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Abstract

The intensive implementation of variable-frequency drive machines and installations in underground mining
processes necessitates addressing several issues, with a primary focus on ensuring the quality of electric
power. Elevating the energy resource of mining machines and enhancing the energy efficiency of mining
operations requires maintaining the rated indicators of electric power quality in mine power distribution
systems. Achieving this involves assessing the level and composition of higher harmonic components in
voltage and current within power circuits equipped with variable-frequency drives (VFD). Key objectives
encompass the development of a simulation model based on the equivalent diagram of the power distribution
system substitution with a scraper conveyor VFD to scrutinize the spectral composition of higher harmonic
components in the power circuits of the mine power distribution system (MPDS). Additionally, the study
involves analyzing the impact of harmonic filters (HFs), reactors, and sine filters on the quality of electric
power in the VFD system of a scraper conveyor. Further analysis extends to the spectral composition of
higher harmonic components in circuits related to insulation leakage and metering circuits of the residual-
current device. Practical recommendations for improving electric power quality in the VFD system of a scraper
conveyor are then developed based on the research findings. The established model of a variable-frequency
drive system for scraper conveyors facilitates the assessment of the effectiveness of electric power quality
improvement measures. The harmonic composition of voltage and current in the mine power distribution
system is determined under maximum distortion conditions and in the presence of HFs, reactors, and sine
filters. Research methods are chosen to unveil the spectral composition of voltage and current in symmetrical
and single-phase modes of insulation leakage, as well as in metering circuits of residual-current devices
(RCDs). It is noted that the harmonic composition of leakage voltage and current is primarily influenced
by the parameters of the output voltage modulated by the autonomous frequency converter inverter.
Considering the high level of harmonic components in voltage and current, adjustments to RCD settings,
capacitive current compensator, and the protective shunting unit are recommended for electrical safety. The
study emphasizes the importance of scientifically substantiating the rated indicators of higher harmonic
components for leakage circuits and further exploring the physiological effects of higher current harmonics
on the human body. The feasibility of installing a harmonic filter (HF) directly on the low-voltage supply
section of a scraper conveyor should be technically justified. Interestingly, the presence of HFs, reactors, and
sine filters does not significantly impact the harmonic composition or the magnitudes of coefficients of the
harmonic components in the phase voltage of the system concerning ground and leakage currents through
insulation. However, higher harmonic components induced in leakage current circuits may pose a potential
hazard, leading to a violation of magnetic compatibility and posing risks in case of contact with live parts of
electrical equipment.
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AHHOTaUuA

VIHTeHCHBHOE BHeJpeHMe YaCTOTHO-PeTyIMPYeMbIX 3JIeKTPOIPUBOLOB MalllH ¥ YCTAaHOBOK B TEXHOJIOTMYE-
CKMX TIpOIeccax Mpy MOJ3eMHOI Ao6bIue MoJe3HbIX MCKOTIAeMbIX MTPeayCMaTpPUBaeT HeOOXOIMMOCTD pelle-
Hus psifa Ipo6sieM, OIHOIE M3 KOTOPBIX SIBSIETCST 0OecrievueHyie KauecTBa JIeKTPoIHepruy. IMeHHO Mo3ToMY
TTOBBIIIIEH)E SHEPropecypca ropHbIX MaliMH 1 9HeprosdPeKTUBHOCTM BeJeHMs TOPHBIX paboT TpedyeT obe-
CrieueHus] HOPMaTUBHBIX MMOKA3aTeseil KaueCcTBa MEeKTPOIHEPTUM B MOA3EMHbBIX KOMOVMHUPOBAHHBIX 3J€K-
Tpudeckux ceTsx (IIK3C). 3To BO3MOKHO Ha OCHOBE OLI€HKM YPOBHS M COCTaBa BBICHIMX TAPMOHUYECKUX CO-
CTaBJISIIOIIVX HAMPSDKEHMST Y TOKA B CMJIOBBIX LIETISIX C YaCTOTHO-peryInpyeMbIM snektponpuBogom (UYPIIT).
OCHOBHbIMM 3aJayaMM SIBJISIIOTCSI: Pa3paboTKa Ha OCHOBE KBUBAJEHTHONM CXeMbl 3aMeIleHUsT IeKTpuye-
ckoii cetu ¢ YP3II ckpeOKOBOTO KOHBeliepa MMUTALVIOHHOM MOIENN ISl MCCIeIOBaHUSI CIIEKTPaIbHOTO CO-
CTaBa BBICIIMX TAPMOHUYECKUX COCTABJISIIOIINX HATIPSIKEHMS U TOKa B CuTOBbIX Liernsax [IKIC; uccmenosanme
M aHanu3 BAMSHUST GUIBTPO-KOMITeHCUpyoouux ycrpoiicts (PKY), peakTopoB U cuHyc-(MIBTPOB Ha Kaue-
CTBO 371eKTpO3Hepruu B cucreMe ¢ YPIII ckpeOKOBOTO KOHBelepa; aHaau3 CIIeKTPaJIbHOTO COCTABa BBICIINX
TapMOHMYECKMX COCTABJISIOIIMX HAIIPSIKEHMS M TOKa B LEIIX YTeUKM yepe3 U300 U LeIln M3Mepure-
JISL yCTPOMCTBA 3AMIUTHOTO OTKIIIOUEHMS; pa3paboTKa MpaKTUUeCKUX PeKOMEeHJalnil B 06/1aCTU MOBbIIIEHNS
KayecTBa 37eKTpo3Hepruu B cucreme ¢ YPIII ckpeGKOBOTO KOHBeiiepa. PazpaboTaHHass MOMEIb CUCTEMBI
YaCTOTHO-PETyIMPYyeMOro 37eKTPONPUBOa CKPeOKOBbIX KOHBEepOB MO3BOIMIA MTPOBECTH MCCIeOBAHMS
3¢ (GeKTUBHOCTU CPE[ICTB TMOBBIIIEHNS] KAUeCTBa 31eKTpodHepruu. OTpeneseH rapMOHUYECKHUI COCTaB Ha-
MIPSDKEHUST M TOKA B ITOI3€MHOM KOMOMHMPOBAHHO STIEKTPUUYECKOI CETY B PEKMME MaKCMMAaIbHOTO MCKasKe-
Hust v ripy Hanmmuuu OKY, peakTopoB 1 cuHycC-GmIbTPoB. BoiOpaHHbIe METObI MCCIeOBAHMI TTO3BOINIIN BbI-
SIBUTDb CIIEKTPAJIbHBIN COCTaB HATIPSKEHUS U TOKA B CUMMETPUYHOM M OFHO(A3HOM PeXMMax yTeuKy uepes
MU30JIS1IMI0, @ TAKXKe B M3MePUTENbHBIX 1eMsIX YCTPOICTB 3aluTHOTO oTKiatoueHus1 (Y30). YcTaHOBIEHO, UTO
rapMOHMUECKUIT COCTaB HAIMPSDKeHUST M TOKA YTeUKM B OCHOBHOM OITpefeNisieTcsl mapaMeTpaMy BbIXOLHOTO
HaInpssKeHMsT, MOy IMPyeMOTo aBTOHOMHBIM MHBEPTOPOM ITpeobpa3oBaTesisi YaCTOThl. BpicokMit ypoBeHb rap-
MOHMYECKUX COCTABJISIIOIIMX HATIPSIKeHWST ¥ TOKa He0OXOIMMO YUMUTHIBATD IPU OTpefesieHny ycraBok Y30,
HAaCTpPOJiKe KOMITIEHCaTOpa eMKOCTHOTO TOKA ¥ 6/10Ka 3aIlMTHOTO IIYHTUPOBaHMs. [Ijist o6ecrieueHust 3JIeKTPo-
6e30MacHOCTY He0OXOMMO HayYHOe 0O0CHOBaHME HOPMATUBHBIX IIOKa3aTeseli BhICHINX rAPMOHNYECKIX CO-
CTaBJISIOIINX HATIPSIKEHWST 1S 1[eTIeil yTeuky 1 JaibHeliliee yuccieqoBaHmue Gpu3noaormyeckoro Bo3eiCcTBUS
BBICIIMX TAPMOHMK TOKA Ha OpTaHM3M 4YesioBeka. llenecoobpasHocTs ycraHoBKM DKV HerocpencTBeHHO HA
HM3KOBOJIBTHOM YYaCTKe MMUTaHNS CKpeOKOBOTO KOHBeliepa TokHa ObITh TeXHUUECK 060cHOBaHa. Hannune
®KY, peakTopoB 1 CUHYC-QUIBTPOB MPAKTUUECKY He OKa3bIBaeT BAMSHMS KaK Ha TapMOHMYECKMI COCTaB, Tak
¥ Ha BeIMYMHY KO3POUIMEHTOB TApMOHNYECKUX COCTABIISIONIMX (Da3HOTO HATIPSDKEHMS CETU OTHOCUTETBHO
3eMJIM U TOKOB YTeUKM uepes U30s1nio. Hammume HaBOAMMBIX B LIETISIX YTEUKY TOKa BBICIIUX TapMOHUYECKUX
COCTaBJISIIOIINX B CUMMETPUYHOM PeskuMe U peskuMe 0fHO(Da3HOI yTeuKky TOKA MOXKeT ITPUBECTY K Hapylie-
HUIO MAarHUTHOJ COBMECTUMOCTHU MPU paboTe 3JIeKTPOHHOM U3MEePUTENbHO CXeMbl, OJI0Ka TUTAHWST U KOM-
IeHcaToOpa eMKOCTHOTO TOKa yTeuky Y30 U pefCTaBIsaTh IOTeHIMAIbHYIO ONTACHOCTD B C/Tyyae IPUKOCHOBE-
HMSI K TOKOBEIYIIMM YaCTSIM 37IeKTPOOOOPYIOBAHMSI.
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Introduction

Currently, modern mines are actively adopting an
advanced system of asynchronous variable-frequen-
cy drive (VFD) for heavy-duty stoping machines. This
system enables the control of electric motor speed
both during start-up and directly during mining
operations. As a result, the structure of the mine
power distribution system has been upgraded, giving
rise to sections with direct current and variable-fre-
quency current, collectively referred to as mine power
distribution systems (MPDS).

These systems incorporate the use of asynchro-
nous VFD for scraper conveyors based on frequency
converters with an autonomous voltage inverter (FC
with AVI) and pulse-length modulation (PLM).

Implementing a scraper conveyor VFD with fre-
quency converters offers benefits such as smooth
start-up, load limitation in a tow chain during jam-
ming, equalization of loads between head and tail
drives, and the ability to maintain a constant linear
load of a scraper conveyor by regulating the speed
of the scraper chain with varying coal inflow from
a combine during its cyclic operation [1-3]. In MPDS,
a frequency converter with a straight rectifier and au-
tonomous voltage inverter is primarily employed to
control the electric drive.

To enhance the energy efficiency of mining
operations and the energy resource of mining ma-
chines, it is crucial to ensure the rated indicators of
electric power quality in MPDS. This involves eva-
luating the level and composition of higher harmo-
nic components (HHC) of voltage and current in
power circuits with [4].

Scientific studies indicate that the level and com-
position of HHC depend significantly on factors such
as the length of the supply line, the power of frequen-
cy converters (FC), the load of induction motors, and
the presence of FCs at adjacent sections [5-8].

In the section-related power distribution system
with a voltage of up to 1140V, which powers the elec-
tric drive of a scraper conveyor, the total coefficients
of harmonic components of voltage (K,%) increase
from 8.2% to 15.8% when the length of the 6 kV cable
line supplying the section is increased from 3 to 6 km,
and the total installed power of induction motors is
increased from 1200 to 2000 kW, in the absence of
harmonic filters (HF). This exceeds the rated values
not only directly at the load node (Ky,,, = 8%) but also
at adjacent sections (Ky,, = 5%). The application of
HFs in the first compensation stage helps reduce the
level of voltage HHC to 5.14-7.6% [9].

A method to enhance electric power quality in-
volves installing sine filters (SF) downstream from the
frequency converter, enabling the filtration of volt-
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age modulated by the frequency converter at the mo-
tor terminals! [10]. However, the current limitations
in terms of design complexity and the challenges of
parameter selection and adjustment for SF make it
challenging to assess its efficiency in mine power dis-
tribution systems, rendering the analysis primarily
theoretical.

An essential aspect is the examination of the har-
monic composition of voltage and current leakage
through insulation circuits in the power distribution
system, as well as in metering circuits of residual-
current devices (RCD). The prevailing trend in the
advancement of leakage current protection involves
the incorporation of microprocessor-based devices
in electronic power supply units. This includes insu-
lation control, automatic compensation control, and
protective shunting to ensure self-check, fault diag-
nostics, and telemetry of data regarding the state of
protection complexes. When operating in MPDS con-
ditions, the issue of magnetic compatibility needs to
be addressed [11]. Scientific studies in this domain re-
veal that HHC can significantly impact the efficiency
of RCDs and the safety level of the power distribution
system? [12, 13].

Hence, researching the impact of electric power
quality on the effectiveness of variable-frequency
drives for stoping machines in the mine power distri-
bution systems of mining enterprises is a pertinent
scientific problem.

The primary methodology employed in this study
is mathematical simulation, providing a means to dis-
cern new scientific insights and the practical signifi-
cance of these findings.

Purpose and objectives

The primary aim of this study is to assess the ef-
fectiveness of measures aimed at enhancing electric
power quality in the control system of VFD for scraper
conveyors within the MPDS of mining enterprises.

The primary objectives are as following.

1. Develop a simulation model based on the equi-
valent substitution diagram of the power distribution
system, incorporating a VFD for a scraper conveyor.

1 EPCOS. Power Factor Correction. Power Quality Solu-
tions. Product Profile 2009. URL: http://biakom.com/hfuhf/
production/passive/EPCOS/PFC_Katalog2009.pdf

Danfoss. Output Filters Design Guide. URL: www.
danfoss.com/NR/rdonlyres/27F81E1-3779-4406-8EAQ0—-
849044873F59/0/0Output_Filters_Design_Guide.pdf

LC Sine Wave Filter for Motor Drives. Output Filters
FN5040/FN5045. Schaffner. URL: http://www.schaffner.com/en/
products/datasheet-low-res/product/fn-5040-fn-5045-1c-sine-
wavefilter-for-motor-drives.html

% QO’shea P. Counteracting high leakage currents. URL:
https://www.powerelectronicsnews.com/counteracting-high-
leakage-currents/
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This model aims to investigate the spectral compo-
sition of the higher harmonic components of voltage
and current in the power circuits of the mine power
distribution systems (MPDS).

2. Conduct research and analysis on the impact
of HFs, reactors, and sine filters on the electric power
quality within the VFD system of a scraper conveyor.

3. Analyze the spectral composition of the volt-
age and current higher harmonic components in the
insulation leakage current circuits and circuits of the
residual-current device metering unit.

4.Formulate recommendations for improving
electric power quality in the VFD system of a scraper
conveyor.

Simulation model structure

The structure of the mine power distribution
system for the electric motors of a scraper conveyor
comprises various components. These include
a site-specific substation’s power transformer (TSVP)
equipped with a built-in circuit breaker (AVDO) and
a leakage current protection device (RCD) of the
AZUR type. Additionally, there is a group of magne-
tic starters belonging to the PVIT series, and explo-
sion-proof frequency converters situated in the po-
wer train. These converters are strategically placed
at maximum proximity to the longwall face, main-
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taining a distance of not less than 50 meters from
the face junction with an air drift. The length of the
supply cable (CL) extending from the frequency con-
verter to the conveyor’s remote motors is determined
by the longwall face length, which typically ranges
from 400 to 600 meters.

Fig. 1 depicts the equivalent substitution diagram
of the MPDS designed to power a scraper conveyor.

In the section with the industrial-frequency
voltage, the active resistance of the system insu-
lation relative to the ground is assumed to be
R, >300 kQ/phase, and the capacitance is C, ~ 0.
Considering the substantial length of the MPDS
section with variable frequency, the active insu-
lation resistance R,,, R, R, is accepted within the
range from 31.5 to 300 kQ/phase, and the capaci-
tance C,,, Cp, C, is taken from 0.01 to 1 pF/phase.
A single-phase leakage circuit was simulated with
an active resistance R, = 1 kQ, equivalent to the re-
sistance of a human body. The parameters of the
RCD, including the connection to the power distri-
bution system filter (R, L;), the metering circuit
(Ry, Rpy, Lpy) with the operational rectified current
source e_, and the parameters of the capacitive
leakage current compensator (connection filter R,,
compensator R,, L, shunting capacitance C), were
determined based on AZUR characteristics [14].
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Fig. 1. Equivalent substitution diagram for the MPDS
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The drive motors for the scraper conveyor consist of
two to four induction motors of SG3-450L-8/4 type,
ranging in power from 110 to 400 kW. In the equiv-
alent diagram, an electric motor with a power of
250 kW is assumed in accordance with equivalence
rules [15, 16], and its parameters have been calcu-
lated following practical recommendations [17].
A frequency converter from WANTAI is used as an
equivalent power source for the drive motor. The
parameters of throttles L, filter-compensating de-
vices Lycy, Cpey, and sine filters Ly, L., Ry were de-
termined based on Practical tips for selecting output
filters®. The PD-SIN-0.5-300 sine filter was used as
a prototype.

Fig. 2 illustrates the simulation model of the
MPDS with a phase voltage U, = 660 V. This model is
equipped with an RCD featuring an R-L filter, a capac-
itive leakage current compensator, HFs, reactors, and
a sine filter. Additionally, it incorporates insulation
parameters at both the industrial and regulated fre-
quency sections.

Table 1 provides a summary of the harmonic co-
efficients of voltage and current components in the
power circuit of the MPDS at sections upstream and
downstream of the FC.

The analysis of the spectral composition of the
voltage and current higher harmonic components in
the power circuit of the MPDS revealed the following.

The level of HHC, without considering the pa-
rameters of the external power distribution system
(from the power source to the PUPP transformer), re-
mains within permissible values according to GOST*.
The 5% and 7* harmonic components of voltage
emerge as the most significant.

Introducing reactors and HFs at the section up-
stream of the frequency converter, tuned to the 5%
and 7" harmonics, proves effective in reducing the
total coefficient of harmonic components of voltage
K% from 2.81 to 0.51%. The most substantial impact
is observed in a significant reduction of the total co-
efficient of current harmonic components K;% from
80.45 to 5.63%. Simultaneously, the HHC indicators
of current and voltage at the section downstream
of the frequency converter remain practically un-
changed (K% ~ 1,36%, K,% ~ 0,3%).

3 Practical tips for selecting output filters. URL: https://
drives.ru/stati/prakticheskie-aspekty-po-vyboru-vyhodnyh-
filtrov/

PROMPOWER throttles and sine filters. Technical catalog.
URL: https://prompower.ru/docs/inverter-accessories/Chokes
Sinewave-Filters.pdf

4 GOST 32144-2013. Quality standard of electric
power in power supply systems of general purpose. Moscow:
Standartinform, 2014. 39 p.
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Table 1
Total coefficients of harmonic components
in voltage and current

Upstream of FC Downstream of FC
MPDS with AVI with AVI
structure

K % K% K % K%
Without
compensation | 2.81/2.77 |80.45/80.89|2.81/1.35|0.29/0.28
means
Reactors 2.20/2.19 |64.67/65.49|1.39/1.39|0.30/0.29
Reactors, SF | 5.68/5.67 |26.25/26.26|1.77/1.77|0.25/0.26
Reactors, HF-5|1.31/1.25|21.00/19.30| 1.36/1.36 | 0.30/0.26
Reactors,
HE-5, HF-7 0.51/0.31| 5.63/3.46 |1.35/1.35|0.29/0.28
Reactors,
HE-3, HF-7, SF 0.40/0.37| 1.89/1.08 |1.69/1.69|0.25/0.26

Note. Mode of insulation leakage current (symmetrical,
single-phase).

The inclusion of a sine filter downstream of the
frequency converter (in the absence of a HF in the
diagram) results to an increase of K% up to 5.68 %.
This elevation could be attributed to potential fac-
tors such as inaccuracies in selecting the sine filter
and adjusting reactor parameters or the introduc-
tion of HHC to the external power system through
circuits of current leakage in insulation. Converse-
ly, using only a sine filter as a compensator enables
a fourfold reduction in the total coefficient of har-
monic current components compared to the maxi-
mum distortion level (in the absence of a HF).

The combined application of reactors, HFs and
SFs allows for achieving the maximum level of com-
pensation for voltage and current HHC. However, the
rationale for their use, considering the initially low
values of the total coefficient of harmonic compo-
nents, should be justified by the technical necessity
to ensure the quality of electric energy at the section
downstream of the frequency converter.

An additional noteworthy finding from the
study is that the level of HHC and their harmonic
composition is practically unaffected by the mode
of current leakage through insulation (symmetri-
cal/single-phase leakage). This is attributed to the
substantial difference in magnitude (3-4 orders of
magnitude) between the power distribution system
parameters and the insulation parameters of the
current leakage circuit (secondary circuits).

Fig. 3 presents characteristic oscillograms and
spectrograms of current and voltage in the circuits
of leakage through insulation at the FC-IM section.
This is observed in the presence of reactors and HFs
tuned to the 5" and 7" harmonics within the power
distribution system.
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The harmonic composition of current and volt-
age in the phase insulation of the power distribution
system at the FC-IM section, with reactors, HF-5,
HF-7 activated at the TR-FC section, is presented
in Table 2.

It is important to note that the coefficients of the
n-th harmonic component of voltage K, and the
total coefficient of harmonic components of voltage
K, induced in insulation leakage current circuits, in

https://mst.misis.ru/
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the RCD filter branches, and capacitive leakage cur-
rent compensator, are not addressed by GOST". This
is because GOST refers to the quality standard in-
dicators of electric energy in general-purpose power
supply systems.

> GOST 32144-2013. Quality standard of electric
power in power supply systems of general purpose. Moscow:
Standartinform, 2014. 39 p.
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Fig. 3. Oscillograms and spectrograms of current and voltage in insulation leakage circuits with HFs at FC-IM section:
symmetrical mode - leakage current (a), voltage (b); single-phase leakage mode — current in the damaged phase (c), voltage
in the damaged phase (d), current in the undamaged phase (e), voltage in the undamaged phase (f)
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Harmonic composition of current and voltage in phase insulation fable
S Leakage mode I®, Leakage mode I,

K% Ky Kiw?% Kyw%

0 1.05 9.92 41.43 41.45

2 0.4 0.2 0.57 0.57

3 10.5 3.52 25.95 25.85

4 0.75 0.19 3.07 3.05

5 11.1 2.23 19.6 19.4
6 3.02 0.51 1.45 1.43

7 52.58 7.59 1.95 1.87

8 4.16 0.52 0.76 0.74

9 13.49 1.51 4.12 3.96
Total 56.91 8.83 33.03 32.79

The analysis of the harmonic composition re-
vealed that in the symmetrical mode, the 3%, 5%, 7t
and 9% current harmonics, along with the 0, 37 5%,
7%, and 9" voltage harmonics, have the highest value.
The 7% current harmonic and the 0 and 7" voltage
harmonics exhibit the greatest distortion. In the sin-
gle-phase current leakage mode with an active resis-
tance R, = 1 kQ, the 0", 3%, and 5" current harmonics,
as well as the 0™, 3 and 5™ voltage harmonics, are
most pronounced. The 0" and 7™ current harmonics,
along with the 0™ and 3" voltage harmonics, show the
highest distortion.

The presence of the zero-harmonic component of
voltage and current is explained by the existence of
a rectified current source in the RCD metering device
circuit, facilitating the control of insulation resistance
in symmetrical leakage modes. Additionally, the flow
of zero-sequence current in the single-phase leakage
mode, with a spectral composition determined by the
modulated voltage signal at the converter output,
contributes to this phenomenon.

The study revealed that current leakage through
a person induces a broad spectrum of harmonic com-
ponents, impacting the individual. The 3%, 5%, 6t 7t
and 9™ harmonics emerge as the most significant.
Notably, the coefficient K, is considerably higher
compared to its value with respect to the first har-
monic. Such an extensive spectrum may have adverse
effects on the human body. For instance, there is an
increased likelihood of fibrillation if the peak of cur-
rent harmonics coincides with the P- and T-periods of
the cardiac cycle.

Fig. 4 presents characteristic oscillograms and
spectrograms of zero-sequence current and voltage

in RCD metering circuits in both symmetrical and
single-phase leakage modes.

The analysis has revealed a prominent third har-
monic in both voltage and current within the meter-
ing circuits, connection filter branches, and the RCD
capacitive current compensator. Specifically, in the
symmetrical leakage mode, the values of K5 and
K, for the constant component of the third harmon-
ic are significantly compared to those of the first har-
monic.In the single-phase leakage mode, the pres-
ence of zero-sequence current in the RCD metering
circuit results in an increase in K, by up to 25%,
Ky by up to 16%, and K5 by up to 8.5%. To mitigate
the impact of the third harmonic component in the
leakage current within the metering circuit diagram,
a filter was chosen. Its application proved effective
in enhancing the performance and efficiency of com-
mercially available RCDs.

Conclusions and recommendations

1. The incorporation of HFs, reactors, and SFs has
a positive impact on the quality of electric energy sup-
plied to the electric motor through the frequency con-
verter. This approach can be considered for practical
implementation, provided that it adheres to the re-
quirements for explosion-proof electrical equipment
in mines. A crucial condition is ensuring temperature
control within the HF and sine filter housings, maxi-
mizing heat dissipation from live parts and insulation.

2.The decision to install a HF directly on the
low-voltage supply section of a scraper conveyor
should be technically justified. This assessment
should consider the need to achieve high electric
power quality and economically justify the measure.

6/
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FFT window: 5 of 225 cycles of selected signal
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Fig. 4. Oscillograms and spectrograms of current in metering and zero-sequence voltage circuits:
symmetrical mode - current (a), voltage (b); single-phase leakage mode — current (c), voltage (d)

It is essential to account for the fact that HFs and
SFs in explosion-proof version for voltage class up
to 1140 V are not manufactured. Additionally, there
are limitations on mass and dimensional parameters,
along with a requirement for forced ventilation of
structural components.

3. The presence of a HF, reactors, and sine filters
has minimal impact on either the harmonic composi-
tion or the magnitude of coefficients of the harmonic
components in the phase voltage of the system re-
lative to the ground and insulation leakage currents.
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However, additional filtering of higher harmonic com-
ponents in the range of 1-1.5 kHz, utilized for for-
ming the modulated AVI voltage, is necessary.

4. The existence of higher harmonic components
induced in leakage current circuits in both symmetri-
cal and single-phase leakage current modes can po-
tentially disrupt magnetic compatibility during the
operation of the electronic metering circuit, power
supply unit, and the RCD capacitive leakage current
compensator. This poses a potential hazard in case of
contact with live parts of electrical equipment.
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