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Abstract

Successful mining businesses rely heavily on the safety and reliability of their mine power distribution
systems. Mine power distribution systems are designed to withstand an aggressive environment with a range
of hazards. The harsh operating conditions require improvement to personnel protection systems through
the study and simulation of the electric network’s normal and emergency operations. The purpose of this
study is to assess insulation leakage current using an equivalent circuit of a mine power distribution system.
The simulation identified the key properties of the equivalent circuit which can model potential hazardous
situations. We also selected the quantitative metrics and the equivalent circuit property ranges. In order to
simulate the transients, we recommended using the time constants for the oscillation damping in circuits,
the insulation phase resistance properties, and the absorption currents. This paper presents the equations
to estimate these values. As an example, we considered the equivalent circuit of a mine power distribution
system with an R-L filter in the residual current device line. The equivalent circuit helps analyze the current
leakage when a person touches a live phase conductor accounting for low-frequency polarization in the phase
insulation. The proposed approach to the simulation and analysis of the insulation current makes it possible
to generate an equivalent circuit of the mine power distribution system to analyze phase voltage asymmetry,
trip currents of residual current devices, low-frequency polarization of the insulation, and the leakage current
effects on the human body.
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AHHOTauus

XapaKTepUCTUKY 6e30MacHOCTM U HaIeKHOCTY MIAXTHBIX IEKTPOTEXHUUYECKUX KOMIUIEKCOB M CUCTEM BO
MHOTOM 06€eCITeuMBalOT YCIEeNIHOCTb TOPHbIX MpennpusTuii. CIoKHbIe TEXHOJOTMYECKEe YCIOBUS, 0CO-
GeHHO IIpM BeIeHUM IOA3eMHBIX TOPHBIX Pab0T, MHOTOOOpasye MHINBUAYAIbHBIX (PAKTOPOB OIpemess-
10T COBOKYITHOCTb Tpe6GOBaHMIi, KOTOPbIE MPEAbSIBISIOTCS K MOA3€MHbBIM JIEKTPUUECKUM CETSIM TOPHBIX
MpennpusaTuii. Bce aTo omnpenenseT He0OXOAMMOCTb COBEPIIEHCTBOBAHMS CUMCTEM 3alMThl IIepCOHANa Ha
OCHOBE MCC/IeIOBAHMS XapaKTEPUCTUK CeTell, MOIeIMPOBaHMS PEXXMMOB pabOThI, B TOM UMCJIe aBapUITHBIX.
OcHOBHas LieJIb UCCAeI0BaHNUI — 000CHOBaHME CXeMbl 3aMelleHMs IIaXTHOM MOA3eMHOI 3J1eKTPUUIeCcKoit
ceTy IyTeM CHMHTe3a ee CTPYKTYPhI JJIs MOC/IeAy0Ilero aHajin3a peskMMOB YTeUK) TOKa yepe3 U300,
Ha ocHOBe MeTO0B MaTeMaTMUeCKOro MOIe/NMPOBaHMs JaHO 060CHOBAaHME ITapaMeTPOB CXeMbl 3aMelle-
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HMSI MIAXTHOJ TOJ3€MHOI 37eKTPUUECKOi CeTU C yUeTOM YCJIOBUI BOSHUKHOBEHUS U Pa3BUTUS aBapuii-
HBIX ¥ TPaBMOOTACHBIX cuTyaluii. OnpeneneHbl KOJMUYECTBEHHbIE MTOKa3aTenM U AMana3oHbl M3MeHEeHUs
rapaMeTpOB 5JIeMEeHTOB CXeMbl 3aMeleHMs JIeKTPUIEeCcKoii ceTu. [Iy1s1 MaTeMaTu4yeCcKoro MOAenpoBaHus
TepexofHbIX MPOLIECCOB PeKOMEH0BAHO UCII0/Ib30BaHMe 31€KTPOMAarHUTHbBIX TIOCTOSIHHBIX BpEMEHH 3aTy-
XaHUsS KoyiebaHmii B KOHTYpax, 06pa3oBaHHbBIX MapaMeTpamu (hasHbIX COTPOTUBIIEHMIT U30SAINY, & TAKKe
abCOPOIIMOHHBIX COCTABJISIIONINX TOKOB YTE€UKM, M TIPUBEIEHbI COOTBETCTBYIOIME PACUETHbIE COOTHOIIE-
Hu. B KayecTBe mpuMepa npuBeeHa cxemMa 3aMellleH)sI NIaXTHOM MOA3eMHON 3JIeKTPUUECKOV CeTu C aK-
TUBHO-UHAYKTUBHBIM (QWJIBTPOM MPUCOEIMHEHMS] YCTPOICTBA 3aIIUTHOTO OTKJIIOUEHMS, TO3BOJISTIONIAs
BBITIOJIHUTD aHAIM3 yTEUKM TOKA IMPU OJHOIIONIOCHOM IMPUKOCHOBEHMM YeloBeKa K TOKOBexyleit ¢ase,
C y4eToM Ipoliecca HM3KOUaCTOTHO mosspusanyu B hasHoi usonsuun. [IpeaioskeHHbI MeToauIecKuit
[OJXOM, K MOJEJVPOBAaHNIO M aHAIU3Y PEXMMOB yTEeUKM TOKA 4Yepe3 M30JSLMIO [03BOJISIeT OCYLLeCTBUTD
CUHTEe3 CXeMbl 3aMellleHNsI TT0[I3€MHOI1 37IeKTPMUUeCKOii CeTy IJisI aHaIM3a HecuMMeTpun has3HbIX HaTpsoKe-
HUI, TOKOB CpabaThIBAHMS YCTPOICTB 3aLIMTHOTO OTK/TFOUEHMS, TPOLECCOB HM3KOUACTOTHO MOJSIPU3aIUN
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B M30/IsI0UN, BO3[1eJiCTBUS TOKA YTEUKN Ha YeJIOBeKa.

KnioueBble cnoBa

HIaXTHas MoA3eMHad JIEKTPpMYECKas Ce€Thb, PEKMMbI YTE€UKM TOKA, 3allIMTHOE OTK/II0OUEHNE, ITapaMeTPbI M30JI51-

uyn, ucTouHMKY IIIC, 371eKTPo6e30macHOCTh

Ansa LUTUpoBaHusa

Pichuev A. V., Petrov V. L. Equivalent circuit for mine power distribution systems for the analysis of insulation
leakage current. Mining Science and Technology (Russia). 2023;8(1):78-86. https://doi.org/10.17073/2500-

0632-2023-01-72

Terms and Definitions

Leakage Current: the current that flows from
exposed live parts or protective conductors to the
ground in normal operation.

Leakage current type: the current that depends
on the earth-to-phase voltages for different active
resistance and insulation capacitance values.

Absorption current: the amount of current that
flows and is absorbed by the dielectric insulation,
which is caused by polarization and redistribution of
free charges.

Ion conductivity: the movement of charged par-
ticles (ions) under voltage applied to the insulation
with the charge neutralization on the conductor’s
insulation layer.

Introduction

Successful mining businesses rely heavily on
the safety and reliability of their mine power dis-
tribution systems. Mine power distribution sys-
tems [1, 3, 4] are designed to withstand aggressive
environments [1, 2] with a range of hazards [1, 5, 6].
The harsh operating conditions require improve-
ment to personnel protection systems through the
study and simulation of the electric network's nor-
mal and emergency operations.

As mine conductors age, their insulation
resistance reduces. The insulation resistance of each
phase may change either steadily (symmetric leakage
current) or abruptly (single-phase and two-phase
leakage current) [1-3, 5]. Asymmetric leaks lead to
significant phase voltage surges (the undamaged
phase voltage raises to the linear voltage). Such
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surges may damage the electrical equipment and
are an electric hazard, if the exposed phase wire are
touched.

The simulation of leakage currents provides
a sufficiently accurate definition of the most
complicated electric processes (e.g., transients).

Our study included the following stages: se-
lecting the simulation model structure and inputs;
definition of the simulation target; definition of the
numerical experiment procedure; and the processing
of the results.

The core of the simulation model is a system
of equations deducted from the equivalent circuit.
These equations estimate the effects of voltage and
insulation properties on the leakage current.

The literature review identified several ap-
proaches to the leakage current studies applicable to
specific operating conditions of the electric equip-
ment.

Many researchers use equivalent circuits, in order
to simulate the insulation behavior [2, 6, 7]. The key
cable insulation properties are distributed resistance
determined by the quality of the insulating material
along the entire conductor length, and Iumped resis-
tance affected by mechanical damage, aging, moisture
ingress, etc. The ground capacitance is mainly deter-
mined by the length and cross-section of the cables.
Note that the insulation resistance and capacitance
vary as the mine power distribution system compo-
nents are powered up or down according to the startup/
shutdown procedure. For example, the backbone cable
is energized first, and then the branch cables connec-
ting the switchboard to the consumers are powered.



R

The simulation of leakage currents is challeng-
ing because, for more complicated equivalent cir-
cuits, it is extremely difficult to model the transients.
Conventional simulation methods are not quite suit-
able, if we need to consider the properties of residu-
al current devices, phase insulation, current leakage
circuits, capacitive current compensation devices,
and shunt-connected surge protection devices, etc.
These components generate transients in the RC
oscillator circuits which lack proper mathematical
interpretation. A possible solution to this problem
is the simulation of the leakage currents which re-
quires an appropriate equivalent circuit and a set of
variables.
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Goals and Objectives

The purpose of this study is the assessment
insulation leakage current using an equivalent circuit
of a mine power distribution system.

This paper presents the solutions to the following
problems:

- selection of the equivalent circuit structure for
a mine power distribution system and its component
properties;

— deriving the equations for the time constants of
damped EM oscillations in circuits consisting of the
insulation and current leakage paths;

— development of an equivalent circuit to solve a
specific problem related to insulation monitoring and
protective device performance.

a
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—
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L ]
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Model Structure and Input Variables

We used a circuit equivalent to a typical mine
power distribution system up to 1,140 V (Fig. 1).

Let us consider the key components of the
equivalent circuit, in order to analyze the leakage
current paths through the insulation and a person
touching a live phase conductor.

The EMF source (Fig. 1, a) is the secondary
winding of the power transformer installed on a
mobile substation, 6,000/660 (1,140) V.

A residual current device (RCD) is represented
as an RL filter (Fig. 1, b) or an RC filter (Fig. 1, ¢)
(UAKI, AZAK, AZSH, SASU, ASZUS, AZUR models
of RCD) [7, 8]. The RCD is defined with the RC filter
properties. The phase resistances of the branch lines
are R, = Ry, = R, = 15 kOhm, R, = 1 kOhm, and the
capacitance is Ly, = 8 . The measuring instrument is
connected between the neutral of the filter and the
ground. For RCDs with RL filters: phase resistances
are Ry, = Ry, = R = 0.3 kOhm, phase inductances are
Ly, =Ly, =Ly =75 H. The measuring circuit resistance
and inductance are R, = 3.9 kOhm, and L, = 8 H,
respectively [5].

The impedance components of the phase in-
sulations (Z, Z,, Z) vary in the following ranges:
resistance R, = 10.5...300 kOhm/phase; and capac-
itance: C, = 0.1...1.5 pF/phase (Fig. 1, d). The resis-
tance and capacitance of the absorption current cir-
cuit vary as follows: R, = 0.01...10 MOhm/phase,
C,, =0.01...0.5 pF/phase. The impedance components

VD, |\VD, | VD.
& R,
LPN
e
Rhio
RI Rab
C R
J 7= £

=

_fcab

Fig. 1. Equivalent circuit for a current leakage path in a substitution in a mine power distribution system
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of the equivalent leakage path through the human body X X X
(Z,): internal body resistance is R,;, = 0.7...1 kOhm; skin T, = R’“ , Ty= R_Ib’ = ch , (2)
resistance is R,, = 0.5...3.5 kOhm; and skin capacitance fa b e

is C,,=0.3...1 puF (Fig. 1, e). If the voltage exceeds 380V,  where R,,, R, R, are the insulation resistances;
we can simplify the model to Z, = R, =R,,, = 1 kOhm, X, X,, X, are the insulation capacitances

hio

since over 40 V the skin no longer protects from elec-  (X;= 1/(0,C); T, Ty, T;. are the time constants of
tric shocks, and the leakage path resistance isequalto =~ dumped oscillations.
the internal body resistance [9-11]. It was found that the amplitude and damping

The inclusion of RCD in the equivalent circuit of  rate of EM oscillations largely depends on the ratio
the leakage path significantly complicates both the  of the phase resistance and capacitance. The highest
circuit and the simulation model [12-14]. Note that  values correspond to the insulation resistances
the introduction of a neutral displacement deviceand  up to 60 kOhm/phase and capacitances less than
an additional leakage path through the RCD tester = 0.3 pF/phase. In the resistance range of
into the equivalent circuit results in a noticeable R, = 60...300 kOhm/phase and capacitances greater
(15...20 %) increase in the insulation leakage current ~ than 0.5 pF/phase, the T, constants are less than

(especially if an RC filter is present) [5, 7, 15]. 0.1 rad/s and tend to be zero.

The symmetric leakage current values in 380 and The reason is that at high capacitances, the
660 V networks are fairly well known for zero sequence  resistance does not significantly affect the oscillation
equivalent circuits [4, 6, 12]. damping in the phase insulation circuits. The leak

Among the variety of options, the most common  is purely capacitive, and the insulation efficiency
are zero sequence substitution circuits, for which the is sharply reduced. A phase current leak does not

equivalent insulation properties are expressed as: instantly reduce the phase voltage due to a sufficiently

RRR high charge potential of the insulation ground

= L ; C,=C,+C,+C, (1) capacitance.In this case, the electric hazard increases
RR,+RR +RR, dramatically [16-18].

whereR,R,,R, C,, C,,and C, are the phase resistances In order to simulate the leakage with the human

and capacitances. body equivalent circuit (Fig. 2), we specified the

For such circuits, the insulation properties vary  internal body resistance R,,, skin resistance R, and
within the ranges: R, = 3.5..300 300 kOhm/phase,  skin capacitance C, (X, = 1/(®,C,)) and transformed
C;=0.03...1 pF/phase. the model as follows.

The representation of phase insulation with linear The equivalent resistances for the human body
lumped capacitance and resistance models provides equivalent circuit are estimated as:

a more accurate description of the processes in a circuit

with asymmetric leakage current. R X} X, R

For such circuits, the phase resistances and ground R, =Ry, +m’ X, =Ry, "‘m- (3)
capacitances are in the range of R,=31.5...300 kOhm and hs = “hs hs = “hs
C,=0.3...3 pF. Considering the inverse transformation of the

Since we studied leakage currents during a transient R,C, circuit, the human body impedance is:
while the RCD trips, it is reasonable to represent the S PR,
phase insulation as time constants of dumped EM R =Xe +R; X :Xe +R,
oscillations in RC circuits: " R, »oo X, ' @

R. C,

I+
BCTRN _J:ce = (X3)
(X

(Xns)

Fig. 2. Transformation of the human body equivalent circuit
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Then phase resistance and capacitance for
a circuit when a person comes into contact with a live
component are estimated as:
_ RR, . _ X, X, )
Th ’ Ih °
R +R, X, +X,
The time constant of dumped oscillations in the
phase insulation circuit accounting for the human
body properties is:

X
T, =—-1.
I R, (6)
In the case of skin breakdown, the human body
resistance is equal to the internal body resistance
R,,, = 1 kOhm. Therefore, the leakage circuit proper-
ties are:

R, = R, =1;
1+R,
We found that in this case, the T, constant
(2.5...35rad/s) is an order of magnitude greater than
the similar values of the T}, constant (0.1...3 rad/s).
The greatest increment of T, occurs when the
insulation resistance is less than 31.5 kOhm/phase
and the insulation capacitance is less than
0.3 pF/phase. As the insulation resistance reaches
R, > 31.5 kOhm/phase, the T, constants do not
change and depend only on the phase insulation
capacitance C,.
The reason for this is that when a person touches
a phase live wire, the resistance of the leakage
path decreases sharply to 1 kOhm and is virtually
independent of R, In this way, the insulation

X (1+R)
Xp=Xp3 Ty=—""p—75 ()

T

RI Rab C]

— X
(Xab)

Ry C

oo = o o

(Xav)
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resistance is shunted. The leakage current I, and the
constant T,, depend only on the phase insulation
ground capacitance.

In order to incorporate the low-frequency
polarization into the phase insulation model, we
added an RC circuit consisting of the capacitor C,, and
resistor R, with the absorption current i, (Fig. 1, d)
[5, 7, 18].

For the analysis of the transient occurring
in the insulation, direct incorporation of the dif-
ferential link (R,, X,) leads to a more compli-
cated simulation model. This is because the se-
ries RC circuit is a source of interference in the
oscillatory circuit. The equivalent circuit of the
phase insulation can be transformed to include
the resistance and capacitance into the absorption
current (Fig. 3).

The following relationship indicates the time
constant of dumped oscillations in a circuit repre-
senting the insulation resistance and capacitance:

Xy _ X, (RR +Zzb):T RR, +Z

— IF I~ "ab a I~ "ab

g RIF RI (XIXab + Za2b) ' XIXab + thb ’ (8)

whereR,, X ,,Z , are the phase resistance, capacitance,
and impedance; R, X, are the insulation ground
resistance and capacitance estimated as:

— RIRA _ RIZZb .
e RI +RA - RIRab +Za2b ’
) ©)
_ XIXA XIZab

"TX +X, X X,+Z%°

RIF CIF

(Xir)

Fig. 3. Transformation of the equivalent circuit of the phase insulation to include the resistance
and capacitance to the absorption current
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Where R,, X, are the insulation ground resistance
and capacitance for ion conductivity; R,, X, are the
resistance and capacitance to the absorption current
estimated as:

_Ru Xy
R ’

ab

_Ry+ X,
X

ab

R

A

X

A (10)

When C, is comparable to the insulation
capacitance C, T, reaches its maximum [14].

With the above relationships, equivalent circuits
of mine power distribution systems suitable for a wide
range of applications can be generated.

Fig. 4 shows a Simulink simulation model of
a mine power distribution system with an RC filter
in the RCD circuit.

The simulation model functionality is as follows:

- simulation of current leakages through the
phase insulation accounting for the presence of the
RC filter in the RCD circuit;

—analysis of the low-frequency polarization
effect on electrical safety in transient and steady-
state current phase insulation leakages;
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—analysis of transient and steady-state phase
insulation leakages to assess the electric hazard when
a person comes into contact with a live component;

—analysis of current and voltage variations in
the filter and RCD tester circuits for various current
leakage types.

As an example, Figs. 5 and 6 show oscilloscope
patterns of the leakage currents and phase ground
voltages for a single-phase leakage to a human body
(contact with phase A, R, = 1 kOhm), symmetric
insulation properties R, = 300 kOhm, C, = 0.03 pF,
R, =1MOhm,C  =0.01pF, U, =1140V.

With the oscilloscope patterns, we could assess
the instantaneous and effective currents and voltages
in the equivalent circuit nodes, phase angle shifts,
surge currents, and transient periods in case of
a single-phase leakage through a human body.

A comparative analysis of the simulation results
showed good agreement (more than 0.95) with similar
research results [5, 7, 13]. The proposed simulation
model applies to a wide range of insulation and
emergency trip monitoring problems to ensure the
electrical safety of mine power distribution systems.

Ea
Discrete .
le-07s. Eb
Ec
|:| Voltage
in RCD
Ic ©|, la® ._.] circuits
RCD filter currents
Voltage
Loa in leakage
Roa circuits

+p—de

[

|

Leakage
currents

Absorption
currents

||=—-

Fig. 4. Simulation model of a mine power distribution system with an RC filter in the RCD circuit
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CRARION' £ &
“r
A

Fig. 5. Oscilloscope pattern of the leakage currents through insulation, human body, and RCD tester circuit
with an RC filter

Fig. 6. Oscilloscope pattern of the phase voltages and zero sequence voltages
before and after a person touches live phase A
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Conclusions

The proposed equivalent circuit of a mine power
distribution system can be used to analyze insulation
currents and phase voltages as the insulation
resistance changes under symmetric, single-phase,
and two-phase leakages also caused by a person
coming into contact with live components.

The equivalent circuit includes the EMF source,
RCD, and insulation leakage paths. The model
supports extensive ranges of its component pro-
perties including their critical values. The model
gives a more accurate quantitative and qualita-
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tive assessment of the RCD efficiency. It assesses
the acceptable insulation resistance and current
passing through the person, the contribution of
low-frequency polarization to the required insula-
tion resistance, and selects the insulating material,
shunt-connected surge protection devices, and pro-
tective bypassing of damaged phases and residual
current arrestors.

The equivalent circuit of the power distribution
system addresses a range of problems related
to insulation and trip monitoring in the mining
industry.
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