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MODELING AND ANALYZING THE EFFECT OF CONNECTION TO
THE NETWORK OF A HARMONIC SOURCE HAVING VARIOUS
TOTAL HARMONIC DISTORTION FACTORS ON LOAD SIGNAL

WAVEFORMS

This article examines the effect of a network connected source of harmonics having a total harmonic
distortion factor varying from 5% to 15% on load voltage and current waveforms. When a source of higher
harmonics is connected to the network, both in the network and in the load, the effective values of voltage and
current increase, that can negatively affect the cable line insulation, accelerating its destruction and aging.

To analyze the consequences of a power quality deterioration, a 20 kV network was simulated, consisting
of a 20 kV symmetrical generator, an XRUHAKXS-20(1x120/50) power cable line 20 km long, a step-down
transformer 20/0.4 kV with a power of 2 MVA, with windings connected in delta-star, and a three-phase
symmetrical load.

The values of the currents flowing through the cable conductor, obtained as the result of simulation were
used to calculate the voltage drop between the cable conductor and its shield. Results obtained show that the
connection of a harmonic distortion source to a network leads to a magnification of a current flowing through the
cable conductor by more than 2%. The model proposed in the article can be used further for a more detailed study
of solar photovoltaic plants connection to the grid.

One of the biggest problems regarding solar power plants is that its electricity generation is intermittent.
Thus, future efforts should be focused on modeling and studying the higher harmonics generation during switching
on and off of the solar photovoltaic plants.

Keywords: solar photovoltaic plants, total harmonic distortion factor, harmonic source.

Introduction. Application of renewable energy sources is an important direction that increases the level of
energy security and reduces related environmental impacts, including greenhouse gas emission. Currently, for
environmental, economic and geopolitical reasons, there is an active transition to renewable energy sources and
solar energy generation shares a significant part. In general, solar photovoltaic panels, as well as small wind
turbines are classified as sources of distributed generation. When operating in the system, a source of distributed
generation is connected to the distribution network at medium voltage up to 35 kV [1]. Connecting distributed
generation source to a distribution network has a positive effect on its performance, but at the same time creates
new challenges that have to be faced when managing power supply modes with distributed generation [1, 2]. Every
year, the share of distributed generation in the world, including the use of local sources of solar energy, is
constantly growing. At the same time, the integration of distributed generation sources can have a significant
impact on the operation of the electrical distribution network, causing technical problems related to power quality,
voltage stability and harmonic distortion [2-4]. Statistical data shows that there is a problem of power quality
deterioration at the point of connection of photovoltaic power stations, specifically voltage increase [5] and
harmonics increase [6]. Besides, solar power is intermittent. Since solar panels generate direct current, it becomes
necessary to use inverters to convert direct current to alternating current, and then the voltage is supplied to a step-
up transformer, after which it is fed to the grid. Photovoltaic inverters are considered the power electronic devices,
which are the main sources of harmonic distortion [7]. It is obvious that when such a source is connected to the
network, the non-sinusoidal signal in the network increases, which may lead to an increase in power losses, as well
as to an overload of distribution networks due to an increase in the effective value of the current and voltage
distortion. In particular, due to harmonics, the destruction and aging of the cable line insulation is accelerated.
Voltage harmonics affect the electrical insulation by increasing partial discharge intensity [8]. Therefore, the
purpose of this study is to simulate and analyze the effect of a non-sinusoidal signal produced by a source of
harmonics on the insulation of the electrical network.

Purpose of work: The aim of this work is to analyze the impact of a non-sinusoidal alternating current
voltage signal produced by a harmonic source on the electrical insulation of the cable line.

Research material. The quality of electricity must meet the requirements of international standard [9].
The current standards establish certain maximum deviations from the main indicators of the power quality from
the established standard values. In this paper the voltage non-sinusoidal coefficient (voltage total harmonic
distortion factor) was considered as the main criterion for the electric power quality.
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To analyze the consequences of a power quality deterioration, a 20 kV network was considered, consisting
of a 20 kV symmetrical generator, an XRUHAKXS-20(1x120/50) power cable line 20 km long, a step-down
transformer 20/0.4 kV with a power of 2 MVA, with windings connected in delta-star, and a three-phase
symmetrical load. The scheme diagram is shown below in Fig. 1.
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Figure 1 — Simulation of a 20 kV symmetrical network.
The electric network simulation was performed with a help of MATLAB® and Simulink® software [10,
11]. The obtained voltage and current waveforms are shown in Fig. 2, Fig. 3 and Fig. 4. The graphs show only

linear values.
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Figure 2 - Generator voltage and current waveforms (gen.meas.): a — line voltage plots; b — line current plots.
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Figure 3 — Voltages and currents waveforms at the end of the line (line.meas.): a — line voltage plots; b — line
current plots.

The effective values of line voltages are U'germtor =19520.0 V in Fig. 2-a; U, =18940.0 V in Fig. 3-a

oes =370.3 V in Fig. 4-b,

Renewable energy is a relevant and important energy industry, the role of which is growing every year
around the world. However, as noted above, an increase in the number of connections of solar photovoltaic cells
to the power grid can have an impact on the quality of electricity in the network, and the importance of improving
the quality of electricity remains an urgent problem for both electricity producers and consumers, which is
especially acute in low voltage networks. The occurrence of non-sinusoidal currents and voltages, voltage
unbalance and its fluctuations are associated with a low power factor of non-linear loads on the part of consumers

and U
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and a high level of current harmonics generated by solar photovoltaic inverters in a low voltage network on the
part of electricity producers.
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Figure 4 — Load voltage and current waveforms (load.meas.):
a — line voltage plots; b — line current plots.

Figure 5 shows the scheme diagram, where a harmonic source is connected to the network from the high
voltage side with a total harmonic distortion factor of 5% and a voltage of 20 kV, at the output of which one obtain
a non-sinusoidal symmetrical signal, shifted between phases by 120 degrees with the same harmonic content for
each of the phases.
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Figure 5 — Simulation of a 20 kV symmetrical network with a connected source of harmonics having a varying
total harmonic distortion factor.

Three-phase symmetrical voltage with the same harmonic content for each phase of a non-sinusoidal
signal with a 20 kV voltage is supplied to the output of the unit, obtained by adding two sinusoids to facilitate
observation and control of the influence of a non-sinusoidal signal on a sinusoidal signal in the network. Changes
in the 20 kV network will be studied at non-sinusoidal coefficients (total harmonic distortion factor) of 5%, 8%
and 15%. In its turn, the obtained voltage and current waveforms are shown in Fig. 6, Fig. 7 and Fig. 8.

According to the results of the virtual experiment, it can be seen that the non-sinusoidal voltage increased
due to the connection of a non-sinusoidal power source with a 5% total harmonic distortion factor. According to
the graphs, at point after the power line, the non-sinusoidal voltage is increased, and the non-sinusoidal current is
decreased. Changes are observed throughout the network, the effective values of line voltages have also changed.
Specifically, generator voltage is increased by 170.0 V that is 0.87% greater than at a pure sinusoidal waveform;
voltage at the end of line is increased by 190.0 V that is 1.0% greater than at a pure sinusoidal waveform; and
finally, load voltage is increased by 3.9 V that is 1.05% greater than at a pure sine wave.

Model in Fig. 5 was used for simulation at 8% total harmonic distortion factor. Simulated voltage and
current waveforms obtained in symmetrical network with a connected source of harmonics having an 8% total
harmonic distortion factor are shown in Fig. 9, Fig. 10 and Fig. 11.
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Figure 6 — Generator voltage and current waveforms (meas. 1): a — line voltage plots; b — line current plots.
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Figure 7 — Voltages and currents waveforms at the end of the line (meas. 2):
a— line voltage plots; b — line current plots.
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Figure 8 — Load voltage and current waveforms (meas. 3): a — line voltage plots; b — line current plots.
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Above plots show an increase in the harmonic content. The changes are more significant than when
connecting a source with a total harmonic distortion factor of 5%, the effective values of the line voltages also
have changed. Specifically, generator voltage is increased by 180.0 V that is 0.92% greater than at a pure sine
wave; voltage at the end of line is increased by 310.0 V that is 1.64% greater than at a pure sine wave; load voltage
is increased by 5.6 V that is 1.51% greater than at a pure sinusoidal voltage waveform.

In practice voltage total harmonic distortion factor is rarely higher than 15%. Therefore, such a case is of
rather theoretical interest. Simulated voltage and current waveforms obtained in symmetrical network with a
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connected source of harmonics having a 15% total harmonic distortion factor are shown in Fig. 12, Fig. 13 and
Fig. 14.
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Figure 9 — Generator voltage and current waveforms (meas. 9):
a — line voltage plots; b — line current plots.
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Figure 10 — Voltages and currents waveforms at the end of the line (meas. 10):

a — line voltage plots; b — line current plots.
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Figure 11 — Load voltage and current waveforms (meas. 11):
a — line voltage plots; b — line current plots.

64 ISSN 2308-7382 (Online)



ISSN 1813-5420 (Print). Enepeemuxa: ekonomixa, mexmnonozii, ekonozia. 2022. Ne 3

u,Vv LA

A

30000 | 4 200

20000 |
10000 L\
0 > 0 ts
-10000 | | -50
-100
-20000 | 1
-150
-30000 1

150

100

50

-200

0 0.02 0.04

S}

0.02 0.04

a b
Figure 12 — Generator voltage and current waveforms (meas. 13):
a— line voltage plots; b — line current plots.
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Figure 13 — Voltages and currents waveforms at the end of the line (meas. 14):
a — line voltage plots; b — line current plots.
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Figure 14 — Load voltage and current waveforms (meas. 15):
a — line voltage plots; b — line current plots.

According to Fig. 12, Fig. 13 and Fig. 14, generator voltage is increased by 200.0 V that is 1.02% greater
than at a pure sinusoidal waveform; voltage at the end of line is increased by 790.0 V that is 4.17% greater than at
a pure sinusoidal waveform; and finally, load voltage is increased by 12.5 V that is 3.38% greater than at a pure

sine wave. The simulation results are summarized in Table I.
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Table I. The effective values of network line voltages, depending on total harmonic distortion factor of connected
source of harmonics.

Total harmonic Effective line voltage in the network
distortion factor
of harmonic Generator Vquage_ Voltage at Vc_)lyage_ Load Vql'gage_
source. % magnification, | the end of | magnification, | voltage, | magnification,
) voltage, V :
% line, V % \Y %
- 19520 - 18940 - 370.3 -
5 19690 0.87 19130 1.00 374.2 1.05
8 19700 0.92 19250 1.64 375.9 1.51
15 19720 1.02 19730 4.17 382.8 3.38

Since the harmonic issue is one of the most important in power systems, it is important to estimate
harmonics risk to cable insulation, shortened life, etc. For a cable line with a given line length of 20 km, a shield
grounding scheme with a full transposition cycle was chosen (refer to Fig. 15).

A

B

. I

Figure 15 — Cable shield grounding scheme with a full transposition cycle.
Internal cable design is shown in Fig. 16.

Figure 16 — A three-phase cable basic dimensions.
In Fig. 16: d, =35x10~°m is cable diameter; s=d, is distance between the central axes of conductors,

when triangular cable laying method applied.

The values of the currents flowing through the cable conductor, obtained from the simulation above, were
used to calculate the voltage drop between the cable conductor and its shield. The calculation results are presented
in Table II.

Table Il. The effective values of voltage drop between cable shield and conductor, depending on total harmonic
distortion factor of connected source of harmonics.

] Effective value of phase current Voltage
Total harmonic between Voltage
distortion factor Current Chu”e”r: Current cable shield magnification
of harmonic Load magnification throug magnification and 0 ’
current, A ' | conductor ' d %
source, % , % : % conductor,
A v
- 2881 - 57.76 - 16.770 -
5 2901 0.69 59.25 2.58 17.203 2.58
8 2902 0.73 59.28 2.63 17.212 2.64
15 290 0.87 59.40 2.84 17.246 2.84
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According to Table I, the connection of a non-sinusoidal distortion source leads to a magnification of a
conductor current by more than 2%. According to experimental measurements presented in [12], the current
distortions caused by photovoltaic inverters may reach up to 2% of fundamental frequency current. Following
expressions were used for computation.

Longitudinal linear resistance between the conductor and the cable screen (€2/m) is given as follows:

Z =R +j-o-M_,; Z. =R, +j-o-M,.(1)

In expressions (1): R, is an active resistance of the shield, Q/m; M__; is a mutual inductance between the

conductor and the shield, H/m. In its turn:

- f )
R, = b MCS:%-In(—ZdDe]; v, :%-m(%}.a)

S (Z..—Z) 1,

3-N

is a voltage drop between the shield and the conductor, V. In its turn, ® means angular frequency in radians per
second; p, =4-wx10"" H/m is a magnetic permeability in a classical vacuum; 1. is a current flowing through the
conductor, A; |, is a power cable length, m; N =1 is a number of transposition cycles.

Power electronic converters or inverters that do not create pure sinusoidal signals and are components in
electricity generation by power plants based on non-traditional renewable energy sources, such as solar power
plants, generate harmonics into the system when connected to a low voltage network. With an insignificant power
capacity of such power generating installations, they do not cause significant distortions in the waveform of the
voltage and current of the general power system into which the generation takes place. But with an increase in the
power capacity of these power generating installations, when it becomes commensurate with the power of the
general power system, distortions in the waveform of the voltage and current of the general network, which may
occur, should be the subject of further study.

Conclusions. This article examines the effect of a network connected source of harmonics having a total
harmonic distortion factor varying from 5% to 15% on load voltage and current waveforms. When a source of
higher harmonics is connected to the network, both in the network and in the load, the effective values of voltage
and current increase, which can negatively affect the cable insulation, accelerating its destruction and aging.
Results obtained show that the connection of a harmonic distortion source to a network leads to a magnification
of a current flowing through the cable conductor by more than 2%. The model proposed in the article can be used
further for a more detailed study of solar photovoltaic plants connection to the grid. One of the biggest problems
regarding solar power plants is that its electricity generation is intermittent. Thus, future efforts should be focused
on modeling and studying the higher harmonics generation during switching on and off of the solar photovoltaic
plants.

C—S C

In expressions (2): p_ - 2.24. /Ls is an equivalent rated reverse currentdepth, m; U, =
- Ky
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HanionanbHnii TexHiYHUIl yHiBepcuTeT YKpainu

«KuiBchkmii moJtitexniuamnii incrutyT imeni Iropst Cikopcbkoro»

MOJEJIOBAHHSA TA AHAJIT3 BIVIMBY HNIAKJIIOYEHHSA 10 MEPEXKI J7’KEPEJIA TAPMOHIK
3 PI3HUM CYMAPHHUM KOE®IIIEHTOM 'APMOHIMHUX CIIOTBOPEHb HA ®OPMY
CUT'HAJIIB Y HABAHTAKEHHI

YV yii cmammi O0ocnioscyemucs énaug nioKmouenHs 00 Mmepedxci 0dcepend 2apMOHIK 13 CYMApHUM
KOeQpiyicHmom 2apMOHIUIHUX COMBOPEHb, WO 3MIHIOEMbCL 6 mexcax 6i0 5% 0o 15% na opmy nanpyeu ma
cmpymy Hasanmaoicenus. Ilpu nioxnmouenni 00 mepedici 0dcepena GUUWUX 2APMOMIK SIK 8 Mepedici, maxk i 6
HABAHMAdICEHH Oil0Ui 3HAYEHHS HaAnpY2u | CMPYMY 3pOCMAlOmy, W0 MOXHCE He2AMUBHO NO3HAYUMUCA HA (30AAYiT
KabenvHoi ninii, npuckopiowyu ii pytHyeanHs i CmapinHsl.

s ananizy Hacniokis no2ipuleHHs AIKOCMI eleKmpoenepeii Oyio 3M00eb08aAH0 MEPENCY KIACY Hanpyeu
20 kB, sixa ckradaemocs 3 cumempuuno2o 2enepamopa 20 kB, cunosoi kabenvnoi ninii XRUHAKXS-20(1x120/50)
dosorcunoro 20 km, nonudcysanvhoeo mpancgopmamopa 20/0,4 kB. nomyoscnicmio 2 MBA, 3 obmomkamu,
3'€OHanuMU 8 MPUKYMHUK-3IPKA, | MPUGaA3HUM CUMEMPUUHUM HABAHMANCEHHAM.

Ompumani 6 pe3ynbmami MOOENOBAKHS 3HAYEHHS CMPYMIS8, WO NPOMIKAOmMs no dcuii Kabento, 6yau
BUKOPUCMAHI 0718 PO3PAXYHKY NAOIHHS HANPY2U MIdC HCUNOI0 Kabeno ma 1lo2o ekpanom. Ompumani pe3yromamu
NOKA3YI0Mb, W0 NIOKIIOYEHHS 00 Mepedici 0dxcepend 2apMOHIHUX CROMBOPeHb NPu3eo0umsb 00 30i1bUEeHHs.
CmpyMmy, Wo npomikae no nposioHuKy xabemo, oinbw Hise na 2%. 3anpononosana 6 cmammi Mooens Modice 6ymu
suxopucmana Haoani 0as Oitbd O0emanrbHO20 OO0CAIONCEHHs NIOKMIOYEHHS COMAYHUX (OMOeTeKMPUYHUX
YCMAHOBOK 00 MePexuCi.

Oouiclo 3 HauOLLWUX NPOOIeM COHAUHUX eNeKMPOCMAHYIl € NepioouyHiCmb  UPOOHUYMEa
enexkmpoenepzii. Takum duHom, Maubymui 3yCULIL MAOMb OYMU 30CepPe0X*ceHi HaA MOOeNt08AHHT Ma BUBUEHHI
2eHepayii GUIUX 2aPMOHIK Ni0 4ac YEIMKHEHHA Ma GUMKHEHHSA COHAYHUX (POMOeNeKMPUUHUX YCIMAHOBOK.

Knrwuosi cnoea: cowsauni gomoenekmpuuni yCmMaHosKu, CymMapHull KoeQiyicHm 2apMOHIUHUX
CHOMBOPEHb, OAHCEPENO 2APMOHIK.
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