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Distribution state estimation is a desired feature of modern power systems. The availability of measurements
from smart meters has opened the door to extend the application of state estimation techniques down to end
customers, preferably at the secondary distribution transformer level. However, the light coupling between
phases makes the estimation of certain state variables, such as voltage phase angles, a great challenge. This paper

proposes the use of synthetic measurements as a means of including cross-coupled information in the available
set of measurements. This possibility can be easily implemented in line supervisors located at secondary trans-
former stations without the need for new hardware, just by embracing a different connection of measurement
devices. This work demonstrates that this costless action results in a strong reduction of the sensibility of phase
angle estimation errors with respect to measurement noise, thus leading to an important improvement in the

quality of the results.

1. Introduction

The recent deployment of advanced metering infrastructure (AMI)
throughout the distribution system, including low voltage (LV) net-
works, have triggered the interest of utilities in tools to monitor this
traditionally blind spot of the grid. Thus, state estimation (SE) algo-
rithms, which have been ubiquitous in transmission systems since the
70s, are now being adapted to the specific characteristics of these
networks.

Important challenges had been pointed out by researchers working
on the application of distribution system state estimation (DSSE), apart
from the imperative need to deal with unbalance conditions or the well-
known reduced redundancy of measurements which characterizes this
part of the system. Indeed, the size of the problem makes it essential to
use a hierarchical structure, which implies distributed tools at the sub-
station level [1,2]. Moreover, the availability of heterogeneous mea-
surements from different sources, such as SCADA or smart meters, calls
for algorithms capable of dealing with different time scales [3].
Furthermore, some of these data cannot be obtained in a synchronous
way, forcing the use of time-dependent measurement weights and
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pseudo-measurements [4]. Aside from these challenges, the present
work deals with a poorly studied issue which characterizes 4-wire sys-
tems at the end-user level: the difficulty of estimating voltage phase
angles in an environment of very light coupling between phases [5]. The
use of a set of synthetic measurements is proposed in this contribution as
an efficient way of obliterating this important problem.

In Section 2, the typical measurement infrastructure used by Euro-
pean utilities is described. A regular structure of a DSSE algorithm is
outlined in Section 3. Section 4 introduces synthetic measurements as a
means of improving the quality of the estimation. The benefits of the
proposal are clearly highlighted in two case studies presented in Section
5. Finally, the conclusions of this work are drawn in Section 6.

2. Typical setup of measurement infrastructure

Data gathered from smart meters enable the possibility of conducting
an SE at the distribution transformer level. Indeed, voltage and active
and reactive power measurements from each customer can be reported
by these devices under request. Nonetheless, the availability of these
measurements is not so obvious as, depending on the communication
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type, delays can have a serious impact on the quality of the SE. This work
does not try to contribute to this important issue, but to handle the
problem of lack of coupling between the different phases. The latter
concern can seriously deteriorate the quality of the estimation even if a
simultaneous snapshot of the measurements is available.

Fig. 1 shows an example of the measurement infrastructure used by a
European utility. Both single-phase and three-phase smart meter units,
rely on phase-to-neutral voltages to comply with their measurement
tasks. Thus, phase-to-neutral voltages and per-phase active and reactive
power are available under request, being the preferred values used to
feed the SE algorithm. Smart metering data concentrator units (DCU),
among other tasks, can play the role of routers between the smart meters
at the end customer locations and the energy management system (EMS)
of the utility, regardless of the distributed or centralized nature of the
latter. However, other important set of measurements is used by utilities
in order to foster the accuracy of the results and increase the observ-
ability of the problem. A transformer station supervisor (TSS) and
sometimes line supervisors (LSs), are deployed at the secondary side of
distribution transformers with the aim of monitoring phase-to-neutral
voltages, line currents, and active and reactive power flowing into the
LV side. Traditionally, TSSs and LSs are used by the utility to monitor
transformer load, detect problems in voltage regulation, identify faulty
phases, and make rough power balances which can help in fraud
detection. Data from those supervisors can be added to the measurement
set of the SE algorithm, thus taking advantage of the existing infra-
structure. In the case of the example shown in Fig. 1, data from the TSS
and LSs are obtained by the EMS through the LV remote terminal unit
(RTU); however, different hardware layouts can be observed in different
utilities.

3. DSSE algorithm

A standard implementation of the WLS augmented matrix 4-wire SE
algorithm is used in this contribution to illustrate the potential benefits
of synthetic measurements. According to the augmented matrix
approach [6], the following set of linearized equations describes the SE
problem

a'R H 0 Uy z—h(¥)
HT 0 CT )HH»I _ xk — 0 , (1)
0 C o0 Ag —c(o)
where,

o the leftmost term is the so-called Hachtel’s matrix,
e x is the vector of state variables (SVs),
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Fig. 1. An example of modern measuring infrastructure in a distribution
transformer station.
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e z is the vector of regular measurements,

e his the vector of non-linear functions relating regular measurements
to state variables,

o c is the vector of non-linear functions relating virtual measurements
(typically equaling zero) to state variables,

e R is the measurement error covariance matrix, with variances of
regular measurement errors at its diagonal,

e H is the Jacobian of regular measurements,

e (C is the Jacobian of virtual measurements,

a is a scale factor used to improve the condition number of the

Hachtel’s matrix with no influence on the estimated state (it is

selected in this work as the minimum variance of the set of regular

measurement errors),

o 4, is the vector of scaled Lagrange multipliers for regular
measurements,

o }s is the vector of scaled Lagrange multipliers for virtual

measurements,

k stands for the iteration order.

Phase-to-ground voltage magnitudes, V;;, and phase angles, 6;,, at
each bus, i, and phase, p € {abc}, and at the neutral conductor, V;, and
0;n, are taken as state variables, i.e. x = [0|V]T, with V and 6 being the
vectors gathering those variables.

The set of regular measurements, z, and their corresponding mea-
surement functions (h-functions), consist of: (1) phase-to-neutral voltage
magnitudes from smart meters and TSS or/and LSs, V,, (2) active and
reactive power injections from smart meters, P, Q, and (3), line current
magnitudes, I, and active and reactive power flows, Pf,Qy, from TSS or/
and LSs. The measurement functions corresponding to active and reac-
tive power flows are of special interest for this work, and thus, they are
explicitly derived in the following with the help of Fig. 2. Consider the
admittance g;, +jb;;, of the conductor at phase p € {abc} which directly
connects buses i and j. The active and reactive power flowing from bus i
to j is directly obtained from the phasors of the measured variables, v;,,
and i;,, and can be expressed as a function of the SVs as
Py, =Re{v,, iy}

Zip
= 8ijp [V,?,p = VipVipeos(6ip — 6,)
= ViaVipc0s(8in = 01,) + ViaVpc05 (01
+bij_p[ — VipVjpsin (9"~P - Hf"’)
= VinVipsin(6in — 0:p) + VinVipsin(6in — 6;,) |

- 0/-/?) ] (2)

Oy, =Im{v,, iy, }
= gr_‘/‘-ﬁ[ — VipVjpsin (9[»11 - efvﬁ)
— ViuVipsin(0i, — 0,) + ViuVipsin(6;, — 6;,,) | 3)
+bjp [ — pr + Vi, Vjpcos (6),-_,, — 9,-‘,,)
+ V,;,,V,»_,,cos(ﬂi,n — Gi,p) — Vi‘an‘,,cos(G,»_,l — 0,;,,) }

The set of virtual measurements, and their corresponding c-

bus 17

Fig. 2. Calculation of measurement functions for power flows at TSS and LSs
from state variables.
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functions, consist of: (1) active and reactive power injections at zero-
injection buses, which are forced to be equal to zero and (2), the bal-
ance of currents at each bus (except for the one at the secondary of the
transformer), which is forced to be zero (i.e. the sum of input and output
currents, including neutral).

A flat profile is considered during the initialization of the SVs for the
iterative process.

4. Introduction of synthetic measurements

Low voltage feeders, especially in residential areas, show a very low
coupling between phases. Certainly, single-phase loads are prevalent in
this case, and thus, most of the load connections and available mea-
surements, relate one specific phase with the neutral conductor. This
fact makes it hard for SE algorithms to provide an accurate estimation of
voltage phase angles. Notice that, with the type of measurements
described in Section 2, a zero impedance neutral conductor would make
these SVs unobservable, as each phase conductor would be, in that case,
fully decoupled from the rest of the circuit. Even if that is a non-realistic
approach, the truth is that the influence of each phase on the others is
very limited and conditioned by the value of the neutral impedance.
Thus, even if voltage phase angles are theoretically observable, mea-
surement errors make those SVs hard to be obtained within an accept-
able accuracy range, and frequently, can lead to the divergence of DSSE
algorithms. Mathematically, an insight into this fact can be obtained
from the calculation of the M,, matrix [7], which is used in sensitivity
analysis to assess the influence of measurement errors, on SVs, x, at the
true state, x"™°. The M,, matrix can be directly obtained as a part of the
inverse of the Hachtel’s matrix evaluated at x""¢, as

—1

o 'R H 0 Myzfrxr] L Myclrx (N+40)]
HT 0 CT| = Moz nr] | Maeinx (v |- B
0 ¢ 0 Asz[vxr] EAIA(I[’UX(N-‘,-U)]

M, is the only term of interest in (4), where the size of the different
submatrices have been explicitly shown, N being the number of SVs and
r and v the number of regular and virtual measurements, respectively.
Large values in those elements associated with voltage phase angles
in My, are a clear symptom of ill-conditioning of the problem. Consid-
ering that one of the phase-to-ground voltage phase angles at the slack
bus (which in this case, corresponds to the secondary of the trans-
former), is taken as a reference by the SE algorithm, large values of the
elements of the matrix are expected at any bus on the other two phases
and neutral. That is, being phase a the one selected as a reference w.l.o.
g. and m each of the available measurements, the subset, g, of SVs,
leading to large sensitivities can be represented as
_ Biven

g OZn

M (g.m) =25 ®)

N ()Zm

x=xlrue

where 6 stands for the voltage phase angle, i for the bus, and b, c and n
for the affected phases and neutral.

In this work, the introduction of synthetic measurements is proposed
as an efficient and costless tool, capable of removing the aforementioned
ill-condition by forcing the coupling between phases. With this aim, the
electric connections at the TSS are changed as shown in Fig. 3. In this
way, the TSS continues to provide the rms value of line currents, I, but
not the per-phase power flows, Py and Qs. Instead of that, the cross-
coupling between phase-to-neutral voltages and line current probes
provides a set of synthetic measurements, P}y" and Q}y" . Even if these

measurements do not furnish any physical magnitude, they are still valid
to be included into the SE algorithm and, more importantly, they pro-
vide information with a high coupling between phases. Though other
configurations can be also valid, the three single-phase power mea-
surement devices of the TSS in Fig. 3.b are fed with currents, iy, i, and i,
from the CTs but with the shifted set of phase-to-neutral voltages vy, v,
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Fig. 3. Connections of the voltage and current transducers to the Advanced
Supervisory Board (ASB) used by the TSS. a) Standard setup, and b) Modified
setup used to provide coupled information through synthetic measurements.

and v,, respectively.

Only slight modifications of the WLS augmented matrix 4-wire SE
algorithm, previously shown in Section 3, are required to support syn-
thetic measurements. Those changes apply to the measurement func-
tions corresponding to synthetic active and reactive power flow
measurements and their related Jacobian terms in the H matrix. Ac-
cording to Fig. 4, if the voltage probe of a power meter which monitors
the current at phase p is shifted to a different phase, s, then, the active
and reactive power flowing from bus i to j is now obtained from the
phasors v, and ijj,, of the measured variables, and can thus be expressed
as a function of the SVs as

Py =Refv i, }
= 8iip|[VisVipcos(0;, — 6;)
—VisVipcos (61}5 - 9./'-/?)
= ViuVipeos(0i, — 0i) + ViuVipcos (0, — 6,) | (6)
+bijp [VisVipsin(0i — 6,
—VisVipsin(6:s — 0;,)
— VinVipsin (“)i,n - 9,',/7) + ViaVjpsin (ei‘n - '9/,/7) }

o =Im{v, i}
= giip [VisVipsin (0;5 — 0;)

—V,Vpsin(0;, — 6;,,)

— ViuVipsin(0i, — 6;,,) + Vi Vipsin(6;,
+bij~p[ — VisVipcos (0’“ - (9,',,;)
+VisVjpcos (91:.: - 9”,)

+ VinVipcos (0 — 0ip) — ViuVipcos (0; — 61,) |

- ej,p) } @

The corresponding terms of the measurement Jacobian, i.e. dP}"/d0,
dP}y" /dv, dQ;y” /dé and dQ}y” /dV, directly follows from (6) and (7).

Notice that, even if the EMS is now not being directly fed with per-
phase power flow measurements, those values can be still available to

bus j
op

Giip +ibiip

Fig. 4. Calculation of measurement functions for synthetic power flows at TSS
and LSs from state variables.
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be used by the utility, as they can be obtained as a by-product of the state
estimator.

As it is demonstrated in the following section, the inclusion of this set
of measurements, providing coupled information between the different
phases, drastically reduces the magnitudes of the outliers found in the
M,, matrix, specifically those highlighted in (5), thus turning the
problem into well-conditioned, and making it possible to obtain accu-
rate estimates of the voltage phase angles.

5. Case studies
5.1. Case Study I: Benchmark circuit

In order to highlight the significant benefits of using synthetic
measurements and compare the results with those obtained from a
standard measurement setup, an extremely simplified system with 4
buses is considered in this section. Table 1 gathers the data of line im-
pedances, single-phase loads and voltages at the slack bus. The values of
the SVs of this circuit, shown in the 3rd and 4th columns of Table 2, are
obtained by using a custom made unbalanced power flow (PF) algorithm
which results were verified with OpenDSS [8]. Measurements from
smart meters and a LS located at Line 1-2 were obtained from the
aforementioned solution through the addition of Gaussian noise, except
for a set, considered as unavailable, which is specified in Table 1.
Following the guidelines provided in [6], the standard deviations used
to generate the corrupted measurements are obtained as

o = k-y-FS, (8)

where FS stands for the full scale of the measurement device, y for its
precision class and k is a number which depends on the type of mea-
surement. The specific values used in this case study are shown in
Table 1. A custom made 4-wire WLS state estimator using the augmented
matrix concept, as described in Section 3, was used to estimate the SVs of
the circuit, both for the standard measurement setup and for the one
using synthetic measurements. Table 2 shows the marked improvements
in accuracy obtained in the latter case, especially in the estimates of
voltage phase angles. In fact, the maximum error, which is found in 6,4,
drops from 3.52 deg. to 1.10 deg., thus achieving a reduction of more
than 68%. These improvements can be easily explained by noticing the

Table 1
Data - Case Study L.
Lines
From bus To bus Rape [pul Ry [pul Xaben [pul
2 1.8e —2 29 -2 1.7e -3
3 3.2e—-2 51le—2 3.0e -3
4 24e -2 38 -2 29 -3
Loads
Bus  Pig [kW] Py [kW]  Pic [kW] Qg [kvar]l  Qip [kvar]  Qjc [kvar]
2 10 3 0 1 2 0
3 0 8 8 0 2 2
4 1 3 4 2 2 -3

Slack bus voltages - Secondary of the distribution transformer

Bus Vialpul Viplpul Vic[pul 601.qldeg.] 61p[deg.] 61[deg.]
1 1 0.95 1 0 —123 120
Measurement error parameters
Voltages Power injections Power flows Currents
ky 0.001 0.005 0.005 0.002
Full scale 350 V 12 kW/kvar 15 kW/kvar 50 A
Unavailable meas. Vaser Vasas Vagy P3p,Qsp Py, I,

Viase = 400/+/3 V; Spase = 10 KVA
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Table 2
Comparison of state estimation results.

PF Results SE Standard Set SE Synthetic Set
Bus Phase V [pu] 0 [deg.] V [pu] 0 [deg.] V [pul 0 [deg.]
1 a 1.000 0.00 1.000 0.00 1.000 0.00
b 0.950 —123.00 0.948 —124.46 0.949 —122.32
c 1.000 120.00 0.999 116.49 0.999 119.83
n 0.000 0.00 0.000 0.00 0.000 0.00
2 a 0.980 0.18 0.981 0.18 0.980 0.17
b 0.919 —122.49 0.917 —123.95 0.918 —121.81
c 0.981 119.87 0.980 116.35 0.980 119.69
n 0.028 —149.53 0.027 —152.54 0.028 —148.43
3 a 0.980 0.18 0.981 0.17 0.980 0.17
b 0.888 —122.30 0.885 -123.73 0.886 —121.61
c 0.961 120.23 0.960 116.72 0.960 120.06
n 0.066 -162.97 0.064 —165.46 0.066 -162.10
4 a 0.977 0.43 0.978 0.43 0.977 0.42
b 0.910 -122.23 0.908 —123.69 0.909 —121.55
[4 0.972 119.39 0.971 115.88 0.971 119.22
n 0.056 —157.16 0.054 —159.97 0.056 —156.41

significant reduction of the sensitivity of SV estimation errors with
respect to measurement errors, which can be verified by analyzing the
elements of the M,, matrix. As an example, Fig. 5 shows the sensitivity of
045 with respect to the full set of measurements for both the standard
setup and the one including the synthetic set. Errors in voltage mea-
surements are revealed as the main determinant of increased sensitivity
in SV errors.

5.2. Case Study II: Real distribution grid

A real European LV distribution grid in the north of Spain, which is
depicted in Fig. 6, is considered in this second case study in order to test
the validity of the proposal in a high demanding context. The grid has 76
3-phase buses and feeds a total of 54 single-phase dwellings equipped
with smart meters. A TSS is used to monitor phase-to-neutral voltages,
power flows and currents at the secondary of the transformer. Fig. 6
shows the location of the smart meters, zero-injection buses and TSS.
The load profile of the dwellings, sampled every minute during a 24-h
period is used by an unbalance PF algorithm to calculate the SVs of
the grid. Then, the same procedure of Case Study I is followed: mea-
surements from smart meters and TSS are calculated from the SVs and
Gaussian noise is added considering standard deviation values according
to (8). For simplicity, all measurements are considered as available in
this case study. The topological data of the circuit, load profiles, true
state and measurements can be downloaded from [9]. A total of 608 SVs
have to be determined at 1440 snapshots in two cases: (1) using tradi-
tional measurements, i.e. standard power flow values at the TSS and (2),

: 1 8 T T T T T T
& dby, Standard measurements

‘a}b 15 dz 1T=To Synthetic measurements |
gl

B: 12 B
= Types of measurements:

N

f% 9r == Voltages 7
§ === Power injections

5 or —— Power flows i
g 3P === Line currents i
>

n 0 \ , o P : -

I 4 7 10 13 16 19 22 25 28 31
Measurement, #

Fig. 5. Sensitivity of 6, with respect to the full set of measurements.
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Fig. 6. Layout of a European LV distribution grid in the north of Spain.

using synthetic measurements. The dimension of the problem and the
diversity of operating points ensures the statistical relevance of the
conducted test.

Table 3 shows the results of the application of the unbalance SE al-
gorithm at one specific instant (the last minute sample of the 24-h period
has been considered for this purpose). Four terminal buses, 18, 37, 50
and 75, have been selected to compare the results of the two different
estimation strategies. The 3rd and 4th columns of the table show the true
state of the system at the selected instant, obtained using a custom made
unbalance PF algorithm which results were verified using OpenDSS [8].
The estimation obtained from the standard set of measurements using
the SE algorithm described in Section 3 are shown in the 5th and 6th
columns of Table 3. The 7th and 8th columns of the table show the
estimation obtained using the synthetic set (i.e. synthetic power flows at
the TSS), by including the modifications of the SE algorithm highlighted

Table 3
Comparison of state estimation results at terminal buses — last time sample.

PF Results SE Standard Set SE Synthetic Set
Bus Phase V [pul 0 [deg.] V [pu] 6 [deg.] V [pul 0 [deg.]
18 a 1.048 —0.04 1.047 -0.03 1.048 -0.03
b 1.048 —120.03 1.048 —115.40 1.048 —-119.28
c 1.048 119.91 1.048 123.25 1.048 120.14
n 0.002 —15.66 0.002 —20.66 0.002 —18.52
37 a 1.049 —0.02 1.049 -0.02 1.049 —0.02
b 1.049 —120.04 1.049 —115.40 1.049 —-119.29
c 1.039 120.05 1.039 123.38 1.039 120.27
n 0.014 97.37 0.014 100.42 0.014 97.77
50 a 1.049 —0.03 1.049 -0.03 1.049 -0.03
b 1.049 —120.00 1.049 —115.36 1.049 —-119.25
c 1.048 119.91 1.048 123.24 1.048 120.13
n 0.001 137.93 0.001 149.90 0.001 141.59
75 a 1.047 —0.04 1.047 -0.05 1.047 —0.05
b 1.046 —120.07 1.047 —115.43 1.047 —-119.31
c 1.036 120.03 1.036 123.37 1.036 120.26
n 0.014 100.20 0.014 102.69 0.015 100.50

Viase = 400/v/3 V
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in Section 4. It can be immediately noticed that, while the estimation of
voltage magnitudes provides excellent results in both cases, the esti-
mation of voltage phase angles at phases b and ¢ show important de-
viations from the true state of the system. This error is significantly
reduced if the synthetic set of measurements is considered. Indeed, from
Table 3, it can be concluded that the maximum absolute error of 4.64
deg., which appears at bus 75 phase b, is reduced to 0.76 deg. The
estimation of voltage phase angles at the neutral conductor is a partic-
ularly difficult challenge due to the low values of these voltages; how-
ever, their estimation shows also a significant improvement with the
proposed strategy, with the maximum error, which takes place at bus 50,
being reduced from 11.97 deg. to 3.66 deg.

The sensitivities of two angles at terminal buses, 615} and 637 ., were
obtained at the last time sample from the evaluation of M, at x'™¢. These
sensitivities are shown in Fig. 7 for the full set of measurements,
considering both the standard setup and the one including the synthetic
set. As in the case of the benchmark circuit, a significant reduction of
angle sensitivities is achieved by the use of synthetic measurements. The
negative effect of voltage measurement errors is particularly mitigated
by the proposed methodology. Although only two specific cases are
shown in Fig. 7, the same sensitivity pattern can be observed at any
voltage phase angle along the grid (at phases b and c) for any snapshot.

In order to compare the results of both SE strategies in a wide variety
of operating points, the estimations of voltage phase angles at bus 75
have been analyzed during a 24-h period with a sampling time of 1-min.
Thus, the histogram of the absolute errors in the estimation of 6,5, and
675 are presented in Fig. 8 for the case of both the standard and syn-
thetic measurement sets. The average value of these errors in the case of
the standard set reaches 4.43 deg. and 3.36 deg. for phases b and c,
respectively. On the contrary, the use of synthetic measurements re-
duces the average value of the errors to 0.32 deg. and 0.21 deg. More-
over, the maximum absolute errors reach completely unacceptable
values in the case of the standard set, with outliers up to 147.59 deg. at
phase b; however, the use of the synthetic set reduces the maximum
error to 2.27 deg. Finally, the 95th percentile of the error distribution,
CP95, equals 11.90 deg. and 10.81 for phases b and c, i.e. 5% of the

N
W
T

dgls b @ Standard measurements
1 dz 1T=%o Synthetic measurements
20 ‘ ( ]
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I 20 40 60 80 100 120 140 160
Measurement, #

SV error sensitivity, deg./pu

(=}

d[937.(‘
Tdz 1=

(3]
W
T

—=— Standard measurements

Synthetic measurements

[
(=}

Types of measurements:

—_
wn

== Voltages

=== Power injections B

—_
(=3

—— Power flows

=== Line currents 1

SV error sensitivity, deg./pu
w

| L L L LA

60 80 100 120 140 160
Measurement, #

(=}

Fig. 7. Sensitivity of 6,53 and 037 with respect to the full set of measurements
at the last time sample.
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Fig. 8. Histogram of the absolute error of voltage phase angles at bus 75, 675
and 65, for 1440 snapshots corresponding to a 1-min sampling rate during a
24-h period.

operating points under study lead to errors greater than these values.
Conversely, the CP95 is reduced in the case of synthetic measurements
to 0.96 deg. and 0.58 deg. at phases b and c, respectively.

6. Conclusion

The light coupling between phases poses a challenge to the appli-
cation of distribution state estimation techniques at the LV level. Indeed,
the use of the standard set of measurements obtained from smart meters
and line supervisors, even in the ideal case of being free of delays, can
lead to extremely poor estimates of voltage phase angles. Certainly,
under this light coupling conditions, the sensitivity of voltage phase
angle estimation errors to measurement noise shows large values, which
can turn the estimation process into an ill-conditioned problem. This
work introduces the use of synthetic measurements as a costless and
efficient way of endowing DSSE algorithms with cross-coupled infor-
mation between phases, thus leading to accurate angle estimates. These
so-called synthetic measurements, in the sense that they do not provide
physical quantities, can be obtained from line supervisors or transformer
station supervisors just with minor changes in the connections of their
voltage probes.

Data availability

Datasets related to this article can be found at https://doi.org/10
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.17632/2t5pxcr8m4.1, an open-source online data repository hosted
at Mendeley Data [9].
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