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Mine electrical distribution and utilization circuits have
evolved into complex systems that must conform to numerous
regulations, mandated by government agencies. The power
systems in most industries are located in stationary, perma-
nent facilities and are not subjected to harsh operating condi-
tions. This is not the case with the mining industry. Mining
equipment is usually mobile and self-propelled, powered by
portable cables. With the extraction of the mineral or rock,
the electrically driven machines must advance, followed by
their source of power. Each move stresses both equipment
and cables by their being dragged over rough surfaces and
impacted. Also, the noncontinuous mining process subjects
electrical components to rigorous duty cycles, with a high de-
gree of shock loading. Environmental conditions of the mine,
such as dirt, dust, and water, detrimentally affect the insulat-
ing properties of equipment and increase the possibility of
electrical faults. Because of these circumstances, the safe and
reliable operation of a mine power system requires elaborate
grounding and ground-fault protection systems.

Another critical factor that affects the design and fabrica-
tion of mine electrical systems is the ever-present potential
for explosion, particularly in underground coal mines. Coal
and other carbonaceous rock formations can store large
amounts of methane, which are subsequently liberated during
the mining process. Methane can also be found in some non-
coal mines, most notably in trona mines and in some potash,
limestone, oil shale, and salt mines (1). A methane—air mix-
ture in the proper proportions will explode if an ignition
source is present. Thus, in some areas of coal and other gassy
mines, electrical equipment must be built with explosion-
proof enclosures. For some very-low-power applications, such
as monitoring, control, and some types of lighting, intrinsi-
cally safe circuits are used. These circuits limit the amount of
energy to a level below that required to ignite an explosive
methane-air mixture.

A final factor, physical size of the mine openings, places
constraints on electrical equipment. Low seam heights in un-
derground mines, sometimes less than 1 m, cause severe limi-
tations on the physical size of electrical equipment. The de-
sign of low-profile equipment, which can fit and be
maintained within these confined spaces, is very challenging.

Given the unique set of operating conditions in the mining
industry, the design, fabrication, installation, and mainte-
nance of the electrical equipment are both fascinating and de-
manding.

HISTORY OF MINE ELECTRICAL SYSTEMS

Electricity was first introduced into mines shortly before the
beginning of the twentieth century in the form of direct cur-
rent for rail haulage, with batteries serving as the first power
source (2). Even though constrained by rails, battery-powered
vehicles were very mobile. Soon thereafter, 250 V or 550 V
trolley wires were installed in mines. The first electrically
driven mining machine, the coal cutter, was introduced in the
early 1920s and was soon followed by the loading machine.
(For a general description of the mining machines discussed
in this article, see Ref. 3.) Direct current powered these ma-
chines, since the dc trolley was readily available. The battery-
powered shuttle car, which hauls coal from the working face
to the primary haulage system, was invented in 1937. The
addition of an automatic cable-spooling device soon occurred,
which overcame deficiencies associated with batteries. Con-
tinuous mining machines became popular in the late 1940s
and were initially powered from the dc trolley line. As the
horsepower requirements of the continuous miner grew, the
dc trolley quickly became inadequate for the power distribu-
tion system. The use of three-phase alternating current for
distribution and utilization proliferated during the 1950s and
1960s. Initially, 2300 V or 4160 V was used for the distribu-
tion voltage, but these levels later increased to 7200 V. The
distribution systems for modern underground mines typically
operate at 12.47 kV, 13.2 kV, or 13.8 kV.

With the introduction of alternating current into mines,
440 V became the popular utilization voltage. However, the
power requirements of mining machines continued to in-
crease, which resulted in increased trailing cable sizes until
the cable’s weight was almost more than personnel could han-
dle. To compensate, the utilization voltage was first increased
to 550 V. More recently, manufacturers have produced ma-
chines with 950 V, 2300 V, and 4160 V motors to overcome
trailing-cable problems. The two higher voltages have re-
cently gained popularity with high-capacity longwall mining
systems. Title 30, Code of Federal Regulations (CFR), classi-
fies voltage levels for mines in the United States as follows:
low voltage—0 V to 660 V, medium voltage—661 V to 1000
V, and high voltage—greater than 1000 V. Equipment op-
erating at the different voltage levels is subjected to different
safety regulations as defined by the CFR.

MINE POWER SYSTEMS

Although numerous power-distribution arrangements exist,
the radial system is by far the most popular configuration in
mining. Figure 1 shows a one-line representation of the un-
derground portion of a longwall coal mine. A large variety of
power-system practices and equipment exist; however, Fig. 1
is a relatively good representation of the equipment that can
be found in this type of mine. It should be noted that Fig. 1
only shows the underground portion of the power system; sur-
face loads, such as the preparation plant, mine-ventilation
fans, and belt conveyors, may constitute a combined power
requirement larger than that of the underground loads. To
illustrate current practices in the mining industry, a modern
longwall power system will be discussed in this article. This
type is more sophisticated and complex than most other mine
power systems. Some mines utilize dc trolley systems for the
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Figure 1. One-line diagram of a longwall power system illustrating a radial arrangement com-
monly used in the mining industry.
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transportation of workers and supplies. The mine associated
with the power system of Fig. 1 uses diesel or battery-pow-
ered equipment for these purposes, since the one-line diagram
does not include trolley rectifiers.

Mining companies typically purchase electric power from a
utility company; however, in very remote locations, electric
power may have to be generated on site. Figure 1 shows a
utility connection at 115 kV. For the system in Fig. 1, a 12/
16 MVA OA/FA (oil air/forced air) power transformer in the
surface substation steps down the utility’s transmission volt-
age of 115 kV to the mine’s underground distribution voltage
of 13.8 kV. The mine operator or the utility company may
own the power transformer—both methods are common. (The
surface substation will be discussed in more detail in a subse-
quent section of this article.) The power system enters the
mine by means of a borehole, which is a steel-cased hole
drilled from the surface to the mine. The depth of this hole
typically varies from 100 m to 700 m for coal mines. At the
bottom of the borehole, the power system begins its radial
branching to supply various equipment at numerous locations
throughout the mine. Although not shown in Fig. 1, single- or
double-breaker switchhouses, which are portable metal-
enclosed equipment, allow branching of the radial system
and provide protective relaying.

In Fig. 1, the distribution voltage throughout the mine is
13.8 kV, although 12.47 kV and 13.2 kV are common. The
primary loads for this example include belt drives, continu-
ous-miner equipment, and longwall equipment. Figure 1
shows the various utilization voltages that are used for differ-
ent applications. The belt drives in this example use 4160 V,
but 480 V and 600 V are also commonly used, depending on
motor sizes. Soft-start or variable-frequency drives are typi-
cally used with the lower voltages of 480 V and 600 V;
whereas with 4160 V, across-the-line starting is commonly
used in conjunction with fluid couplers or controlled start
transmissions (CSTs). Direct-coupled wound-rotor motors still
find use in some applications, and modern dc drives have
gained popularity. Reference 4 presents a thorough descrip-
tion of the various types of conveyor drives used in the min-
ing industry.

In addition to mining coal, the major function of continu-
ous-miner sections is to develop mine openings for the long-
wall operation. The primary equipment associated with a con-
tinuous-miner section includes the continuous mining
machine, a roof bolting machine, shuttle cars or ram cars, and
a feeder/breaker. Other ancillary equipment may include
scoop tractors and their battery-charging stations, rock dust-
ers, and pumps. Figure 1 shows a 1250 kVA power center
supplying each of the two continuous-miner sections. These
power centers essentially consist of input and output plug/
receptacles, a high-voltage disconnect switch, a three-winding
power transformer with fused primary and surge protection,
a neutral-grounding resistor, molded-case circuit breakers for
each outgoing circuit, and the associated protective relaying.
Continuous miners usually operate at 995 V, which is at the
maximum extreme of the medium voltage classification. Fed-
eral regulations in the United States permit only low or me-
dium voltage to be used at the working face (the area of the
mine where coal extraction actually occurs), without the ap-
proval of a petition for modification by the Mine Safety and
Health Administration (MSHA). Generally, the remaining

electrical equipment on the continuous-miner section typi-
cally operates at low voltage (600 V or 480 V).

Longwall mining provides the most productive method of
mining coal in deep underground mines. In the United States,
this type of mining, shown in Fig. 2, generally consists of driv-
ing two to four parallel gate entries (tunnels) with continuous
miners. These gate entries are located on both sides of a large
block of coal. One set of gate entries is referred to as the head-
gate; the other is known as the tailgate. Sets of entries at
the extreme ends of the coal block connect the headgate and
tailgate. A shearing machine extracts coal bidirectionally,
along the width of the block between the headgate and tail-
gate entries. The width of the block typically ranges from 250
m to 350 m, and the block’s length frequently exceeds 3000
m. The equipment for a longwall system basically consists of
a shearer, a coal haulage system, and a self-advancing roof-
support system. The shearer mines laterally across the block
as it propels itself along an armored face conveyor, which
transports the newly cut coal to the belt conveyor at the head-
gate. Self-advancing hydraulic roof supports protect the work-
ers, shearer, and armored face conveyor from the caving roof
along the entire width of the block. The caved area behind
the roof supports is referred to as the gob. Shearer-initiated
roof-support advancement is a rapidly developing technology.
Sensors detect the shearer’s location, and a processor auto-
matically controls the advancement of the roof supports. Also,
automatic control of the cutting height of the shearer (auto-
steering) is under development (5).

The longwall power equipment consists of a power center,
motor-starting unit, and controller, as shown in Fig. 1. Each
of these components will be discussed in detail, later.

SURFACE SUBSTATION

Figure 3 shows a one-line diagram of a surface substation. As
stated in the previous section, the power transformer may be
owned by the utility company or the mining company. If the
utility owns the transformer, it generally maintains its own
substation adjacent to the mine’s substation, and the utility
is responsible for the maintenance and repair of the trans-
former. If the mining company owns the transformer, the
company maintains it. With this arrangement, the mining
company receives a discounted rate structure, since the mine
is fed directly from a transmission voltage. Both types of own-
ership are common in the mining industry.

The CFR requires high-resistance grounding for all circuits
that feed portable equipment. Thus, most coal mining appli-
cations utilize delta-wye connected transformers, since the
wye-connected secondary provides a neutral point that can be
connected to ground through a resistor, as shown in Fig. 3.
For distribution applications, the neutral grounding resistor
typically limits maximum ground-fault current to 25 A. If the
transformer has a delta-connected secondary, a neutral point
for the system must be derived by a zig-zag or grounding
transformer.

Substation transformers are almost always liquid (oil) im-
mersed. The standard ratings for substation transformers are
based on an allowable average winding temperature rise of
65°C. The transformer capacity always has a self-cooled OA
rating and may also have an FA and forced-air-and-oil (FOA)
rating. The transformer shown in Fig. 3 has an OA rating of
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Figure 2. A plan view of the general layout of a longwall face shows the shearer extracting coal,
laterally across the face, while the roof support system advances. An armored face conveyor
transports the coal to a belt conveyor, and the roof caves behind the shields.

12 MVA and an FA rating of 16 MVA. Voltage taps are pro-
vided in the primary winding—two 23% above and two 2;%
below the nominal voltage. In some instances, voltage regula-
tors, which utilize automatic tap changing under load, are
used.

Figure 3 shows two gang-operated disconnect switches, one
mounted on a pole with the other located in the power house.
For safety purposes, US regulations require a visible discon-
nect, which can be locked out in the open position, when per-
forming maintenance on downstream equipment or circuits.
A key interlock system can provide an interlock for the main
disconnect switch, so that access to the outgoing circuits can-
not be gained unless the main disconnect is open. The main
disconnect switch is usually interlocked with the circuit
breakers to prevent opening the disconnect switch under load;
in other words, the breakers will trip prior to contact separa-
tion of the disconnect switch.

Figure 3 shows two separate ground fields, a station
ground and a safety ground. Federal regulations in the
United States require these two ground beds, and they must
be separated by a minimum distance of 8 m. The safety
ground generally consists of a driven-rod ground bed, which
has a resistance of 4 ) or less, when measured by the fall-of-
potential method (6). Only the frames and ground connections
of the equipment in the mine are permitted to be connected
to this bed. Since mining equipment frequently changes loca-
tion, the safety ground bed is established at a fixed location
near the surface substation. The low-resistance safety ground
bed prevents dangerous potentials from being developed on

mining equipment frames if an electrical fault occurs. Refer-
ence 7 presents a methodology for designing a low-resistance
driven-rod ground bed. A ground-mesh, located under the en-
tire substation area, generally provides the station ground
field (8). The frames of all the equipment enclosed in the sub-
station area, along with the surge arresters and fence, are
connected to the station ground, as shown in Fig. 3.

Station-class surge arresters, which are usually installed
on both the primary and secondary sides of the substation
transformer, provide transient overvoltage protection. The ar-
rester ratings are coordinated with the transformer BIL rat-
ings and, as previously discussed, the arresters must be con-
nected to the station ground.

A preassembled weatherproof structure protects the
switchgear and the service aisle. The indoor switchgear typi-
cally consists of a lineup of vertical sections that are mounted
side by side, and grounded metal barriers isolate the main
compartments of each circuit. An electrically operated 15 kV
vacuum circuit breaker (VCB) usually protects each circuit in
the power house. The breaker may be a horizontal or vertical
drawout type, equipped with a shunt trip, undervoltage re-
lease, operation counter, and position-indicating lights. A fail-
safe capacitor trip device can be provided that trips the VCB
if the capacitor looses its charge. A three-phase solid-state re-
lay, supplied by three multiratio relaying-class current trans-
formers, generally provides instantaneous and overload pro-
tection.

Zero-sequence relaying provides primary ground-fault pro-
tection for each circuit. A solid-state definite-time relay, with
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Figure 3. One-line diagram of a surface substation showing a resistance-grounded system, the
protective-relaying schemes, and the two separate ground beds required by federal regulations

in the United States.

appropriate pickup and time-delay ranges for coordination
with other ground-fault relays in the system, is typically
used. An unfused potential transformer, connected across the
neutral grounding resistor, provides backup ground-fault pro-
tection, as shown in Fig. 3. The secondary of this transformer
supplies a definite-time solid-state overvoltage relay with ad-
equate tap settings and time-delay range to ensure proper re-
lay coordination with the primary ground-fault protection. Po-
tential relaying detects a ground-fault even if the neutral

grounding resistor is open, which provides an added degree
of protection.

The CFR requires all circuits feeding mobile equipment to
have a fail-safe circuit to monitor continuously the continuity
of the grounding conductor. Impedance-type monitors are
commonly used for high-voltage distribution systems. These
types of monitors require the monitored cable to have a pilot
conductor, as shown in Fig. 3. The monitor is calibrated to
the impedance of the loop formed by the pilot and grounding



conductors, and the device then monitors the change of im-
pedance from the initial calibration. If the impedance of the
loop increases beyond a preset value, the monitor trips the
associated circuit breaker.

Figure 3 shows a bank of capacitors with a total rating of
3000 kVAR located outside the switchgear enclosure for
power-factor correction. The bank is arranged with one 600
kVAR fixed bank and four 600 kVAR switched banks. Fac-
tory-wired fuses (with blown-fuse indicators) and bleeder re-
sistors are provided with each capacitor. Reactors are con-
nected in series with the switched capacitors, and capacitor
switching is designed to occur with sufficient time delays to
prevent excessive switching with power-factor variations of
short duration.

Metering and transducer modules are available to display
detailed information about the system, such as line currents,
line voltages, kW, kVAR, MWh/MVARh, maximum MW de-
mand, MVAR demand, kVA demand, current demand, cur-
rent unbalance, voltage unbalance, power factor, neutral
current, frequency, and total harmonic distortion. A program-
mable logic controller (PLC), connected to a minewide data
highway, may be used in some applications (9). The panel-
view display of the PLC can display information about the
power house, such as the position of the main disconnect
switch, the status of each circuit breaker, cause for tripping,
and time of tripping. The PLC can also provide remote trip-
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ping and closing of circuit breakers with the appropriate level
of password protection, single-phase protection, an appro-
priate fault signal for each outgoing circuit, VAR sensing at
the main bus, and capacitor switching for the power-factor
correction circuit.

LONGWALL POWER EQUIPMENT

The power requirements of high-capacity longwall systems
have significantly increased in recent years, such that the
combined horsepower for the face conveyor, shearer, stage
loader, crusher, and hydraulic pumps can easily exceed 5000
hp (10). The standard practice of using 995 V as the utiliza-
tion voltage is inadequate for these high-capacity applications
for the following reasons: (1) The available fault currents
from high-capacity power-center transformers with 995 V sec-
ondaries can exceed the interrupting capabilities of existing
1000 V molded-case circuit breakers; (2) the maximum practi-
cal limit on the size of cables can be exceeded because of the
high-current requirements at 995 V; (3) excessive voltage
drop, which is a function of cable size and line currents, sig-
nificantly reduces motor torque; and (4) the maximum instan-
taneous trip settings allowed by MSHA may be exceeded
when starting large motors rated at 995 V. The last two con-
cerns, reduced torque and maximum inrush current, are criti-

——p= Permissible

|
|
600 V '
600 V i
Monorail used for
600 V Auxiliary | ;
13.8 kv 5 MVA loads ! cable handling
600 V ]
Input Power Center !
'—'—>600 - i 120V
600 V ; Headgate |——— Lighting
1 / \ master control | 120V
Data, emergency stop, lockout, PTO
- E] >E :
aS8| 3¢ and methane :nonltor
© = © S Data i
Tof ¥8 :
14160V 2/0
} g Shearer (2000 hp Total)
1 4160 V #2
+ P Stage loader 1 (250 hp)
| 4160 V #2
T - Stage loader 2 (250 hp)
i
Motor- gttarter t 2120 Y l [ 42 Crusher (500 hp)
uni
; 4160V \ [ #1 - Headgate motor 1 (700 hp)
4 4160V \ / #1 - Headgate motor 2 (700 hp)
2160V #1 g Shearer (2000 hp Total)
: \/
4160 V '
#1 !
Hydraulic Data
pump
motors
(3 x 300 hp)

separate starter

Figure 4. One-line diagram showing the general arrangement for a typical 4160-V longwall
electrical system. All equipment beyond the dashed line toward the coal face must be permissible

(explosion-proof).



300 MINING
Zero-sequence Overcurrent Power-factor
ground-fault protection correction
protection capacitors
Neutral grounding Vacuum
resistor, 05 A max contactor
= VCB Load-break switch
interlocked with '——l
VCB trip Ckt
TD backup <E§ Overtemp | Zero-sequence %‘?‘;;Zzgg:t
GF protection sensor ground fault
protection ———
: L (
Main load-break === Hv fuses 4160 V . ? = <
switch interlocked ! _! E 5000 KV
Incoming with test switch \ a VCB Load break switch <
receptable < interlocked with
l Hv fuses )
Feed through Surge 600 V VCB trip Ckt Output Ckt
arresters has high voltage
receptacle l 300 kVA l ground monitor
Pilot = Neutral ) Main breaker
eutra
Emergency TD backup gounding T
Stop CPT GF prOteCtlon resistor
T 15 A max J) J) (L J) (L é
_ Cover T Test switch and Aux. ) ) ) ) ) )
interlocks | interlocked with

4160 V NGR Overtemp main load break switch

|

120 V power to
I = control ckt for
4160 V power ckt

120 V power to
—= constant voltage
transformer and
control CKT for
600 V Power Ckt

Single-phrase
240V and 120V
outlets

~——]

>
>
>
>
>

7\

To headgate
master control

m

ach outgoing CB has
UVR, zero-sequence
ground-fault protection
and test Ckt, and
ground monitor
and test Ckt

Figure 5. One-line representation illustrating the components, and their arrangement, in a
longwall power center. Many of the safety features, such as high resistance grounding, sensitive
ground-fault protection (zero-sequence and potential), and an overtemperature sensor for the

neutral grounding resistor, are shown.

cal to the operation of the face conveyor. With reduced torque
due to excessive voltage drops, it may be difficult, if not im-
possible, to start and run a loaded conveyor. Also, the first-
cycle inrush currents of large motors may exceed MSHA-man-
dated maximum instantaneous trip settings for associated
cables.

Higher utilization voltages minimize, if not eliminate, the
aforementioned concerns. However, the use of high voltage
(greater than 1000 V) to power face equipment requires ap-
proval from MSHA. To obtain approval, the mine operator
must show that a proposed alternative method will at all
times guarantee no less than the same measure of protection
afforded by the existing standards (11). Figure 4 shows the
general arrangement of a typical 4160 V system. With this
type of system, the motor-starting switchgear is located near
the power center more than 50 m outby the longwall face;
therefore, the switchgear does not have to be housed in an
explosion-proof enclosure. A monorail cable-handling system
supports the 4160 V cables.

Figure 5 shows a one-line diagram for a typical 4160 V
power center. The power center has two power transform-
ers—one for the 4160 V longwall circuit and the other for
the 600 V auxiliary equipment. Each transformer has a delta

primary and wye secondary with its neutral point tied to
ground through a neutral grounding resistor. The CFR re-
quires that the maximum ground-fault current be limited to
25 A for low- and medium-voltage circuits, but the 15 A limit
shown for the 600 V circuit in Fig. 5 is standard practice. For
4160 V systems, MSHA requires a maximum ground-fault
current limit of 3.75 A; however, more stringent ground-fault
current limits from 0.5 A to 1.0 A have been successfully used
with a ground-fault relay pickup of less than 100 mA. This
sensitive ground-fault protection system also has a “look-
ahead” circuit to prevent the circuit breaker from closing into
a line-to-ground fault. Monitoring the impedance between the
phase conductors and ground accomplishes this look-ahead
function. Figure 5 also shows backup ground fault protection
(potential relaying) that will de-energize the power circuit if
a ground-fault occurs even with the neutral grounding resis-
tor open. MSHA requires this backup protection for all high-
voltage systems. MSHA also requires overtemperature pro-
tection of the neutral grounding resistor. As shown in Fig. 5,
this type of protection typically opens the ground-check pilot
circuit of the incoming distribution cable supplying the power
center, if a sustained fault causes heating of the grounding
resistor. Special consideration must be given to the design
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and location of this device because of the relatively low level
of heat produced by the grounding resistor compared with
that of the nearby power transformer.

Instantaneous and overload relaying in conjunction with a
vacuum circuit breaker protects the 4160 V outgoing and
power-factor correction circuits, while molded-case circuit
breakers, with instantaneous overcurrent protection, are used
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the 4160 V output circuit and power-factor correction circuit.
It should be noted that the load-break switches are grounded
in the open position.

Figure 6 shows a one-line diagram for the motor-starting
unit of a typical 4160 V system. A vacuum circuit breaker
provides protection for each of the three branch circuits—
shearer, hydraulic pumps, and conveyor system. Motor start-
ing and stopping is controlled by vacuum contactors, and a
reversing contactor is located at the bus feeding the motors
associated with the face conveyor system. Instantaneous,
overload, and sensitive ground-fault relaying provides protec-
tion for each outgoing circuit. As with the power center, a
normal/test switch is interlocked with the main load-break
switch to allow the 120 V control circuit to be energized in
the test position while the load-break switch is locked in the
open position. Under normal circumstances, the control cir-
cuit is deenergized when the load-break switch is in the open
position. A separate load-break switch provides a visible dis-
connect for the shearer circuit. Again, both load-break
switches are grounded in the open position.

Although not shown in Fig. 6, a PLC is usually located in
the motor-starting unit. The PLC communicates with the mo-
tor-starting unit, the master controller, and the hydraulic
pumping station via data-highway cables. The PLC controls
all relay logic associated with the system. The PLC also moni-
tors the operating status of major components in the system
and displays relevant operational and fault-diagnostic infor-
mation at the master controller.

A one-line diagram for the headgate master controller of a
typical 4160 V system is shown in Fig. 7. The control box
houses the lighting transformer, associated controls, and pro-
tection for longwall face illumination, a power take-off, con-
trol circuitry, and PLC rack and display panel for the face
equipment. Since the controller is located at the headgate, it
must be housed in an explosion-proof enclosure; however, the
maximum voltage is 600 V and therefore does not need to
meet MSHA'’s approval criteria for high-voltage equipment.

SUMMARY

A standard mine power system does not exist. Each mine has
a unique set of operating conditions. Thus, most mine power
equipment is custom built to meet the particular needs of a
given mine. The information presented in this article is in-
tended to provide some insight into the current practices of
the mining industry.
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