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Abstract. The paper presents the results of the analysis on measured parameters of harmonics at
the node of the high-voltage network. The measurements were made at the node connecting the
pulp-and-paper mill to the 220 kV supply network. This load is nonlinear and has a large capacity.
Particular attention is paid to the distributions of the current and voltage harmonics. The paper
clearly shows probabilistic properties of the measured parameters of harmonics.
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Annomayus. B crarbe mpencTaBiIeHbl pe3yIbTaThl aHAIN3a U3MEPEHHBIX IapaMeTPOB FapMOHUK B
y3JI€ CeTU BBICOKOTO HampsiKeHUs. MI3MepeHus cienansl B y3ie IPUCOeIMHEHUs K MUTAIOMEH ceTu
220 kB MomIHO# HeTMHEHHON Harpy3KH — LEJUTI0I03HO-0yMakHOro kKomOnHara. Ocoboe BHMMaHUE
YAEJIEHO 3aKOHaM pacHpeleleHUs] BeIMYMH TapMOHMK TOKa W HampsbkeHus. CTaTbsl HarisigHO
MIOKa3bIBAa€T BEPOSTHOCTHBIE CBOIICTBA MapaMeTPOB FrapMOHHUK.

Knwoueevie cnosa: KadecTBO SHCKTpI/I‘ICCKOI\/’I OHEPTUHU, TAPMOHHUKH, CETH BBICOKOTO HAINPSKCHUS,
U3MEpPEHUA, CTAaTHUCTHYCCKHI aHAJIN3.

Lurupoanune: KoBepuukosa, JI.. OcobeHHOCTH ITapaMeTPOB PEKMMOB FAPMOHHUK B y3JI€ MPUCOCANHEHUS LEIUTIONO3HO-
OymakHoro komOunara k nutaromeii cetu / JI.W. Koepuukosa, BY. JIsionr, B.K. Hro // Kypn. Cub. denep. yn-ta. Texuuka
u texnonorun, 2020. 13(1). C. 38-51. DOI: 10.17516/1999-494X-0204

Introduction

It is well known that nonlinear loads cause non-sinusoidal conditions in electrical networks.
Non-sinusoidal current and voltage containing sinusoidal components of other frequencies, that
are multiples of the fundamental frequency of 50 Hz (harmonics), cause damage to both electrical
energy consumers and electricity suppliers, which is reflected in a large number of publications.
In [1] the focus is made on the additional losses of harmonic active power in electrical networks
and equipment. The harmonic active power does not perform useful work, consequently, electricity
is wasted, which contradicts the aim of energy saving in Federal Law of the Russian Federation
No. 261-FZ of November 23, 2009 “On Saving Energy and Increasing Energy Efficiency and on
Amendments to Certain Legislative Acts of the Russian Federation”. In [2] the authors raise issues of
financial losses related to payment of bills for consumers and electricity suppliers because electricity
meters measure not only the active power of the 1-st harmonic but also of other harmonics including
the active power of harmonics they do not produce. The results of measurements in the low- and
medium-voltage networks are presented in the substantial number of publications [3-7]. Their authors
present the results of research into the harmonic conditions in the network with different types of
loads. In the last decade intensive measurements of harmonics parameters have been continued,
which is explained by the emergence and widespread use of new nonlinear electric equipment and
increase in the values of current and voltage harmonics in the networks. For example, the results of

measurements at the network node supplying the nonlinear loads of the retransmission TV stations
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are presented in [8]; the results of measured parameters of the harmonics generated by energy saving
lamps are presented in [9]; the harmonics measured in the medical center and their impact on the
work of the medical equipment are indicated in [10]; the results of large-scale measurements of
power quality indices in the 110 kV networks of Siberia, which cover 23% of Russia’s territory, are
demonstrated in [11]; the results of the studies on parameters of harmonics for the complex loads
connected to the nodes of the 110-220 kV networks are presented in [12]; the results of an analysis
of harmonic active power of high-power nonlinear loads connected to the 110-220 kV networks are
given in [13]. The measurements confirmed the presence of harmonics in the electrical networks. In
many cases the voltage harmonic levels exceed the limits established in State standard 32144-2013
“Power quality limits in public power supply systems”. In [14] the authors indicate that 5.4% of the
cost of losses due to the poor quality of electrical energy falls on the losses caused by current and
voltage harmonics.

Although the parameters of harmonic conditions in electrical networks have been studied for
many years, the interest to this problem does not decrease due to the growing number of nonlinear
loads in the networks of different voltages and specific features of their operating conditions. The
main feature is the probabilistic nature of operating parameters.

This paper presents the results of an analysis of the current, voltage and active power
harmonics at the node connecting the 220 kV supply network to the large capacity nonlinear
load, i.e. the pulp-and-paper mill. The operating parameters were measured in phases A, B, C
of the network over 24 hours with a time interval of 1 minute. After processing the measured
information, we obtained series of voltages, currents and their phase angles for harmonics 1-40
each having 1440 elements.

The current harmonics generated by the pulp-and-paper mill flow to the supply network and
cause voltage distortion at its nodes. The mill is located in the region where the large number of
other large capacity enterprises generating harmonics, i.e. traction substations, aluminum smelters,
etc., are connected to the 220 kV network. Their current harmonics are also distributed throughout
the 220 kV network and contribute to the formation of the parameters of the harmonic conditions.
Consequently, the voltages at the nodes of the electrical network result from the influence of many
nonlinear loads. At each node the non-sinusoidal voltage is unique since it is determined by the
current harmonics flowing to the node from all nonlinear loads in the network and by the impedance

of the network node.

Characteristics of the pulp-and-paper mill

The mill receives electricity from the 220 kV network. The mill uses direct-current electric
motors with an automatic speed control system that drive the main process equipment. The power of
the motors reaches 300 kW. Thyristor converters that have nonlinear volt-ampere characteristics are
used to supply the motors with direct current.

Fig. 1 shows the graphs of the fundamental frequency currents of the load for three phases. The
mill has a shift schedule. In the daytime the load conditions are the maximum and at night the loads
are the minimum as can be clearly seen from the graphs.

Fig. 2 presents the graphs of variation in the phase voltages at the node connecting the mill to the

supply network. The voltage values lie within acceptable limits.
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Fig. 1. Phase currents at the mill connection node
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Fig. 2. Phase voltages at the mill connection node

An analysis of voltage at the node connecting

the pulp-and-paper mill to the supply network

Fig. 3 shows the oscillograms of three-phase voltages for the maximum and minimum load
conditions. The voltage waveforms in both conditions slightly differ from sinusoidal, which is
confirmed by the values of the total harmonic distortion K. In the maximum load conditions in phases
A, B and C they are equal to 1.76%, 1.31% and 2.13% respectively for 95% of the measurement time;
in the minimum load conditions — to 1.23%, 1.10% and 1.25%. The limit of 2% established in State
standard 32144-2013 is exceeded in phase C in the maximum load conditions. There is also phase
voltage unbalance. The maximum value of the negative sequence voltage unbalance factor recorded
during the measurement was equal to 1.3% at the limit of 2%.

The analysis of the voltage harmonic values shows that some of them reach large values. Fig. 4
presents a diagram of the effective values of voltage harmonic that have the largest values in the
conditions of the maximum (Umax) and minimum (Umin) loads.

An analysis of measured information involved an analysis of phase angles for ten voltage
harmonics. It was found that the phase angles range from 0 to 27w but are unevenly distributed.
Phase angles of the 5-th and 11-th voltage harmonics have special distributions (Fig. 5). The
notations used in the diagrams are: Ua — an active voltage harmonic, Ur — a reactive voltage
harmonic. The overwhelming number of phase angles of the 5-th voltage harmonic range from
/2 to 3m/2.

The analysis of the series of measured values of voltage harmonics involved the calculation of
the following statistical parameters [15]: maximum value (max), minimum value (min), mathematical

mean (aver) and standard deviation (sd). Table 1 presents the results of a statistical analysis for ten odd
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Fig. 3. Oscillograms of voltage in the conditions of a) maximum loads, b) minimum loads
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Fig. 5. Diagrams of phase angles of a) 5-th and b) 11-th voltage harmonics

harmonics of one phase voltage at which the limits established in State standard 32144-2013 are most
often exceeded at the network nodes. The voltage harmonic values vary in the range from several volts
to several kilovolts.

Histograms were constructed for the values of ten voltage harmonics given in Table 1. Then, using
the Pearson criterion, they were checked for compliance with the laws of the Gaussian and Rayleigh
distribution. The purpose of the check was to confirm or refute the statements made by the authors of

[6] that the parameters of the harmonic conditions are in most cases distributed in accordance with
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Table 1. Statistical assessment of voltage harmonics of phase A, kV

Harmonic
Parameter
3 5 7 9 11 13 17 19 23 25
max 1.18 2.18 1.61 1.94 2.73 1.08 0.45 0.48 0.50 0.57
min 0.02 0.03 0.03 0.03 0.06 0.00 0.00 0.00 0.00 0.01
aver 0.49 0.79 0.68 0.79 1.09 0.39 0.14 0.17 0.14 0.23
sd 0.24 0.38 0.25 0.37 0.38 0.18 0.08 0.09 0.07 0.09
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Fig. 6. a) Gaussian distribution of the 11-th voltage harmonic, b) Rayleigh distribution of the 19-th voltage har-
monic

the laws of Gauss or Rayleigh. The check showed that out of ten harmonics the 11 and 25-th voltage
harmonics have the Gaussian distribution. The voltage of the 19-th harmonic obeys the Rayleigh
distribution. The histograms of the remaining seven harmonics have forms representing mixtures of
known distributions [15-18]. Fig. 6 shows the histograms and theoretical distribution curves of the
11-th voltage harmonic according to the Gauss law and the 19-th voltage harmonic according to the

Rayleigh law.

An analysis of currents at the node connecting
the pulp-and-paper mill to the supply network

Fig. 7 presents oscillograms of currents for the maximum and minimum load conditions. In the

minimum load conditions the current waveforms are severely distorted.

40
Changes in the magnitudes of the total harmonic distortion of current K; = z I 3 /1, -100% are

n=2
presented in Fig. 8. Values K; under the minimum loads at night reach several hundreds of percentage
points. During the daytime in the maximum load conditions, when the main process equipment is in

operation, the value K; does not exceed 6%.



Journal of Siberian Federal University. Engineering & Technologies 2020 13(1): 38-51

[8 = = =Tk sessnsass Ic —y == = [l sessea Ic

700 80 T
500 60 FaE
5 a0 < i
300 20 b ot . E

= 100 o < % A

- L] L ] T r - W ‘.'."' Lt

Sl 11V S R " [ e ne é-“ Hery
= ¥ o - Ll L]
g -8 o HET T e
500 S S8 . SLEfS S
o0 L1071 -80 L. -

Time, second Time, second
a) b)

Fig. 7. Oscillograms of currents in the a) maximum load conditions, b) minimum load conditions

The diagram clearly shows a group of coefficients which is much higher in value than the others.
These are the so-called outliers or abnormal elements [15, 16] that violate the stationarity of the series.
Not always and not all abnormal elements can be determined visually. Special tests and methods are
used to search for them in a series of measured parameters. These methods are the Irwin method [19],
the Von Neumann test [20], the Darling test [21] and others.

Testing of the 3-rd current harmonic using the Irwin method showed that there are 4 elements
in the array of the 3-rd current harmonic, namely 862, 865, 867 and 881. One of them, namely 865, is
significantly larger than the other elements. Fig. 9 shows a scatter diagram of the 3-rd current harmonic
on which the abnormal elements can be seen.

The other harmonics also have abnormal currents. The analysis shows that the current of the 1-st
harmonic with abnormal elements had values of less than 6.5 A. At the time point corresponding to

measurement 865 the value of the 1-st current harmonic was 5.2 A.
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Fig. 9. Abnormal elements of the 3-rd current harmonic
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The abnormal elements distort the real picture of operation therefore they should be excluded in
many cases. The analysis involved a statistical assessment of harmonics for the current of phase A of
ten odd harmonics whose voltage values exceed the limits established in State standard 32144-2013
most often. The results of the calculations are given in Table 2. As can be seen from the Table, the
current harmonic values vary over a wide range. Comparison of the maximum and minimum values
and standard deviations indicates their wide variation.

To analyze the phase angles of the current harmonics in the complex plane the scatter diagrams
were constructed (Fig. 10). Active and reactive components of current harmonics were calculated using
the expressions 1, = I, cos ¢y, 1., = I, sin @, for all 1440 measurements, where n — harmonic order.
The analysis of the diagrams enables us to conclude that the phase nodes lie in the range from 0 to 2,
but are unevenly distributed across the quadrants of the complex plane, for example, in diagrams 10b)
and 10c).

Histograms showing distribution of the values of the active and reactive components of the current
harmonics were constructed and checked according to the Pearson criterion for the correspondence
of the distributions to the Gauss and Rayleigh laws. It appeared, that the active component of the 3-rd
current harmonic is distributed according to the Gauss law (Fig. 11a) and the correspondence of reactive
component to the Gauss law was not confirmed by checking with the Pearson criterion (Fig. 11b).

Table 3 presents the results of the analysis of the distribution laws for ten odd harmonics: current
magnitude, active and reactive components. The notations used in the Table are: G is the Gaussian

distribution law, M is a mixture of several distribution laws. All three values of the analyzed currents

Table 2. Statistical assessment of current harmonics of phase A, A

Harmonic
Parameter
3 5 7 9 11 13 17 19 23 25
max 15.12 3.11 4.65 1.94 6.01 4.37 2.34 1.75 2.14 4.68
min 0.07 0.02 0.07 0.01 0.04 0.01 0.02 0.01 0.03 0.01
aver 2.56 1.00 1.17 0.73 2.13 1.18 0.36 0.39 0.70 1.06
sd 2.51 0.78 0.95 0.43 1.17 0.67 0.27 0.35 0.40 0.63

Irzs, A

Fig. 10. Diagrams of the phase shift angles for the current harmonics: a) 3-rd, b) 7-th, c) 25-th
— 45—
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Fig. 11. Distribution of values of the 3-rd current harmonic: a) active, b) reactive

are distributed according to the Gauss law only at the 7 and 13-th harmonics. At the 5, 17-th and 23-rd
harmonics all three currents have mixtures of different distribution laws. At the 3-rd, 9, 11, 19 and
25-th harmonics one or two of the three values are distributed according to the Gauss law and the rest
have mixtures of the known distribution laws.

To assess the effect of current harmonics on voltage harmonics, linear correlation coefficients
(runr) were calculated for phase A [15]. They are presented in Table 4.

The Chedoke scale was used to estimate the strength of a linear relationship between the current
and voltage harmonics [22]. The analysis established the following degrees of correlation: no correlation
(if rynm = 0—0.1) at the 7-th harmonic; weak correlation (if ry,;, = 0.1-0.3) at the 3-rd, 17 and 19-th
harmonics; moderate correlation (if ry,;, = 0.3—0.5) — at 5, 11, 13 and 25-th harmonics; noticeable
correlation (if 7y,;, = 0.5-0.7) at 9-th and 23-rd harmonics. There is no strong relationship.

We can conclude that nonlinear loads connected to other nodes of the network also make a large

contribution to the formation of voltage harmonics at the node to which the mill is connected.

Table 3. Distribution law harmonics current

Current Harmonic
3 5 7 9 11 13 17 19 23 25
1, M M G M G G M M M G
Ly G M G G M G M G M M
L, M M G G M G M M M M
Table 4. Coefficients 7y, for phase A
Correlation Harmonic
coefficient 3 5 7 9 11 13 17 19 23 25
PUnin 0.29 0.34 | -0.07 0.51 0.43 0.43 0.16 0.22 0.55 0.31
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An analysis of active power harmonics at the node connecting

the pulp-and-paper mill to the supply network

Active powers at any harmonic were calculated as follows
Pnt = Unt [nt Cos ¢nta (1)

where U, I, — effective values of voltage and current of the n-th harmonic measured on the interval
of 1 minute, ¢t — the number of a measurement interval, ¢,; — phase angle between the vectors of
voltage and current of the n-th harmonic on the measurement interval ¢, which is calculated as
Pnt = Punt — Pine-

Fig. 12 presents a plot of the active power of the 1-st harmonic. The maximum value of power
reached 42.91 MW, the minimum — 0.2 MW. The magnitudes of angles ¢,, enable the conclusion on
the direction of active power flows with respect to the node at which the measurements were made. In
the event that angles ¢,, lie within the ranges from 0 to /2 or from 37n/2 to 2z then the active power of
harmonics flow from the network to the load and the node for the n-th harmonic is a load node. If the
angles ¢,, lie within the range from n/2 to 37/2 active power is directed from the load to the network
and the node for the n-th harmonic is generating. The angles ¢,, most often lie in the range from 0 to
27, but for some harmonics. They are distributed in a complex plane very unevenly.

Fig. 13 presents an example of a diagram of the angle distribution ¢,, of the 3-rd harmonic. For
some part of the measurement time the active power of the 3-rd harmonic is directed from the network
to the load and for the other part of the time from load to the network.

The measured currents, voltages and phase angles between them were used to calculate the

active power of harmonics 2-40. It was established that the directions of the active power flows for
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Fig. 12. A plot of the active power of the 1-st harmonic of the mill
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Fig. 13. Angle distribution ¢,, of the 3-rd harmonic
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Table 5. Statistical estimates of P, and P,), kW

. P, Py

max min aver sd max min aver sd
3 11.5 0.0 0.8 0.7 1.7 0.0 0.2 0.2
5 1.0 0.0 0.2 0.1 17.3 0.0 0.4 0.7
7 1.9 0.0 0.4 04 1.8 0.0 0.6 0.3
9 1.0 0.0 0.2 0.1 2.2 0.0 0.3 0.2
11 0.2 0.0 0.1 0.1 25.2 0.0 22.0 1.5
23 0.2 0.0 0.0 0.0 8.7 0.0 0.5 0.4

all harmonics change during the measurement time. For some harmonics however the predominant
direction, i.e. for more than 50% of the measurement time, is the direction from the load to the network,
for the others — from the network to the load.

Fig. 14 demonstrates a diagram showing the amount of time during which the harmonic active
power flows through the node connecting the mill to the supply network from the network to the load
and vice versa. In the diagram the harmonic active power with the minus sign (P,,) is directed from
the mill load to the network and with the plus sign (P,)) — from the network to the load. As can be seen
from the diagram, the directions of power from the network to the load prevail.

The magnitudes of active power of the even harmonics in both directions are very small and
do not exceed 0.1 kW. Significant flows of active power in both directions are observed at some
odd harmonics. The statistical characteristics of the harmonics active power are given in Table 5.
At the mill connection node the active power of the 3-rd harmonic directed to the network has a
larger value, while in the direction from the network to the load the 11-th harmonic active power is
larger. The magnitudes of powers of odd harmonics, which are not listed in Table 5, do not exceed
0.2 kW.

When power is supplied from a source with sinusoidal voltage, the load receives the active
power of the 1-st harmonic P,u). Most of this power is consumed by electrical equipment to
perform useful work Py. The remaining part is converted by nonlinear equipment to active powers
of harmonics of orders n >1. Let us denote this power as P,.,. Active power of the 1-st harmonic

can be represented as
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Table 6. Statistical estimates of P,

Parameter Py, kW Py, % Py,
max 17.25 6.59
aver 4.92 0.08
Py =Py + Py, @

Together with the active power of the 1-st harmonic the load of the mill receives active powers
of orders n >1 — P, from the network, which are created by nonlinear loads connected to other
nodes in the network. Numbers of harmonics P, and P, can be different. Thus, the active powers
P = Py + P, flow to the load of the mill through the node connecting it to the network.

The total active power of the n-th harmonic for n >1, i.e. detrimental power as it is called in [2], is

determined as follows
Py=P,y+ Py 3

Based on the expression obtained, we calculated the total values P,, for harmonics 2-40 for all
1440 elements. Table 6 presents the statistical estimates of P, in the measurement units of active
power and in the percentage of useful power Py;. As seen from the Table, the maximum magnitudes
differ greatly from the average values. An analysis of arrays P, consisting of 1440 elements shows
that some of the abnormal elements are several times larger in magnitude than the other elements
of the array. They give the maximum power values. The abnormal elements were not excluded as
they are taken into account by meters when measuring electrical energy. It also follows from the
Table that the share of detrimental active power flowing through the node of the mill connection to
the network is not large compared to the effective active power. However, it is worth noting that the
Table demonstrates the results of calculations only for 24 hours of one phase of the mill electrical

network.

Conclusions

1. The phase voltages at the mill connection node during the measurement time are within
acceptable limits. The phase voltages are slightly unbalanced and their waveforms are distorted. The
total harmonic distortion of voltage Ky exceeds the limit only in phase C. The values of the voltage
harmonics are in the range from several volts to several kilovolts. For most harmonics they have
distributions that are mixtures of different distribution laws. Only the voltages of the 11 and 25-th
harmonics are distributed according to the Gauss law and the 19-th harmonic is distributed according
to the Rayleigh law. The phase angles of the voltage and current harmonics are in the range from 0 to
2w, however, their distribution across the quadrants of the complex plane is uneven.

2. Phase currents of the load during the measurement time change. They have the highest values
during the daytime and the lowest —at night. At night the phase current waveforms are highly distorted.
The total harmonic distortion of current K; during operation of the main process equipment does not
exceed 6%. There are abnormal elements in the arrays of current harmonics. They are much larger

than the rest of the elements. A small number of magnitudes of the effective current harmonics and
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their active and reactive components are distributed according to the Gauss law. The overwhelming
majority of the distributions represent mixtures of different distribution laws.

3. The values of the coefficients 7y, indicate that nonlinear loads connected to other network
nodes influence the formation of voltage harmonics.

4. Harmonic active powers change the flow direction during the measurement time. For
some part of the time they flow from the load to the supply network and for the other part —
from the network to the load. Their values range from several watts to several tens of kilowatts.
Harmonic active powers that are the canonical harmonics of nonlinear equipment have the

highest values.
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