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Abstract. For the combined networks of options of plasma expansion of mining holes appeared
impossible to apply the devices of protective disconnection, before developed for the cable net-
works of alternating current and contact networks of direct current, because first from them were
under influence of working alternating current of the combined network. Presented are the results of
research of a plasma devices electrical network modes under the rising of single pole leakages to the
earth in the supply line of a plasmatron. A non-linear model of a semiconductor converter taking
into account currents of back bias diodes of this converter is used. Experimental data received with
a pilot plasmatron in the conditions of the Krivoy Rog iron-ore mines have been analysed, and it has
been found that a relatively high specific resistance of ferruginous quartzites helps to formate emer-
gency operations in combined supply lines of plasmatrons, which have essential differences in
comparison with conventional ones. That is why for electric safety of plasmatrons for iron ore
mines it is necessary to apply a high sensitivity directed current protection, which control, to raise
selectivity, stable and transitional values of leakage currents. An estimation of the current value in
single pole leakage when the current takes place under normal plasmatron operations and under the
absence of isolation failure in the plasmatron supply line leading to lowering of the resistance of
this isolation to the relation to the earth has been made.

Keywords: transition procession, current of escape, diode, resistor and rectifier.

PREFACE

Preparation of charge cavities for placing of explosives in a iron-ore array is an
important technological link at explosive works. In the strong magnetyte quartzites of
mines Kryvbassa creation of caldron cavities is presently possible only by a technical
plasma method with the use of electro-arc plazmatrons (EAP) in quality the executive
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working branch of rock machine — setting of plasma expansion of mining holes
(SPEMH).

Application SPEMH of large power 150-200 kvt [1] in mining industry requires
the safe EAP external environments. The results of experimental researches during
work of the EAP mine showed that at the casual touch to some from 3th phases
which a current flows on, branches fyder submachine gun is the magnetic allowing is
setting, mine network 0,66 Kv exists shock hazard transitional processes arising up in
the chain of loss under act of pulsating electrical arc [2,3].

It should be noted, that development and test of different modifications of the
SPEMH options and working off the technological processes of destruction of strong
ores in the Kryvbass mines passed ahead development of facilities of defense from
the ground leakage, and the questions of safety decided on motion of the SPEMH test
and introduction of technologies of ore-breaking of strong ores on a chamber, driving
of the horizontal and vertical working of a different setting.

1. INTRODUCTION

Electric power of up-to-date mine plasma device is supplied from step-down
transformer through semi-conductor (siliceous) rectifier. All these elements are elec-
trically connected with each other and create combined electric system with three-
phase alternating voltage with isolated neutral wire before rectifier and with direct
voltage and insolated poles after it [1].

It is difficult to provide electro safety of personnel and control of insulation state
of electric circuits in such systems due to difficulties in the detection of low-value
current of single pole escape on the background of high-value current of plasmatron
and comparable currents of technological escape from the case of plasmatron. Ca-
bling between elements of mine plasma devices with the length of several tens of me-
ters gives considerable electrical capacitance (of 10™ pF order) of phases and poles of
plants relative to the earth. All above factors in combination with high value resis-
tance, of 10° Ohm order, of escape current contours to the earth lead to formation of
very durable transient processes with single phase and single pole ground connection
and disconnection.

2. METHODS

High-value resistance of escape current contours that are caused by high-level
specific resistance of solid rocks like ferriferous quartzites with high effectiveness of
usage of plasma plants and frequent usage of idling modes of rectifier of plant in aux-
iliary operations when the arc in plasmatron doesn’t burn, are the cause of strong in-
fluence on values and character of changes in time of escape current to earth of for-
ward and reverse diode resistances of semiconductor rectifier. Thus, the simplest
model of semiconductor diode in the form of unistor [3], when resistance of diode is
not taken into consideration at direct bias of its p-n junction and is assumed equal to
infinity of its resistance at reverse bias of its p-n junction, does not suit for creation of
mathematical model of electric system of mine plasma devices. Consideration of
semiconductor gates is more adequate when used for analysing semiconductor con-
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verters [4] for which idling modes are more typical. However, in mine plasma de-
vices the range of changes of forward current of diodes is significantly wider if com-
pare with instrument transducers due to operational modes of plasmatron when for-
ward currents of diodes are close to their nominal currents. Besides, consideration of
cubic resistance of diode base is needed with high level of injection [3]. Significant
reverse voltage (hundreds of volts) on power rectifier diodes of mine plasma plant
leads to occurring of generation current I, in reverse-biased p-n junction, which can
be considered as proportional to the value of voltage on p-n junction due to Early ef-
fect [2, 3].

3. RESULTS

Taking into consideration all above-mentioned non-linear model of diode of
semiconductor rectifier was used in this work. This model takes into account peculi-
arities of the volt-ampere characteristic of siliceous power diodes used in above-
mentioned plants; and such peculiarities are essential for established and transitional
processes. Current of diode at forward bias of p-n-junction defined by ratio [2, 3]:

i = Iole™e ~1), (1)
D D
Ip=S-q-| 2=p Do), 2
L, L,
q
A=-"1 3
z 3)

where q — is a value of electron charge; k — is Boltzmann’s constant; T — is absolute
temperature of p-n junction; S — is a square of p-n junction; p, — is concentration of
holes in semiconductor of n-type; n, — is concentration of electrons in semiconductor
of n-type; D,, D, — are coefficients of diffusion of electrons and holes, respectively;
L, —average length of diffusion of holes in n-area; L, — average length of diffusion of
electrons in p-area; ugy - voltage on p-n junction.

Voltage on p-n junction is defined by the voltage on diode up, which takes into
account voltage drop on cubic resistance of base Rg with evident ratio

Uge =Up —i-Rp 4)

Value of resistance of base Rp is considered as a constant, independently on the
level of injection of neon carriers in base-area. Resistance of diode with straight bias
of p-n junction is

u u 1
R — D — D . i 5
fB l ]O e/t(uD —ZRB) _1 ( )
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With reducing of the value of straight current through diode i, values of Up and
Ry increases, respectively. If i =0 in (5) and (1) we can get:

) ) 1 1
Rpo=1limRs = hm[—w 1) + RB} =——t R, (6)
0 0

i—»0 i—»0

As 1n reverse current of siliceous diode the component I, is predominated and be-
cause it is caused by generation of pair “electron-hole” in volume of p-n junction, we
will consider reverse resistance of such diode as a constant in the whole range of tol-
erated reverse voltages of the diode

u
Rpg =-2Y, (7)

!BB

where upg — 1s absolute value of reverse current of diode; igg — 1S a value of reverse
current through diode at voltage up.

Comparing (6) with (7) and taking into account that I,/I, = 10° as well as 1/A =
0.025 V at T = 300 K it can be seen that Rz = Rpp, i.€. resistance p-n junction at
starting space of volt-ampere characteristic will be of the same order with resistance
of reverse-biased p-n junction of this diode with straight current passing through this
diode.

Influence of capacitance between anode and cathode of diode can be disregarded
when frequency of supply voltage is close to 50 Hz; in this case its equivalent circuit
can have a form presented in the Fig. 1. On this figure VD1, VD2 are ideal diodes-
unistors, Reg 1s a nonlinear resistor, resistance of which is changed according to ratio
of (5), Rgp is a linear resistor, resistance of which is defined by equation (7).

18 R Rpp
——

VD1l VD2

Figure 1 — Equivalent circuit of siliceous power diode

Total resistance of the circuit (Fig. 1) is defined by singular function in the form
of
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where
llfMD >0 .
sgnup = _ - is Kroneker’s symbol
—ll]FI/lD <0

up > 0 corresponds to forward bias of p-n junction of diode.

For calculation of established and transitional processes let’s represent electric
system of mine plasma plant as an equivalent circuit with concentrated parameters,
shown on the Fig. 2
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Figure 2 — Equivalent circuit of mine plasma devices
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Transformer substation feeding the plant creates three-phase system of voltages
u;, U, uz. Output winding of transformer is switched on according to the circuit with
insulted neutral wire together with cable connecting transformer substation with
plasma plant, it has active resistance of earthing insulation R;, R,, R; and capacitance
C, C,, G5 relative to the earth. On output of converter the wires and cables connect-
ing converter with plasmatron have active resistance of earthing insulation R;, R4
and capacitance Cq., Cyq. relative to the earth. Converter is based on three-phase
bridge circuit with power siliceous gates VD1-VD6.

Due to essential non-linearity of diodes VDI1-VD6 we analyze established and
transitional processes with instant values of current and voltage in the circuit (Fig. 2).
Parameters of diodes in (5) and (6) are defined through voltages on these diodes and
voltage of contact with poles and phases of electric system are input values for de-
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vices of personnel security from electric injuries. And, at last, system (Fig. 2) con-
tains a great number of independent contours and relatively not great number of
nodes. So it is reasonable to fulfill analysis with the help of method of node voltage.
Figure 2 demonstrates node voltage, which allows defining the mode of system
operation and parameters of its non-linear elements. According to the second
Kirchhoff’s law, voltages on diodes VD1-VD3 can be defined by equations:

Up| =Up —Uyge + Uy
Upy =uy —Uyge + Uy )

Up3 = U3 —Uge + U
and similarly for diodes VD4-VD6:

—Upg = Ul —Upqge T U,
—Ups =Uy —Upg. + Uy (10)

—Upe = U3z —Upg. U

Minus sign in the left parts of equations (10) takes into account opposite polarity
of switching-on of diodes VD4-VD6 relative to VD1-VD3.

Full volume of currents of escape through insulation (taking into account their ca-
pacitance components) are defined by node voltage in equations recorded on the basis
of the first Kirchhoff’s law:

duldc + Uide (11)

i1;.=C
ldc ldc dt Rldc

for current of escape from positive pole and

i2dc = C2dc d”2dc + “2de (12)
for current of escape from negative pole.

For circuit on the figure 2 current of one-pole escapes 14, 124c 18 €arthed through
resistance and capacitance of phases of cable feeding converter, so values of this cur-
rent must take into account parameters of R, R,, R3, C;, C,, Cs.

4. CONCLUSION

Experimental-industrial operation of mine plasma devices at Krivorozhsky iron-
ore basin demonstrate that it is necessary to differ two modes of one-pole escapes to
the earth due to great specific resistance of ferriferous quartzites, which were used for
plant’s operation: escape through earthing and rocks, where the plant was installed,
and escapes to the case of the plant, which was metallically connected with earthing
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contour of working place of enterprise. The second type of escapes is more dangerous
for personnel.

Defining of current of one-pole escapes outside the plat’s case, i.e. escapes from
connecting cables and from case of plasmatron, is more important for personnel secu-
rity. So apparatus of protection from one-pole escapes must be of directional effect
and this will allow adjusting the operational current of plasmatron and technological
escapes from its case.

Significant specific resistance of rocks where the plant operates, and compara-
tively small space of contact between case of plasmatron and rocks limit the values of
technological current of one-pole escapes on the level of several milliampere with
operational voltage of DC up to 800-900V.
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AHoTanis. /{71 koMOIHOBaHHUX MepeX YCTAaHOBOK IUIa3MOBOTO PO3MIMPEHHS CBEPAJIOBHH BH-
SIBUJIOCS. HEMOXJIMBUM 3aCTOCYBATH MPUCTPOIO 3aXMCHOTO BIAKIIIOUEHHS, paHille po3poOseHi JUis
Ka0eIbHIX MEPEX 3MIHHOTO CTPyMY M KOHTaKTHHX MEPEX IMOCTIHHOTO CTPyMy, TOMY IO TEpIi 3
HUX MiANaJaau i BIUIMB poO0YOro 3MiHHOTO CTpyMy KOMOIHOBaHOI Mepexi. BukmaneHi pesyib-
TaTH JOCIIDKCHHS PEKUMIB €JIEKTPHYHOI CUCTEMH PYAHUYHOI TUIA3MOBOi YCTAaHOBKH TPU BHUHHK-
HEHHI O/IHOTIOJIIOCHUX BUTOKIB Ha 3eMJIIO B JIAHI[IO31 XKUBJICHHS M1a3MoTpoHa. [Ipu aHani3i BUKOpH-
CTaHa HeJIHIWHA MOJIEJIh CHJIOBOTO HAIBIPOBIAHUKOBOTO MEPETBOPIOBaYa yCTAHOBKH, IO BPaXo-
BY€ CTPYMH IeHepallii 3BOpPOTHO3MIHHUX J10/IiB IIbOTO MepeTBOproBaya. Taka MOJIeNb TO3BOJISIE BH-
3HAYUTU CTPYMH OJHOIIOJIFOCHOTO BUTOKY HANPYyTH JOTHKY B €JICKTPHYHUX CHUCTEMaXx i3 KpeMHie-
BUMH BEHTWISIMU, JJIS SIKUX BEJIMYMHA CTPyMY T'€Hepalii Ha TP MOPSAIKU MEPEBUILY€E 3BOPOTHUN
CTpyM HEOCHOBHHUX HOCIIB 3apsy. [loka3aHo, mo ormop i30Jiiii i eMHOCTI ()a3 CTOCOBHO 3eMITi Jia-
HIIIOTIB JKMBJICHHS CHJIOBOTO HAIiBIPOBIAHUKOBOIO MEPETBOPIOBAYa CYTTEBO BIUIMBAIOTH HA IMPO-
[IECH, IO MPOTIKAIOTh B EIEKTPUYHIA CUCTEMI YCTAHOBKH IPH OJHOMOJIIOCHUX 3aMHUKAHHIX Ha 3eM-
JI0 1 BUTOKAX Ha 3eMJIIO B JIAHIIO31 KMBJICHHS Ia3MoTpoHa. [IpoaHanizoBaHi pe3ynpTaTu eKcIie-
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PUMEHTAIBHUX JTOCII/IKEHb, BAKOHAHUX Ha JIOCBITYEHE-TIPOMHCIIOBOT TIA3MOBIH YCTaHOBII B yMO-
Bax 3ayizopyaHux maxt KpuBopiszpkoro Oaceiiny. BusBiene, 1110 BiIHOCHO BUCOKUIM MTUTOMUI OMIp
3aJI03MCTUX KBapIUTIB, IO JOOYBAIOTHCS B IIbOMY OaceiiHi, cripusie GOpMyBaHHIO aBapiiHUX pe-
KHUMIB Y KOMOIHOBaHUX MEpekax >KUBJICHHS IJIa3MOTPOHIB, IO CYTTEBO BIJIPI3HAIOTHCA BijA THX,
10 MAIOTh MICII€ B 3araJIbHOIIPOMHCIIOBHX TUIa3MOBUX YCTaHOBKaX. ToMy Juis 3a0€3MeveHHs eeK-
TPOOE3MEeYHOCT] eKCIuTyaTallli pyIHHYHUX UIa3MOBUX YCTAHOBOK B YMOBAX 3aJli30pyAHUX MiANPH-
€MCTB HEOOXiJJTHE BUKOPUCTAaHHS BUCOKOUYTJIMBUX CIIPSIMOBAHUX CTPYMOBHX 3aXHCTIB.

Kurouesi ciioBa: nepexiiHi MpoLecH, CTPYM BUTOKY, 101, PE3UCTOP 1 BUIIPSMIISIY.

AnHoTanms. /{1 KOMOMHMPOBAHHBIX CETel YCTAaHOBOK IUIA3MEHHOTO PACIIMPEHUS! CKBAKHUH
0Ka3aJI0Ch HEBO3MOKHBIM MTPHUMEHUTH YCTPOMCTBA 3alIUTHOTO OTKJIIOYEHUS, paHee pa3paboTaHHbIC
JUIs KaOeJIbHBIX CeTel IepEMEHHOT0 TOKA U KOHTAKTHBIX CETeH MOCTOSHHOIO TOKA, TaK KaK IMepBbIe
U3 HUX TIOJBEPrajiiCh BIUSHUIO pab0UYero NepeMEeHHOTO TOKa KOMOMHUPOBAHHON ceTH. M31105KeHbI
Pe3yJIbTAThl UCCIIEOBAHUS PEKUMOB JIEKTPUUECKON CUCTEMBI PYAHUYHON MJIa3MEHHON YCTaHOBKU
NpY BO3HUKHOBEHUH OJHOTOIIOCHBIX yTEUEK HA 3eMJIIO B IETIM MUTAHUS TUIa3MOTpoHa. [Ipu ananm-
3€ UCIOJIb30BaHA HENMHEHHAsi MOJIEb CUJIOBOTO MOIYIIPOBOIHUKOBOIO IpeoOpa3oBaTes yCTaHOB-
K1, YYUTBIBAIONIAsi TOKH T€HEpAIli 00paTHOCMEHHBIX JHOJIOB 3TOTO Mpeodpa3zoBarens. Takas Mo-
JIeNib TI03BOJISIET ONPEAEIUTh TOKM OJHOMOIIOCHOM YTEUKH HamlpsKEHUs NMPUKOCHOBEHHUS B JIEK-
TPUYECKUX CUCTEMaX ¢ KPEMHHEBBIMH BEHTUIISIMH, ISl KOTOPBIX BETMYMHA TOKA TEHEPAIlUH Ha TPH
Hopsi/iKa MpeBbIIIaeT 0OpaTHBIM TOK HEOCHOBHBIX HocuTelnel 3apsaa. IlokasaHo, 4To conpoTusie-
HUS M30JIAIAN U €MKOCTH (Pa3 1Mo OTHOIICHHIO K 3eMJIE IeTel MUTaHMs CHIIOBOTO TIOJTYIPOBOIHH-
KOBOT'O IpeoOpa3oBaTessl CyIIECTBEHHO BJIMSAIOT HA MPOILECCHI, MPOTEKAIOIUe B AJIEKTPUUYECKON
CHCTEME YCTaHOBKH MPH OJHOMOJIOCHBIX 3aMBIKAHUAX HA 3eMJIIO U YTEUKax Ha 3eMJIIO B IICTIH TTH-
TaHus TU1a3MoTpoHa. IlpoaHanu3upoBaHbl pe3ysibTaThl SKCIIEPUMEHTAIBHBIX HCCIEIOBaHUM, BbI-
MTOJTHEHHBIX Ha OIBITHOIPOMBIIIUIEHHOHN TJIa3MEHHON yCTaHOBKE B YCIOBHUSIX JKEJI€30PYIHBIX IIAXT
Kpusopoxckoro 0acceifHa. BbIsiBIeHO, YTO OTHOCUTEIBHO BBICOKOE YJEJIbHOE CONPOTHUBIICHUE XKe-
J€3UCThIX KBAPIIMTOB, TOOBIBAEMBIX B 3TOM Oacceiine, crocoOCTByeT (pOpMUPOBAHUIO aBapUITHBIX
PEXMMOB B KOMOMHHMPOBAHHBIX CETAX MHUTAHMS IIa3MOTPOHOB, CYIIECTBEHHO OTJIMYAIOMINXCS OT
T€X, YTO UMEIOT MECTO B OOILIETPOMBINUICHHBIX TJIA3MEHHBIX ycTaHOBKaX. [loaTomy ams oGecrieye-
HUS DJICKTPOOE30MaCHOCTH IKCIUTyaTallll PYAHUYHBIX TUIA3MEHHBIX YCTAaHOBOK B YCIIOBHSX JKeJe-
30pYAHBIX MPEINPUATHI HEOOXOMMO UCIIONIb30BaHNE BHICOKOUYBCTBUTENBHBIX HANIPABIECHHBIX TO-
KOBBIX 3aIIUT.

KiroueBble cjioBa: nepexoIHbIe MPOLECChl, TOK YTEUKH, O, PE3UCTOP U BHIIPSIMUTENb.

Cmamus nocmynuna 6 pedaxyuio 15.06.2014
Pexomenoosarno k neuamu 0-pom mexu. nayk B.I'. [lleguenxo
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AHHoTauus. B crarbe mpemyioKeH HOBBIA METOJ OINPEIACICHUS CTENEHU HErepMETUYHOCTH
IIaXTHBIX TPYOOMPOBOIOB CKATOTO BO3/yXa C LIEIbIO MOBBIIIEHUS YHEPTOCOSPEKEHHSI TIPH MPOU3-
BOJICTBE, TPAHCIIOPTUPOBAHNUU ¥ MOTPEOJICHUH CIKATOTO BO3[yXa IIAXTHBHIM ITHEBMATHUECKUM 000-
pynoBanuem. [Ipennaraemass MeTog0I0THS (PUKCHPOBAHHBIX O0OBEMOB IMpPEeayCMATPUBAET HCIIONb-
30BaHHUE JBYX TAJIOHHBIX €MKOCTEH, B OJHOW M3 KOTOPHIX (DUKCHUPYIOTCS HadalIbHBIC MapaMeTphl
M3MepeHuil, a B Apyroi — texymue. Ha ocHoBaHuM (h€HOMEHOIOTHYECKOTO MOAX0/1a K OMHCAHUIO
HccheayeMbIX (PU3NYECKHX MPOILIECCOB MOCTPOEHA MaTeMaTHYeCKass MOJIENb ONpPEeeIICHUsI CTETICHU
HET€PMETUYHOCTHU C UCTIOIb30BAHUEM JIAHHOTO METOJa. B MaTremaTueckoil MOIeNn NCTIOIb30BaHbI
OCHOBHBIC 3aKOHOMEPHOCTH MOJIEKYJISIPHO-KMHETHYECKON TEOPUH Ta30B C YUYETOM B3aMMOCBS3U
JaBJICHUS, TEMIIEpaTypbl, 00beMa M BUJa UCIOIB3YEMOro ra3a. BrIomHEeHO MaTeMaTHYeCKOe OMH-
CaHUe TMPOIIECCOB, MPOUCXOAIINX MPU OMPEICTCHUN YTEUKH U3 3aMKHYTOTO 00BbeMa C HCIOJIb30-
BaHHEM paspaboraHHoro metoza. I[lokazaHo, uTo 3QPEKTUBHOCTH HOBOTO MeTOAa OOYyCIIOBJIECHA
MIPUMEHEHHUEM B PACUETHOM aJTOPUTME 3aKOHA COXPAHEHHS MACCHI MPU MOATAITHOM PACCMOTPEHUH
MIPOLIECCOB YTEUKHU U TeruiooOMeHa. [IpumeHeHne mpenaoKeHHOro MeTo1a (PUKCHPOBAHHBIX 00be-
MOB TIO3BOJIUT MOBBICUTH TPEOOBAHUS MO KOHTPOJIO TE€PMETHYHOCTH MTHEBMATHUECKOTO 000PYI0-
BaHUS U CHCTEM BO3yXOMOJauu BO BPEeMs IIPOBEJICHUSI PEMOHTHBIX U PETJIaMEHTHBIX PaboT.

KiroueBblie cj10Ba: cxaThlii BO3AYX, IAXTHBIE TPYOOIPOBO/IBI, CTENICHh HETEPMETUIHOCTH,
MeTo ] GUKCHPOBAHHBIX 00BEMOB, 3aMKHYTHI 00beM, U30BITOYHOE JaBICHUE.
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