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Abstract. The paper presents instantaneous selective sinouit protection for the cabling of
the underground part of a coal mine and centratrobmlgorithms as a Coal-Mine Power-
Supply ACS Subsystem. In order to improve the bditg of electricity supply and reduce the
mining equipment down-time, a dual channel relagtgution and central control system is
proposed as a subsystem of the coal-mine powerysapppmated control system (PS ACS).

1. Introduction

For coal mines, as dust and gas hazardous area§aflety Regulations [1] require installation of
instantaneous (non-delayed) short-circuit (SC)amtibn systems in 3-10 kV lines extending from the
Central Underground Station (CUS) and undergroustiildution hubs (UDHS). In cases of net-work
failure, protection enables single-shot automatatasing (AR) and automatic transfer switches (ATS)
if used with equipment locking voltage supply towmeo lines and facilities in case of insulation
damage caused by SC.

When used, conventional stand-alone digital protectelays, more specifically, overcurrent
protection relays (OCP), interrupt SC currentshie power-supply circuit instantaneously and non-
selectively by opening all the circuit breakerstioa entire SC current path from the CUS to thetfaul
location. Time coordination between protective yslés unacceptable as provided by the require-
ments [1], while current coordination between prote relays is impossible due to small lengths
(hundreds of meters) of the cable lines in the migtgvork.

Thus, if short circuit occurs in the power-suppisceit of the underground part of a coal mine,
conventional stand-alone overcurrent protectiorl galuse a massive power failure, which signifi-
cantly reduces the electricity supply reliabililgecovering power supply by performing immediate
switching operations in the power-supply systeni wabult in the increased downtime of mining
equipment.

2. Materialsand methods
The dual channel protection includes:
1) Logical Protection (LP) as a main protectioneys
2) Overcurrent Protection (OCP) as a backup prioiestystem.
The main protection is instantaneous OCP with siglgcprovided by blocking signals transmitted
between UDHs and the CUS over the communicatioasra#is.
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The backup protection is instantaneous OCP nortsady opening a circuit breaker carrying SC
current. The non-selective operation is adjustéleesorting to controlled automatic or automated
(by a dispatcher) reclosing (CAR).
In backup systems, following the interruption of ®0rrent, protective relays may provide
controlled automatic/automated supply of standbygrq CASSP).
The two protective relays and centrally controlaysl require the

cus ! creation of channels to transmit data on the stafttlse circuit breakers,
QI protection operation, and transmission of commarmisthe circuit
¥ breakers. Such equipment was developed and isywikeld for state-of-

the-art process-control systems. In particular, fibever-supply control

|
|
|
Wi i subsystem of the Energo Mainten-ance Control Autech&ystem [2]
A uses channeling equipment to create a data netwmikg In-
o2 | dustrialEthernet, RS485 Interface, or copper oerfiptic cable dial-up
! lines.
UDH |ty Let us see how the proposed solutions are appli¢idei circuit sector
Q3 [ [Q4 shown in Figure 1, which includes CUS (Central stewvn substation)
v ! T busbars and two UDHs (underground distribution stub®ns)
: connected by W cabile lines.
w2 I
i Protective Relays
A i In order to rectify SC, it is recommended to uselau logical protection
[ (BLP) implemented in up-to-date microprocessorgutbdn relays widely
Up2 L] 2 £ used in substation switchgears.
The BLP operating principle is as follows: the deling two Kkits
Q6] L Q7 provide current protection in the switchgear breske
T XKl‘t; - The first, instantaneous kit with a time delayQo15 to 0.2 sec is

activated when SC current flows through the proteatelays unstopped
by any blocking signal;

- The second, delayed kit provided with a convergicelective delay
of time is designed to back up the first protection

In substation switchgears, the blocking signataasmitted from feeder protection to input switch
protection kit through the blocking busbar runnatgng all the feeder cells.

As shown in the diagram in Figure 1, in case ofléedailure (K1), the instantaneous protection kit
is activated on this line opening the Q7 switchpuinprotection is blocked by the x signal (the @aksh
line in Figure 1); while the second, delayed proteckit, with a conventional selective delay ohg,
backs up feeder protection.

In case of damage to the busbar (K2 in Figure et is no blocking signal coming from the
feeder. In this case, the instantaneous kit foutiggrotection is triggered to open the Q5 switche T
second, delayed protection kit, with a conventicedéctive delay of time, backs up input protection

However, the stand-alone use of the BLP featurhimwigvery UDH of the mine network will not
block the disconnection of the switches of otherH$DFor example, SC at K1 (Figure 1) will cause
the opening of the Q1 and Q3 switches resultirg lackout for all UDH1 and UDH2 con-sumers. In
order to prevent the disconnection of the switchiess advisable to create additional channels
transmitting the blocking x signal to the proteetikelays on the Q1 and Q3 switches (the dashed-
dotted line in Figure 1), thus enhancing the cdpacof the stand-alone BLP up to the logical
protection of the network.

Backup protection is activated in case of maingmtidn failure or used as main protection when
there are no communication channels between UDldstlssn CUS. However, the direct use of this
second, delayed BLP kit provided with a conventioselective time delay is contrary to the
requirements [1]. Therefore, backup protection nigsbperated instantaneously.

Figure 1. Circuit sector
diagram.
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In particular, the absence of communication chanmetween UDHs and the CUS, and the
occurrence of short-circuit at K1 (Figure 1) witistantaneously open the Q7, Q5, Q3, Q2 and Q1
switches. The undervoltage protection relays wkdnnect the remaining switches. All UDH1 and
UDH2 consumers will be left without electricity. S K2 (Figure 1) will instantaneously open the
Q5, Q3, Q2 and Q1 switches. The undervoltage piiotecelays will open the remaining switches. As
in the first case, all UDH1 and UDH2 consumers dlleft without electricity.

It is advisable to recover the system using the @ABR CASSP algorithms described below.

Thus, for reliable, instantaneous, and selectiwetsatircuit breaking and reduced downtime of the
mining equipment, it is appropriate to use the dim@nnel protective relays interacting properlye Se
the circuit sector (Figure 1) for the options oflsinteraction.

Two protection kits, LP and OCP, are installed @riree circuit breakers. The blocking x signal
channels are laid between the CUS and UDH1 and Uit¢2dash-dotted line in Figure 1).

In the event of short circuit occurrence at K1 (Fegl), fault current will flow through the Q1, Q2,
Q3, Q5, and Q7 switches. The blocking x signal wéép the Q1, Q2, Q3, and Q5 switches closed.
Consequently, in the event of short circuit occoceeat K1 (Figure 1), logical protection will opre
Q7 switch only.

In the event of short circuit occurrence in UDH s (K2 in Figure 1), logical protection (LP) is
expected to open the Q5 switch and transmit thekbig x signal to the Q1, Q2, and Q3 switches.

In case of logical protection failure, backup OGP dctivated on any of the switches to

i instantaneously disconnect the switch.
o The logic of the protective relays on the Q switsh
Q D demonstrated through the diagram in Figure 2 aceomep
> LP Lo o | by the following legend: LP, logical protection (img
TAIY OCP, overcurrent protection (backup); x1, the cotioe
x4 X2 SC current signal; x2, the connection breaking aigx'3,
pr& 3 op H the blocking signal coming from the protective ysla
1 ’_’ below; x"3, the blocking signal transmitted to the
protective relays above; & and 1, the logic element
TA2¢] < (conjunctor and disjunctor); y, the output conjumcignal;
Figure 2. Schematic diagram of dual TAl and TA2, current transformers, and D, signdayle
channel. required to set off the time of the tripping of tlogical

protective relays.

In order to improve the reliability, the LP and OKIE5 must receive signals from different current
transformers.

The main channel of protection (LP) provides instaaous selective tripping of the Q switch. The
backup channel of protection (OCP) provides instagbus tripping of the Q switch in case of main
protection channel failure.

The logic of the OCP activation is described byBloelean expression:

Y E XXXy (1)

They conjunctor output signal is sent to the OCP umitui through the D delay, being a sig-nal
activating such protection. OCP is activated anerajed when the y conjunctor output signal equals
to 1.

The truth table (Table 1) prepared for the expoesgil) demonstrates that any combination of
input signals (1, 2, 3, 4, 6, 7, and 8), other tbambination 5, does not activate OCP. In all cases
except case 5, LP will be activated. LP failureclisracterized by state 5, which has a SC current
signal (x1=1), no blocking signat’8=0), and no LP activation signatZ=0). The conjunctor output
signal (y=1) enables OCP.
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Table 1. Output signals

State Number 1 2 3 4 5 6 7 8
X1 0 0 0 0 1 1 1 1

X2 0 0 1 1 0 0 1 1

X3 0 1 0 1 0 1 0 1

¥ 0 0 0 0 1 0 0 0

The General-Pur pose System for the Representation of an Electrical Circuit

The correct operation of the protection and consydtem is only possible if the topology of the
original circuit diagram is represented properlycl$ representation is designed to both achieve
general purposes and provide an accurate refleafidre circuit structure.

In order to obtain an adequate representationswitches should be divided into structural
switches and feeder breakers. Structural switchtsmine the architecture of the circuit includihg
CUS/UDHSs connections. These are the head switchéseoCUS/UDH connectors and UDH input
switches.

Feeder breakers represent how individual consugatrsonnected to CUS/UDH busbars.

As shown in Figure 1, Q1, Q2, Q3, and Q5 are thecstral switches, and Q4, Q6, and Q7 are the
feeder breakers.

In addition, all the switches are divided by level
connection (CUS, UDH1, UDH2 ..).

Q1 Q2

Cusl  Cus2 CAR Algorithm

Q3 Q4 Automatic reclosing is widely used in power systemas
improve the electricity supply reliability. For aimng cable
network with its own unique features, it is recomighed to use
the reclosing of the switches in order to adjustribn-selective
short-circuit breaking by protective relays.

Q6 As noted above, in the event of short circuit opence in
UDH1_~ UDH?2 K3 the power-supply circuit of the underground paraabal mine,

Q5

Q7 leE; @Q Q8 the use of conventional stand-alone OCP relays eeilise a
K1

w3 4

Wi w2| K2

massive power failure, which significantly reduceke
electricity supply reliability. Recovering power mly by
performing immediate switching operations in thewpo
supply system increases the downtime of miningmgant.

In order to reduce the downtime of mining equipménis
recommended to perform all switching operations ennthe

1
AW

Q9 UDH3 (10 ) )
Q13 control of a power dispatcher operating an autothate
Q“Q leE; workstation (AWS), as it is required, for exampley the
power-supply control subsystem of the Energo MCA$ |
reflecting the status of all CUS/UDH switches amdt@ction

activation control on the screen of the AWS hoshpoter.

Switches can be closed remotely under central abofr,
with the permission of the dispatcher, automatgcdlly a given
algorithm. In the latter case, CASSR features imq@eémented concurrently with blocking the closing
of the switches of the affected component of thegrasupply system.

It should be noted that reclosing can be an unaabkpoption for certain coal-mine consumers. In
particular, startup of a loaded conveyor may leathtreased inertial efforts and overloaded tractio
chains and the drive. This is especially importimmtlong-distance conveyors running the risk of
slipping and the oscillations of the slack strahthe belt. Such situations require blocking thesare
of relevant switches as well as conveyor inspediut adjustment.

Figure 3. Circuit diagram
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The algorithm for circuit recovery after its colgpresulting from short-circuit breaking by OCP
kits can be described by a matrix of signals framtch protection relays (xi=0, protection was not
activated, xi=1, protection was activated.) Thignracontains m columns and n rows, where the m is
the number of switches in the circuit running frdme CUS to where SC occurred, and the n is the
number of the states of the field of signals sesrhfthe protective relays.

The controlled AR possibility is determined by theignal (if y=1, AR is possible, if y=0, AR is
not possible) in accordance with the Boolean exqioas

V=X XXXV X X050,V X, XX,V xx,X5..x, V.V x x,x,..x,,. (2)

Expression (2) allows for a possible failure in #utivation of any of the protective relays. If y=1
CAR is activated: all structural switches, excemt the last Qm switch, are closed under central
control. Expression (2) implies that "incompleteARC is only enabled in case of failure of the pro-
tective relay nearest to where short circuit ocdur

As for the feeder breakers opened due to no volpagsent on UDH busbars, they also will be
closed under central control based on the speatdfiare of the electrical receivers.

To clarify the above-mentioned, let us have a labkhe 3-10 kV circuit diagram (Figure 3)
implementing the stand-alone OCP and CAR featitesier is supplied by different bus sections of
the CUS (CUS1 and CUS2) powering three UDHs. Th8 @4itch on UDH3 is normally opened.
The circuit structure is determined by switches Q2, Q5, Q7, Q9, Q13, Q10, Q14, Q6, Q4, and Q2.
The remaining switches are feeder breakers.

In case of short circuit after the feeder breakél)( the Q14, Q6, Q4, and Q2 switches are
instantaneously opened. Signals coming from theeptiwe relays on these switches will form the
following protection signal matrix (Table 2).

Table 2. Protection signal matrix

No Q2(x,) Q4 (xs) Q6(xe) Q14(x14) Y
1 1 1 1 1 1
2 0 1 1 1 1
3 1 0 1 1 1
4 1 1 0 1 1
5 1 1 1 0 1

The ones in the matrix cells indicate the presafi@geprotection signal, whilst the zeros indicate n
signal. The rows show the possible combinationssighals in case of an error (failure of one
protective relay).

The possibility of controlled AR is determined ety signal (if y=1, AR is possible, if y=0, AR is
not possible) in accordance with the Boolean exqioas

Y Z XX X614V XX X 6X14V XX X 6X14V X X (X 6Xy VX X X Xy 3)

If y=1, the Q2, Q4, and Q6 switches are expectduoketalosed under central control. However, in
case 5 (switch Q14 protection failure), it is recoamded to close the Q2 and Q4 switches only.

CASSP Algorithm
Automated supply of stand-by power is widely usedubstation switchgears for electricity supply to
key consumers with two or more independent powerces.

Let us delve into the centrally controlled actiwatiof such control relays used for cable
distribution network of the mine.
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The CASSP algorithm depends on where SC occurbanntine power supply circuit and the
location of the breaker of the circuit providingawources to power its consumers. [1] prohibits the
subsurface use of loop power systems.

CASSP is expected to be activated following sucbrtshircuit leaving several UDHs without
power after SC rectification and even after AR, i@ the event of SC on the lines connecting stand
alone UDHSs, or SC on UDH busbars (e.g. K2 and KBigure 3).

The standard algorithm for supply of stand-by powmecase of SC at K2 (Figure 3) is as follows:

opening Q10 in case of no voltage present on tlsbdrs and closing the Q13 bus-section switch will
leave UDH2 consumers without power. Therefores feiasible to adjust the CASSP algorithm to the
CAR algorithm in respect of closing all switchescept the last one near the fault location. Howgver
the switch-closing direction will be different. GAR first closes structural switches nearest to the
power source (CUS busbars) proceeding towards ahk liocation, CASSP first closes the switch

normally breaking the circuit proceeding towards fwult location.

As shown in the diagram in Figure 3, in case ofab&z2, after relay protection is activated (the Q4
switcher is opened) without voltage, the Q6, Q8 @id structural switches are opened. In this case,
close the Q13, Q10, and Q8 switches under certrat@ and do not close the Q6 switch nearest to
the fault location.

In case of SC at K3, after the Q6 switch is closgolse the Q13 and Q10 switches under central
control and do not close the Q8 switch.

Close the feeder breakers open without voltagenadR based on the specific nature of the
electrical receivers.

3. Conclusion

A dual channel SC protection system is proposeth®underground part of the power supply system
of a coal mine, including logical and overcurrenbtpction, and providing instantaneous selective
disconnection of the affected component.

In order to reduce the mining equipment downtimes da power system failures, centrally
controlled relay algorithms have been developedrable automatic reclosing and stand-by power
supply. It is shown that centrally controlled redagontinue operating even in case of failure of one
protective relay of a coal mine power-supply citcui
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