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ANALYZING AND IDENTIFYING THE LIMITS OF 660V GRID PARAMETERS
TO ENSURE ELECTRICAL SAFETY IN UNDERGROUND COAL MINES

Purpose. To study the relation between leakage current and time, then to identify some limits of grid parameters to ensure
electrical safety as well as explosion safety corresponding to all operating modes of leakage relay in Vietnam underground mines.

Methodology. In underground coal mines of Vietnam, 660 V grids are characterized by ungrounded neutral point electric sys-
tem. They require very serious and strict operation conditions including electrical safety and explosion safety. In daily operation,
the earth leakage currents (earth fault currents) must be lower than the allowance limit. However, when utilizing many new power
electronic devices such as variable speed drive (VSD), the quantity of connected equipment changes due to the change in capaci-
tance current. After measuring the grid parameters, leakage currents are computed in terms of 3 compensating levels of earth fault
relays. The resulting values of currents are used to build up limit curves.

Findings. Curves of the graphs present the relation between the leakage current and the length of transmission cables associ-
ated with various connecting equipment. The curves may be used to operate the electric system safely and effectively.

Originality. The proposed equations and simulation in Matlab may be applied to all underground mining grids with different
input parameters.

Practical value. Operating curves of the graphs are used to identify the most suitable grids parameters which could ensure elec-
trical safety (keeping the leakage current within the allowance limits). It could help operators or technicians optimize the structure

of grid and ensure its safety.
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Introduction. In Vietnam underground mines, to meet
the demand for increasing productivity, besides of increasing
the nominal voltage of all underground mines from 380 to
660 V [1], the numbers of apparatus installed in 660 V have
also been rapidly developed. The amount of connected elec-
tric equipment on the main 6 kV/660 V transformer has been
increased by about 10 to 15 % to supply longer mining area.
The length of underground cable-feeders has also got a rise of
nearly 20 % [1, 2]. Greater numbers of connected appara-
tuses and longer length of underground feeders make the
grid’s structure and parameters change significantly. Going
along with this change, the number of connection points on
660V grids has also risen causing the decrease in network in-
sulation resistance. This change also brings the threat of elec-
trical unsafe to electricians who normally operate with equip-
ment.

To protect operators working in underground mines, most
electric networks include a leakage protection relay installed in
the main transformer substation [3, 4]. This relay (popularly
called YAKMW) will operate whenever a leakage current occurs
in the grid; its signal will be transmitted to the switching pro-
tective device (low voltage circuit breaker) located at the be-
ginning of 660 V out coming feeders.

Some prior research studies point out that: there are many
parameters affected on the rms of earthing current [5, 6], but
the most impacted ones are: the length of cables, numbers of
motors/equipment connected to the grid [7]. Those parame-
ters are involved in rms of the capacitive component of earth-
ing current (CCEC). In order to reduce the risk of earthing
current, it is necessary to lower CCEC. One of useful and
popular methods is inductive compensation. In Vietnam, the
compensation is implemented in YAKMW. To operate effective-
ly, all leakage protection relays typed YAKW contain a coil
which is used to compensate the capacitance element of leak-
age current [8, 9]. By connecting the compensation coil with
three compensating levels, relays are considered to be the most
effective protection devices on 660 V as well as 1140 V under-
ground mining grids [10]. A typical connection diagram of a
660 V electric power system supplying energy with earth leak-
age relay for an underground mine area is shown in Fig. 1, the
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connection of relay with the ADB feeder circuit breaker and
leakage relay is presented in Fig. 2.

Earth leakage relays in Fig. 2 are designed to continuously
monitor the condition of insulation resistance in mining cir-
cuits. The relay operates in conjunction with an A®B feeder
air circuit breaker box and will open 660 V circuits in the fol-
lowing instances:

- when a mine worker comes in contact with a live part,
and the current which could flow through his body would be
able to reach a value dangerous for human life;

- when a mine worker comes in contact with a machine
enclosure or frame which has accidentally acquired potential
when the protective earthing is defective;

- when in any of the circuit phases, damage or failure of the
insulation results in a fault to earth.

These relays receive supply from a selenium rectifier SR
connected to one of the secondary winding coils (5,—S5) of a
transformer-choke T-Ch. When the insulation of the circuit is
good, the current through the relay R will be insignificant and
unable to operate it, the relay contacts R, and R, therefore re-
main open. The instant the total insulation resistance of the
circuit (i.e. the resistance of all three phases relative to earth)
drops to a value of 3500 ohms or less, a direct current sufficient
for the relay to operate will flow.

The path of this current then becomes: minus terminal of
the rectifier SR, relay winding R, ohmmeters, choke winding
coils (Ch4-Ch,) transformer-choke T-Ch, defective phase,
earth at the fault, the earthing point of the earth-leakage relay,
plus terminal of the rectifier SR. As the relay operates, it closes
its R, contact in the circuit of the trip (opening) coil TC of the
circuit breaker to energize the coil and disconnect the faulty
circuit. The relay simultaneously closes its R, contact. It con-
nects the relay winding directly to the plus terminal of the rec-
tifier by shunting it to earth round the fault in the circuit.
Burning of the relay contacts, and erratic operation of the relay
are thus avoided when an intermittent or arcing fault occurs.

The function of the transformer-choke T-Ch is to inter-
connect the auxiliary d.c. circuit with the three-phase main or
power circuit. An ohmmeter is incorporated to indicate the
total insulation resistance of the circuit relative to earth. The
push button PB provides the means for regularly checking the
relay (when the PB is pressed, it faults one of the phases to
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Fig. 1. A typical connection diagram of 660 V cable to earth
leakage relay in underground mines
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Fig. 2. The connection of earth leakage relay

earth through a resistor rpg). The earth leakage relay must be
installed in the transformer substation and control the main
feeder circuit breaker. Its enclosure must be reliably earthed
and the auxiliary earthing point must not be closer than 5 me-
ters from the local earthing point LE.

Whenever the circuit is opened automatically, it is essential
to locate the fault. For this, all the manual and magnetic start-
ers at the distribution centre must be de-energized and the
feeder circuit breaker re-closed. If the latter trips open again,
the fault is evidently in the armoured cable somewhere within
the section from the feeder circuit breaker to the distribution
centre.

However, if the circuit breaker remains closed, it is neces-
sary to switch on the starters one after another, to determine
which of the outgoing circuits causes the circuit breaker to be
tripped open. The circuit breaker will also be tripped if, for
example, there is a leakage path of 9000 to 10 000 ohms resis-
tance in each of three outgoing flexible cables or motors. Since

these leakage paths will be connected in parallel, the total in-
sulation resistance, when the three above cables or motors are
connected to the supply, drops to from 3000 to 3300 ohms and
causes the earth leakage relay to operate. In such cases, by per-
mission of the mine electrical engineer, the protection may be
slightly de-sensitized by lowering the d.c. voltage, accom-
plished by changing the rectifier supply lead connection termi-
nal S, to S; or even ).

According to the Vietnamese National safety regulations
[11, 12] all the metal frame of motors and electric equipment
are connected to two earthing system, one is an individual
earthing rod, the other is the centralized earthing system lo-
cated at a transformer substation. The illustration of the sys-
tems is shown in Fig. 3.

By the Vietnam National standard [6, 13], the earthing
system must meet the following requirements:

- the earthing value measured at any rod of the earthing
system must be lower than 2;

- the value of the general earthing system measured at the
transformer substation must be lower than 0.5 W,

- all individual earthing rods must be connected strongly to
the essential earthing system by the 4” core of low voltage ca-
bles.

By supplying 660 V AC energy in such systems, whenever
there is an earthing current, it will circulate through the earth-
ing rod to the operation rod of relay for creating the switching-
cut-out signal. The connection diagram of compensation coil
in relay is shown in Fig. 4.

In Fig. 4, the coil contains 3 compensating levels corre-
sponding to 3 changing taps. They are 0 mH (no compensa-
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Fig. 3. Earthing system in Vietnam Underground mines
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Fig. 4. Structure diagram of leakage relay protection relay
YAKH with circulation of earthing current
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tion), 10 mH and 18 mH (partly compensating). Obviously,
when the taps are adjusted among “1 to 3” the grid’s capacitive
value will be reduced. It causes the change in the leakage cur-
rent’s value. Despite the fact that all grids are equipped with
such sensitive leakage relays, there are still accidents of electric
shock caused by the leakage current which is over the allow-
ance limit (10 mA with AC) [9, 10]. Therefore, the managers/
chief operators of mines must limit factors which significantly
increase the rms of the earthing current.

The paper examines the relations of above-mentioned pa-
rameters with value of earthing currents under alternative com-
pensating level of YAKMU to figure out safety operation limits.

Computing the earthing current corresponding to 3 levels of
compensation. Generally, mine workers are affected by either
touching to electric sources or stepping into potential effect
area. Fig. 5 presents 2 common industry practices and equiva-
lent resistance diagram. Because the body of a worker exposed
to an electrical shock forms a shunt branch in an electrical cir-
cuit, the resistance of this branch should be identified to com-
pute the corresponding body current. The hand and foot con-
tact resistances are considered to be negligible. However, the
resistance of the soil directly underneath the foot is usually
significant.

The body itself has a total measured resistance of about
2300 Q hand to hand or 1100 Q hand to foot. In the interest of
simplicity and conservatism, IEEE Std 80-1986 recommends
the use of 1000 ohms as a reasonable approximation for body
resistance (R,,) in both models. “Although in each of the cases
discussed, body resistance shunts a part of the ground resis-
tance, its actual effect on voltage and current distribution in the
overall system is negligible. This becomes obvious when the
normal magnitude of the ground fault current (as much as sev-
eral thousand amperes) is compared to the desired body current
(usually no more than several hundred milliamperes)” [14].

For analysing the electrical safety, it is necessary to iden-
tify the current running through the human being when a man
has touched electric conducting parts of grids. Single line dia-
gram is presented in Fig. 6. In the figure, the value of the
body’s resistance is replaced by Y,, which is inversed value of
R,,. Phase insulation resistance and capacitance are presented
by g gcand 3C correspondingly. Phase A4 is assumed to be the
faulted phase in the grid.

The magnitude of current is calculated by equation [10, 15]

2 2
I ol
3g+—2 | +]30C———
[g r02+032L2J ( r02+m2L2J

2 2’
r ol
3g+g 40| 4300 L
[g &n r02+m2L2] ( r02+0)2L2j

where g, is the body’s admittance, g, = 1/R,,; Cis compensated
capacitance; L is inductance of compensation coil, the coil is
mankind connected to neutral point of the grid.

When the capacitance element of the grid is partly com-

pensated, this value of current is calculated by equation (2).

n= fgn (1)

B

Fig. 5. Touch potential (a) and step potential (b) when a person
is affected by electricity

&~

Fig. 6. Single line diagram of replaced circuit to compute earth
current running through the human body

When the capacitance element of the grid is fully compensat-
ed, the faulted current is obtained by equation (3)

Uf
I, = ; 2
R s R,(6R,+R,)
9R2(1+1u2C%.R%)
;3 ;
" 3R +R 3)

In equations (1, 2) and (3) the current running through the
human being’s body depends strongly on 2 factors [7, 16]:

- C,, — capacitance elements of the grid (which is propor-
tional to the length of feeders and the numbers of apparatus
connected to grid;

- R.;— insulation resistance of the grid.

The following part of the paper will analyse the impact of
these quantities on value of /,, then deduct to the relation the
grid’s parameters to limit 7, lower than the allowance value.

Results and discussion. Identifying the input values for simu-
lation. As analysed above, to determined correctly the value of
faulted current as well as current running through the person’s
body, it is necessary to identify the grid’s capacitance and in-
sulation resistance. Then, those values will be utilized as in-
puts for simulation to obtain the outputs which present the
relations of fault current 7, versus both the length of grid L and
the number of connected motors N. To measure R and C of
some grids in MongDuong underground coal mines the 3 volt-
meter methods [10, 17] were used; the results (with operation
of VSD) are shown in Table 1.

Similarly, other R.;and C,, of underground coal mines will
be measured to input in the simulation.

Simulation results. To identify and form the curves for ana-
lysing the relation of leakage current versus the grid’s param-
eters, Matlab programming is utilized. Fig. 7 expresses the

Table 1

Measurements of R 4 and C_4 in MongDuong underground
coal mine (Vietnam)

No. | Name of mining area kQ/%]iase uF, /%ﬁase
1 Area KT1 5.67 0.45
2 Area KT2 6.48 0.34
3 Area KT3 5.67 0.29
4 Area KT4 6.48 0.33
5 Area -G9-KT2-97.5 5.55 0.37
6 | Area (-170-100)G9 5.91 0.36
7 Area KTCB 1 4.38 0.4
8 Area 06-G9 VuMon 7.17 0.33
9 Area -97.5-180 5.55 0.36
10 | Area G9 Vu Mon 5.91 0.42
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computation of /. — leakage current which is formed from the
above equations. The input data of the simulation is shown in
Table 2.

Simulating results from Fig. 7 are input into programming
block. The integrated and differential equations expressing the
transient process of Fig. 8 are shown in equation 4.

2 di 2

g(l‘bﬂ + Lcap) d;o +§(Rba + Rcap )iro + Rrim + Rcdil =U; (4)
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Fig. 7. The simulation to calculate I. (current running through

relay)
Table 2
Input grid’s data for the simulation
Unoms> | Sotransformers Number of Length of | Inductance of
kv kVA equipment 660V LV | compensation
pieces connected cables, coil of relay
to transformer, m YAKU,
N H
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Fig. 8. Single line diagram of arcing circuit when one phase
earthing in 660V underground mine grids

L = VZI?a_sza.

b 102
3 3
R, _10°,, 10 zxn;
T yS 508

XO[xn .

“@10%n
x= U, sin(of+ ¢).

In the orange block and from equation 4, grid parameters
are incorporated and transformed. They are: R,,and L,, — in-
ductance and resistance of the transformer; R ,,and L, — in-
ductance and resistance of cable from the source to the earth
point; R., — insulation resistance of the grid; #,, — leakage cur-
rent running in the single line diagram, N — the number of
equipment connected on 660 V of the transformer; L — the
length of the grid energized by the transformer; Z,, — the im-
pedance of the transformer. The simulation to form /. = f(N)
corresponding to 3 compensating levels is shown in Fig. 9.

By varying the input data (N and L) corresponding to 3
alternatives of L, — the inductance of compensation coil in
leakage relay, three output blocks of earthing current /,, are
computed, the values of currents are utilized to form curves in
Figs. 10 to 13. Fig. 10 shows the relation of /, versus time with
3 compensation levels: no compensation (blue line with
I, =~ 18 mA), partial compensation — 10 H (red line with
I. = 11 mA); full compensation — 18 H (bubble line with
1.~ 10 mA).

Obviously, in Fig. 10, with the same grid’s parameter the
highest compensation value (3" tap change-18 mH) will result
to the lowest magnitude of leakage current (the bubble curves).
The relations of I, (vertical axis) versus the length of the grid
(horizontal axis) with different connected apparatus (includ-
ing VSD equipment) are presented in Figs. 11, 12 and 13. All
values of /. are referred to the allowance limit (10 mA [11, 15]).
Fig. 11 shows the relation of I, versus the length of 660 V LV
cables with a variable number of motors/equipment (N) con-
nected to the transformer when no compensation is imple-
mented. In the figure, N varies from 5 to 40 motors.

In Fig. 11, /.is much higher than 10 mA despite the length
of the grid. This is the core reason why the grid’s capacitance
is so big (in 660 V) [5, 10]. Therefore, the recommendation is
not to set the /* tap of YAKMU relay in 660V grid.

Similarly Figs. 12 and 13 show the relation of /. =f(L) with
variable N values corresponding to partial and full compensa-
tion.

In Fig. 12, when the relay is set on 2"¢ compensation tap
changer, despite the length of the grid, /. is lower than 10 mA
if the connected apparatus N is less than 3. In case N is bigger
than 5, the value of 7, is bigger than 10 mA with any length of
the grid. The recommendation is as follows: Operators and
managers should consider applying some other technical solu-
tion to protect human beings from danger of electric shock.

In Fig. 13, with highest inductance compensation level,
operators have multiple choices to ensure electrical safety for
human beings. The choice can rely on grid parameters corre-
sponding to variable connected apparatus. For instance, if
there are 10 equipment sets connected to 660 V grid (cyan co-
loured curve), I, can only be bigger than 10 mA if the length of
the grid is bigger than 1.5 km. It means that if the length of an
underground mine is shorter than 1.5 km and the YAKHU relay
is operated with 3" tap changer, it is considered that human
beings are protected from electric shock when earth fault
should arise. Therefore, the selection curves in Fig. 12 deliver
strong recommendations for operators to select the optimal
operating situation to ensure electrical safety.

Conclusions. By making combination of measurements of
the grid’s parameters, the simulations are implemented in
Matlab to curves with different inductance compensation lev-
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Fig. 9. The simulation to form I.=f(N) corresponding to 3 compensating levels
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Fig. 11. The relation of I.= f(t) corresponding to different con-
nected apparatus (N) When there is no inductance com-
pensation on earthing relay (the I*' tap change)

els of earth leakage relay (0, 10 and 18 mH). Basing on curves,
the recommendations have been developed for operators. By
selecting suitable tap-changer of YAKHU relay combine with
different parameters of the grid, a conclusion about electrical
safety could be formed depending on variety numbers of con-
nection apparatus. This method is helpful for most Vietnam
underground coal mines with serious electrical safety regula-
tions and it is approved by VINACOMIN.
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AHani3 i BU3HAYEHHSI 00MeXKeHb mapaMeTpiB
Mmepexi 660 B nya 3a0e3neyeHns
eJIeKTpoOe3neKH B MiI3eMHUX BYTUIbHUX
maxrax
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Mera. BuBunTH 3B’SI130K MiX OJIyKalO4UM CTPYMOM i ya-
COM, a MOTIM BU3HAUUTHU NIeIKi OOMEXEHHS mapameTpiB Me-
pexi 1ist 3a0e3MeYeHHsI eeKTPoOe3NneKu i BUOYyXo0e3IeKkHu,
10 BilIMOBiNAIOTh Pi3HUM pexXuMaM poOOTHU peJjie BUTOKY B
Mig3eMHUX 1axTax B’eTHamy.

MeTtoauka. Mepexi 660 B y migzeMHUX BYTiIbHUX Iax-
Tax B’eTHaMy — 1l €JeKTPUYHI CUCTEMM 3 i30J1bOBAHUMU
HelTpansiMu. BoHM eKcrulyaTyioThcsl B IIy>Ke CEpHO3HUX i
JKOPCTKMX YMOBaX, BKJIIOYAIOUM MUTAHHS eJ1eKTPoOe3neku i
BUOyx00e3neKu. 3a MOBCSAKIEHHOI eKCIulyaTallii CTpyMU BU-
TOKY Ha 3eMJII0 (CTpyMU 3aMMKaHHSI Ha 3eMJI0) MOBMHHI
OyTH HIKYMMM 32 JOMyCcTUMY MexXy. OmHaK TIpu BUKOPHC-
TaHHi 6araTbOX HOBMX CUJIOBUX €JIEKTPOHHUX ITPUCTPOIB, Ta-
KUX SIK MPUBIN i3 peryapboBaHowo mBUaKicTio (VSD), Kinb-
KiCTh MiJKJIIOYEHOTr0 O0JIaJHAHHS 3MIHIOETHCSI Yepe3 3MiHY
eMHicHoro ctpyMmy. [liciisg BUMiproBaHHSI TapamMeTpiB MEpexi
po3paxyBaJiu CTPYMU BUTOKY JiJisl 3 piBHIB KOMITIEHcALIil peJie
3axucty. OTpuMaHi 3HAYEHHSI CTPYyMiB OyJiM BUKOPHUCTaHI
TUTSI TIOOYIOBU TPAHUYHUX KPUBUX.

PesyabraTn. Kpusi rpadikiB okasyoTh CIiBBiIHOILIEH-
HSI MK CTPYMOM BHUTOKY Ta AOBXWHOIO KaOesliB mepeaaui,
OB SI3aHUX i3 PI3HUM CHIOJyYHUM 00JanHaHHSIM. KpuBi Mo-
XKyTb OYTU BUKOPMUCTaHI 1Jis 6e3reyHoi Ta e(heKTUBHOI eKC-
rtyaTtauii eIeKTPUYHOI CUCTEMU.

HaykoBa HoBusHa. [IponoHoBaHi piBHSIHHSI Ta MOJEJIO-
BaHHs B MatLab MoxXyTb OyTu 3aCTOCOBaHi 10 BCiX Mepex
MiA3eMHUX TipHUYUX POOIT i3 PiI3HUMM BXiIHUMU Tapame-
Tpamu.

IIpakTiyna 3HaunMicTh. PoGoui KpuBi rpadikiB BUKOpUC-
TOBYIOTBCSI JIJIS BU3HAUSHHST TTapaMeTpiB Mepexi, 110 Haii-
OLIBII MiAXOASTH, SIKi MOXKYTb 3a0€3IeUUTH ii e1eKTpobe3Iie-
Ky (miaATpUMKa CTpyMy BUTOKY B JOMYCTUMMX Mexax). Lle
MOX€ JOIMOMOITH oIlepaTopaM abo TeXHiYHUM daXiBLsIM
ONTUMIi3yBaTU CTPYKTYPY Mepexi i1 3a0e3neuunTH ii 6e3IeKy.

KunrouoBi cnoBa: mepexca 660 B, i3onvosana Heitmpans,
enekmpobe3nexa, peae 3axXucmy, 8yinbHi waxmu
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