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Abstract. The paper presents the results of the studies on
measured parameters of harmonics for the complex loads
connected to the nodes of the high voltage network. The
measurements were made at four nodes of the 110-220 kV
network. The complex loads include residential, commercial,
industrial and tractional consumers. The considered nodes are
the connection points of the railway substations to the feeding
network. The paper demonstrates the specific features of the
harmonic conditions.
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1. Introduction

Experimental studies on the parameters of harmonics in
electrical networks of different voltages have been
conducted since long ago. The results of the studies for the
low- and medium-voltage networks are presented in
comprehensive and well known publications [1-5]. The
publications present the results of research on harmonics in
the networks with different loads. In the last decade
researchers have made a lot of measurements of harmonic
parameters which can be explained by the appearance and
wide use of new nonlinear electric equipment and increase
in the harmonic currents and voltages in the network. For
example, the authors of [6] present the results of
measurements at the network node which feeds the
nonlinear loads of affiliated stations. The authors of [7]
show the measurements of harmonics generated by energy
saving lamps. The paper [8] presents the level of
harmonics measured in the medical center and their
negative impact on the operation of medical equipment. In
[9] the authors show the results of large-scale
measurements of power quality indices in the 110 kV
networks of Siberia. The measurements were carried out in
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the electrical networks covering 23 percent of Russia’s
territory. The measurements confirmed the presence of
harmonics in the electrical networks. In many cases the
level of harmonic voltage exceeded the limits established
in [10].

This paper presents the results of measurements and
analysis of harmonic parameters for complex loads
connected to the nodes of high voltage networks. The
complex loads include residential, commercial, industrial
and tractional consumers. The load has a large share of
nonlinear equipment. The goal of the research is to study
the properties of harmonics for the development of
models of loads at the nodes of high voltage network,
which will be used for the calculation of nonsinusoidal
network conditions.

2. Object of Research

The measurements were made at four nodes of the
network, which represent the high voltage buses of
traction substations: 220 kV Mysovaya (M), 110 kV
Tataurovo (T), 220 kV Zaigraevo (Z), and 220 kV
Novoilinsky (N). Substation T is situated 126 km from
substation M, substation Z - 86 km from substation T,
and substation N is situated 47 km from substation Z.
Each node is connected to a 40 MVA three-phase three-
winding transformer and transmission lines running to
the neighboring traction substations and other nodes in
the high voltage network. The medium voltage winding
of the transformer (25 kV) feeds the traction load. The
low voltage winding (6 or 11 kV) supplies power to
residential, commercial, industrial loads, etc. The scheme
of the node is presented in Fig. 1.

In general, the neighboring railway substations are

located at a 40-60 km distance from one another. Each
section of railway between two substations receives
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power from two sides. The substations appear to be quite
evenly distributed along the feeding network. DC engines
drive electric locomotives. The engines are powered
through single-phase two-pulse rectifier circuits. The
rectifier circuits in the 25 kV network cause harmonic
currents. The harmonic currents penetrate through
transformers into the 110-220 kV feeding network and
cause a distortion of the voltage waveform. Thus, the
traction load for the high voltage network is nonlinear,
unbalanced and distributed.

from substation - to substation

6 (11) kv .
residential,
commercial,

25 kV industrial
loads
tractional
load

Fig. 1. The scheme of the node of high voltage network

The measurements were carried on the high voltage side of
the transformers. Measurements were performed with the
aid of the device “Omsk”, which measures not only the
indices of power quality but also currents, powers and
other parameters. Each measurement was performed
during 24 hours. The parameters were measured mainly in
an interval of 1 minute. For voltage measurements the
device was connected through voltage transformers to the
high voltage buses. For current measurements the device
was connected to current transformers installed at the
inputs of high voltage transformers.

3. Analysis of Measured Parameters
A. Harmonic Voltages in Terms of the Standard
Requirements

The values of measured phase harmonic voltages at nodes
with the probability of 95 percent are presented in Table |
and Table Il. Letters a, b, and ¢ stand for phases. The
values exceeding the limits [10] are highlighted in bold.
The standards for the values of parameters [10] that are
established in Russia have been harmonized with
European standards [11].

Table | presents the values un measured in the conditions
when loads are connected to the windings of the medium-
and low- voltage transformer. In Table Il the values un
correspond to the conditions when load is connected to the
low-voltage winding only. The Tables I, Il show that the
harmonic conditions are asymmetrical and the limits of
Un are exceeded at harmonics 3, 5, 7, 9, 23. Comparison
of the data from both tables allows the conclusion that the
disconnection of traction load at nodes M, N, and Z has
little influence on the wvaluesun. At node T the
disconnection of traction load causes a noticeable
reduction in the voltages of the 3, 5, 7th harmonics
although their values exceed the established limits. It is
possible to suppose that the harmonic voltages at each of
the nodes result from the impact of multiple nonlinear
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loads that are powered from one and the same high-
voltage network.

Table I. - Measured Values of un (%)

No- Harmonic

de 3 5 7 9 11 13 23 25
M-a |12 | 20| 05|02 | 06 | 04| 03] 0.3
M-b | 1.3 | 21 06 | 02 | 06 | 0.3 | 04 | 0.2
M-c | 16 | 2.2 0502|077 |03 ]04]|02
N-a 15 1.7 05|06 |07 | 03] 04|02
N-b | 13|18 |06 |06 | 08| 02] 05|02
N-c | 16 | 1.7 | 05 | 05 | 06 | 0.3 | 04 | 0.3
T-a 28 | 2.6 11|07 | 09 | 03 | 03| 0.2
T-b 251|136 |08 |07 |07 | 03| 03]01
T-C 28 | 3.2 07| 05|08 |03 ]|]03]|01
Z-a | 11 | 13|07 |05 (05|04 ]| 03|02
Z-b 1.1 1.2 07 | 06 | 06 | 04 | 01 ] 01
Zc | 17| 10| 06 | 05| 04| 03| 03 |02
limit | 1.5 15 1 0.4 1 0.7 04 | 04

Table II. - Measured Values of un (%)

No- Harmonic

de 3 5 7 9 11 13 23 25
M-a |12 |19 | 05| 02|06 | 04| 03] 03
M-b | 13|21 |05]|]02]| 07 |03]|04] 0.2
M-c | 14 | 18 | 04 | 02 | 08| 03 | 03 | 0.2
N-a 1.3 18 | 05| 06 | 0.7 | 0.3 | 05 | 0.2
N-b | 09| 20| 06|06 | 07| 03] 05] 03
N-c | 1.8 | 20 | 05 | 06 | 05 | 03 | 05 | 0.3
Ta | 22 | 14|07 | 05|08]| 05| 03] 0.1
T-b 1.9 16 | 06 | 04 | 0.7 | 03 | 04 | 0.1
T-C 2.1 1.2 06 | 05| 07 | 04 | 03|01
Z-a 1.0 14 | 06 | 05 | 05 | 04 | 01 ] 0.1
Z-b 0.9 13 107 | 06 | 06 | 04 | 0.2 | 0.1
Z-Cc 1.8 14 | 06 | 05 | 05 | 03 | 03| 0.1
limit | 1.5 15 1 0.4 1 0.7 04 | 04

B. Active and Reactive Powers of the Fundamental
Frequency

The active and reactive powers measured for the complex
loads of one phase at node Z are presented in Fig. 2.
They demonstrate a typical character of change in the
powers at railway substations. The powers in Fig. 2a
represent the total active and reactive powers consumed
by the loads that are connected to the medium- and low-
voltage windings of transformers. The curves have an
abruptly variable character.

The powers of loads that are connected to the medium-
voltage winding are the total powers of electric
locomotives that are powered by the traction network.
Figure 2b demonstrates the active and reactive power of
the loads connected to the low-voltage winding. The
values of powers in the graphs change slowly. The
powers of loads of the medium-voltage winding exceed
the powers of loads of low-voltage winding
approximately by 2-4 times. The loads at all the studied
nodes have similar power graphs.
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Fig. 2. Variation of P and Q at node Z
C. The Harmonic Currents of Complex Load

Below presented are the results of the analysis of currents
of the complex load connected to the medium- and low-
voltage transformer windings. The shapes of curves of the
measured currents are badly distorted. Over time, the
shapes of the curves change but currents remain
asymmetrical and nonsinusoidal. The measured harmonic
currents represent series of values changing with time.
Figure 3 shows a time series of effective value of the
current and currents of the 3rd, 13th and 25th harmonics of
the complex load at phase C of node Z.

The analysis of the measured time series of harmonic
currents shows that they are non-stationary. We present the
results of the stationarity analysis of the time series for
the effective value of the current (1) and 3rd, 13th and 25th
harmonic currents at phase C for substation Z as an
example.
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Fig. 3. Scatter diagrams of currents of the load connected to
both transformer windings

The time series were divided into 5 equal intervals of
288 elements each. The mean value and standard
deviation were calculated for each interval and are
presented in Table Ill, where mv — mean value, sd —
standard deviation. The data of the Table show that the
mean values and standard deviation for each interval
differ in value, which gives evidence of non-stationary
time series.

With increase in the number of harmonic the time series
become less variable which is seen from the comparison
of scatter diagrams b, ¢, and d in Fig. 3. This conclusion
is confirmed by the comparison of the mean values and
standard deviation for the 3rd, 13th and 25th harmonics
in Table Ill. Also, as the number of harmonic increases
the mean values and standard deviation on the intervals
differ by a smaller value.

RE&PQJ, Vol.1, No.12, April 2014



Table I11. - Mean Values and Standard Deviations (A)

Series interval 1 2 3 4 5
mv | 43.23 | 39.70 | 38.35 | 41.68 | 46.60

I sd | 473 | 503 | 387 | 530 | 5094
mv | 845 | 479 | 577 | 9.00 | 6.16

o |3 [sd [197 [ 232 | 262 | 319 | 217
'S [13[mv | 039 [ 031 [ 033 | 045 | 0.34
£ sd | 021 | 019 | 019 | 0.23 | 0.17
El25|mv| 022019 02 | 025 | 0.19
sd | 014 | 014 | 011 | 0.15 | 0.09

The mean value and standard deviation of the harmonic
currents of a load of one phase are presented in Table V.
The mean values decrease with an increase in the
harmonic number. They differ by more than 10 times for
the 3rd and 25th harmonic currents.

Table IV. - Statistical Estimates of the Currents (A)

o Node
o
g M N T Zz
s mv | sd | mv|a [ mv | sd | mv | sd
I 45 | 17 | 35 | 12 [ 293 | 162 |38 | 10
3 | 83|43 |52 3596|4249 |29
5 72 | 22 |45 |13 | 97|20 |46 |15
7 42 |14 |18 | 10| 46 | 13 |20 |09
9 20 | 09 |10 | 05| 25|11 |10 |06
11 | 18 | 07 | 08 |04 | 25|10 |09 |04
13 112 | 05]05]03]17]07]07 |03
17 |09 | 04|04 | 02|18 |09 |04 |02
19 |09 | 04|04 |02 |18 )10 |04 |02
23 /0905|0302 )|08)|06 |04 |02
25 |06 /030302050304 |0.2

The value of the 3rd harmonic current makes up 25-30
percent of the fundamental harmonic current. In some
cases, the graphs of the 3rd harmonic current (Fig. 3b)
remind the graph of active power (Fig. 2a) or effective
value of the current of the loads (Fig. 3a). This fact is
confirmed by the values of correlation coefficients (Ip,,)
between active power and harmonic current. The
calculated coefficients of correlation are presented in
Table V. The coefficient of correlation between active
power and the 3rd harmonic current of load at node Z
equal to 0.59 shows a strong relationship according to the
Chaddock scale. There are only two coefficients in the
Table that correspond to the moderate relationship
between powers and harmonic currents on the Chaddock
scale  (0.3< Ip ), <0.49). In most of the studied cases the
coefficients of correlation between powers and harmonic
currents are lower than 0.3, which is indicative of a weak
relationship and probabilistic character of the harmonic
currents.

Scatter diagrams of the values of currents of the load
connected to the low-voltage winding at node Z are
presented in Fig. 4. Change in the effective value of the
current is smooth unlike that of the effective value of the
current in Fig. 3a. The values of currents decreased by 2
times. The 3rd harmonic current is sharply variable (Fig.
4b) but starting with the 13th harmonic the change in the
currents becomes smooth (Fig. 4c¢).
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Table V. - Correlation Coefficients between P and In

har- Node
mo- M N T z
nic
3 -0.22 0.71 -0.07 0.59
5 0.01 0.26 0.43 0.26
7 0.22 0.64 0.23 0.62
9 0.12 0.36 0.25 0.29
11 -0.08 -0.08 0.06 0.09
13 0.02 0.11 -0.09 0.29
17 -0.24 0.12 -0.06 0.13
19 0.02 0.08 -0.19 -0.05
23 -0.16 -0.07 -0.31 -0.07
25 -0.33 0.01 -0.20 -0.12
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Fig. 4. Scatter diagrams of currents of the load connected
to the low-voltage winding

D. Analysis of the Interrelation between Voltages and
Currents of the Harmonics

The analysis is made for the harmonic currents of a
complex load connected to the medium- and low- voltage
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transformer windings. The values of harmonic voltages are
determined by the values of harmonic currents of loads
and transmission lines that are connected to the node. In
order to find out the influence of harmonic currents of
loads on the values of respective voltages at the studied
nodes of the network, we calculated the coefficients of
correlation between voltage and current of a corresponding
load harmonic for three phases. Table VI presents the
coefficients for one phase, in which their values are the
highest. The values of the correlation coefficients, which
correspond to the moderate and strong relationships on the
Chaddock scale, are highlighted in bold. The Table shows
that only three coefficients have the values that correspond
to the moderate and strong relationship, i.e. ryn,, >0.5.
Seven coefficients have the values demonstrating a
moderate relationship (0.3<ry,1n<0.49). The
overwhelming majority of coefficients testify to a weak
relationship between voltages and currents of the similar
harmonics. The obtained result is indicative of the fact that
the formation of harmonic voltages at nodes is greatly
affected not only by the currents of loads, but also by the
currents of transmission lines from neighboring
substations.

Table VI. - Correlation Coefficients between Un and In

har- Node
mo- M N T z
nic
3 0.13 0.02 0.63 -0.11
5 0.41 0.42 0.45 0.03
7 0.03 -0.14 0.35 0.03
9 -0.06 -0.08 0.39 0.01
11 -0.04 -0.09 0.29 0.13
13 0.16 0.01 -0.03 0.16
17 0.00 0.00 0.19 0.29
19 0.12 0.02 0.42 0.30
23 0.15 -0.01 0.24 0.53
25 0.38 0.08 0.14 0.51

E. Histograms of the Harmonic Currents

The graphs of powers and currents as well as the studied
correlation relationships demonstrate the probabilistic
character of harmonic conditions. We used histograms to
get an idea about the distribution function of measured
harmonic currents. The histograms are constructed for the
current of the complex load connected to both transformer
windings. Figure 5 presents the histograms of the 5th and
17th harmonic complex load currents of phase A
at node N.
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Fig. 5. Histograms of the harmonic currents

The histogram of the 5th harmonic current has two peaks
and consists of two histograms that are close in form to
the Gaussian distribution. The histogram of the 17th
harmonic is close to the Rayleigh distribution. The choice
of the appropriate models describing the distributions of
probabilities of measured harmonic currents is to be
made further in the analysis.

F. Phase Angles of the Currents

Phase angles of load currents were investigated with the
aid of scatter diagrams on a complex plane. Figure 6
presents scatter diagrams of the effective value of current
of the load connected to both transformer windings, at
phase C of node Z and its components of the 3rd and 13th
harmonic, where a — active current, r — reactive current.
Before the 13th harmonic the scatter diagrams of phase
angles of currents have an oblong form and respective
distribution as in Figs. 6a and 6b. For the 13th and higher
harmonics the distributions of phase angles take the
shape close to a circle with respect to the beginning of
the complex plane coordinates as in Fig. 6¢ for the 13th
harmonic.
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Fig. 6. Scatter diagrams of phase angles of currents of the load
connected to both transformer windings

Figure 7 presents phase angles of the currents of the load
connected to the low-voltage transformer winding at node
Z. Phase angles of the effective current of the load (Fig.
7a) lie in the range = / 2 < 8, < = . Phase angles of the 3rd

harmonic current (Fig. 7b) have distribution close to the
shape of a circle but shifted with respect to the beginning
of the coordinates of the complex plane. Starting with the
13th harmonic the distribution of phase angles has the
shape of a circle located symmetrically with respect to the
beginning of the coordinates of the complex plane. The
phase angles lie in the range0 < 6, < 27 .
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Fig. 7. Scatter diagrams of phase angles of the currents of the
load connected to the low-voltage transformer winding

4. Conclusion
At all the studied nodes the limits of harmonic voltages

are exceeded. The voltages are normally exceeded at
harmonics 3, 5, 7, 9, 23.
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Harmonic load currents are of a probabilistic character.
They are weakly correlated with the powers of loads and
harmonic voltages at nodes. The values of harmonic
currents decrease as the harmonic numbers increase.

The probability distributions of harmonic currents have
one- and two- peak histograms. Their forms are close to
the Gaussian distribution and to the distribution of
Rayleigh but require the specifying studies.

Phase angles of harmonic currents normally lie in the
rangeo < 6, < 2r .
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