — by, after a few passages, we obtain:

M
%~ |MHLWRHE + | Y 6H] | WrHg
=1
M —1
+HrWg Z 0H;, + MHLSWHE + 27
i=1
o (B.6)
x |MHEWgbg + (> 0H,, | Wgbg
=1
M
+HEWg Y 6b,, + MHRdWbp
=1

and we can compare the estimation with the following (from
(B.3), using (B.5)):
M
X~ |MHRWrHE + | Y 6H] | WrHg
i=1
-1

M M
+HEWR Y 6H, +Hp (Y oW, |Hg + 3.}

=1 =1
M
x [MHLRWpgbp + > 6H, Wgrbg
i=1

+HRWRZ<5bt + HE Zéth br
i=1 =1

(B.7)

Looking at (B.6) and (B.7), the only differences are in the

terms depending on the variations of the weighting matrices

(the fourth term for each pair of square brackets in both

equations). But, con51der1ng (B.4) and (B.9), it is possible to
see that SW = Z W, and thus, x ~ x’ as claimed.

APPENDIX C
TEST NETWORK LINE CONFIGURATION AND DATA

Figure 3 reports the test network topology along with the
branch indexes. Branches 1 and 5 correspond to configuration
601 (with length 2000 feets) of the line data in [25] (doc-
ument IEEE 13 Node Test Feeder.doc), while branches 2, 3
correspond to configuration 603 (lengths 500 and 300 feets,
respectively) and branches 4, 6, 7, 8, 9 to configurations 602,

604, 605, 606 and 607 respectively (lengths 500, 300, 300,
500, 800 feets, respectively).

TABLE III
NOMINAL POWERS OF THE LOADS.

Power Ph Node
type 2 3 4 5 6 8 9 10
a |85 0 0 160 3935 0 485 128
PkW] | b | 33 170 230 120 418 0 68 0
c [ 585 170 230 120 6135 170 290 O
a 5 0 0 110 225 0 -10 86
QI[kVAr] | b | 19 125 132 90 239 0 -140 0
c | 34 125 132 90 405 -120 12 0

ACKNOWLEDGEMENTS

The work of P. Castello, C. Muscas and P. A. Pegoraro
described in this paper has been partially funded within the
R&D project Cagliari2020 (partially funded by the Italian
University and Research Ministry, grant MIUR-PONO04a2-
00381).

REFERENCES

[11 AA. VV., Phasor Measurement Units and Wide Area Monitoring Sys-
tems, 1st ed., A. Monti, C. Muscas, and F. Ponci, Eds. Academic Press,
2016.

[2] S. Chakrabarti, E. Kyriakides, and M. Albu, “Uncertainty in power
system state variables obtained through synchronized measurements,”
IEEE Transactions on Instrumentation and Measurement, vol. 58, no. 8,
pp. 2452-2458, Aug. 2009.

[3] F. Aminifar, M. Shahidehpour, M. Fotuhi-Firuzabad, and S. Kamalinia,
“Power system dynamic state estimation with synchronized phasor mea-
surements,” IEEE Transactions on Instrumentation and Measurement,
vol. 63, no. 2, pp. 352-363, Feb. 2014.

[4] M. Asprou, E. Kyriakides, and M. M. Albu, “Uncertainty bounds
of transmission line parameters estimated from synchronized
measurements,” [EEE  Transactions on Instrumentation and
Measurement, pp. 1-11, 2018, online pre-print. [Online]. Available:
https://ieeexplore.ieee.org/document/8472294.

[5] V. Milojevi¢, S. Calija, G. Rietveld, M. V. Acanski, and D. Colangelo,
“Utilization of PMU measurements for three-phase line parameter esti-
mation in power systems,” IEEE Transactions on Instrumentation and
Measurement, vol. 67, no. 10, pp. 2453-2462, Oct 2018.

[6] D. Ritzmann, P. S. Wright, W. Holderbaum, and B. Potter, “A method
for accurate transmission line impedance parameter estimation,” /EEE
Transactions on Instrumentation and Measurement, vol. 65, no. 10, pp.
2204-2213, 2016.

[71 A. von Meier, E. Stewart, A. McEachern, M. Andersen, and
L. Mehrmanesh, “Precision micro-synchrophasors for distribution sys-
tems: A summary of applications,” IEEE Transactions on Smart Grid,
vol. 8, no. 6, pp. 2926-2936, Nov. 2017.



[8]

[9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

(7]

(18]

[19]

[20]

[21]

[22]
[23]

[24]

[25]

M. Pau, P. A. Pegoraro, and S. Sulis, “Efficient branch-current-based dis-
tribution system state estimation including synchronized measurements,”
IEEE Transactions on Instrumentation and Measurement, vol. 62, no. 9,
pp. 2419-2429, Sep. 2013.

S. Sarri, L. Zanni, M. Popovic, J. L. Boudec, and M. Paolone, “Perfor-
mance assessment of linear state estimators using synchrophasor mea-
surements,” [EEE Transactions on Instrumentation and Measurement,
vol. 65, no. 3, pp. 535-548, March 2016.

A. Mingotti et al., “Calibration of synchronized measurement system:
from the instrument transformer to the pmu,” in 2018 IEEE 9th Interna-
tional Workshop on Applied Measurements for Power Systems (AMPS),
Sept 2018, pp. 1-5.

P. Tosato et al., “A tuned lightweight estimation algorithm for low-cost
phasor measurement units,” IEEE Transactions on Instrumentation and
Measurement, vol. 67, no. 5, pp. 1047-1057, May 2018.

M. Pignati et al., “Real-time state estimation of the EPFL-campus
medium-voltage grid by using PMUSs,” in 2015 IEEE Power Energy
Society Innovative Smart Grid Technologies Conference (ISGT), Feb.
2015, pp. 1-5.

Z. Wu, L. T. Zora, and A. G. Phadke, “Simultaneous transmission line
parameter and PMU measurement calibration,” in PES General Meeting,
IEEE, 2015, pp. 1-5.

A. Pal, P. Chatterjee, J. S. Thorp, and V. A. Centeno, “Online calibra-
tion of voltage transformers using synchrophasor measurements,” /EEE
Transactions on Power Delivery, vol. 31, no. 1, pp. 370-380, Feb 2016.
X. Wang et al., “Online calibration of phasor measurement unit using
density-based spatial clustering,” IEEE Transactions on Power Delivery,
vol. 33, no. 3, pp. 1081-1090, June 2018.

C. Roberts et al., “Improving distribution network model accuracy using
impedance estimation from micro-synchrophasor data,” in PES General
Meeting (PESGM), 2016, pp. 1-5.

P. A. Pegoraro, K. Brady, P. Castello, C. Muscas, and A. von Meier,
“Line impedance estimation based on synchrophasor measurements for
power distribution systems,” IEEE Transactions on Instrumentation and
Measurement, pp. 1-12, 2018, online pre-print. [Online]. Available:
https://ieeexplore.ieee.org/document/8444098.

R. Puddu, K. Brady, C. Muscas, P. A. Pegoraro, and A. V. Meier, “PMU-
based technique for the estimation of line parameters in three-phase
electric distribution grids,” in 2018 IEEE 9th International Workshop
on Applied Measurements for Power Systems (AMPS), Sept 2018, pp.
1-5.

C. Muscas, M. Pau, P. Pegoraro, and S. Sulis, “Effects of measurements
and pseudomeasurements correlation in distribution system state estima-
tion,” IEEE Trans. Instrum. Meas., vol. 63, no. 12, pp. 2813-2823, Dec.
2014.

A. Abur and A. G. Exposito, Power System State Estimation. Theory
and Implementation. Marcel Dekker, New York, 2004.

R. Abu-Hashim ef al., “Test systems for harmonics modeling and
simulation,” IEEE Trans. Power Del., vol. 14, no. 2, pp. 579-587, Apr
1999.

Instrument transformers - Part 2: Inductive voltage transformers, IEC
Int. Std. IEC 60044-2, 1997.

Instrument transformers - Part 1: Current transformers, IEC Int. Std.
IEC 60044-1, 2003.

A. Gémez-Expésito, C. Gomez-Quiles, and 1. Dzafi¢, “State estimation
in two time scales for smart distribution systems,” IEEE Transactions
on Smart Grid, vol. 6, no. 1, pp. 421-430, Jan 2015.

IEEE PES AMPS DSAS Test Feeder Working Group. 13-
bus feeder data. [Online]. Available: http://sites.ieee.org/pes-
testfeeders/files/2017/08/feeder13.zip



