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Abstract

One of the main factors for the effective functioning of the power supply system in highly productive coal
mines is the uninterrupted power supply of underground consumers for the entire process cycle at sufficient
amount of electric energy at a high level of quality and performance. The analysis of electric energy
consumption in highly productive coal mine has shown that about 57 % of electric energy consumers are
located in underground workings. Consumers can be divided into the following areas of basic technological
process of coal production: production areas (13 %); conveyor transport areas (13 %); preparation areas
(8 %), and areas of auxiliary processes of coal production: mine drainage (23 %). The increase in the share
of controlled-velocity electric drives in the total power balance of fully-mechanized longwalls leads to
factors previously atypical of underground power networks. Such factors include changes to the harmonic
composition of the network, arising higher current and voltage harmonics, affecting the supplying network
and causing heating of electrical equipment, power and electric energy losses. Therefore, the most pressing
issues are to improve electric energy quality in underground electric networks of highly productive coal
mines. The study has developed a technique for experimental investigations of quality indicators of
electric energy (presented in the form of algorithm) in respect to specific conditions of highly productive
coal mines. These include dangerous facilities in terms of sudden gas/dust outbursts. This technique was
tested at a number of coal mines of JSC SUEK-Kuzbass. The study also presents the results of experimental
investigations to determine the actual level of total harmonic distortion (factor) in underground electric
networks of fully-mechanized longwalls of coal mines. Of greater importance is justification of higher
harmonic filter parameters. To this end a calculation algorithm based on the developed technique has
been proposed. Research has shown that application of forward and inverse Clarke transformations for
calculating the harmonic filter parameters is applicable for all voltage levels. The simulation model of power
supply system of a coal mine fully-mechanized longwall allows conditions of higher harmonics damping to
be studied by means of a device for improvement of electric energy quality. Applying the proposed technical
solutions to improve the quality of electric energy based on the simulation modeling allowed the successful
damping of higher harmonics to be achieved. For example, the total harmonic components voltage (THD (U))
was reduced from 9.07 to 1.77 %.
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AHHOTaUuA

OpHMM 13 OCHOBHBIX (PaKTOPOB 3(PhEKTUBHOTrO GYHKI[MOHUPOBAHUSI CUCTEMBI 3JIEKTPOCHAGKEHMST BhICOKO-
TIPOM3BOIUTENIbHBIX YTOIbHBIX MIAXT SIBJSIETCST OecriepeboiiHOe MUTaHMe IeKTPOIHEPTHEN TTO3EeMHbBIX ITO-
TpebuTesieil BCero TeXHOJIOTMYECKOTO IUKIIA MTPU TOCTATOUHOM KOJIMUYECTBE 3JIEKTPOIHEPTUM ¢ 06s13aTesb-
HBIM COOJTIOleHMEeM TTOKasareseli ee KauecTBa. AHAIN3 3JIEKTPOIOTPebIeHnsT BhICOKOIIPOM3BOAUTEIbHOM
YTOJIBHOJ MIAXThI TTOKA3aJI, UTO MOPSIIAKA 57 % moTpebuTeneit sIeKTPUUECKO SHeprUM PaCIIONOKEHbI B IO -
3eMHbBIX BbIpaboTKax. [IoTpe6uTeNM MOKHO Pa3geNuTh HA YUaCTKM OCHOBHOTO TEXHOJIOTMYECKOTO ITPoIecca
IOObIYM YIJIsi: MOObIUHBIe yuacTKu (13 %); yuacTKu KOHBejiepHOro TpaHcmopra (13 %); moaroToBMUTeIbHbIE
yuacTku (8 %), M y4acTKM BCIIOMOTaTeIbHbIX ITPOIIECCOB TOOBIUM YIVISI: BOAOOTIUB (23 %). YBennueHue qoam
PeryamMpyeMbIX 3JIeKTPOTIPUBOMIOB B 0011eM 6ajjaHCe MOIIHOCTE BbIEMOYHBIX YYaCTKOB MPUBOAUT K TTOSIB-
neHn0 (HaKTOPOB, He XapaKTepPHbIX paHee ISl TIOA3eMHbBIX JTeKTpudeckux ceteit. K takum dakropam oT-
HOCSITCSl U3MEHEHMe TapMOHMYECKOTO COCTaBa CeTU, MOSBAEHME BBICUIMX TAPMOHMK TOKA U HAIMPSDKEHUS,
OKa3bIBAIOUIMX BAVSHYE HA MUTAIOIIYIO CETh, HArPEeB 37IeKTPOOOOPYIOBAHMS, TOTEPU MOIHOCTY U JIEKTPO-
sHepruu. I103ToMy BONPOCHI MOBBILIEHMS] KaueCTBa MEKTPUIECKON SHEPIUM B MTOA3EMHBIX SJI€KTPUIECKIUX
CeTSAX BBICOKOIIPOM3BOAUTENBHBIX YTOJBHBIX IIAXT SIBJSIOTCS aKTyaJbHbIMU. B pesyibTaTe IMpOBeEeHHBIX
MccIeAoBaHMii pa3paboTaHa MeTOAMKa MPOBEAEHMs SKCIIepUMEHTAIbHbBIX MCCIeNOBaHNI ITOKa3aTeseil Ka-
YyeCTBa JIeKTPUUECKOI SHepruu (TIpeicTaBlieHHas B BUJIe aJITOPUTMA) TPUMEHUTEIBHO K CIIeIU(pUIECKUM
YCIOBUSIM BbICOKOIIPOM3BOAUTEbHBIX YTOJMbHBIX IIAXT, B TOM YMC/Ie OTIACHBIX 1O BHE3aITHBIM BbIOpOCAM ra3a
¥ TpUTK. JlaHHAs MeTonuKa Oblia armpoOMpoBaHa Ha psifie YroibHbIX maxT KoMmmaHun AO «CYIK-Kys6acc».
Takske TmpencTaBieHbl Pe3ylbTaThbl NMIPOBENEHHbIX SKCIIEPUMEHTANbHBIX MCCAeN0BaHMII MO OIpeneIeHnI0
(akTMueckoro ypoBHS CyMMapHOro K03hduIMeHTa TapMOHNYECKUX COCTABJSIOMINX B TMOA3EMHBIX 3JIeK-
TPUYECKMX CETSIX BHIEMOUYHBIX YUACTKOB YrOJIbHBIX IIaXT. BakHOe 3HaueHue uMeeT 060CHOBaHNe Mapame-
TPOB GUIBTPA BBICIINX TAPMOHMUK, ITPeJCTaBIeHHbII aITOPUTM pacueTa KOTOPOro OCHOBbIBaeTCs Ha pa3pa-
60TaHHOI MeTomuKe. VcciemoBaHus 1TOKa3aau, YTO IIpMMeHeHMe MPSIMOro ¥ 06paTHOro Ipeo6Gpa3oBaHuMii
Clarke gyist pacuera mapaMeTpoB (GUIbTPa BBICIINX FAPMOHMK MTPUMEHMMBI /111 BCEX YPOBHEI HATIPSDKEHWIA.
VIMuTaIIMOHHAsT MOJIe/Ib CUCTEMBI JIEeKTPOCHAOKEHMST BBIEMOUHOIO yUacTKa YrOJIbHOI IIaXThl MO3BOJISIET
MCCIeA0BATh YUIOBMS AeMII(UPOBAHMS BICHIMX FAPMOHUK C TTIOMOIIBIO YCTPOICTBA TOBBILIEHMS] KAUeCTBa
97IeKTPUYECKOVi SHepruu. Mcrnonb3oBaHme MpenjioKeHHbIX TEXHMUYECKUX PelleHuii M0 MOBbIIIEHNIO Kaue-
CTBa IeKTPUYECKON SHEPTUYM HAa OCHOBE MMUTAIMOHHOTO MO eI POBaHMS TO3BOIUIIO CAeIaTh 3aK/IlI0ueHye
006 yCremHoM JeMI(GupoBaHuy BbICHIMX TADMOHUK, B YaCTHOCTY, CHYSKEHUY CYMMAapHOTO 3HAUYEHWSI HaIpsi-
>keHUs TapMoHnuyeckux coctapisiiomyx (THD (U)) ¢ 9,07 mo 1,77 %.

KnioueBble cnoBa

YTONbHAS IIaXTa, CUCTEMA IeKTPOCHAOKEeHMS, KaueCTBO JMeKTPUUeCKOi IHeprum, TapMOHMYECKIe COCTaB-
nsiiotiye, 3Hepro3ddeKTMBHOCTD, MOA3eMHble 3IeKTPUYeCcKre CeT; MMUTAIMOHHAS MOJeNb, aKTUBHBIN
WIIbTp BBICIINX FAPMOHMK
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Introduction

The stable operation of highly productive coal
mines at a new technical and economic level forms the
basis for the coal mining industry in Russia [1-3]. This
is due to the current technological and geopolitical
challenges that the Russian Federation is facing.

One of the main factors for the effective functio-
ning of power supply system in highly productive coal
mines is uninterrupted power supply for underground
consumers of the entire process cycle at a sufficient
amount of electric energy at a high level of quality and
performance.

The technological processes in modern coal mines
use power-intensive powerful stoping, tunneling, and
transport complexes, digital telemetric control, protec-
tion, and blocking systems, as well as auxiliary devices.
The high power intensity of the modern highly produc-
tive complexes is provided by various systems of elec-
tric drives, including controlled ones based on semi-
conductor devices, especially thyristor converters [4-6].

The use of these devices causes deviations in the
electrical energy quality parameters from standard levels
and leads to the inadmissible heating of electric motors,
power transformers, cables, and other electrical equip-
ment [7-9]. This poses a danger to the underground
electric networks in highly productive coal mines with
specific operating conditions and integrated techno-
logical process, on which the productivity of the whole
enterprise depends. Therefore, it is of key important to
monitor the quality of electrical energy in underground
electric networks of high productivity coal mines.

Basic Framework

Analysis of electric energy consumption in high-
ly productive coal mine has shown that about 57 % of
electric energy consumers are located in underground
workings. Such consumers can be divided into the areas
of basic technological process of coal production: pro-
duction areas (13 %); conveyor transport areas (13 %);
preparation areas (8 %), and areas of auxiliary process-
es of coal production: mine drainage (23 %), etc. Ful-
ly-mechanized longwalls (stoping areas) are among the
most energy-intensive consumers and the initial step
of the entire technological process of coal production.
Therefore, this stage requires specialattention.

In the historical studies [10, 11] the findings of the
harmonic composition analysis in the electric networks
of step-down substations (SDS) of the highly produc-
tive Polysaevskaya coal mine (JSC SUEK-Kuzbass) were
presented. In particular, Total Harmonic Distortion
Voltage (THD(U)) for the corresponding substations
SDS-12 (48 %), SDS-910 (37.7 %), SDS-948 (41.75 %)
was determined. These results were corrected and up-
graded in the course of the further research. The fin-
ished (upgraded) values of Total Harmonic Distortion
Voltage (THD(U)) for the corresponding substations
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were as follows: SDS-12, 13.48 %; SDS-910, 10.77 %;
SDS-948, 11.8 %.

A fully-mechanized longwall includes the fol-
lowing equipment: coal shearer; powered support;
longwall conveyor; loader; crusher. Examination of
fully-mechanized longwalls has enabled the share of
controlled power of the process electrical equipment
to be identified in the highly productive fully-mecha-
nized longwall of the coal mine.

For the network which is the subject of this study,
the share of controlled power through using converters
is about 15 % for the Eickhoff SL-300r coal shea-rer, but
much higher, about 33 % for the FFC-9 scraper conveyor.
This is due to the use of a soft starter that works for a
short time. However, during repair work the number of
starts can be large. The controlled power percentage of
the FSL-9 loader is 100 %, and its electric motor is po-
wered by a frequency converter. The FBL-10G crusher is
directly connected to the power supply network [4, 5].

It should be noted that about 35 % of electric
drive systems are connected to a power supply net-
work through converters which are the source of
higher harmonics [5, 11]. The increase in the share of
controlled-velocity electric drives in the total pow-
er balance of stoping faces leads to factors previously
atypical of underground power networks. Such factors
include changes to the harmonic composition of the
network, as well as higher current and voltage harmon-
ics which can affect the supply network. They can also
lead to the heating of electrical equipment, power and
electric energy losses.

The research was carried out in the highly produc-
tive fully-mechanized longwalls in the JSC “SUEK-Kuz-
bass” mines. Experimental investigations were conduct-
ed using the method presented in the form of algorithm
(Fig. 1). An Algodue Elettronica UPM 3080 recorder of
parameters was used to analyze harmonic composition
in the underground electric networks of the coal mines.
The analyzer, in addition to measuring the basic pa-
rameters of electric energy, allows individual and total
harmonic distortion (factor) (THD) to be measured for
voltage and current up to the 40" harmonic.

Analysis of the results of the experimental studies
(Fig. 2) showed the significant exceeding of normative
values of the voltage harmonic distortion (factor) Uy,
(for the harmonic components). The 5% and 7" har-
monics are particularly prominent.

Total Harmonic Distortion Voltage (THD(U)) was
determined as:

40 UZ
THD(U)=,|> —100%, 1)
n=2 Ul

where U, — voltage level of the n-th harmonic compo-
nent; n — harmonic number; U; — voltage level of the
1st harmonic.
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GOST 32144-2013 “Electric energy. Electromag-
netic compatibility of technical means” introduces
limits for the parameter (THD (U)) which may not ex-
ceed 5 % (voltage level of 6 kV).

The study allowed the actual total harmonic
component of voltage in the electric network of the
fully-mechanized longwall to be determined. This
amounted to 10.72 %, exceeding the normative value
(not more than 5 % according to GOST 32144-2013) by
2.14 times.

( Beginning
4% Measuring EEQI

Checking
the EEQI compliance
with GOST

Yes

Determination of the list of EEQI
to be improved

v

Determining EEQI excessive value
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it is possible to eliminate
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Development of recommendations
to improve the EEQI

v
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to improve the EEQI
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No
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Fig. 1. Algorithm of experimental studies
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The improvement of electric energy quality pa-
rameters in underground networks in highly pro-
ductive coal mines may be achieved through the
installation of resistivity bridge harmonic filters
[12-14]. In order to select the optimal resistivity
bridge harmonic filter, an algorithm was developed
(Fig. 3). Selection of the resistivity bridge harmon-
ic filter based on this algorithm was carried out
through determining the power factor. If the power
factor requires upward correction, then a resistivity
bridge harmonic filter is proposed for installation.
If no correction is required, then a number of passive
narrow-band (higher) harmonic filters or a passive
broad-band (higher) harmonic filter can be installed
[15-17]. The experimental study showed a low power
factor cos ¢ = 0.77 at the fully-mechanized longwall.
Thus a resistivity bridge harmonic filter was adopted
as a higher harmonic filter. Examination of the ex-
isting resistivity bridge harmonic filters shows that
the most common connection diagram for resistivity
bridge harmonic filter connection is the diagram with
its parallel connection to the network with capacitive
storage. This is due to the simplicity of the filter im-
plementation [18, 19].

The general operation principle of a resistiv-
ity bridge harmonic filter consists of the following:
active generation of compensating current (Isgr)
in antiphase with the load-affected current harmo-
nic distortion (I;,44), mutual compensation of these
currents; and obtaining a sinusoidal current as a re-
sult (Igrid)-

The theoretical basis for the creation of resis-
tivity bridge harmonic filters is the instantaneous
power theory (p-q Theory) presented in [19, 20].
According to this theory the instantaneous power
is determined in the time domain through trans-
formation of the voltage and currents from an abc
reference frame to components in a stationary
of0 reference frame. This is known as the Clarke
transform.

In the case of underground electric networks of
coal mines, where there is no zero protective conductor
(insulated neutral mode), the matrices of Clarke trans-
forms will be as follows:

- forward Clarke transformation for voltages in
underground coal mine networks:

1 1
——— —— ||u
Uy |_ |2 2 ua
u| V3|3 B[P @
oy T

where u, — projection of voltage vector on o axis;
ug — projection of voltage vector on B axis; u, — volt-
age of A-phase; u, — voltage of B-phase; u,— voltage of
C-phase;
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—inverse Clarke transform for voltages in under-
ground coal mine networks:

1 0 |
|1 VB ],
PUN3L 2 2 |y | ©)
Llc 1 \/g

2 2

— forward Clarke transform for current in under-
ground coal mine networks:

1
l(X
iy
where i, — projection of current vector on a axis; i —
projection of current vector on B axis; i, — current
of A-phase; i, — current of B-phase; i. — current of
C-phase;
—inverse Clarke transform for current in under-
ground coal mine networks:

1

2 2

2
2 2

~. _~.
Q

~.
(S
-

“4)

C
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Instantaneous total power in complex form:
s=0l = (u, + jug) iy, - jiz) =

(6)

D =Uyly, +Ugly =P+ P;

q=Ugl, —Uyly =q -,

where p — instantaneous actual (active) power; g — in-
stantaneous fictitious (reactive) power; p — average
value of active power; p — pulsed active power (average
value is equal to 0); g — average value of reactive pow-
er; q — pulsed (oscillating) part of reactive power.

The levels of currents in matrix form in coordi-
nates o and [ are defined as:

q

HE=

The levels of currents in o and B coordinates are
defined as:

Uy,

1
T2 2
u, +uB

Ug

7
N 0

) 1 0 P 5+uOC B u, a+ U, i
1 . - )
l.a 2] 1 ﬁ i Cwdw ulvw wlul o ul vl
PN 2 2 ||g | ) ) ) ) ) ®)
le B B - B = B~
1 _ﬁ B 2 T e il 22T
L 2 2 o B o B o B o B
7 .
6_
5_
X 44
S
S
: 5]
2_
1_
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[ Fully-mechanized longwall of “S.M. Kirov” Mine, THD(U) C-phase, %

Fig. 2. Harmonic composition at the feeder cubicle of the fully-mechanized longwall
of “S.M. Kirov” Mine (JSC “SUEK-Kuzbass”)
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The capacitance of the storage capacitor of the re-
sistivity bridge harmonic filter according to [16] can be
defined as:
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T/12
| @, +P)dt
)

0
AU (AU +2U,)’

where C - capacitance of storage capacitor, uF; T -
supply-line voltage period; T, — capacitor distortion
power (rectified voltage), VA; P, — IGBT losses power,
VA; AU,c - magnitude of rectified voltage variation, V;
U,c — magnitude of rectified voltage, V.

In order to determine the capacitance of storage
capacitor of a resistivity bridge harmonic filter we take
the following assumptions:

40
T,=\3UY I,;
n=2

40
T, =31 U,;
n=2

(10)
. 1 .
Py = Poong + Py = Ll +§UCEmaX ICmaX ’
AUdC = O, OSUdC 3
where U - first harmonic rms voltage, V; I, — nth har-

monic component current, A; I — first harmonic rms
current, A; U, - nth harmonic component voltage, V;
P, — IGBT static losses power, VA; P, — IGBT dynam-
ic losses power, VA; i. — instantaneous IGBT collector
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current, A; u, — instantaneous IGBT emitter-collector
voltage, V; Uck,,,, — maximum IGBT emitter-collector
voltage, V; Ic,,., — maximum IGBT collector current, A.
In this case, the resulting formula for calculating the
storage capacity of a resistivity bridge harmonic filter
for voltage levels of distribution networks of highly
productive coal mines has the following form:

T/12 1
U,+ += U I dt

.[ [[Ul z ( u CEmax Cmax j] (11)

AU, (AU, + ZUdC) '

Results of calculating storage capacity of resis-
tivity bridge harmonic filter at different voltage levels
of underground mine distribution networks are shown
in Fig. 4.

The calculation of the input choke inductance
of the resistivity bridge harmonic filter is as follows:

AU
2nfl’
where AU - is choke voltage losses, V; f — is power fre-
quency, Hz; I — current, A; L — inductance, H.

The value of the input choke inductance of the re-

sistivity bridge harmonic filter is calculated based on
the total power of the circuit S =3UI and (12):

_\3UAU
2nfS
The results of calculating the inductance of the in-
put choke of resistivity bridge harmonic filter for volt-

age levels of underground mine distribution networks
are shown in Fig. 5.

C=2

AU=2nfLI or L= (12)

(13)

3000
2500 -
. 2000 A
=
z
'S 1500 -
Q
e+
@]
1000 A
500 -
0 - —
50 100 150 200 250 300 350 400 450 500
Power, kVA
——380B -— 660 B 1140 B =>&=3300 B == 6600 B

Fig. 4. Parameters of storage capacity of resistivity bridge harmonic filter
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Practical implementation of research findings

The study allowed for a device for automated mon-
itoring of electric energy quality parameters to be de-
veloped.

The device is installed in the power train of ful-
ly-mechanized longwall of a mine. When current flows
through the device, the analyzer determines the main
parameters of electric energy quality (power factor,
harmonic composition, etc.).

The research findings regarding the possibil-
ities of higher harmonics dampening in under-
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ground networks of coal mines using the proposed
device allowed a simulation model of the power
supply system to be built (Fig. 6) This model estab-
lishes the possibility of reducing higher harmonics
effect on the supply network. The model includ-
ed a three-phase universal meter which allows the
waveform at the voltage source to be estimated
when the higher harmonic components compensa-
tion system is OFF and when it is ON. An oscillo-
graph is used as the output device of the three-phase
universal meter.

0.05
0.04
s
8‘ 0.03
=)
I
g
E 0.02
0.01
0 L= L L =
250 500 750 1000 1250 1500 1750 2000 2250 2500 2750 3000
Power, kVA
—=o— 380 B —e— 660 B 1140 B —e— 3300 B =o— 6600 B
Fig. 5. Parameters of input (prefilter) choke of resistivity bridge harmonic filter
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The model also includes a resistivity bridge har-
monic filter, connected to the power supply system of
the fully-mechanized longwall. The resistivity bridge
harmonic filter includes: an input reactor; a three-
phase active bridge rectifier based on high-voltage
IGBTs; a capacitive storage of the resistivity bridge
harmonic filter C; and the filter control system. The
simulation model includes several subsystems: LOAD
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(load (Fig. 7)); CLARKE resistivity bridge harmonic fil-
ter control system (Fig. 8).

The LOAD subsystem of the simulation model in-
cludes three step-down substations (TEC 1324, TEC
1534, TEC 1324) of the fully-mechanized longwall
power train and a number of subsystems which simu-
late the load of the electric networks of the longwall:
EickoffSL-300, FBL-10Glinik, FSL-9 Glinik, FFC-9 Glinik.
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Fig. 9. Results of the simulation modeling of power supply system for a coal mine fully-mechanized longwall with basic
process equipment and a resistivity bridge harmonic filter

The simulation modeling of power supply system
for a coal mine fully-mechanized longwall with basic
process equipment and a resistivity bridge harmonic
filter (Fig. 9) showed significant reduction of the to-
tal voltage of harmonic components (THD (U)). This
confirms the effectiveness of the resistivity bridge
harmonic filter in underground electric networks of
coal mines.

Conclusion

The study presents the results of the first ex-
perimental investigations to determine a number of
electrical energy quality indicators in specific con-
ditions in coal mines with highly productive ful-
ly-mechanized longwalls using the technique herein
developed. For example the results of determining the
total harmonic components voltages (THD (U)) and
power factor cos ¢ are given. Furthermore, the study
also substantiated the effective application of devices
aimed at improving the quality of electrical energy in
underground electric networks of highly productive

coal mines, the selection of which was carried out
using the proposed technique. The parameters of the
device were adjusted using the proposed technique.
This allowed the analytical dependences to be ob-
tained. It also allowed the parameters of the resistivi-
ty bridge harmonic filter for the specific conditions of
the underground electric networks to be determined
depending on the harmonic composition, voltage lev-
els, and power of consumers of the fully-mechanized
longwalls.

A simulation model of a power supply system of
a fully-mechanized longwall aimed at investigating
the conditions of higher harmonics dampening us-
ing the device for improvement of electric energy
quality was constructed. Application of the proposed
technical solutions, in order to improve the quality
of electric energy based on the simulation modeling
allowed successful damping of higher harmonics to
be achieved, for example, a reduction of the total
harmonic components voltage (THD (U)) from 9.07
to 1.77 %.
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