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Analysis of selected power quality indicators at non-measured
distribution network points based on measurements at other
points

Abstract. The article presents a method enabling estimation of the selected power quality indicators at a given point of a power network, on the
basis of the power quality indicators recorded at the nearest vicinity points. For needs of the estimations, artificial neural network algorithms were
applied. The result is a neural model that defines the relationship between the power quality indicators of the same type, at adjacent points. The
paper presents results of analyses and tests under real operating conditions of the distribution system.

Streszczenie. W artykule przedstawiono metode umozliwiajgcg estymacje wybranych wskaznikéw jakoSci energii elektrycznej w zadanym punkcie
sieci elektroenergetycznej na podstawie wskaznikow jakoSci energii elektrycznej zarejestrowanych w punktach lezgcych w najblizszym otoczeniu.
Do estymacji wykorzystano algorytmy sztucznych sieci neuronowych. W rezultacie uzyskano neuronowy model okreslajgcy relacje pomiedzy
wskaznikami jako$ci energii elektrycznej tego samego typu w sgsiadujgcych ze sobg punktach. W artkule przedstawiono wyniki analiz i testow dla
rzeczywistych warunkéw pracy sieci dystrybucyjnej. (Analiza wybranych wskaznikéw jakosSci energii elektrycznej w nieopomiarowanych
punktach sieci dystrybucyjnej wyznaczonych na podstawie pomiaréw w innych punktach).
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wskaznikow jakosci energii elektrycznej.

Introduction

Works related to measurements and long-term
recording of the power quality indicators (PQ) have become
almost a daily practice of distribution system operators
(DSOs). They are mainly related to the complaints reported
by the (electric energy) recipients, but more and more
frequently they result from the knowledge about the levels
of the PQ indicators in a power supply system. This data is
a valuable source of information on the technical condition
of a particular part of the network and it can be used to take
preventive, modernization and investment measures. Apart
from portable analytic units, used for ad-hoc metering
works, operators are also equipped with continuous
monitoring systems based on stationary units. Such
analyzers are usually placed in crucial points of a system.
Additional data sources are successively installed smart
meters and advanced metering infrastructure (AMI). More
and more frequently the AMI meters enable measurement
and recording of selected PQ indicators. Certain models
have been equipped with algorithms enabling a user to
calculate aggregated PQ indicators in accordance with the
recommendation of the Energy Regulatory Office (in Polish:
Urzad Regulacji Energetyki) [1].

Due to a very complex structure of the distribution
system it is not possible to place an instrument at every
point of the system. This approach is not justified, primarily
from the economic point of view. Therefore, there comes a
question whether this problem could be solved by various
approximation methods and already carried out
measurements and records [4, 5, 6, 7].

Estimation of PQ indicators

A goal of the PQ estimation is to determine the
10-minute value of a selected PQ indicator at a selected
point of the power grids, where a suitable meter, e.g. PQ
analyzer, has not been installed. The estimation is carried
out on the basis of the indicator value from one or higher
number of points at the nearest vicinity, where the
analyzers are permanently installed or long-term
measurements and records have already been completed.

The analysis was carried out for the following PQ
indicators: voltage RMS U, short-term P, and long-term Py

flicker severity indicators and (measure of voltage
fluctuations), total harmonic distortion THD,, content of
higher voltage harmonics and K,, voltage asymmetry
coefficient. In every case a linear relationship was assumed
between the estimated coefficient and the determined
coefficients at the nearest vicinity points.

lwe
(1) pwy(k) :Zwi pwe(k$i)+b
i=1

where: p,,(k) value of the indicator at the tested point of the
network, py.(k,i) — value of the indicator at the point located
in the nearest vicinity of the tested point, k — 10-
minute-value/sample number, 1,. — number of inputs, i —
point index, w;, b — fixed factors.

Application of the artificial neural network method
For the above mentioned PQ indicators, the relation (1)

was implemented by means of the artificial neural networks
(ANNSs). The result is a neural model comprising a single
linear neuron with one or more inputs. The relation (1)
describes such a neuron. The coefficients w;, b are the
weights of the neuron. However, the model requires access
to the measurement data of p,.(k), i.e. historical data of the
indicator to be estimated in the future. Hence, there comes
the following procedure of the model construction:

— take or measure and record values of the indicators at
the point, where the indicator is to be estimated, and at
points in the nearest vicinity,

— teach the neuron,

— verify the model. If the verification is negative, add
another point — it might happen that the disturbance
comes from a point not taken into account.

Quality of the model operation was assessed by
summing the PQ coefficient values determined by the ANN
model, staying within 5%, +10% and +20% of the current
real value, expressed as a percentage of the total number
of samples — estimation accuracy (validity) coefficient. Due
to such a model it is possible to estimate the value of the
indicator on the basis of the values of indicators acquired
from measuring points in the nearest vicinity.
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Model teaching process

Determination of the coefficients w; and b is carried out
by the minimizing, by the method of the quickest quality
drop of the Q indicator, expressed by the relation (2):

N lye ?
(2) Q= Z(pwy(k)_z:(wl pwe(kai)_b)J
k=1 i=1

where: N - number of values (samples).

This indicator has one minimum, which ensures finding
a global solution. The values of the coefficients w; and b are
calculated by means of the iterative method, according to
the relations (3) and (4):

N
3) w; (iter +1) = w; (iter) + 7 )_e(k) Py (k. 1)
k=1
N
4) b(iter +1) = b(iter) + 7 _e(k)
k=1
lwe
() e(k) = Puwy (k)- Z W Pye,i (k)—b
i=1

where: iter — iteration no., n — teaching speed factor, e(k) —
teaching error.

Due to the relations (1)+(5) an estimation algorithm
based on ANN (EA-ANN) was developed.

Analysis of the results of estimation for selected
indicators, for real conditions of the distribution
network operation

The tests were carried out in two different test networks
(parts of the DSO network): in a network with a high power
load reception, strongly affecting the operator's system (the
test network no. 1) and in a network, where there were no
PQ problems (the test network no. 2).
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Fig.1. Test network no. 1 — a schematic diagram of the considered
part of the power grid with marked measuring points: P1 to P6

Evaluation of values calculated by the developed EA-
ANN was carried out on the basis of the estimation
accuracy coefficient and by comparing statistic numerical
measures laid down in the regulation [2] and the standard
[3] for selected PQ indicators respectively (percentile 5%
and 95%, marked as CP05 and CP95). Statistical
measurements were calculated for real values of selected
PQ indicators and for values returned by EA-ANN at the
power grid points without a measuring instrument (target).

Test network no. 1

The case under consideration concerns the power
supply system of a large industrial customer supplied from
the 110 kV level, having an internal MV distribution network
with varied voltage levels. In the recipient's power supply
system there is a large disturbing load affecting the
operator's system heavily. Figure 1 presents a simplified
diagram of a part of the considered power supply system
with marked points, where the analyzers are connected - P1
to P6.

Class A PQ analyzers were installed at six points of the
power supply system under. Measurements and recordings
lasted six weeks. Verification of the values estimated by the
EA-ANN, for the case without a measurement at a particular
point, is the final result of the algorithm. The following
figures show the results obtained, for:

— the factor Pyp, at a point P2 — 20 kV on the grounds of
the point P1 — 110 KV — Py p, = f(Pp1) — Fig.2,

— the factor Py p; at a point P3 — 30 kV on the grounds of
the point P1 — 110 KV — Py p; = f(Pp1) — Fig.3,

— the factor Ky p; at a point P3 — 30 kV on the grounds of
the point P1 — 110 kV — Ky p; = f(Kau p1) — Fig.4,
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Fig.2. Verification of the estimation model Py, in P2 — 20 kV on the
grounds of P1 — 110 kV — Py p, = f(Pyp1) — zoom in [7]
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Fig.3. Verification of the estimation model Pyp; in P3 — 30 kV on the
grounds of P1 — 110 kV — Py p; = f(Pyp;) — total time frames [7]
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Fig.4. Verification of the estimation model K,y in P3 — 30 kV on the
grOUndS P1-110kV - Kzu)pg = f(Kzuvp]) [7]
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In figures 2, 3, 4, the measured values are presented in
blue and the estimated values in red (this also applies to
figures 6, 7, 8). The values of the validity coefficient, CP95
and a relative error calculated for actual and estimated runs
are shown in table 1.

Table 1. Overview of the validity coefficient values, CP95 and the
relative error — test network no. 1

Model verification — validity coefficient

Relevance +5% +10% +20%
Pyp2 = f(Psip1) 37.07% 58.63% 76.63%
Pyps = f(Psip1) 48.54% 72.53% 89.58%

Kaups = f(Kaup1) 30.15% 53.49% 78.26%
Value comparison — CP95, relative error
. o Estimated Relative
percentile CP95 Real % ANN % error %
Pyip2 = f(Psip1) 12.77 13.26 3.84
Pyps = f(Psip1) 23.20 23.46 1.12
Kaups = f(Kaup1) 0.69 0.70 1.45

The relative error for CP95 is between 1.12% and 3.84%.
Therefore, the CP95 values calculated on the basis of the
estimated values do not deviate significantly from the CP95
values determined on the grounds of the measured values.
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Fig.5 Test network no. 2 — a schematic diagram of the considered
part of the power grid with the following points marked: point A —
point with the analyzer, point L — point with the meter, E1, E2, E3 —
points for which values are estimated

Test network no. 2
The case under consideration concerns a part of MV —
20 kV distribution network (one outlet from the main power
supply point, approx. 6.5 km long). No significant
disturbance sources were found in this system. Figure 5
shows a simplified diagram of the network under
consideration. There is marked location of the stationary PQ
analyzer (point A) and the electric energy meter (point L) at
20 kV level, and E1, E2 and E3 points at 400 volts level, for
which the values are estimated. Measurements and
recordings were carried out 4-5 weeks. Estimation was
made of the value for:
— voltage rms U,y at point E1 400V, on the grounds of
the p0|nt A 20 kV - UnN,El = f(USN,A)1
— voltage rms Uy, at point E2 400 V on the grounds of
the pOInt L 20 kV - UnN,EZ = f(USN,L) - F|g 6,
— THDy..n g at point E1 400 V on the grounds of the point
A 20 kV - THDU-nN,El = f(THDU_SN,A) - Flg 7,
—  Pyangs at point E3 400 V on the grounds of the point A
20 kV = Pyanes = f(Psisna) — Fig. 8,
— 7. harmonic HU;,ng; at point E3 400 V on the grounds
of the pOint A 20 kV - HU7-nN,E3 = f(HU7-SN,A) - Flgg
Figures 6, 7, 8 show a comparison of the real values
(measured, blue) and the estimated values. The values of
the validity coefficient, CP95 and CP05 and the relative
error calculated for real and estimated runs are presented in
the Table 2. The relative error for CP95/CPO05 for voltages
does not exceed 0.03%, which is low. The relative error for
CP95 for other PQ indicators does not exceed 8.33%.
Larger error values apply to a percentle CPO0O5 (not
presented in Table 2). They result from low levels of
indicator values.
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Fig.6. Verification of estimation model U, in E2 — 400 V on the
grounds of L—-20 kV — UnN,EZ = f(USN,]_) [7]
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Fig.7. Verification of estimation model THDy w2 in E2 — 400 V on
the grounds of L — 20 kV — THDy..n k2 = f(THDusn L) [7]
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Conclusions
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