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GROUND FAULT AND OVERCURRENT PROECTION
CRITERIA FOR COAL MINE AC DISTRIBUTION
SYSTEMS

by
John A, Kieferl/ and Jeffery L. Kohler2/

ABSTRACT

Ground fault and overcurrent protection criteria for
coal mine a.c. distribution systems were examined under a
Bureau of Mines funded investigation. The report begins
with a literature review which discusses relaying topics
including instrument transformers, ground-fault pickup
methods, static relaying, and comparison of relaying tech-
nigques. A chapter on ground-=fault relaying provides recom-
mendations for maximum and minimum pickup levels as a
function of maximum ground current and power system line-
to=ground capacitance. Research in the area of phase
overcurrent protection has resulted in a complete set of
procedural recommendations for the selection and setting
of overcurrent relays and current transformers, molded=-case
circuit breakers, and distribution system fuses in coal
mine power systems. The final chapter, which discusses
relay system maintenance, introduces a unique test set
which was developed by KETRON and used to test the per-
formance of relaying systems in coal mines.

1/ Research Engineer, KETRON, INC.
2/ Senior Research Engineer, KETRON, INC.
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1.0 INTRODUCTION

1.1 General

The Department of Interior's Bureau of Mines faces a
serious challenge in trying to improve mine electrical safety.
This is especially apparent in the coal mining industry where
the majority of the mining equipment is electric powered and
the need for increased production involves correspondingly larg-
er electric power system sizes and capacities. In spite of the
higher costs of maintaining a safe electric power system, exper-
ience has proven that elimination of hazardous electrical prac-
tices results in not only a safer system, but a more reliable
one as well. It is also worth noting that safe electrical prac=-
tices cannot be obtained by legislation alone; they must also
evolve from good engineering.

Even the best designed and maintained power systems oc-

casionally experience faults and overloads. The proper instal-
lation of protective circuitry should prevent personnel hazards
during the occurence of such events. However, some aspects of

relaying on high voltage distribution systems are not well defined,
such as the relay pickup levels. 1In order to clarify the method-
ology by which distribution system fault and overload protection
~ is obtained, the Bureau of Mines issued a contract (J0395035)

to KETRON, INC. for the purpose of establishing criteria for
coal mine ac distribution system protection. The results of the
KETRON study are contained in this report.

1.2 Scope of Work

The problem areas which were investigated by KETRON are
summarized as follows:

(L) The use of high-resistance grounding has been a
U.S. coal industry standard for a number of years.
There is still much debate, however, concerning
the proper pickup setting of ground fault relays.
The optimal pickup setting, in percent of maximum
ground fault current, must be determined.

(2) A need exists to specify the time delays which
are required to obtain coordination of protec-
tive system ground fault relays.

(3) The use of solid state protective relays is be-
coming more prevalent in many industries. Their
suitability for use in cocal mines must be in-
vestigated.



(4) The selection of pickup levels for, and coordin-
ation of phase overcurrent protection gear must
be clearly defined.

(5) The use of relaying techniques other than over-
current must be investigated as to their suit-
ability for use 1in coal mine power system pro-
tection.

1.3 Report Format

This report is divided into four areas of concentration.
Chapter Two 1s a review of existing protective relaying tech-
nology. Besides exploring several relaying topics in detail,
the Literature Review provides an extensive 1list of relevant
reference material. Chapter Three defines ground fault relaying
in terms of designing a system that will provide maximum perfor-
mance and personnel safety.

Chapter Four provides complete design information for
coordination of both the distribution and utilization relaying
systems. The procedure is then 1illustrated using an example
mine power system. Chapter Five details the experimental work
which was performed by KETRON personnel.

1.4 Conclusions and Recommendations

An analytical approach to the determination of an optimal
pickup level for ground fault relays has resulted in a recommended
value of 45 percent of the maximum ground fault current. This
value is an appropriate setting for instantaneous electromechan-
ical units and solid state relays both of which perform well at
pickup current. Induction disc relays do not perform reliably
below about 1.5 times their pickup current and should be set to
pick up at 30 percent of the maximum ground current. For proper
coordination, the ground fault relay protecting a branch circuit
in the distribution system should be set to pick up at a current
that is greater than the total phase-to-ground charging current
of the branch circuit. In addition,; the most inby ground fault
relays should be set to pick up instantaneously with coordination
time added in 0.4S increments for outby relays. Further research
in the area of ground fault relaying should consist of an invest-
igation of voltage drops across arcing ground faults. Although
literature on the subject of electric arcs indicates that arc
voltages are small in comparison to distribution system line-to-
neutral voltages, no information was found concerning arcing
ground fault voltages in high resistance grounded systems. This
type of investigation should include arcing ground faults at
utilization voltages, where the arc voltage may be a significant
percentage of the wutilization system line~to-neutral voltage.

-13-



Specific recommendations have been made for phase re-
lay pickup settings and time delays used to achieve protection
and coordination of the distribution and utilization systems
during phase-to-phase and three-phase faults. The protective
system gspecification process is illustrated using an example
mine power system, the result of which provides design criteria
and tradeoffs encountered 1in protective system design. Other
research in this area has resulted in recommendations for the
location of protective gear in the power system to achieve
maximum personnel protection and system performance. Additional
research in the area of phase overcurrent relaying should con-
sist of an investigation of load diversity in both the utiliza-
tion and distribution systems. Good estimates of load diversity
permit overcurrent relaying to better protect the power system.

Protective relaying schemes other than overcurrent were
investigated as to their applicability for use 1in c¢oal mine
power system protection. The results indicate that overcurrent
protection is the best overall scheme although unit methods
(such as differential) may be effectively used to protect motors
and transformers with ratings greater than about one MVA. Al-
though unit methods could be used to provide coordinated instant-
aneous protection of all the electrical equipment in a coal
mine, it 1is doubtful that the increase in protective system
performance can justify the cost of purchasing and maintaining
such equipment.

An investigation into the use of static relays in coal
mining application 1indicates that they have the potential to
offer improved performance of the protecton system. This 1is
espcially apparent in the area of ground fault relaying, where
the capability for extremely low burden makes static relays an
obvious choice in ground fault applications. Information con-
cerning the reliability of static relays in a mining environment
is scarce, however, conversations with people who have had ex-
perience in this area indicate that static relays are at least
as reliable as their electromechanical counterparts.

-14-



2.0 LITERATURE REVIEW

2.1 Introduction

It is the intent of this literature review to provide
the reader with an extensive list of references dealing with
topics such as instrument transformers, relays, and system pro-
tection. In addition, where the authors felt it necessary,
the review goes into considerable detail on certain key areas
of mine power system protective relaying. Sources of infor-
mation include textbooks which cover the subject of protective
relaying in a general sense, as well as publications addressing
specific applications or problems encountered in the use or
design of protective relaying systems.

, The subject of protective relaying covers a vast amount
of material. Therefore, the literature review begins by focus-=
ing on the specific configurations encountered in coal mine
distribution systems. Once the system has been described it
is possible to discuss those aspects of relay types, instrument
transformers, phase overcurrent relaying, ground fault relaying,
and coordination which are applicable. The review covers stand-
ard practices in relay system design as well as existing tech-
nigues, such as static relaying, which are not currently being
used in the mining industry but may have an application.

2.2 System Description

The type :0f distribution system most commonly found in
deep coal mines is the expanded radial system, as shown in
Figure 2-1. The expanded radial system consists of a single
source providing power at distribution voltage (typically
4,16kV, 7.2kV or 13kV) with load centers located near each
working place, or utilization point, to step the voltage down
to suitable levels. Many surface mines also use an expanded
radial system although voltage levels may be higher at both
the distribution and utilization levels due to the increased
load requirements of large surface mining equipment.

A more elemental version of the expanded radial system,
referred to as simply a radial system (Figure 2-2), involves a
single source-single voltage arrangement in which the distri-
bution and utilization voltages are the same. For deep mine
applications, the radial system can only be used in physically
small operations, such as punch mines, where distribution at
utilization levels does not present voltage regulation pro-
blems. The same reasoning applies to small surface instal-
lations. Larger surface mines may use a combination of ex-
panded radial and radial systems in that larger equipment is
powered at distribution voltage while smaller equipment re-
quires step-down transformation.

-]15~
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A modification of the expanded radial system, which pro-
vides greater system reliability, 1is the secondary selective
system, as shown in Figure 2-3. The secondary selective system
consists of two separate expanded radial systems with the second-
arys of the substation transformers connected together using a
normally open switch called a tie breaker. In the event of a
substation malfunction the tie breaker could be closed and power
would be available throughout both systems.

A primary selective system (Figure 2-4) 1is similar to
the secondary selective system, except, as its name implies,
there are two primary sources and one substation instead of
one primary source and two substations. Again, the objective
is increased system reliability.

The last system type to be considered is the primary
loop system, shown in Figure 2-=5. Found in some larger surface
operations, the primary loop system offers better voltage reg-
ulation and continuity of service than the expanded radial
system.

From a protective relaying viewpoint, the primary and
secondary selective systems both degenerate into an expanded
radial system (with the exception of the relaying associated
with the tie breaker). 1In each case the protection is designed
for a single source supplying multiple loads through step-down
transformers. The 2zone of protection covers all elements of
the distribution system from the substation transformer pri-
mary to the individual step-down transformer secondaries.

Protective relaying concepts for radial systems differ
from the above only in that the zone of protection extends
right to the rotating machines in the mining equipment.

The design of a relaying network for loop systems 1is
more complicated than for the aforementioned systems, in that
power is supplied from two directions. Consequently, the re-
lays must be able to determine in which direction a fault or
overload current is £flowing so that the proper breaker is
tripped.

Coal mine electric power distribution gsystems can be
further defined by referring to Title 30 of the Code of Federal
Regulations, Parts 75 and 77, which contains regqulations per-
taining to deep and surface coal mine electrical power distri-
bution systems. These circuits are required to have circuit
breakers equipped with under-voltage, grounded phase, short cir-=
cuit, and overcurrent protection.l,? Coal mine power systems
tems, with few exceptions, are resistance grounded.3.4 Maximum
ground fault current is 25A for low and medium voltage circuits
(<1000V).5,6 The ground fault current in high voltage systems
(>1000V) must be limited to the extent that the voltage drop
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in the grounding c¢ircuit external to the gfounding resistor
will not exceed 100 V.78 Typical wvalues of maximum ground

fault ¢current in high voltage systems range from ZSA to 50A or
754.9,10,11,12,13,14

The power transmission method from the substation to
the load has a considerable effect on relaying methods. Deep
coal mines use multi-conductor insulated cable as do many sur-
face mines., The alternative €for surface mines 1is a combina-
tion of insulated cable and overhead transmission lines. In
both cases, the impedance of the conductors has a large bear-
ing on phase relay settings.

A final <consideration in the selection of protective
relays and their settings is the nature of the connected 1load.
Three-phase induction motors and rectifiers account for most
of the a.c. load in deep coal mines. Motor sizes range from 5
hp motors in non-production equipment (such as dewatering pumps)
to 200 hp to 300 hp motors used in belt drives, longwall shearers
and face haulage, and other large production equipment. Rail
haulage rectifiers which use silicon diodes are commonly sized
up to 1000 KVA in deep mines using rail haulage for the movement
of ore in addition to men and materials.

Electrical loads presented by surface mine equipment in-
clude induction motors of sizes previously mentioned as well
well as large (up to 10,000hp) synchronous motors used on the
bigger draglines and stripping shovels.

References 9-19 contain additional background informa-
tion on coal mine electric power systems.

2.3 Instrument Transformers

Instrument transformers are used to electrically iso-
late the relay circuit £rom the power system and to permit
relay devices to operate at reasonable values of current and
voltage. The performance of instrument transformers is a key
factor in relay system design because the relays are only as
accurate as the instrument transformers which energize them.

2.3.1 Current Transformers

Current transformers can be divided into three cate=-
gories by the method of their construction.?20 The bushing
type of current transformer has an insulated secondary which
is wound on an iron core. The primary conductor, which may be
one or more cables, or a buss bar, passes through the core
window. The bar, or through-type, of current transformer is
similar to the bushing type with the exception that it has a
permanent primary winding usually consisting of a bar-type con-=
conductor. Primary connections must be made to either end of
the bar.
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Wound primary current transformers have more than one
primary turn, which permits higher accuracy at lower turn
ratios.

Each of the three types of current transformers is fur-
ther specified by its turns ratio. Standard ratios for single
and multiratio current transformers are shown in Tables 2~1 and
2-2, respectively.20 The values shown in Tables 2-1 and 2-2
also indicate the current ratings of the current transformers
and it should be noted that 5A is a standard rating for current
transformer secondaries. This does not mean that the transformer
should not be operated above 5A secondary current. In fact,
IEEE Standard 242-1975 recommends a secondary current of 3 or
4A at full load resulting in currents considerably higher during
a fault.20 Another source recommends 5A secondary current
at full load. 1If fault currents will exceed 20 times the current
transformer rating, the manufacturer should be consulted for
high overcurrent performance. 20

Another current transformer rating is the thermal short-
time rating which is the RMS primary current that the current
transformer can carry for one second with the secondary short-
ed, without exceeding a specified temperature in any winding.Z20
A rating which applies only to wound primary current transform-
ers is the mechanical short time rating. This is the maximum
current the current transformer is capable of withstanding with
the secondary short-circuited, withqQut mechanical damage.

Current transformers for industrial applications have stan-
dard voltage ratings which are 600, 2500, 5000, 8700, and 15,000V. 10
Current transformers also have meulse and hlgh potentlal ratings,
as shown in Table 2-3.2

A primary consideration in the application of current
transformers is accuracy at both load current and fault cur-
rent levels. The overall performance of any current transformer
is a function of the type and cross section of the core iron and
the transformer turns ratio.20 More core iron allows greater
flux to be developed and increasing the the number of secondary
turns permits a given amount of flux to develop a larger amount
of voltage across the secondary winding without saturating the
transformer. Another significant parameter in the application
of current transformers is the load, or burden, placed on the
secondary. In general, lower burdens result in smaller satura-
tion effects and greater accuracy.

The performance of a current transformer over its dy-

namic range with different magnitudes and "waveshapes of pri-
mary current and different burdens is a complex, nonlinear
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TABLE 2-1

Current Transformer Ratings
Other than Multiratio Bushing Type

Double Ratio with
Series=Parallel

Double Ratio with

Primary Taps in Secondary
Single Ratio wWindings Winding
(amperes) (amperes) (amperes)
10/5 25 x 50/5
15/5 50 x 100/5 25/50/5
25/5 100 x 200/5 50/100/5
40/5 200 x 400/5 100/200/5
50/5 400 x 800/5 200/400/5
75/5 600 x 1200/5 300/600/5
100/5 1000 x 2000/5 400/800/5
200/5 2000 x 4000/5 600/1200/5
300/5 1500/3000/5
400/5 2000/4000/5
600/5
800/5
1200/5
1500/5
2000/5
3000/5
4000/5
5000/5
6000/5
8000/5
12000/5
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TABLE 2-2

Current Transformer Ratings
Multiratio Bushing Type

Current Ratings

(amperes) Secondary Taps

600/5 50/5 X2-X3
100/5 X1-¥%X2

150/5 X1-X3

200/5 X4=-X5

250/5 X3-X4

300/5 X2-X4

400/5 X1-X4

450/5 X3=X5

500/5 X2-X5

600/5 X1-X5

1200/5 100/5 X2-X3
200/5 X1=X2

300/5 X1-X3

400/5 X4=X5

500/5 X3=-X4

600/5 X2-X4

800/5 X1l-X4

900/5 X3=X5

1000/5 X2-X5

1200/5 X1-X5

2000/5 300/5 X3=-X4
400/5 X1-X2

500/5 X4-~X5

800/5 X2=X3

1100/5 X2~-X4

1200/5 X1-X3

1500/5 X1-X4

1600/5 X2~=X5

2000/5 X1-X5

3000/5 1500/5 X2-=X3
2000/5 X2=X4

3000/5 Xl-X4

4000/5 2000/5 X1=X2
3000/5 X1-X3

4000/5 X1l=X4

5000/5 3000/5 X1-X2
4000/5 X1-X3

5000/5 X1l-X4
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phenomenon which in general cannot be determined by analytical
methods.22 However, for sinusoidal primary currents of limit-
ed magnitude, there are simple methods for estimating current
transformer accuracy.

TABLE 2-3

Current Transformer
High=Potential and Impulse Ratings

60Hz
Nameplate High=Potential Impulse (BIL)
Rating Rating Rating
(kV) (kV) (kV)
0.6 4 10
2.5 15 45
5.0 19 60
8.7 26 75
15.0 34 95

An equivalent circuit of a current transformer is shown
in Figure 2-6.22,23 The circuit contains five elements. The
ideal transformer provides the turns ratio. The series resist-
ance and inductance represent the winding resistance and leak-
age reactance, respectively. Winding resistance is equal to
the sum of the secondary winding resistance and the primary
winding resistance as seen from the secondary. Primary winding
resistance is zero for current transformers without wound pri-
primaries. Winding leakage reactance is applicable only to cur-
rent transformers with non-=-distributed secondary windings (i.e.,
the windings are not evenly distributed around the core) such as
split core transformers. Leakage reactance 1is generally not
known and must be determined by laboratory measurement. Current
transformers with non-distributed windings will not be considered
here because they are seldomly used in mine power system protection
systems.

-26=



_LZ—

R + JWL

T To/N
Py i
Zc
|
FIGURE 2-6

Equivalent Circuit For a Current Transformer



The shunt impedance, 2., is nonlinear, and represents
the physical phenomenon of saturation in a current transformer.
The significance of %, 1is made apparent by a typical secondary
excitation curve shown in Figure 2-7.20 The exitation curve
is a log-log plot of secondary exciting current, Igp, as a func-
tion of secondary voltage. Since a current trans%ormer° always
requires some excitation current it can be said that saturation
is always present to some degree and that the actual transfer
function is never equal to the turns ratio.22

The burden impedance, Zp, represents the total impedance
connected to the current transformer secondary, including con-
nection wire, meters, and relays.

The use of an excitation curve to calculate current trans-
former performance is-a simple process and is well documented
in references2l and23. However, there are some limitations
involved in using the excitation curve. One limitation results
from the nonlinear properties of magnetic materials. More spec=
ifically, a sinusocidal £lux produced by a sinusoidal primary
current results in non=sinusoidal exciting current.24 Since
the current transformer secondary current is equal to the dif-
ference between the primary current divided by the turns ratio
and the exciting current, the secondary current is necessarily
nonsinusoidal for a sinusoidal primary current.22 The extent
of the nonlinearity is dependent upon the ratio of the exciting
current to the current transformer secondary current. The non-
linearity is important because most relays, especially induc-
tion disk relays, are designed to operate on a 50 to 60Hz sinu-=
soid.22 Other waveshapes or frequencies do not produce as
much relay torque and more RMS current 1is required to trip
the relay. The secondary exciting curve method should only be
used for ratio errors (approximated by the exciting current
divided by secondary current) of 10 percent or less.23

Another constraint in the use of current transformer ex-
citing curves 1s saturation resulting from dc offsets. Flux
produced from dc offset current does not induce a voltage in the
current transformer secondary but it does contribute to excita-
tion current, thus pushing the current transformer closer to or
into saturation. Direct current offsets occur at the initiation
of a line-to-line or three-phase fault because circuit inductance
prevents the pre-fault current from instantly changing magnitude
and phase to the fault value. Short circuit currents in three-
phase systems can contain a decaying dc component of an initial
value equal to the short circuit ac component. The duration of
the dc offset is dependent on the time constant of the current
transformer primary circuit.25 Time constant, which 1is de-
fined as the ratio of circuit inductance in Henrys to circuit
resistance in Ohms, is the amount of time in seconds for the dc
offset to decay to 36.8 percent of its original value.26
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For example, a 500 MCM mine power feeder cable has a time
constant of about 2.8 mS.27 A 1000A dc offset, correspond-
ponding to a 1000A symmetrical ac fault, would decay to 368A
in 2.8 mS and 135A in 5.6 mS (two time constants).

In applications where saturation must be completely
prevented, the current transformer must be sized to carry
twice the peak flux associated with the symmetrical ac fault
current. In many applications, however, it is not necessary
to completely prevent saturation to accomplish successful re-=
laying.28 For instance, in this example involving a fault
on 500 MCM cable, the current transformer might be sized to
handle the maximum symmetrical ac £fault current (1000A) plus
135A of dc offset current. The current transformer would be
badly saturated at the initiation of the fault, but one third
of a cycle later the current transformer would be performing
properly. In mining applications, where ¢trip time may be
three or four cycles for a phase to phase or three-phase fault,
the one third of a cycle delay would not be significant. The
effects of circuit inductance on the production of an offset
or asymmetrical current wave during a fault are discussed in
the section on phase overcurrent relaying.

Another source of error when using the excitation curves
is residual flux.22 Residual flux remains in a magnetic core
after the magnetic field intensity has been reduced to zero.29
Residual flux can add to the core flux induced by the primary
current causing a deficiency of secondary current due to
saturation effects.30 Since residual £flux has its major ef-
fect on current transformer performance during the first half-
cycle of a fault it is not a significant factor in most mine
relaying applications.30

A second method for determining the accuracy of a cur-
rent transformer is by using ratio-correction factor curves.
The term "ratio-correction factor" is defined as "that factor
by which the nameplate ratio of a current transformer must
be multiplied to obtain the true ratio."23 The curve is a
plot of the ratio-correction factor as a function of current
transformer secondary current. Each curve applies to one
value of current transformer burden and a family of curves
must be provided for different values of burden.

Current transformer accuracy may also be specified using
an ASA accuracy classification 23, The ASA method assumes
that the current transformer is supplying 20 times its rated
secondary current to its burden, and the classification con-
sists of the maximum RMS voltage that the current trans-

former can maintain at its secondary terminals without the
ratio error exceeding a specified amount.23
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The ASA <classifications are shown in Table 2-4, The
letters "L" and "H" stand for low and high impedance secon-
daries, respectively. Low impedance secondaries are a charac-
teristic of current transformers with distributed windings (such
as bushing current transformers) and high impedance secondaries
are characteristic of current transformers with concentrated
secondary windings. The number before the letter is the maximum
specified ratio error in percent and the number after the letter
is the maximum secondary voltage that the current transformer
will develop at 20 times its rated secondary current without
exceeding the specified error. For example, a 300:5 current
transformer with a 10L200 rating will supply 100A at 200V to its
burden at a ratio error of 10 percent or less, which is equivalent
to saying that it will drive a two ohm burden.

Another method of specifying current transformer accur-
acy is contained in ANSI standard C57.13-1978. The method is
identical to the ASA specification with the exception that the
letters "C" and "T" are used in place of "L" and "H" respect-
ively and the specified maximum ratio error is 10 percent in-
stead of 2.5 percent or 10 percent. Thus, a T200 ANSI specifi-
cation is equivalent to a 10H200 ASA specification. Table 2-5
shows the ANSI standard burdens for current transformers.

2.3.2 Voltage Transformers

A voltage transformer is basically a conventional trans-
former with the primary and secondary winding wrapped on a com-
mon core,20 Voltage transformers are selected according to
‘system voltage level and basic impulse level.2l Most voltage
transformers are designed to provide 120 VAC at the secondary
terminals at rated input voltage.Z20

Voltage transformers have accuracy classifications sim-
ilar to those of current transformers. However, the ratio
and phase-angle inaccuracies for a given class are small enough
to be neglected for protective relaying purposes if the burden
is within the "thermal" volt-ampere rating of the transformer.20

For more information on instrument transformers see Ref-
ferences 13-32.

2.4 Ground Fault Overcurrent Relaving

2.4.1 Pick-up Methods

The type and configuration of relays used for ground
fault protection is dependent on power system grounding. Fed-
eral Regulations require a direct or derived neutral grounded
through a suitable resistor at the power source. The most
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TABLE 2-4

ASA Accuracy Classifications

10H10 10510
10H20 10520
10850 ’ 10L50

10H100 105,100

10H200 10L.200

10H400 101,400

10H800 101800

2.5H10 2.5L10

2.5H20 2.51.20

2 .SH50 2.5L50

2.5H100 2.5L100

2. 5H200 2.5L200

2.5H400 2.50400

2.5H800 2.5L800
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TABLE 2-5

Standard Burdens for Current Transformers

Characteristics for

Characteristics 60 Nz and 5 A Secondary Current
Standard Burden Rlesistance Inductance Inpedance Apparent Power?

Designation {olws) {wil) (ohms) {VA} Power Factor
n-0.1 0.09 0.116 0.1 2.5 0.9s»
B-0.2 0.18 0.232 0.2 5.0 0.9%»
B-0.5 0.45 0.5680 0.5 12.5 0.9ax
B-1 0.5 2.3 1.0 25 0.55%%
B-2 1.0 4.6 2.0 50 0.5%k2%
n-4 2.0 9.2 4.0 100 0.5%4%
B-8 4.0 18.4 8.0 200 0.5%8%

AR

-
At 5 A; note that VA = 1“2, or 2 at 5 A = 2 x 52 = 50 VA,

Usually considered metering burdens, but data sheets may give metering

accuracies at B-1.0 and B-2.0.

Usually considered relaying burdeas.




common way to obtain the system neutral is to use a source trans—
former with a wye-connected secondary winding.46 On delta sys=
tems a grounding transformer may be used to derive a system
neutral. The type of grounding transformer most commonly used
is a three-phase zig-zag transformer.46 The internal connection
of a zig-zag transformer is shown in Figure 2-8. The transformer
is designed so that it has very high impedance to three=phase
currents and very low impedance to ground currents.46 On sys-
tems in which the line-to-neutral voltage voltage exceeds 7200V,
the grounding resistor may be coupled to the mine ground through
a step-down transformer. Such a configuration becomes desirable
when the size and cost of a higher voltage resistor outweighs
the extra cost of a step-down transformer.

There are four methods used to detect ground current in
resistance~grounded power systems. These are the source neutral
method, the residual method, the balanced flux or core balance
method, and the neutral resistor potential relaying method.l4,20
The characteristics of each method are discussed below.

Source neutral relaying (Figure 2-=9) uses a current trans-
former placed around the ground wire. Since the current trans-
former is sized for ground current only, the method provides
good sensitivity. One drawback of source neutral relaying
results from the presence of ground return paths which do not
include the ground conductor in the switchhouse. In applications
where multiple ground current paths exist, the use of source
neutral relaying is not recommended. Thus, for mining applica-
tions, source neutral relaying should be used only at the source
transformer where the current transformer can be placed between
the system ground and the source neutral.,

Residual relaying requires the use of three current trans-
formers, one in each phase. The secondary circuits of the current
transformers form a wye connected source and three phase - over-
current relays form a wye connected load. The ground relay is
located in the neutral conductor between the source and load
circuits (Figure 2-10). Residual relaying has good selectivity
in that a set of current transformers and relays can be placed
in each outgoing circuit fed from a common bus. The sensitivity
is dependent on the three current transformers having similar
transfer functions, 1i.e., unequal saturation of the current
transformers during heavy load conditions will cause current to
flow in the ground relay. In mining applications, where sensi-
tivities down to a few amperes may be required, the residual
method requires expensive wound type current transformers and
thus it is not frequently used.

Figure 2-11 shows the core balance method of ground fault

relaying. All three phase conductors pass through the same cur-
rent transformer, and the current transformer secondary current
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Core Balance Relaying

is proportional to the system ground current. Because

of its good sensitivity and selectivity, the core balance method
is frequently used for ground fault relaying on distribution as
well as utilization circuits.

Ground resistor potential relaying (Figure 2-12) uses the
increase in voltage across the grounding resistor to operate
an overvoltage relay during a ground fault. Since the overvolt-
age relay must be connected across the grounding resistor, it
follows that this method can only be used at the distribution
system source where the source neutral can be accessed. Ground
resistor potential relaying, which is generally used as a back-
up for one of the previously mentioned methods, 1is unique in
that it will function correctly even if the grounding resistor
is opened.
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2.4.2 Resistor Sizing

The upper limit on allowable ground current flow is that
value which will impress no more than 100V between equipment
frames and earth during a ground fault. When used with ground
continuity check circuits the 100V maximum frame potential seems
adequate.

There are, however, no legal restrictions on minimum al-
lowable ground fault current. One benefit of reduced ground
current is that smaller ground fault current results in less
energy dissipation at the fault location, thus reducing equip-
ment damage and improving the personnel safety factor. Another
is that the possibility of a ground fault escalating into a
phase~-to-phase fault (before the faulted circuit can be removed)
is reduced with lower ground fault currents.47/,48

From a practical standpoint there are two factors which
establish minimum recommended ground currents. One is that the
ground current should exceed the system capacitive charging
current in order to damp out transients which could otherwise
occur during a ground fault. The other limitation is the ability
of existing relay systems to operate on low levels of current.
These issues will be dealt with in detail in a later section.

2.5 Cable Protection

Adequate cable protection requires limiting the current
flow in the cable such that the internal cable temperature does
not exceed the thermal stress limits of the dielectric. For
example, the IPCEA specification for the ampacity of a three
conductor mine power cable with 85°C insulation is that steady
state current which will cause the insulation to reach 85°C in
40°C ambient conditions. Instantaneous and overload trip set-
tings are generally based on both minimum fault currents in
cables and cable thermal limitations. Figure 2-13 shows maximum
fault currents for different sizes of mine power cable. Further
information on cable ampacities and relay settings may be £found
in References 20, 49, and 50.

Ampacity standards for overhead lines are different from
those for insulated cables because there is no dielectric to pro-
tect, and the only thermal constraint is that the copper must
not be allowed to heat to destruction. For example, the IPCEA
specification for the ampacity of a 4/0 15KV, three conductor
mine power cable, at 40°C ambient, 75°C insulation, is 238A
while the ampacity of a bare 4/0 stranded copper wire under
similar conditions is 425a.51/52 Information on overhead line
protection is available in references 21 and 23.

-39~



SHORT CIRCUIT CURRENT — THOUSANDS OF AMPERES

100y

NN

\X\
DN

NSNS

RN

]
0.8

0.8

Q.4

Q.2

Qd

o 8 6 4 211/ 4/0 AWG
250 SQ0 10C0OMCM

CONOUCTOR  SiZE

FIGURE 2-13

Maximum Recommended Fault Current For Insulated
Copper Mine-Power-Feeder Cable. (27)

-40-



2.6 Motor Protection

Motor protection for mining equipment typically consists
of instantaneous overcurrent, thermal overload, ground fault,
and undervoltage devices. Instantaneous devices, which operate
on phase-to-phase and three-phase short circuits are generally
set just above the maximum motor starting current. Motor start-
ing current may be calculated from locked rotor and system impe=
dance data, or, settings can be determined on a trial and error
basis. The latter method becomes especially useful when a
machine with several motors 1is protected by one instantaneous
device. A discussion of instantaneous settings can be found in
Reference 20.

Thermal overload relays are designed to protect the motor
from overheating due to sustained mechanical overload. The most
common type of overload protection utilizes a bimetallic element
which carries the motor supplz current, either directly, or
through a current transformer. 0 The References 20, 21, 53,
54 and 55 provide discussions on motor overload protection using
conventional electromechanical relays. In addition, reference
56 describes a solid-state thermal overload relay.

247 Transformer Protection

Protective relays designed specifically for transformer
protection are generally not found on transformers rated below
10 Mva.21 Thus, most load center and substation transformers
used for coal mine applications rely on existing overcurrent
relaying to remove transformer faults.

Overcurrent protection criteria for transformers are gen=-
erally based on the transformer's KVA rating and the ANSI with-
stand values shown in Table 2-6.°7 It should be noted that
the winding current in a transformer with a delta connected
primary is 0.707 times the per-phase current supplying the
transformer.26 Also, for a line-to-line fault on the secondary
of a delta-wye transformer, the per-unit fault current on one of
the primary phase conductors will be 116 per cent of the per-unit
secondary fault current.20



TABLE 2-=6

ANSI Transformer Withstand Values

Transformer RMS Symmetrical Cur- Time Period
Impedance rent in Any Winding in Seconds
4 percent 25 times base current 2 seconds
5 percent 20 times base current 3 seconds
6 percent 16.6 times base current 4 seconds
7 percent 14.3 times base current 5 seconds
2.8 Major Electromechanical Relay Types and Operating
Principles

The purpose of this section is to provide a general back-=
ground in the various types of phase relaying techniques commonly
used for utility or industrial power system protection. Since
these procedures are complex and variable, only a short descrip-
tion of the most common or potentially advantageous techniques
for coal mine applications will be given. For a more in-=depth

study, the reader is referred to one of the many texts or stand-
ards on this subject.20,21,23,58,59,60,61

2.8.,1 Overcurrent

The overcurrent relay 1is perhaps the most obvious type
of relay for fault or overload protection in that in its elemen-
tary form, there is only one actuating quantity - the current
flowing in the lines or equipment to be protected. This actu=-
ating gquantity is supplied to the relay through a current trans-
former such that for secondary currents less than the pickup
setting of the relay, no response occurs, while for secondary
currents greater than this pickup setting, the relay operates
its contacts. Similar types include undercurrent, overvoltage,
and undervoltage relays with the corresponding actuating quan-
tities. Actuating signals to the voltage types are supplied
either directly or through a potential transformer. Most, if
not all, mine power systems use overcurrent relaying for overload
and short circuit protection.

Overcurrent relays may operate either instantaneously (no

intentional time delay) or with an inverse current-time delay
characteristic. They may be voltage controlled as an aid in
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distinguishing fault currents from overloads, and may also include
directional units for application in loop systems. Combinations
of types in a single unit is common practice. A short description
of overcurrent relays of interest in mining applications is as
follows:

Instantaneous =--= No intentional time delay such that the
relay contacts operate in 10 m sec. or less when the current
pickup setting is exceeded. Most often used in combination with
an inverse time delay relay to decrease fault clearance times
while maintaining coordination.

Inverse Time =-- May be of the 1long-time, short-time,
inverse, very 1inverse, or extremely inverse types as shown in
Figure 2-14. The more highly inverse characteristics can be used
to greatest advantage in systems where fault currents at a given
location are essentially independent of the connected generation
(i.e., distribution networks). All inverse time types are equipped
with a time dial setting (in addition to a pickup setting) which
allows the time delay to be adjusted as shown in Figure 2-15 for
an extremely inverse relay. This time dial setting provides a
means for coordination of relays in a system.

Directional =-- Provides a means for relay operation only
if the pickup current 1is exceeded and the power flow is in a
specified direction. These units are normally required as a
supplement to inverse time and/or instantaneous relays for loop
systems in order to achieve selectivity and coordination. They
are usually not utilized 1in radial systems. These units may
require a voltage input in addition to a current input.

Voltage Controlled -- Requires a voltage input in addition
to the current actuating gquantity. Since the system voltage
drops to a low value when a fault occurs, this device may provide
fast fault protection while ignoring small overloads. The voltage
control decreases the inverse time characteristic proportional to
the drop in system voltage.

2.8.2 Distance

This type of relaying, also known as impedance relaying,
is widely wutilized 1in the protection of utility transmission
lines. It is rarely used to protect industrial power equipment.
Two input quantities are required =-- the system voltage (usually
supplied through a potential transformer) and the line current
(normally supplied through a current transformer). These quanti-
ties are compared in amplitude and/or phase in order to produce
a relay which will close its contacts based upon a component of
impedance (or admittance) seen looking into the power system at
the relay location. Thus, for example, a specific type of dis-
tance relay known as an impedance relay will operate its contacts
when the magnitude of the system impedance seen by the relay is

.

- 43 -



TIME IN SECONDS

100
60 \
30 \
xoL\
§ <LONG
\\ TIME
3
-
1.0
0.6 N [T~inveRsS
. ~_VERY
INVERSE
0.3
SHORT
i
EXTREMELY
ol INVERSE
0.08
18 5 10 20 50

MULTIPLES OF PICKUP CURRENT

FIGURE 2-14

Characteristics of Various
Types of Induction Disc Relays

- 44



200

100 f==

40

04

TIME IN SECONDS

0.2

Q.l

.04

0,02

G.01

\

\Y

ALY
R

\§\\\\\\

2 4
MULTIPLES OF PICKUP CURRENT

100

Characteristics

FIGURE 2-
of an Extr

45 -

15

emely Invers

e Relay




below a specified value. This value is adjustable and is the
setting of the distance relay. Thus, the actuating quantity in
this special type of distance relay is the impedance magnitude.
Distance relays with other impedance or admittance actuating
guantities are also possible giving rise to special types known
as reactance relays, admittance or mho relays, offset mho relays,
and so forth. Directional units may also be incorporated into
distance relays such that the relay operates based upon its
actuating quantity for «current flow in one direction only.

Distance relay units are normally constructed such that
there are three different settings of the actuating quantity with
a time delay between operation for each setting. This situation
is shown in Figures 2-16 and 2-17 for an impedance-type, distance
relay.

=R

] ——
CiﬁéC'ﬂGN AL-UNT
GHARACTERISTIC

FIGURE 2-~16

Impedance Diagram Showing Time Delays and
Impedance Zones of a Distance Relay
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Cartesian Coordinate Plot Showing the
Time-Impedance Characteristics of a Distance Relay

There are now three separate zones of protection such that if the
impedance magnitude seen by the relay is less than the setting
Z1, the relay operating time will be Tj; if this impedance is
less than Zj, but greater than %31, the relay operating time will
be Ty; and if this impedance is less than 723, but greater than
Z2, the relay operating time will be T3. For impedances greater
than Z3, the relay will not operate. The directional unit shown
on the R-X diagram (Figure 2~16) prevents operation for impedance
phase angles which lie beneath the directional unit characteristic.

Construction of distance relay units with three zones of
protection in this manner allows proper application of these
relays for both primary and backup fault protection. In addition,
the tendency of a distance relay to over-reach (operate at an
impedance larger than its setting value) due to d-c offsets in
fault currents, or under-reach (restrain at the set value or
impedances lower than the set value) due to fault resistance, may
be incorporated into application settings.
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As previously stated, distance relays are used by elec=-
tric utilities to protect transmission lines from faults. The
power flow characteristics of transmission lines are such that the
only transient overcurrent effects are the result of faults. The
power flow characteristics of a mine distribution system are dif-
ferent in that transient overcurrents also occur when large motors
or transformers are energized. 1In the example on distance relay
application to coal mine power systems, which appears in the next
section, it is assumed that inrush and starting currents are
limited to the full load current of the system. Additional re-
search would be required to determine whether or not this assump=-
tion is required for the proper application of distance relays.

Another consideration in the application of a protective
relaying system 1is 1its cost. Electric utility companies can
justify the high cost (see section 2.9.2) of distance relays in
terms of cost per mile of lines which may be hundreds of miles
long. It is questionable whether or not distance relaying pro-
vides a large enough increase in system performance, compared to
overcurrent relaying, to justify its use with the relatively
short cable lengths found in mining applications.

2.8.3 Differential

As opposed to the overcurrent and distance relays dis-=
cussed previously, differential relaying is a form of unit
protection, i.e., these devices protect a particular component
(or combination of components) in the system. Therefore, a unit
scheme provides absolute discrimination by operating for faults
within a clearly defined region bounded by the location of the
sensing transformers. 1Its operating principle is the comparison
of some quantity (current magnitude, current phase, power direc-
tion, etc.) at the ends of the protected zone.

A typical application of differential relaying is in the
protection of large power system transformers. For most applica-
tions, percentage-differential relaying with current sensing is
utilized as shown in Figure 2-18. From this fiqure, it may be
seen that for normal load conditions, or for a fault external to
the protected zone, the secondary currents in the two identical
current transformers will be equal and no current will flow
through the relay operating coil. Therefore, I is zero. However,
if a fault were to occur within the protected element, the load
side current (Is) would change direction resulting in a change
in direction of its current transformer's secondary current.
The sum of the secondary currents would then £flow through the
- relay operating coil resulting in instantaneocus contact operation.
The function of the restraining coil is to provide an opposing
zone to relay operation proportional to the current flowing in
the restraining coil. This prevents operation when large through
currents flow due to an external fault., In theory, such operation
should not occur, but in practice mismatches between current
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transformers could cause sufficient current to £flow through the
operating coil.

A similar procedure to that shown in Figure 2-18 may be
applied to zones with more than two terminals. 1In this case, the
sum of all currents flowing into the zone must equal the sum of
all currents flowing out of the zone to prevent relay operation.

When differential relay schemes are utilized for the
protection of transformers, special considerations are required
to prevent operation on magnetizing inrush currents. In this
case, discrimination between magnetizing inrush and fault currents
is achieved through the pronounced harmonic content of the inrush
currents. Various methods of harmonic restraint have been devel=
oped for this purpose.

2.8.4 Pilot

Pilot relaying is a form of unit protection which may be
applied to the protection of long transmission lines and cables;
and is generally not used to protect mine power systems. It em-=
ploys the principles of differential relaying except that the
protected zone terminals are separated by too great a distance
to interconnect the current transformer secondaries in the manner
described for differential relaying. Thus, an interconnecting
channel must be employed to convey information between ends of
the protected zone. The three types of channels in common use
include the wire pilot, carrier current pilot, and microwave
pilot. A short description of each type is as follows.

Wire Pilot Generally a two-wire telephone type circuit.
Usually the most economical form of pilot protection for distances
up to 5 or 10 miles,

Carrier Current Pilot Low voltage, high frequency (around
120 kHz) currents are transmitted along a power conductor to a
receiver., This type of pilot becomes economical for distances
too great for wire pilot protection.

Microwave Pilot A UHF radio system which normally oper-
ates at a frequency greater than 900 MHz. Microwave pilots are
used when system complexity exceeds the technical or economic
capabilities of a carrier current pilot. ‘

Many different actuating schemes have been devised for
the various types of pilot relaying. One simple example is that
of current phase comparison. If the current at one end of a line
is shifted by an angle of approximately 180° with respect to the
current at the other end of the line, then one of these currents has
has reversed and it is assumed that a fault has occurred. Instan-
taneous relay operation will then insure fast fault clearance.
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2.9 Comparison of Electromechanical Relay Types For Phase

Relaying

2.9.1 Coordination and Selectivity

Relay coordination and selectivity is a process of pro-
viding the fastest possible protection against faults and over-
loads while insuring that only the faulty element of the system
is removed from service and the remaining healthy sections are
left intact. 1In addition, backup protection should be provided
for fault conditions in case of primary relaying failure.

Of the relaying schemes discussed previously, the unit
protection devices (differential and pilot relaying) act in-
stantaneously to clear the fault only if the fault is located
in their zone of protection. Thus, selectivity is automatically
maintained and no coordination with other protective devices 1is
required. However, overload or backup protection is not provided
by unit schemes. This protection must, therefore, be provided by
supplementary relaying or fuses. It is common practice for the
backup relaying to be of non-unit type in order to avoid common
failure mechanisms in both primary and backup relaying. This is
true even though unit protection is considered to be the most
reliable type of relaying.

The non-unit protection schemes (overcurrent and distance
relaying) do require coordination between devices in order to
maintain selectivity. As a result, operating times are increased
resulting in greater fault clearing times. Normally, this time
increase is 1less pronounced for distance relaying than for
overcurrent relaying. In addition, overcurrent relaying is more
difficult to coordinate and requires more adjustment when the
power system changes than does distance relaying.

One of the major advantages of non-unit protection, however,
is that backup fault protection is inherent in the coordination
scheme. Therefore, supplementary backup protection is not required
as is the case with unit schemes. An additional advantage of non-
unit schemes is that overload protection may be incorporated into
the coordination procedure.

As a simplified example of relay coordination, consider
the radial power system shown in Figure 2-19. 1In this example, it
is desired to coordinate the path from the utility (bus 1) to the
motor connected to bus 6. Circuit breakers and their associated
relaying are assumed to be located on the inby sides of buses 1,
3 and 5 as shown. The maximum possible fault currents at buses 3
and 5 are assumed to be 3,000 A and 1,000 A respectively, when
referred to the 7,200 V distribution system. Maximum load cur-
rents at buses 1, 3, and 5 are 500, 100, and 25 A referred to the
distribution system. Motor starters are assumed which 1limit
starting currents to less than the maximum load currents.
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To coordinate this path using inverse-=time overcurrent
relaying, the pickup current and time dial setting for each relay
must be determined. Consideration must also be given to the
selection of current transformer ratios. Pickup settings are
normally evaluated based upon overload protection requirements
while time dial adjustments are usually made as a result of
required selectivity between primary and backup relays. These
relays are coordinated in pairs at maximum £fault current. To
check for proper coordination throughout the range of possible
fault currents, it is common procedure to plot the inverse-time
relay characteristics as shown in Figure 2-20. Such a graph
becomes even more important for systems using mixed inverse-time
overcurrent relays or other protective devices.

Construction of the coordination graph is a complex
procedure which involves calculation of fault and load currents,
referring these currents to the graph reference, and the deter-
mination of pickup and time dial settings (see Section 4.3). 1In
this simplified example, however, the pickup currents are assumed
as 500, 100, and 25 A and the time dial settings are determined
based upon a 0.4 second coordinating time interval (allowed time
for breaker operation and over-travel plus a safety factor)
between relays. All currents are already referred to the distri-
bution system and current transformer ratios are assumed to be
unity for simplicity. Extremely inverse relays (Westinghouse
CO-11l) are used and the resulting log-=log coordination curves are
given in Figure 2-20.

Aside from the complexity of the coordination process, a
second major disadvantage of inverse-time overcurrent relaying
should be apparent from Figure 2-20. Due to the necessity of
maintaining selectivity, fault clearance times increase as the
fault is moved nearer to the source. At the same time, fault
currents increase. Thus, the greatest fault currents may require
the longest time for clearance.

This situation may be eased somewhat by the addition of
instantaneous overcurrent units to the inverse-time relays. These
units are assumed to operate in 10 m sec. and are set at 3,600
A, 1,200 A and 100 A for the relays at buses 1, 3, and 5. The
time savings achieved may be seen by comparing Figure 2-20 with
Figure 2-21. Since a significant improvement with little added
cost can sometimes be obtained in this manner, it is common
practice to combine inverse-time and instantaneous protection in
a single package.

Coordination of distance relays is a simpler procedure
than that for overcurrent relays. The definite-distance method
provides the fastest fault clearance and will be the one considered
here. As an example, a proposed procedure will be applied to the
simplified system shown in Figure 2-19 using the directional im-
pedance type relay. Impedance settings will be given referred
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to the distribution system although actual settings would have
to be referred to the relay's location using transformer turns
ratios. For simplicity, the current and potential transformers
supplying the relays are assumed to have unity turns ratios.

Results of applying this proposed coordination procedure
are shown in Figure 2-22. Instantaneous settings are again as-
sumed to be 10 m sec., the coordinating time interval is main-
tained at 0.4 seconds, and motor starters are still assumed to
limit starting currents. The impedance relay at bus 5 1is a
single zone unit, bus 3 has a two 2zone unit, and the relay at
bus 1 is a three zone device. The impedance values (referred to
the distribution system) are determined as follows. These cal-
culations assume that the utility voltage is maintained during a
fault and that the relays are equipped with voltage memory which
will allow 2zone 1 circuit breaker operation if the voltage at
that unit approaches zero during a fault condition.

At Bus 5
7200 v
3 = 4157 <= 1660 = Lmpedance for normal
25 25 load on bus 5
0.8 (l66) = 133 Q@ = setting for zone 1.
(instantaneous)
NOTE: 0.8 is a safety factor to prevent false
tripping due to relay overreach.
At Bus 3

(0.8) (4160, = 3.3Q = setting for zone 1
1000 (instantaneous)
(0.8) (iiig) = 33.3¢ = setting for zone 2

100
(time delay backup for
for the lcad connect-
ed to bus 5)

- 56 =



—LS‘_

TIME (seconds)

o8l ZONE 3
RELAY AT BUS 3
o4l ZONE 2 ZONE 2
RELAY AT BUS| RELAY AT BUS 5
0.0l ZONE | ZONE | ZONE |
[ ] [ ] i i 5
0 i1k 25n 3, 6.6 333 133
\ BUS 3 BUS 5
BUS | (.4 0.) (4.20.)
{0.0.n.)
IMPEDENCE {..)
FIGURE 2-22

Results of Using Distance Relays to
Protect the System Shown in Figure 2-19



At Bus 1

0.8 4160 = 1.180 = setting for zone 1

(0-8) (3559’ g
(instantaneous)

1.4 + 0.4 (4.2 = 1.4) = 2.5Q0= setting for zone 2

(time delay backup)

NOTE: 40% of the connection from bus 3 to bus 5
is backed up by this =zone of protection.
Refer to Figure 22 for a graphic illustration
of how these figures are obtained.

4160
008 s = 6,69
( ) | 500)

i}

setting for zone 3

(time delay backup)

A second advantage of a distance relaying scheme, other
than simplified coordination, is that the time for initiation of
fault clearance is not cumulative towards the power source as 1is
the case for overcurrent relaying. This can be seen by comparing
Figures 2-21 and 2-22 for a 1,000 A arcing fault (non-=zero fault
impedance) in the 8,000 kva transformer. This corresponds to an
impedance of 4.16 Q2 such that the zone 3 protection of the dis-
tance relay at bus 1 would operate this relay in 0.8l seconds.
The corresponding overcurrent relay at bus 1 would operate in
approximately 4.5 seconds. For a 2,000 A fault (2.1 @), the
corresponding times are 0.41 and 0.8 seconds.

It should be pointed out that this proposed procedure for
distance relaying in mine power systems differs somewhat from
standard application of these relays for utility transmission line
protection. As such, additional research would be required to
insure the feasibility of this approach. '

Combinations of relaying schemes, both unit and non-unit,
are also possible giving rise to many approaches for system
protection. Of these, the addition of unit devices to existing
overcurrent protection schemes appears to offer a potential for
improvement. This can be seen by considering again the simplified
power system shown in Figure 2-19. If differential protection were
added to the 8,000 and 1,250 kva transformers, then all faults
within these transformers would be cleared by instantanecus (no
intentional delay) relay operation. The existing overcurrent
relaying (Figures 2-20 or 2-21) would then provide backup pro=
tection for these transformers. Thus, for the 1,000 and 2,000 A
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arcing faults in the 8,000 kva transformer discussed previously,
fault clearance would be initiated in approximately 50 msec. by
the primary relaying. In some situations, speed improvement of
the overcurrent relaying may also be possible. Similar comments
could also be made for wire pilot protection of cable/transformer
combinations (i.e., buses 3, 4 and 5 in Figure 2-19). The limit-
ing factor would be the increased cost for this additional pro-
tection.

2.9.2 Cost

The cost of a relaying system cannot be accurately mea-
sured until the combination of schemes to be utilized is accu-
rately defined. This difficulty is compounded by the need for
additional back-up protection when unit schemes are applied.
However, a relative cost estimate is possible and will be pre-
sented in this section.

The least expensive means of system relaying is with
inverse-time overcurrent protection as shown in Figure 2-20.
The relative cost of this protection scheme will be designated
as 1.0 for reference. This corresponds to a minimum of $400.00
(1980 dollars) for a single phase relay and its current trans-
former. An estimate of relative costs for other protective
schemes is then as given in Table 2-7. Only those types consid-
ered to have potential application in c¢oal mines are listed.
Thus, for example, carrier and microwave pilot schemes are not
included due to their very high cost and the lack of sufficient
distance between protection points in <coal mines to Jjustify
their application. Also, 1if combinations of procedures are
utilized such as differential or wire pilot protection with
overcurrent backup, the relative costs are cumulative.

2.9.3 Summary

The comparison of phase relaying schemes for mining ap-
plications is summarized in Table 2-8. Based upon this compar-
ison and the preceding discussions, it may be seen that the
procedure normally used for coal mine power system protection,
inverse-time overcurrent relaying with instantaneous attachments
(Figure 2-21), is a reasonable compromise between cost and per-
formance. Distance relaying techniques, although they offer
advantages in operating speed and ease of coordination, would
not appear attractive due to high initial cost. In addition,
applications of distance relaying in conjunction with across
the line motor starting and/or short feeders would cause ad-
ditional difficulties.

The greatest potential for improvement of existing over-
current protection schemes appears to be in the application
of unit protection which will complement existing phase over-
current techniques. Ideally, this would include wire pilot
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TABLE 2-7

Estimated Relative Costs of Protective Schemes

Type of Protection

Relative Cost

Inverse~time overcurrent
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TABLE 2-8

Comparison of Phase Relaying Schemes

Over- Distance Differen- Wire
current tial Pilot
Cost Low- High Medium High
Medium
Difficulty in achieving High Medium Low Low
coordination and
selectivity
e e 0 o 3 0 > 1 D o 0 € 2 S 2 e 2 T ) A S 5 S i 20 D ) 3 7 ) ) 2P D 2 ) 2 ) 0 0 D D e o D €20 ) 29 e e w0
Dependence on power High Medium Low Low
system changes
Difficulty of installa- Medium Medium- Medium~ Médium-
tion and maintenance High High High
Provides backup Yes Yes No No
protection ’
Provides overcurrent Yes , Yes _ No No
protection
Time for initiation of Low= Low Low Low
fault clearance ‘ High
Time for clearance of High Low Infinite Infinite
overloads :
Reliability Medium High Very Véry
: High High
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protection between breaker points and differential protection
of buses, with the existing overcurrent scheme serving as co-
ordinated backup protection. However, the cost o©of such an
arrangement would be very high, such that its use cculd not be
justified economically. A possible approach which would offer
improved protection and may have some economic justification,
however, would be the use of differential protection on the main
and section transformers. From an economic point of view, manu-
facturers recommend differential protection of all transformer
banks rated 1000 kva or higher. Utilities differ somewhat <£rom
this view in that transformers rated between 1000 and 5000 kva
are often not provided with differential protection. Trans-
formers above 5000 kva are commonly protected in this manner.
Thus, section transformers would normally be within or below
the discretionary range, while main transformers would normally
be rated within or above this range.

2.10 Static Overcurrent Relaying

The following text describes four commercially available
static overcurrent relays and makes a comparison between static
relays in general and electromechanical relays.

A static relay consists of two basic operational units.
The first, called the sensor or input circuit, receives informa-
tion describing the status of the power system (typically from
current and/or potential transformers) and, through the use of
solidstate circuits, makes the decision whether or not a circuit
. breaker should be opened. The second unit, called the trip
initiation circuit or output <c¢ircuit, contains a solid-state
switch (a transistor, SCR, or triac) which, when instructed to
do so by the sensor circuit, permits current to flow into the
trip coil of a circut breaker thus causing the breaker to open.
An alternative to using a solid-state device for trip initiation
is to use a set of mechanical contacts in the output circuit,
Both types of output circuits are available 1in the wvarious
static relays currently being manufactured.

2.10.1 Commercially Available Static Overcurrent Relays

In order to gain an understanding of how static relays
work, specifications for four commercially available static re-
lays were obtained. The four relays are listed in Table 2=9.
It should be noted that no attempt is made to compare the
operational performance of the four relays discribed as this
would require extensive testing and is beyond the scope of work.
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TABLE 2-9

Relay Models and Manufacturers Used in Study

Relay Manufacturer Model
Basler Electric Co. BE1-51
General Electric Co. SFC
Gould=-Brown Boveri ITE=-51
Westinghouse Electric SCO=-T
Inc,

Basler Electric Digital Overcurrent Relay (BEl=51). The elemen-=
tary diagram of the Basler BEl=51 relay is shown in Figure 2-=23,
(63) The input circuit consists of a rectifier and a burden
resistor. The ac current from the CT is fed through the burden
resistor and the resultant voltage 1is rectified by the rectifier
bridge. In the instantaneous relay circuit, the rectified output
voltage is compared to a dc reference signal established by the
instantaneous tap control. When the rectifier signal becomes
greater than the instantaneous reference signal, the Instanta-
neous Pickup Sensing circuit energizes the Output Driver to
trigger the trip circuit.

The time-overcurrent relay functions in a very different
way. The time-overcurrent tap is designed so that when the in-
put current from the CT has reached the tap setting, the input
voltage to the rectifier is approximately 30VAC. The rectified
output voltage, produced by this input, will be sufficient to
allow the Time Pickup Sensing circuit to start the counter.
This counter keeps track of the time that the input current has
exceeded the current tap value selected. Simultaneously, the
output voltage of the rectifier is digitized by the Analog to
Digital Converter (ADC). The output of the ADC, representative
of the input voltage level, acts as an input address to Memory.
At the location in memory corresponding to the input address a
value is stored which corresponds to the amount of time (i.e.,
counter value) that the present overcurrent condition may exist
before a trip is desired. Since each current value causes the
ADC to produce a different address and consequently a different
output allowable time (i.e., count) from memory, every value of
overcurrent will be allowed a different amount of time to persist;
thus the time characteristic of the relay 1is generated. The
comparator simply compares the allowable count from memory with
the counter value and energizes the output driver once the allow-
able count is surpassed by the counter. As the magnitude of the
overcurrent condition changes, so does the input to memory; thus
the allowable time delay is updated. Updating takes place 180
times each second. 1If the overcurrent condition is removed, the

- 63 -



Pawar ingut| Power At tnternal
(Qgtions |~ Suooly e enera(mg
A. 8, 0rC) altages
=
Veits Voltage "=“=’
se we | Contrad Outout ae
kL (86151727 aniv Ortvar e
¥
1
tastantanesus tast
Rectiliar e s i Pickup Tne
Sensing Farget
r
C.T.
o/
= Tag
Selection 3
I it "
Uus Ansloy ta Driver L
Osartai =¢%=
fLanvart e A
1 [
\ % L7’ N
himed
Timed frig
Prehug Memary Gamoaratar Taryer
Sengiag
Counter J

To
=Trip
Circuit

To
\ T'Eip
Circuit

Elementary Diagram of the Basler BEI-51 Relay

64 -



Time Pickup Current Sensing circuitry aborts the time delay trip
sequence by resetting the counter. By changing the contents of
the memory, any desired time-current characteristic can be ob-
tained, including those available with an electromechanical re-
lay. The user of the BEl-=51 has the option of selecting either
a static (SCR) or mechanical type of output circuit. The BEl=5l
may be powered by an external supply or by an additional CT placed
on the power conductor.

General Electric Static Time Overcurrent Relay (SFC) An elemen-
tary block diagram of the SFC relay 1s shown in Figure 2-=24.64
The instantaneous=-overcurrent unit 1is an electromagnetic unit
that operates on the same principle as the General Electric elec-
tromagnetic IAC type relay. The time=overcurrent relay works
as follows: The power circuit CT secondary current flows through
the signal sensing CT primary where a second transformation re=
duces further the current to the rectifier. The rectified cur-
rent is fed through one of six burden resistors which is chosen
by means of the Current Tap Block. The voltage across this
burden resistor is ej of Figure 2-24 and is proportional to the
power circuit CT current. The voltage ej is then delivered si-
multaneously to the Function Generator and Pickup Level Detector.
The Pickup Level Detector switches its output voltage, eq, to
the pickup state which enables the time circuitry only when ej
is greater than the pickup value set by the Pickup Calibrate
control. When ej is smaller than the Pickup Calibrate voltage,
the timing circuitry is reset.

The timing circuitry consists of the Function Generator,
Time Dial and Linear Ramp Generator. The Function Generator is a
wave shaping circuit, composed of operational amplifiers, diodes
and resistors, which operates nonlinearly on ej to give eg. The
signal eg in conjunction with the Linear Ramp Generator and
Time Dial, gives the characteristic time-current curve desired.
The Linear Ramp Generator simply integrates eg to obtain these
various functions. The Time Dial sets the integrating time
constant by switching in one of ten discrete resistors to give
one of the discrete curves normally available with an electro-
mechanical relay.

The output signal of the timing circuitry, ey, is ap-
plied to the level detector which compares e, with a fixed ref=-
erence value. The fixed reference value is precisely adjustable
by means of the Time Calibrate control. When e, exceeds the
reference value, e, takes on a negative voltage which causes the
output circuitry to trip the output relay. Otherwise, ei 1is
sufficiently positive to inhibit any tripping action.

The output circuit of the SFC is electromechanical in
nature, and the SFC receives its input power from the power
circuit CT, or from an external supply.
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Gould-Brown Boveri Solid State Overcurrent Relay (ITE=51) Figure
2=-25 shows the ITE-51 circuit which can be constructed to perform
either a time-overcurrent or instantaneous function. 65 The
input circuit of the ITE-51 is similar to that of the SFC unit.
The difference is that the current derived from the power circuit
CT is fed first through a tapped burden resistor, then the ac
voltage is rectified by the diode bridge to give Vj.

The dc rectified voltage, Vj, produced by the diode
bridge is made available to the Reference, Pickup/Reset, and
Timing circuits. The Reference circuit uses V] to derive a fixed
reference voltage Vp. The Pickup/Reset circuit derives its test
pickup value, Vp, from a potential divider and compares Vp with
Vr. The pickup value is changed by using either the taps on the
primary of the input transformer (not shown) or by varying the
value of the burden resistor, Rg. For example, by increasing Rg,
the value of current I; needed to exceed the fixed reference
voltage Vp, decreases; thus the pickup value 1is decreased.

The Timing circuit is enabled by the Pickup/Reset cir=-
cuitry only if Vp > Vp. Enabling of the Timing circuit 1is
achieved by preventing the pickup transistor from conducting

A GCONTROL
PQWER

OVERCURRENT RELAY

e N

| REFERENCE . TIMING l
§ PICKUP (RESET) l
AY

FIGURE 2-25

Elementary Diagram of Gould-Brown Boveri ITE-51 Relay

- 67 =



(i.e., preventing any charge delivered to Cr from being bled off
by the transistor). The Timing circuit consists of a variable
resistor, Ry, which 1is in series with Cg and fed by Vg, The
voltage Vp is a portion of the dc input voltage V; and is ob-
tained using a potential divider. When enabled, Cp will acquire
a charge and develop a voltage Vo, at a rate approximately pro=
portional to

vV, = vTe=t/RTCT (2=1)

where the variable t represents time. Once Vg exceeds Vp, the
output SCR is tripped.

The charging time of the simple RC circuit gives the
characteristic curve desired. Varying Ry, which can be done in a
continuous rather than discrete manner, shifts the characteristic
in time. The characteristic curve generated by this simple time
constant is inverse in nature. More complex charging networks,
such as RC ladder networks, can be used to achieve other charac-
teristics (i.e., very inverse, extremely inverse, etc.).

The instantaneous-overcurrent circuit functions analog-
ously with the instantaneous curve also being generated by a
simple RC circuit. An adjustable potentiometer provides the
variable instantaneous-overcurrent pickup level.

Westinghouse Electric Solid State Overcurrent Relay
(SCO=-T). An elementary diagram of the input circuitry of the
SCO-T relay is shown in Figure 2-26. As with the other relays
previously discussed, this relay has the option of including an
instantaneous trip unit. The input circuitry operates as follows.
A signal source CT feeds a bridge rectifier which feeds a burden
resistor to develop a voltage proportional to the line current.
The input voltage is supplied simultaneocusly to the instantan-
eous and time-overcurrent relay circuits.

The instantaneous-overcurrent circuitry uses a continu-
ously variable potentiometer as the Instantaneous Tap Multiplier
to change the pickup level. The output of this pot is compared
with a manually set reference voltage, Vggrp. Whenever the pot
output voltage exceeds Vgpp, the Instantaneous Trip Level de-
tector enables the Line Drive which trips the output circuitry.

The time-overcurrent circuitry of the SCO-T relay uses
an approach which is a combination of the technique of RC ap-
proximation used in the ITE=51 relay and the digital=-counter
time-delay approach used in the BE1l~51 relay. The voltage across
the burden resistor is applied to an RC curve shaping network to
obtain the relay's characteristic curve. The output of the RC
network is compared to reference voltage, Vggp. If the output of
the RC network exceeds Vggr, the comparator changes state which
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triggers the one shot to reset the RC timing circuit and advance
the Binary Counter. Note that the Binary Counter is enabled by
the Minimum Pickup Level Detector only if the input current is
above the minimum pickup level. Otherwise, the Binary Counter
is kept inactive.

After reset, the RC network begins charging again, re-
peating the above sequence until the proper binary count is
reached. The proper count is determined by the time=curve char-
acteristic desired. When the correct count is attained, the
Decade Counter/Decoder circuit is incremented. The decoder out-
put is connected to the Time Dial thumbwheel switch which is
set manually to detect one of 99 possible states of the Decade
Counter. For example, if the Time Dial thumbwheel switch is set
on 54, then the Binary Counter must cycle through its correct
count 54 times in order for the Decade Counter output to energize
the line driver. Since two digits are used, both thumbwheel
switches and both decade counters must be precisely matched in
order to activate the comparator and enable the time-overcurrent
line driver. The time-overcurrent line driver is used to trip
the time-overcurrent relay.

The line drivers in Figure 2-26 are connected to solid state
circuits which operate electromechanic relays in the trip cir-
cuit.

The preceeding material illustrates four approaches to
solid state relay design. Relays are also available which are
specifically designed for use as ground=fault relays on high re-=
sistance grounded power systems. Although specifications on
these relays are not included here, it should be apparent that
relays are available which meet the specifications discussed in
the chapter on ground-fault relaying.

2.10.2 Comparison of Static and Electromechanical Relays

The following material consists of a topic=by=topic
comparison of static and electromechanical relays. Some of the
subjects in the comparison were gathered in a mining industry
survey designed to find the prevalence, acceptance, problems
with, and comments about the use of solid state overcurrent
relays. Many of the people contacted asked that their names be
withheld. Where this information is included, it will specif-
ically be referenced as®6, which is the personal communication
reference listed in the references.

Environmental Contaminants

Many static relays (SR's) use hermetically sealed com-
ponents and epoxy-coated printed-circuit boards for protection
from environmental contaminants. Electromechanical relays
(EMR's), however, usually have metal components which are exposed



to the environment. High humidity and dust can increase the
rate of corrosion and oxidation of metal components including
relay contacts. Increasing contact resistance due to corrosion
and oxidation causes heat production in the contacts (durin

relay operation) which further enhances this problem.62,67,68,6

It has also been reported that metal filings which interfere
with proper operation have been found on the discs of induction

disc relays.

Shock and Vibration

SR's which have no moving parts are more resistant to
false tripping due to seismic activity than are EMR's. This may
be particularly important in areas where blasting or vibration
of electric machinery can cause nuisance tripping. It has also
been reported that induction disc relays are sometimes broken
while in transit due to rough handling, while SR's are unaf-
fected.66

Burden

The burden of SR's is typically lower than that of EMR's,
as is illustrated in Table 2-10 which compares the burden of the
SFC with that of the IFC relay. Where extremely low burdens are
required, some SR's have the capability of using an external
power supply. The burden of an SFC relaz on the lowest tap, with
an external power supply, is 0.06 ohms , 6

Size

A typical overcurrent SR occupies approximately one-
third the panel space of a typical EMR. While this is of little
consequence with new equipment, it presents a problem with exist-
ing equipment since an SR may not fit into the EMR case, thus
requiring retrofitting.

Reset Time, Overtravel, Ratchetting

When the input to an induction disc relay exceeds the
pickup value, the disc begins to move. The inertia of the disc
causes continued motion after the actuating force 1is removed.
This continued motion is known as overtravel. Overtravel con-
stitutes a disadvantage since a relay may continue to close and
disconnect a sound portion of the power system after a down-
stream relay has disconnected the faulty section. The overtravel
in a relay is a function of the relay design, pickup setting,
time dial setting, and the fault current magnitude.

Ratchetting may be defined as the accumulation of over-
travel due to successive power system transients. Successive
transients closely spaced in time may cause the relay actuating
quantity to oscillate above and below the pickup value. Each
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TABLE 2-10

Burden Comparison of SFC and IFC Relays

Time Overcurrent Relay Burdens

{Complex Lmpedance in Ohms on Lowest Tap)

Relay

°

Invarse—-Elactromechanical®
Inverne-Static

Vary Inverse-Electromechanical
Very Inverae-Static

Extremely Inverse-—
Electromechanical

Extreamely Iaverse-Statie

{1.5 -12) Range

9.4

22.0

{0.5-4} Range
3X

10X

nu.uo- 5.00
1.5 8.42
4.1% 2.90
1.8 0.42
1.60 1.60
1.8 0.42

20X
3.66
@.31
2,20
0.31

1.60

0.33

1X

1.45
0.72
0.59
6.72

0.17

0.72

3x 10X 20X
0.65 0.32 G.24
0.374 0.046 0.033
06.50 Q.40 0.25
0.174 ©0.046 0.033

0.7 ©.127 0.17

0.374 0.0406 0.033

% ghe inverse electromechinical is not avallable im the (1.5-12) ampere range. The
2-16A relay on thae 2.0 ampere tap. Since the

burdens given above are for the

burden of the inverase static relay ls essentially constant lrrespective of tap, the
static relay burdens can bo compared with the inverse electromechanical directly.



time the actuating quantity exceeds the pickup value, a torque
is applied to contacts which are found in a partially closed
condition due to the previous transient's torque, non-zero re-
set time and overtravel characteristic. Ratchetting to an un-
desired trip is usually caused by successive downstream faults
or successive motor startings.

The reset to pickup ratio of an induction disc relay
is inherently high; typically between 95% to 100% with friction
keeping the value below 100%. Once the actuating quantity drops
below the reset value the relay will begin resetting which may
take from 1l5sec to 60sec for an extremely inverse relay. If
another fault occurs during this time, the relay will not be in
the correct reference position and may falsely trip due to the
modified time-overcurrent characteristic.

Solid state time-overcurrent relays have reset times on
the order of .0l seconds and, therefore, exhibit negligible over-
travel and ratchetting. SR's also have reset to pickup ratios
which are typically in excess of 98%.70

Accuracz

SR's are far more accurate than their EMR counterparts
for several reasons. First, the SR curves rely on either pre-
programmed data, an RC time constant or a nonlinear curve shaping
network which does not change with time; hence, their time-over-
current characteristics are highly repeatable. Because of the
electronic nature of the relays, high input sensitivity can be
achieved if desired. Time delay data for overcurrent EMR's 1is
specified only for overcurrent conditions which are greater than
or equal to 1.5 times the pickup setting. Time delays for less
. severe overcurrent conditions are inaccurate since the small
torque generated and mechanical losses are comparable in magni-
tude. Most solid state relays are capable of accurate time
delays when the actuating quantity is only 1.1 times the pickup
setting.

As the time dial setting of an EMR is decreased, the re-
lay operates faster and more of the power delivered to the in-
duction disc is converted into kinetic energy. Thus as the time
dial setting changes so does the shape of the time-overcurrent
characteristic. SR's have characteristics which are independent
of the time dial setting.

The frequency content of the signal applied to a relay
is another source of error. The uniformity of the SR's frequency
response makes their performance more predictable.

As mentioned earlier, the lower burdens associated with
SR's also contribute to the accuracy of the relay by lessening
the problem of power circuit CT saturation when the CT secondary
current is many times the pickup value.70,71,72
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Reliability

Reliability of electromagnetic relays is known to be
high. The reliability of SR's is known to have the potential
for exceeding that of EMR's but the actual reliability in a mine
environment is largely unknown. As a first approximation at
estimating the reliability of EMR's, published reliability data
was reviewed from a survey of industrial plants conducted by the
Reliability Subcommittee of the IEEE Industrial and Commercial
Power Systems Committee. The results of this survey set the
failure rate of protective relays in industrial applications at
.0002 failures/unit year with an average down time of 5.0 hours.
This result is based on a sample size of 3 industrial plants,
30,600 unit years and 6 reported failures. This is believed to
reflect the EMR failure rate since SR's make up only a small
portion of all industrial protective relays. It is interesting
to note that out of the 12 industry classifications used to
group data, 3 industries had 2zero participation in the survey:;
these were auto, cement and mining.

A mining industry survey was conducted by telephone
with one purpose being to get a feel for SR reliability. Seven-
teen engineers, electricians and managers were contacted with an
accumulation of 132.2 unit years of SR service time between them.
This survey found 75 time-overcurrent SR's in service with 0.2
years to 5 years service life and mean sample service life of
1.76 years.

Of the 17 people interviewed, only one reported an un-
successful application of SR's. The problem consisted of nui-
sance tripping and was believed to be a result of severe elec-
trical transients on the power system. The overall impression
of people who had experience with SR's in mining applications
was very favorable.

Cost of Procurement

The survey of time-overcurrent relay manufacturers set
the cost of procurement of a single-phase time-overcurrent elec-
tromechanical relay with no instantaneous attachment at about
$190.00. The corresponding SR costs about $270.00. A general
rule of thumb is to add a 30% to 40% premium on the cost of an
EMR to get the price of an SR.66

Total Cost

Total cost is the ultimate characteristic which will
determine whether SR's capture a major portion of the mine power
system protecting relay market. Any cost analysis must take the
following items into consideration:
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Initial Cost

Maintenance Cost
Replacement Cost

Cost of Faulty Operation

0O 00O

Only when all of these factors are considered can a
valid comparison be made between SR's and EMR's.

2.11 Summary

The preceding material has served to introduce the read-
er to many of the concepts involved in designing a protective
relaying system for a coal mine, and to provide a list of refer-
ences for those interested in a more in depth study of any of
the subjects covered. Some of the more significant topics
covered include:

power system physical layout

use of instrument transformers
pertinent Federal regulations

function and use of overcurrent relays

0000

The material in the following chapters expands on topics
of phase and ground overcurrent relaying. If the reader intends
to perform a relaying system design or evaluation using the mater-
ial presented here, it is highly recommended that one or more of

the following references be obtained for "backup" support.20,21,
23, 27, 46, 60
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3.0 GROUND FAULT RELAYING

3.1 Introduction

The purpose of this section is to establish guidelines
which can be used in the design of ground-fault relaying for
coal mine electric power distribution systems. The first topic
discussed is relay system coordination using time delays to
isolate faulted portions of the power system. The next section
covers ground resistor sizing. Current transformer burden driv=-
ing capability, an area in which many coal mine power systems
are deficient, 1is covered next. The next topic discussed is
groundovercurrent relays, followed by a section which introduces
an analytical approach for determining optimal pickup settings
for ground-overcurrent relays.

3.2 Coordination

One method of implementing a ground=-fault relaying system
is to use instantaneous ground-overcurrent relays in all switch-
houses, and set them slightly higher than the phase unbalance
current in the power system. This would result in a maximally
safe system with respect to ground fault sensitivity and fault
removal time. Unfortunately, with this scheme, a ground fault
occurring anywhere in the system would cause the entire system
to be deenergized, which negatively impacts power system availa-
bility and hinders fault location.

An alternate method 1is to coordinate the ground-=fault
relays with suitable time delays and trip levels so that a
faulted section of the power system can be isolated, thereby
maximizing power system availability during and after a ground
fault. Although this alternative may appear to compromise per-
sonnel safety for system performance, safety is not compromised
for the following reasons:

o} all components of the distribution system are in
intake air

o the amount of energy available at a ground fault is
limited by the grounding resistor

o machine frame-to-ground voltage during a ground
" fault is limited by the grounding resistor to less
than 100 volts

In coal mine ground-fault protection systems, coordination
is achieved, 1in part, by providing increasingly large circuit
breaker trip delays for switchhouses starting at the load and
moving back to the source. The most inby switchhouses, 1i.e.,
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those directly connected to load centers, should use instantan-
eous relays. The next outby switchhouse should have a time
delay of about 0.4 seconds, the next 0.8 seconds, and so forth.
This time interval, 0.4 seconds, between switchhouses, is a
generally accepted coordination interval which includes delay
for opening of the next inby breaker, relay overtravel, and a
safety factor. Figure 3-1 illustrates the use of time delay to
achieve coordination of ground fault relays.

In addition to providing suitable time delays, there are
several other system parameters which must be considered when
designing a ground fault relaying system. These parameters are
discussed in the following sections. .

0.8S DELAY =1 SUBSTATION

0.4s DELAY
=£*INSTO =£T1NSTQ
TO LOAD TO LOAD
CENTER . CENTER
FIGURE 3-1

Use of Time Delays to Achieve Coordination
of Ground=Fault Relays

3.3 Ground Resistor Sizing

The size of resistor used to ground the neutral of a
mine power system determines the maximum amount of current that
can flow in the ground during a ground fault. The upper limit
on the magnitude of ground current flow is defined as that
current which will cause no more than 100 volts to be dropped
across the mine ground system, external to the grounding resis-
tor (Sections 75.801, 77.801 of CFR 30). Ground system voltage
drop is a function of the following parameters:

o number and size of ground conductors

e} coupler and connection contact resistance (usually
. neglected)

o} maximum ground current
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When sizing a grounding resistor, it is generally good
practice to limit ground current to as low a value as possible
to minimize burning damage which may occur at the fault location.
However, care must be taken to ensure that the ground-fault cur-
rent is not limited below established design guidelines.

Minimum ground-fault current is not specified by any
mining law. However, it can be approximated by the generally
accepted rule that resistive ground current should equal or
exceed system capacitive charging current in order to damp out
transients which might otherwise occur during faults., System
capacitance to ground is a function of the following parameters:

o} phase conductor-to-shield capacitance in cables

0 capacitance of surge and power factor correcting
capacitors which are connected line to neutral

o) coupler, hussbar, and transformer capacitance
to ground (usually neglected)

Cable capacitance can be calculated by treating the indi-
vidual shielded conductor as a coaxial cable and using Equation
3~1, which gives the cable capacitance to ground in Farads per
Meter of cable length.

cC = 2 me (3=1)

where:
C = capacitance in Farads/Meter (F/M)
€ = permittivity constant of cable dielectric
(F/M)
dg = outer diameter of cable dielectric (cm)
di = inner diameter of cable dielectric (cm)

Approximate capacitance to ground £for various sizes of
mine power feeder cable are given in Table 3-1.

-78-



TABLE 3-1

Approximate Capacitance to Ground £for Various Sizes of
Mine Power Feeder Cable

Conductor Size $2 1/0 2/0 4/0 250 300 350 500

Line To Ground
Capacitance Per 259 270 331 {393 {419 | 449 {479 (553
Conductor* (pF/M)

* These values were calculated for 175 mil conductor in-
sulation with a relative permitivity constant of Ffour.

Equation 3=2 gives the total capacitive charging current

as a function of phase-to-ground capacitance and line-to-neutral
voltage.

V1i-n

I = 3 (3=2)
Xc

where:

Is = total capacitive charging current

Vien = system line-to-=neutral voltage

Xe = per phase capacitive reactance to
ground = 1 for phase to ground

377C
capacitance, C, in Farads
3.4 Current Transformers

Current transformers are used to electrically isolate
the relay circuit from the power system and to permit relay
devices to operate at reasonable values of current and voltage.
The performance of current transformers 1s a key factor in
relay system design because the relays are only as accurate as
the current transformers which energize them.,

The most important parameters involved in the selection

of a current transformer are turns ratio and accuracy classifi-
cation. Turns ratio is generally expressed as a function of the
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primary current which will produce five amperes of secondary
current., Typical current-transformer ratios for ground fault
relaying systems in coal mines are 25:5 and 50:5.

Accuracy classification refers to the ability of the
current transformer to drive some maximum relay coil impedance
without exceeding a specified ratio error. There are several
methods for specifying the accuracy of a current transformer,
including ratio correction factor curves, secondary excitation
curves, ASA accuracy classifications, and ANSI accuracy classi-
fications. Modern bushing- and bartype current transformers
are generally classified according to the ANSI system, which
appears in Table 3-2, The ANSI accuracy classification consists
of a letter which indicates whether the accuracy has been deter-
mined by a test (T) or has been calculated (C). - The number after
the letter represents the maximum voltage that the current trans-
former can develop across its secondary at 20 times rated current
without exceeding 10 percent error. For example, a C200 current
transformer will develop 200V at S5A x 20 = 100A secondary current,
which is equivalent to saying that a C200 current transformer
should not be used to drive a load greater than 2 ohms. Current
transformers can also be classified by a standard burden desig-
nation. Standard burden designations are shown in the left hand
column in Table 3-2. The number after the "B" represents the
maximum burden impedance that should be placed on the current
transformer secondary. Thus, a C200 classification is equivalent
to a B-2 standard burden designation.

TABLE 3-2

Current Transformer Burden Classifications

Std. Burden Max.
Designation ANSI Accuracy Class Burden (q)
B-1 C-100 T-100 1
B-2 C=200 T=200 2
B-4 C=400 T=400 4
B-8 C-800 T-800 8

On a multi-tap current transformer, the accuracy classi-
fication applies only when the highest ratio tap is used. The
ability of a current transformer to drive a load without satur-
ating is inversely proportional to the tap setting. For example,
if a multi-tap current transformer has a burden classification
of B-2 at a ratio of 600:5, its classification on a 300:5 tap
would be B-1.
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3.5 Relays

When selecting an overcurrent relay for ground fault
protection the following relay parameters must be taken into
consideration:

o) time=current characteristic
o} burden

Time-current requirements are satisfied when the relay
time characteristics permit coordination at the pickup 1levels
of interest. The following example helps to 1illustrate this
concept. A ground fault relay is required for a power system
with the following parameters:

o 25A grounding resistor
o 25:5 ground current transformer
o relay pickup set at 10A

The first requirement of the relay (time or instantaneous)
is that it have a two ampere tap, which corresponds to ten amperes
of ground current. The second requirement (time only) is that
the relay have suitable time-=current characteristics. A relay
with characteristics as shown in Figure 3-2 could be set to
provide tripping in 0.4 second time delay increments at full
ground current (i.e., 2.5 times pickup), however, at lower cur-
rents the delay time becomes unsuitably large due to the relay's
extremely inverse characteristic. The characteristic shown in
Figure 3-=-3 1is more appropriate, although the time delay still
increases with decreasing current. Fiqure 3-4 shows the ideal
characteristic where time delay is not a function of current.
Such a characteristic can be obtained using so0lid state relays.

Relay burden must be taken into consideration when select-
ing current transformers. Burdens of some commonly used electro-
mechanical relays at different tap settings and current levels
are shown 1in Table 3-3. As an example of relay and current
transformer matching, an inverse relay set on the two ampere tap
would require a current transformer with a rating of at least
B=1.

3.6 Pickup Level

Selection of pickup level involves determining an upper
and lower limit of relay setting which will cause the system to
perform as desired during a ground fault.

The lower limit of relay pickup level is determined by co=
ordination reguirements. More specifically a ground fault on one
segment of a mine power system causes an imbalance of capacitive
charging current in that segment and in all other parallel seg-
ments. The ground fault relays in these parallel segments must
be set above the charging current imbalance or they will perform
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TABLE 3-3
Burdens (in ohms) of Commonly Used
Electromechanical Relavs
AT 10X
TYPE RANGE TAP AT PICKUP| PICKUP
Inverse And 0.5/2.5 0.5 9.52 5.28
Very Inverse 1.0 2.42 1.50
2.0 .66 .5
Extremely 0.5/2.5 0.5 2.88 2,87
Inverse 1.0 .89 .93
2.0 .32 .25
Inst. 2~48 2.0 .80 .87
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incorrectly. This concept is illustrated in Figure 3-5 where
it can be seen that a ground fault on branch "A" causes the
line-to-neutral capacitance on branch "B" to be shorted in one
phase.

In order for capacitance to contribute to charging cur-
rent imbalance, it must be connected in a grounded wye config-
uration. An example of this is phase conductor-to-shield ca-
pacitance in mine power feeder cable. The phase conductor-to-
-shield capacitance for various sizes of mine power feeder
cable was shown in Table 3-1. Table 3-4 shows the charging
current and charging current imbalance for various connection
configurations for faulted faulted and unfaulted conditions.
It is assumed in Table 3-4 that the capacitive load consists of
balanced 1y F loads and a line-to-neutral voltage of 7200 V.

By setting ground fault relays at least 25 percent above
the calculated charging current of inby grounded wye connected
loads it is possible to avoid tripping a circuit breaker for a
ground fault on other segments of the power system. The relay
pickup current must be set above the calculated charging current
because the capacitance calculations do not include contributions
from transformers, couplers, etc.

TABLE 3-4

Effects of Capacitance on System Imbalance
During a Ground Fault*

Fault Charging Current
Connection Type Current/Phase Imbalance
delta unfaulted 4.7A 0.0A
grounded wye unfaulted 2.7A 0.0A
ungrounded wye unfaulted 2.7A 0.0A
delta line-neutral 4,.7A 0.0A
grounded wye line-neutral * % 8.1A
ungrounded wye line-neutral 2.7A 0.0A
* Assumes a balanced capacitive load of 1y F/phase and a

line-neutral voltage of 7200 V. It also assumes a resis~-
tance~grounded, wye-connected source.

* % The charging current in the faulted phase is zero amperes.
The other two phases each carry 4.7 amperes of charging
current.
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The upper limit on pickup level is much more difficult to
quantify. The selection must be based on a maximum voltage drop
external to the grounding resistor, during a ground fault, and
still cause the fault to be cleared. This concept is illustrated
in Figures 3-6 and 3-7 for a 7200 Vj.] system with a 25A ground-
ing resistor.

Figure 3=6 is a lumped element circuit equivalent of a seg-
ment of a mine power system during a ground fault. The elements
are described as follows:

SOURCE  (V]epn): line~to-neutral voltage of the power
distribution system (4160 V for this ex-
ample)

lpct impedance of the phase conductor in the
faulted phase, the voltage drop across this
element is proportional to the ground fault
current plus the symmetrical current drawn
by legitimate loads

Zgs the voltage drop across this representa-
© tive impedance consists of the following:

o voltage drop across transformer wind-
ings which have an internal fault, or

o  voltage drop across arcing or bolted
faults

ch: impedance of ground conductors, the
voltage drop across this element 1is pro-=
portional to ground current

Rgp: resistance of grounding resistor (166.4Q
in this example)

_ Figure 3-7 is a plot of Vi vs. I4 in Figure 3=-6. Regardless
of the values of Zpe, Zf, Zqgcs, and thé symmetrical load current,
the intersection of Vg and gg will occur on the straight line in
Figure 3-7.

The selection procedure for voltage drops across the
three unknown impedances will include the following assumptions:

o] The dependence of the procedure on actual component
values will be minimized in order to provide as
general a solution as possible, System dependence
may be added. However, certain parameters are dif-
ficult to quantify precisely.

o The solution will be based, within reason, on "worst
case" values.
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The effect of arcing faults will not be considered

in the solution, After a solution 1is reached, a
general equation for arc resistance will be used to
verify the validity of the solution.

The solution will consist of an upper boundary for
ground fault relay setting. 34 lower setting might
provide a small increase in system performance; how=
ever, it would be difficult to justify.

The voltage drops across the various elements will

be assumed to be in phase. This will provide a
worst case condition since the magnitude of the sum
of several vectors is at a maximum when the vectors
are in phase.

The assumed voltage drops across the impedances are as

follows:

ch2

ch:

On most systems, the maximum voltage drop permitted
between source and load is 10 percent of the source
voltage. In the example system this corresponds to
a 416 volt drop. :

The worst case ground fault consists of a fault in
the electrical center of one winding on the primary
of a delta~connected transformer. As illustrated in
Figure 3-8, this corresponds to a fault at one~half
the system line-to-neutral voltage at the trans-
former. On a wye-connected winding, protection down
to one half of the 1line-to=neutral voltage would
provide protection for that half of the winding that
is under the highest voltage-=to-neutral stress.

Delta-connected windings were selected for full pro-
tection since they represent the majority of the
loads on a mine power distribution system.

The voltage drop across Zge will not be included
in the analysis since, at mdost, this can be 100V for
a bolted ground fault at full line-to-neutral voltage.

Thus, the maximum Vy (see Figure 3-6) is:

Vg

= 1/2 (Viep = 0.1 Vi.p) + 0.1 Vip (3=3)

0.55 Vip

2288 V
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From Figure 3-7 this corresponds to a ground current of
11.25A, or forty five percent of the maximum ground current.
Adding a safety factor of 1.5 to the relay setting results in a
setting of about 8 amperes. The safety factor is used because
induction-disc relays, which are the most common type in use,
develop very low torque at pickup current and it is difficult to
predict their performance at less than 1.5 times the tap setting.
Instantaneous and solid-state relays could be set to pick up at
11.25A because they have adequate performance at pickup current.

The above analysis shows that a ground fault relay setting
of one-third of the maximum ground current will provide good pro-
tection against bolted ground faults. The analysis is a general
one and does not require consideration of specific systems.

The effect of arc voltage drop on ground current flow
can be approximated (based on an idealized model) through the
use of a generalized arcing equation for an arc between two
copper electrodes in still air’5.

V = 30 + 10 L + 10 + 30L (3-4)
I
where:
v = arc volts

L
I

arc length in cm.,
arc current in amperes

Equation 3-4 1is plotted in Figure 3-9 for several arc
lengths. Also plotted in Figure 3-9 is the VI characteristic for
the ground system modeled in Figure 3-6. The intersections of
the arc characteristics and the VI characteristic represent the
stable burning points for arcs of different lengths. (It should
be noted that these arcs are not self-initiating. A prerequisite
is an ionized path between the electrodes which, for testing
purposes, is provided by a thin copper wire connected between
the electrodes that vaporizes when power is applied).

il

Figure 3-9 shows that, because of the physical dimensions
involved, an arc in a power cable (which is where a fault is
most likely to occur) would have a voltage drop under 200V. The
same is true for a coupler fault where the arc length is limited
by the dimensions of the coupler. It is conceivable that longer
arcs could occur inside of switchgear. An arc occurring external
to a transformer would have to be on the order of one meter in
length before relaying problems could occur. Arcs occurring in a
transformer are limited in length, as was the case of cables and
cable couplers.
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Although the arc equation represents the results of an
idealized model, it provides the most reasonable results available
for the purposes of this study.

In order to better quantify the characteristics of phase to ground
arcing in mine distribution systems, it would be necessary to
simulate arcing ground faults using actual mine power distribu-
tion gear.

3.7 Summary

Burden matching of current transformers and relays is the
biggest problem in existing systems. If existing system hardware
prevents relay performance as outlined in this paper, then a
backup system, such as ground resistor potential relaying, should
be used to provide protection from low level ground faults. 1In
addition to insuring that relays are picking up at the levels
which they are set, the following should be considered in the
design or evaluation of a ground fault relaying system:

o} relay pickup delay over the range of available
ground fault current

o) magnitude of system charging current and effects
of charging current imbalance on relay performance
during ground faults

o} effect of ground resistor size on the energy avail-

able at a ground fault and ease of pickup at ground
current levels discussed in this paper
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4.0 : PHASE OVERCURRENT RELAYING

4,1 Introduction

The purpose of this section 1is to provide procedures
which may be used for the design or evaluation of phase overcur-
rent relaying as applied to the protection of coal mine electric
power distribution systems. The procedure has been divided into
three sections. Section 4.2 deals with the optimal location of
circuit protection elements to provide maximum system perform-
ance. This is followed by recommended procedures for power
system representation, fault current computation, and relay co-
ordination. An example of the coordination process for a mine
power system is presented in Section 4.4.

As was the case in the previous chapter on ground fault
relaying, it is assumed that relay coordination is desirable from
both a personnel safety and system performance point of view.

4,2 Protection Points

The first decision to be made in the design of a pro-
tective relaying system is where to use circuit protection. The
expanded radial configuration is the most common power system
type found in coal mines; therefore, it will be used to illus-
trate the protection point selection and coordination process.
The following subsections discuss the various protection points,
proceeding from the source to the load.

4,2.1 Substation

The mine substation contains two protection points.
Fuses are generally located on the primary of the substation
transformer and a circuit breaker is placed on the secondary.
The circuit breaker 1is controlled by time overcurrent relays
with instantaneous units.

4,2.,2 High-Voltage Feeder

The power cable or overhead lines that extend from
the substation into the mine are referred to as the high-voltage
feeder. The high-~voltage feeder normally does not have any
circuit breakers in series with it, i.e., it is not sectional-
ized. The exception to this occurs in large systems or systems
where the feeder splits in two directions once inside the mine.
In either case, a coordination study will reveal whether a sec-
tionalizing breaker can be used without increasing circuit break-"
er trip delays beyond the point where cables and transform-
ers can be adequately protected.
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4.2.3 Tap=-0ff Points

A tap-off point 1is any point along the high-voltage
feeder where a branch circuit is connected. Each tap-off point
should have a switchhouse which contains a feed-through for the
high voltage feeder and a circuit breaker controlled by overcur-
rent relays in series with the branch circuit. It is good de-
sign practice to use a circuit breaker for each load center
connected to the high voltage feeder. Although it is not uncom=-
mon, for example, to find both a panel belt load center and the
section load center connected to the high=voltage feeder through
the same breaker, this practice makes it difficult or impossible
to protect both load centers from overload or low level faults.
In this case, it 1is better design practice to use a double
switchhouse.

4.2.4 Load Centers

For the purposes of this study, section load centers
will contain two protection point types. One 1s the main break-
er, which 1s a molded case circuit breaker connected between the
transformer secondary and the load center bus. The other is the
molded case circuit breakers connected between the bus and the
individual machine trailing cables. Belt load centers will be
assumed to have one molded case circuit breaker which protects
the belt motor and its cable, and fuses on the transformer
primary for backup protection.

4,2.5 Rectifiers

Neither haulage-nor section-rectifiers will be specifi-
cally included in this study. For haulage rectifiers, it is as-
sumed that circuit breakers on the secondary of the transformer
protect both the transformer and rectifier from overloads and
short circuits. The switchhouse connecting the haulage rectifier
to the high-voltage feeder serves the same function as a switch-
house connecting a section or belt load center to the high-vol-
tage feeder. Section rectifiers are assumed to be connected to
the section load center secondary through a suitable molded case
circuit breaker, and thus are treated in the same manner as ac
face equipment. In either case, circuit breaker time-current
characteristics are required for each circuit breaker type in
order to perform a coordination study.

4.2.6 Other Configurations

There are many equipment and system configurations which
cannot be covered in a study of reasonable length. These include
fuses in switchhouses, different types of «circuit breakers,
different system configurations, etc. However, the techniques
presented are general enough that they should enable the reader
to deal with many situations not covered in this text.
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4.3 Procedure

4,3,1 System Representation

The first step in any coordination procedure is the
construction of a single line diagram representing the power
system. The diagram should include information on the utility
short circuit capacity, transformer ratings and impedances, cable
sizes and lengths, and load voltage and horsepower ratings. An
example of such a diagram is given in Figure 4-1, in Section 4.4.

In addition, any information which may be available
concerning motor starting currents, motor subtransient reactances,
machine full load currents, transformer inrush currents, trans-
former withstand levels, load diversity, and typical mine tempera-
tures should also be collected. Although the procedure to be
outlined may be performed using estimates of this data, the
availability of actual values would improve the accuracy and
reliability of the study.

Additional information required includes specifications
(including time=current curves) for the overcurrent relays, molded
case circuit breakers, and fuses to be used in the protective
system. Operating times for circuit breakers to be activated by
overcurrent relays may also prove useful.

Finally, information relating to cable impedances and
ampacities should also be acquired. Additional data concerning
maximum instantaneous settings for trailing cable protection
will be given later in this section.

4.3.2 Fault-Computations

The second step in. the relay specification procedure
should be the selection of protection points and determination
of rated currents, full load and starting currents, maximum fault
current, and minimum fault current at each point of protection.
All currents should be referred to the distribution system. Pre-
fault currents are assumed to be small compared with post-fault
values and the impedances of current transformers, circuit break-
ers, and switches are usually neglected.

In order to calculate the required currents, the system
single~line diagram should be converted to an impedance diagram
with all impedances referred to the distribution system. Equiva-
lent representations should also be constructed for sections of
the mine not specifically included in the study. The general
procedures for performing these computations are as follows.

4,3,2.1 Utility Reactance - The utility reactance, X, in ohms
per phase, referred to the secondary of the substation trans-
former is given by:
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(Secondary kvg;)?
X = (4=1)
(Utility Short Circuit Capacity in MVA)

”

The utility resistance is normally neglected.

4.,3.2.2 Transformer Impedances - The resistance, R, and reactance,
X, of the mine substation transformer in ohms per phase referred
to the distribution system are:

(%) (Secondary kV,,)2
R - T . LL (4-2)
100 (Rated Transformer 3-Phase MVA)
X (%) (Secondary kVir. )2
. LL
X = e X (4=3)
100 (Rated Transformer 3-Phase MVA)

For the section or utilization transformers, these values become:

Rm(%) (Primary kV..)2
R o=  ——— x = | (4=4)
100 (Rated Transformer 3-=Phase MVA)
X (%) (Primary kVpp )2
T LL
X = X (4-=5)
100 (Rated Transformer 3-Phase MVA)

4.3.2.3 Cables - The resistance and reactance of mine-power
distribution system cables may be determined in ohms/1000 ft./
phase from the appropriate cable handbook. For distribution
cables, the appropriate values are then given by:

(Actual Length in Feet)
R = (r) x (4-6)
1000

(Actual Length in Feet)
(x) x (4=7)
1000

=<
"

Where: r and x = per 1000'/phase values
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Cable capacitance is neglected in accordance with the assumption
that pre-=fault currents are small. For utilization cables, the
appropriate values are:

L Vp2

R = (r) x (4-=8)
1000 Vg2
L Vp2

X = (x) x (4-9)
1000 V82

Where:

r = cable resistance per 1000 feet

X = cable reactance per 1000 feet

L = actual cable length

Vp = transformer primary kV line-to-line

Vs = transformer secondary kV line-to-line

4,3.2.4 Motor Subtransient Reactances - Subtransient reactances
of a motor in per-unit on the motor base may be obtained from
manufacturer's specifications. This data may be given in terms
of percent inrush (starting) current; in which case the inrush
current (in percent) should be divided into 100 to get the per-
unit substransient reactance. The subtransient reactance in
ohms/phase referred to the distribution system is then:

(Vo) 2 (V)2 (1000)
X" = X" (pu) x (4=10)
(hp) (V)2

Where:

per unit subtransient reactance
distribution kV line-to-line (kV)
motor line=to-line rated voltage (V)
Vi utilization line~to-line voltage (V)

5<
0w un

where it has been assumed that one kVA input corresponds to one
output horsepower; this is a standard assumption for three-phase
induction motors. For synchronous motors, this correspondence
may vary depending upon the machine's field excitation level.
The resistance is usually neglected in all cases.

If the per-unit subtransient reactance is not available,
a value of 0.25 p.u. is usually assumed for induction motors rated
less than 600V with a corresponding value of 0.17 for induction
motors rated greater than 600v.20 Subtransient reactances of
synchronous motors may range from 0.15 - 0.28 p.u.
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4,3.2.5 Impedance Diagram - Once all system impedances have been
evaluated, the single-~line impedance diagram may be drawn assum-

ing that all motors are connected through their subtransient re-

actances to a common reference voltage which has a value equal

to the distribution voltage. Equivalents may then be formed, by

series/parallel combinations of impedances, to represent portions

of the system not under study. The maximum symmetrical £fault

current in amperes at any system bus (bus N) may then be computed

from:

(Distribution Vi) / ¥3
I'f(rnax) = ’ (4=11)

where Zoy is the impedance between bus N and reference and is
obtained by series/parallel combinations of individual impedances
between these two points. The maximum fault current which may
flow at any system bus includes a dc transient component which
depends upon the X/R ratio of Zgq. To account for this additional
component of current, a multiplying factor from Table 4-174 may
be utilized such that the maximum asymmetrical current becomes:

Factor from Table 4-1
Ig(max) = x I'g(max) (4=12)
Based upon X/R ratio

This current 1is normally assumed to be the maximum fault current
which can flow through a relay located at bus N. This assumption
is conservative in that the maximum fault current may actually be
less than this value since all motor contributions may not flow
through the relay. An alternative to this approach is to neglect
such paths when computing Zgy. The latter is used in the mining
example presented in Section 4.4.

TABLE 4-1

Asymmetrical Current Factors

X/R Ratio Factor |X/R Ratio Factor

1000.0 1.73 5.0 1.25
100.0 1.70 4.0 1.19
50.0 1.67 3.0 1.12
33.3 1.63 2.0 1.04
20.0 1.57 1.0 1.00
10.0 1.44 0.0 1.00
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The minimum fault current which may be seen by any
phase relay for a fault in its primary zone of protection is as-
sumed to occur for an arcing line-to-line fault located at the
most inby point of this zone. This assumes a resistance grounded
system which will limit ground €fault currents to 25A or less.,
Asymmetrical current factors and motor. contributions are neglected.
Thus the minimum fault current becomes:

(Distribution Vyrp)/ V3
Ig(min) = (0.866)x[AFF] x (4=13)
1Zeqg!

Where:
AFF is the Arcing Fault Factor

The arcing fault factor depends upon system voltage at the fault
point and varies from 0.8545 at 480V to 0.9 at 600V to 0.95 at
1040vV.74 The arcing fault factor at distribution voltage levels
is usually assumed to be 1l.0.

Although it is recognized that high impedance faults
may occur which will temporarily limit fault currents to a lower
value than the minimum value given, it is this current (If (min))
which is normally used in a system protection analysis.

Rated and full load currents at each point of protection
may be determined based upon device specifications. Thus, for a
transformer with given voltage and kVA ratings, the current rating
is given by:

(kVA rating)

Irateda = ; (4-14)
2 (Rated kVrr) ( ¢

where the rated voltage to be utilized corresponds to the side of
the transformer connected to the distribution system.

For cables, the cable ampacity may be considered as
analogous to a rated value. These values are obtained from a
cable handbook27 and should be corrected for ambient tempera-
ture and/or when one or more layers of cable are used in a reel.

Typi§$l correction factors for copper cables are given in Table
4-20
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TABLE 4-2

Typical Ampacity Correction Factors

Insulation Rating
Ambient Layers Correction
Temperature 909c 75%¢ in Reel Factor

10%c¢ 1.26 1.36 1 0.85
20%c¢ 1.18 1.25 2 0.65
30%c¢ 1.10 1.13 3 0.45
409c 1.00 1.00 4 0.35
509¢ 0.90 0.85

The full load currents of three-phase induction motors
connected to the system may be estimated froms

(Rated Horsepower)

L£yll load = (4-15)
(Rated kVyr) x ¥3

where it has again been assumed that one horsepower output cor-=
responds to one kVA input. For synchronous motors, the full load
current is dependent upon the field excitation. 1In this case,
the full load current may be estimated from

(Rated Horsepower) x 746

Ifull load = (4-16)
(Rated kVyy) (Power Factor) x v3

where the power factor is estimated based upon the field excitation.
All full load motor currents should be referred to the distribution
system using the section transformer's turns ratio.

Full load currents of individual motors are usually ad-
ded without consideration of phase angles in order to obtain the
full load currents of machines or groups of machines. A divers-
ity factor may also be employed to account for the fact that not
all motors are likely to be running at full load at the same time.
Diversity factors might range from 1.0 to 2.0 depending upon sys-
tem operating procedures.

If the starting currents of motor loads are not avail=-
able from the manufacturer, they may be estimated based upon the
per-unit subtransient reactance, x", and the full load current.
In this case:

1

Istarting = 1.25 X X Ifull load (4=17)
X" (per unit)
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4,3.3 Relay Coordination

The final step in a coordination study is the selection
of fuses, molded case circuit breaker ratings and instantaneous
trip settings; and the specification of current transformers,
relay tap, and time dial settings. After these parameters are
determined, graphs showing the time=current characteristic of
each protective device in all paths of protection should be con-
structed. 1Inspection of the graphs will then provide the designer
with a convenient means for checking system coordination, backup
protection, and speed of protection for any given fault or over-
load situation.

To begin the coordination procedure, the desired points
of protection must have been selected. These include:

1. A molded case circuit breaker (thermalmagnetic)
to protect each machine and trailing cable.

2. A molded case circuit breaker on the secondary
of each section or utilization transformer hav-
ing multiple machine loads.

3. Fuse protection on the primary of utilization
transformers.

4. Current transformers, overcurrent relays with
instantaneous trip attachments, and circuit
breakers at the inby side of each high voltage
feeder junction.

5. A current transformer, overcurrent relay with
instantaneous trip attachment, and circuit
breaker on the secondary of the main substation
transformer.

6. Fuse protection on the primary of the main sub-
station transformer.

In order to simplify the selection of settings for
items one through six above, a set of guidelines have been estab-
lished. The guidelines consist of the various overload and fault
currents which are used in a coordination study. The guidelines
are as follows:



4.3.3.1 Molded Case Circuit Breakers Protecting Individual
Machines

Overload (Thermal Setting)

Ry = 1.0 % (full load current of the machine in-
cluding lights and any diversity factor)
Ry = 1.0 x (ampacity of machine trailing cable

corrected for ambient temperature and reeling)

Normally, Ry will be greater than R; and the molded
case circuit breaker rating may be selected as the next available
size greater than Rj. This rating should be less than or equal to
Ro. It should be noted that both R} and Ry are referred to the
utilization voltage.

Short Circuit (Magnetic Setting)

Si = 1.2 x (maximum motor starting current)

So = 1.2 x (full load current of the machine
including lights and diversity factor)

S3 = 0.8 x (minimum arcing fault current at the
load end of the trailing cable)

S4 = the maximum instantaneous settng specified

for the trailing cable in Section 75.601<1,
Title 30, CFR, Part 75. (See Table 4-3)

Normally, S3 and S4 will be greater than S; and Sp such
that the instantaneous setting may be selected such that it is
less than S3 and S4 and approximately equal to the largest of S3
and Syp. Again, S; = S4 are referred to the utilization voltage.

4,3.3.2 Main Molded Case Circuit Breakers

Overload (Thermal Setting)

Ry = 1.0 ¢ (sum of the full load currents of all
machines connected including any diversity
factor)

Ry = 1.0 x (Secondary current rating of the

section transformer)
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TABLE 4-3

Instantaneous Settings of Circuit Breakers for
Short-Circuit Protection of Trailing Cables

Maximum Allowable
Conductor Circuit Breaker
Size Instantaneous Setting

AWG or MGM (A)
14 50
12 75
10 150
8 200
6 300
4 500
3 600
2 800
1 1000
1/0 1250
2/0 1500
3/0 2000
4/0 2500
250 2500
300 2500
350 2500
400 ' 2500
450 2500
500 2500
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Normally R, would be greater than Rj;. The circuit
breaker rating may then be selected as the next available size
greater than Rj.

Short Circuit (Magnetic Setting)

S1 = 1.2 x (sum of the full load current of all
machines connected including diversity factor
plus the starting current of +the largest
motor)

So = 1.1 ¥ (maximum fault current at the section
transformer secondary bus)

As can be seen from the definitions of S; and Sy, the
use of an instantaneous (magnetic) setting on the main breaker
presents coordination problems. Setting S] would provide maximum
system safety; however, coordination with the individual machine
breakers is lost because, in general, a line-~to-line or three-phase
fault in a trailing cable would trip the main breaker. Setting
S5 would result in the breaker never tripping instantaneously
since this setting 1is above the maximum fault current. The
decision to use S} or Sj must be based on whether or not the
corresponding increase in safety is significant enough to justify
the S; setting.

4.3.3.3 Belt Transformer Primary Fuses

Fuses are specified for the belt load center primary
because the high impedance of the transformer limits secondary
fault current to the point where backup protection is difficult.
Fuse specifications are based on transformer inrush and ANSI
withstand currents and the maximum secondary fault current.

4.3.3.4 Distribution System Overcurrent Relays

The next set of devices which would normally be speci-=
fied are the distribution system current transformers, and over-
current relays. The procedure begins at the primary side of the
section or utilization transformers and proceeds to the secondary
of the substation transformer. Relays are coordinated in pairs
taking care to ensure that sufficient selectivity and backup
protection are provided. Guidelines are as follows:

Pickup Current

P = 1.25 x (sum of the full load currents of
all machines connected including any diver-
sity factor)

Py 1.0 x (ampacity of smallest cable in the

relay's primary zone of protection)
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P3 = F x (current rating of smallest transformer
in the relay's primary 2zone of protection)

F= 1.0 if transformer does not have main
secondary protection
F = 2.0 if transformer 1is protected by main
secondary breakers rated at 100% or less
of the transformer current rating.
Py = 0.8 X (minimum short circuit current in the

relay's backup zone of protection)

The relay pickup current should be greater than or
equal to Py and less than Py, P3, and Py4. As this setting is
moved closer to Pj, a greater degree of backup protection is
provided since the pickup setting is less than Pyg.

Instantaneous Setting

S1 = %al X (maximum fault current at the most
inby point of the relay's primary zone of
protection)

S, = l.1 x (maximum inrush currents of inby
transformers)
S3 = 1.0 x (allowable short circuit cable current) .

For maximum coordination, the instantaneous setting
should be greater than S} and Sj, and less than S3. It should be
noted that the value of S3 is not calculated. Instead, the
allowable short circuit characteristic can be taken from Figure
2-1327 and plotted on the coordination graph.

Transformer inrush currents should be available from
the manufacturer. These range from 8=12 times full load current
for a duration of 0.1 second.

Current Transformer and Relay Tap Setting

1. The current transformer and relay tap setting
should be chosen such that the tap setting is 0.5
x (the current transformer secondary rating) or
greater. If this cannot be achieved, current
transformer accuracy should be checked. '

2. 20 x (the current transformer primary rating)
should exceed the instantaneous relay setting.

If this cannot be achieved, current transformer
accuracy should be checked.
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The current transformer ratio and relay tap setting
should be selected in accordance with items 1 and 2.

Time Dial Setting

The time dial setting of the relay should be adjusted
so that its operating time will exceed that of all inby relays,
for which it serves as a backup, by 0.4 seconds. Normally, this
criterion will be achieved by assuring that this time interval
exists for the maximum fault current available at the inby relays
or at the maximum instantaneous setting of these relays. For
maximum speed of protection, this time interval should not be
exceeded.

In the case where the inby protective device is a molded
case circuit breaker, this time interval should be 0.1 seconds
greater than the maximum operating time of the breaker, regard-
less of the interrupted current. In either situation, this co-=
ordinating time interval should be checked when the time-=current
curves are constructed. At this time, a check should also be
made to verify that ANSI withstand values for all transformers
in the system are above protective system operating times. These
values should be available £from the manufacturers, and usually
range from 25 times full load current for 2 seconds for trans-
formers with 4% or less impedance, to 14.3 times full load cur-
rent for 5 seconds for transformers with 7% impedance.

4.3.3.5 Substation Transformer Fuse

/

The final protective device to be specified would be
the fuse protection for the substation transformer primary. This
is done based upon comparison of the fuse's time~current curves
with those of the relay protecting the secondary of this trans-
former. For complete coordination, the minimum operating time
of the fuse should exceed the relay time-current characteristic
by 0.3 seconds for all currents. Fuse currents are, of course,
referred to the high-voltage side of this transformer.

4.3.3.6 Summary

The first step in the coordination procedure 1is the
construction of the power system single-line diagram. Data must
be obtained on the following parameters:

utility short circuit capacity
transformer ratings and impedances
cable sizes and lengths

load voltage and horsepower ratings

0000

The second step is to convert the single-line diagram
into an impedance diagram, which contains the following quantities:
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utility reactance (use Equation 4=1)

substation transformer resistance and reactance
(use Equations 4-2 and 4-3)

power cable resistance and reactance (get data
from a cable handbook and use Equations 4-6,
4‘7[ 4_8’ and 4‘9)

motor subtansient reactance (in lieu of manu-=-
facturers data, Equation 4-10 may be used along
with values given in the text)

utilization transformer resistance and reactance
(use Equations 4-4 and 4-5)

The single-~line impedance diagram is drawn assuming
that all motors are connected through their subtransient reactances
to the reference bus, which has a voltage equal to the mine
distribution voltage.

Once the impedance diagram is completed, the following
system parameters may be computed for each circuit breaker.

e}

Maximum Asynchronous Fault Current (If max) - This
is calculated assuming a bolted, three phase fault
on the load side of the breaker. It contains cur-
rent flow from the electric utility, and, depend-
ing on breaker location, from various ac loads
(motors) connected to the power system. The max-
imum asynchronous fault current also contains a
dc offset which is dependent on the reactance to
resistance ratio (X/R) of the total impedance
between the fault location and the reference bus
(see Table 1 and Equation 4-12). This calculation
is used to ensure that circuit breakers do not
trip instantaneously for faults that are in the
breaker's back-up zone of protection.

Minimum Fault Current - Minimum fault current is
calculated by assuming a line=to-=line fault at
the furthest inby point of a breaker's primary
zone of portection. It is also assumed that
current flows only from the electric utility and
that there is no dc offset. This calculation is
used to ensure that circuit breakers trip in-
stantaneously for faults in their primary zone of
protection. See Equation 4-13.

In addition to fault currents, the rated currents of
all components in the power system must be calculated. These
are given by Equation 4-14 for transformers, Equation 4-15 for
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induction motors, and Equation 4-16 for synchronous motors.
Motor starting current, if unavailable from the manufacturer,
can be estimated using Equation 4-17.

Finally, it 1s necessary to compute transformer inrush
and ANSI withstand values. The ANSI withstand is based on trans-
former impedance and 1is calculated using information contained
in Table 2-6. Transformer inrush current can be obtained from
the manufacturer or the standard assumption that the inrush is
8 to 12 times the transformer rated current <can be used.

The last step in the coordination process 1is the
selection of fuses, molded case circuit breaker ratings and
instantaneous trip settings, and the specifications of current
transformers, relay tap, and time dial settings. Each time a
protective device is specified, its characteristic is plotted on
the system coordination graph. The coordination graph, which
is a plot of protective device trip time as a function of current,
enables the system designer to graphically depict the performance
of a relaying system. It should be noted that the "current"”
axis of the coordination plot represents current flow at the
mine distribution voltage. Any time a transformer is used in
the power system the following calculations must be used before
information can be displayed on the coordination plot.

o Substation Fuse. The current rating of the sub-
station fuse must be referred to the mine distri-=
bution voltage using the substation transformer
turns ratio

o] Molded Case Brakers. The current rating of molded
case breakers must be referred to the mine distri-
bution voltage using the utilization transformer
turns ratio.

o Overcurrent Relays. Overcurrent relay time-current
characteristics must be referred to the mine dis-
tribution system using the ratio of the current
transformer which energizes the relay.

The preceeding material represents an ideal approach to
the coordination of mine-power-system protective gear. In actual
protective system specification, it may be found that some of
the guidelines stated cannot be strictly adhered to. Inaccurate
data input (machine full load and starting currents, diversity,
etc.) may require that some settings be "fine tuned" to fit the
needs of a particular system. Incompatible protective device
time-current curves may require a sacrifice of coordination for
adequate backup protection. The following example on protective
system specification illustrates some of the difficulties encoun-
tered encountered in the coordination process, and offers solu~
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tions and compromises which are sometimes necessary in a protec-
tive system design.

4.4 Coal Mine Power System Example

A coal-mine-electrical-power system selected to illu-
strate the coordination procedure is shown in Figure 4-1. The
system represents a large underground coal mine and the coordi-
nation process is illustrated from one working section and its
panel belt drive back to the mine substation. Calculations of
all required parameters are given in the text. However, it will
become apparent that the use of a load flow/fault analysis program
is desirable for analysis of medium and large systems.

4.4.1 Fault And Overload Computations

4.4.1.1 Utility Reactance

The utility reactance in ohms/phase referred to the
distribution system is:

(7.2)2

X = = = (.052¢
1000

4,4,1.2 Substation Transformer

The main 7.5 MVA transformer's resistance and leakage
reactance in ohms/phase referred to the distribution system are
computed using Equations 4-2 and 4-3 respectively:

0.5 (7.2)2

R = X = 0.035¢@
100 7.5
5 (7.2)2

X = X = 0.346 0
100 7.5

4.4.1.3 Utilization Transformers

The belt (225 kva) transformer's resistance and reactance
referred to the distribution system are computed using equations
4-4 and 4-5 respectively:
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Example Mine Power System
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0.5 (7.2)2

R = - X = 1.,1520
100 .225
5 (7.2)2

X = X = 11,520
100 .225 -

and similarly for the 750 kva section transformer:

0.5 (7.2)2

R = X = 0,346 Q
100 .75
5 (7.2)2

X = X = 3,456 Q
100 .75

4.4.1.4 Cables

The resistances, r, and reactances, x, per 1000 ft.
for the power cables are taken from a cable handbook. For conven=
ience, these values have been summarized for the cables used in
this example:

500 MCM (8 kV): r = 0.028 92 /1000 ft.
x = 0.020Q /1000 ft.
4/0 (8 kV): : r = 0.065Q /1000 ft.
x = 0.034Q /1000 £t.
4/0 (2 kV): r = 0.065Q /1000 ft,
x = 0.029Q /1000 ft.
1/0 (8 kV): r = 0.128Q /1000 ft.
x = 0.037Q /1000 ft.
1/0 (2 kV): r = 0.1280Q /1000 ft.
x = 0.032Q /1000 ft.
4 AWG (2 kV): r = 0.332Q /1000 ft.
x = 0.035Q /1000 ft.
6 AWG (2 kV): r = 0.528Q /1000 ft.
x = 0.038Q /1000 ft.

The actual cable impedances, referred to the distribution system
diagram, are computed using Equations 4-6 and 4-7:
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Z1o2: (<028 + §.03) (.9)

[}

025 + §.027Q

[}

Zy.3:  (.065 + 3,034) (4) = 0.26 + j.136¢Q
23-4: (<128 + 3.037) (.5) = .064 + 7.019Q
Z3_7:  (.128 + 3.037) (1) = .128 + 3.037Q
Zg_g:  (-065 + 3.029) (.08) (12)2 = .749 + j.334Q
Zg_g:  (.065 + 3.029) (.5) (12)2 = 4.680 + j2.088Q

Zg.1g® (332 + 3.035) (.5) (12)2 = 23.904 + 3j2.52Q
and 2g-11:

Zg.1ps (0528 + 3.038) (.5) (12)2 = 38.016 + j2.736Q
and 2g-13:
and %2g-14:

z8-15¢ (<128 + 3.032) (.25) (12)2 = 4.607 + j1.152Q

4.4,1.5 Motor Subtransient Reactances

. For this system, all motors are rated at 550 V so that
their subtransient reactance may be assumed equal to 0.25 pu on
the motor base. Equation 4-10 is used for the computation of
these reactances. The subtransient reactance, in ohms referred
to the distribution system is:

(.25) (7.2)2 (550)2 10,890 (4=18)
X" = - x 1000 = ———
(hp) (600) 2
hp

The individual motor subtransient reactances are then
computed by substituting the motor size into Equation 4-=18, as
shown in the following:

10,890
X" = me— 52 28 .28Q for the continuous miner
385 (all motors running)
10,890
X" = e——— 272.258 for each shuttle car
40
10,890 .
X" = —— = 217.8% for each section fan
50
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10,890

X" = = 272,258 for the bolter
40
10,890
p & = mm— 72 .60 for the feeder breaker
150
10,890
X" = = 72.60 for the belt
150

4.4.1.6 Equivalent Networks

The main coordinating path for this system is from the
utility to the continuous miner and includes buses 1, 2, 3, 7, 8,
and 9. The loads on buses 10 through 15 will, therefore, be
represented by an equivalent network.

The impedances of the network to be modeled are shown
in Figure 4-2. All motor impedances are connected to the reference
bus (bus 0). The impedances shown are combined by addition in
series and by the addition of reciprocals in parallel to give
an equivalent impedance of 3.288 + j30.121 Q between buses 8 and
0. A similar procedure has been applied to the remainder of the
system (connected to bus 2) in order to obtain the equivalent
shown between buses 2 and 0 in Figure 4-3, which is the complete
system impedance diagram. Selected protection points are as
shown in this figure. Circuit breakers at points A, B, and C
are actuated by overcurrent relays and molded case breakers are
located at points D, E, and F. The substation transformer and
the belt motor transformer are fuse protected. Additional molded
case breakers are used to protect the cables from bus 8 to the
shuttle cars, section fans, bolter and feeder breaker. These
will all have shorter tripping times than the molded case breaker
at E and will, therefore, be coordinated automatically. A similar
comment also applies to the protective system modeled by the
equivalent impedance from bus 2 to reference.
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System to be Represented by an Eguivalent Network

4.,4.1.7 Maximum Fault Currents

Maximum fault currents are calculated using the magnitude
of the impedance from the fault location (the load side of the
circuit breaker of interest) to the reference buses. The maximum
fault current is equal to the referenge bus yoltage divided by
the impedance magnitude. Only that current which flows through
the circuit breaker should be used. For example, only the
impedance between buses "1" and "0" is used for the calculation
at "A",., This is because the fault current from bus "2" does not
flow through the circuit breaker at "A" during a fault at the
load side of the breaker at "A"., At location "B", fault current
flows from buses "2" and "8".

Maximum asymmetrical fault currents are calculatednusing
the values in Table 4-=1 as shown in Equation 4-12. Linear inter-
polation may be used to obtain factors not given in Table 4-1.

The calculations for protection point "A" are explained
in detail. The calculations for the remaining protection points
follow the same format as those for "A", and are summarized below.

At A

The maximum sysmetrical fault current is equal to the
distribution system line-to-neutral voltage divided by the mag-
nitude of the equivalent impedance (Zeg) from the fault to the
reference bus. From Equation 4-12, the maximum symetrical fault
current is:
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7200

e ]

Y3 4156.9

I's (max) = s e = 10,404A symmetrical
¥(.035)2 + (.398)2 «3995

The maximum asymetrical fault current is calculated
using the X/R ratio of the equivalent impedance. From Table 4-1,
an X/R ratio of 11.37 gives an asymetrical fault factor of 1.46.

X .398

R = ,035 = 11.37
The asymetrical fault factor and the maximum symetrical fault
current are combined using Equation 4-=12 to get the maximum
asymetrical fault current.

Ig (max) = (1.46) (10,404) = 15,200A Asymetrical

At B
(4.68 + 3j2.088 + j28.8) (3.288 + j30.12)
23-8-0 = <474 + 33,493 +
4.68 + 32.088 + j28.8 + 3.288 + §30.12
23-8-0 = 2.456 + jl1l8.75
(035 + §.398 + .025 + j.027) (.3 + 33)
23-2-0 = .26 + j.136 +
2035 + §.398 + .025 + 3.027 + .3 + 33
Z3.2-0 = .31 + j.508
(31 + j.508) (2.456 + j18.75)
Zeq = = 0295 + jc497
31 + §.508 + 2.456 + §18.75
4156.9
I'f(max) = = 7191.8 A Symmetrical
¥(.295)2 + (.497)2
X = <497 = 1.68
R .295
Ig(max) = (1.03) (7191.8) = 7410 A Asymmetrical
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At C

———e—

2350

23-2-0

I'g(max)

v e

I¢(max)

All motor contributions except that from the belt motor
equivalent system are included since they flow through this relay.

1.216 + 3j11.54 + .749 + §.334 + §72.6
1.96 + 84,5

.31 + 3.508

(1.96 + j84.5)(.31 + 3.508)

1.96 + 384.5 + .31 + j.508
.306 + j.505

4156.9

= 7034 A Symmetrical
¥(.306)2 + (.505)2 :

=305 = 1.65
.306
1.03 (7034) = 7240 A Asymmetrical

2306 + 3.505 + .474 + §3.493 = .78 + 33.998

4256.9

= 1020.5 A Symmetrical

Y(.78)2 + (3.998)2

5.12

1.25 (1020.5)

1275.6 A Asymmetrical
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I'g(max)

o1

Ieg(max)

At F

Ig(max)

4.4.1.8

]

[}

2}

3

1}

(306 + j.505 + .474 + 33.493) (3.288 + 930.12)
.306 + j.505 + .474 + 33.493 <+ 3.288 + g§30.12
.652 + 3j3.53
4156.9
= 1157.9 A Symmetrical
¥(.652)2 + (3.53)2
3:33 = 5,41
. 652
(1.27) (1157.9) = 1470 A Asymmetrical

0295 + 3.497 + 1.126 + j11.539 = 1.421 + §12.036

4156.9
= 343 A Symmetrical
Y(1.421)2 + (12.036)2
12.036 < 8.47
1.421
(1.38) (343) = 474 A Asymmetrical

Minimum Fault Currents

The following assumptions are used in the calculation
of minimum fault current:

Motor contributions are neglected, i.e., fault
current flows only from the mine substation.

Asymmetrical factors are assumed equal to 1.0.

For a high
is 0.866 times

Faults are assumed line-to-=line.
resistance grounded system, this
the three=phase fault current.
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4, Arcing fault factors of 0.9 and 1.0 times the
line=-to=line fault current are assumed for the
600 V and 7200 V systems respectively.

5. Faults are assumed to occur at the most inby
point of the relay's primary zone of protection.

The minimum fault currents are then computed as follows
(see Equation 4=13):

At A

The minimum symetrical fault current that can flow
through the circuit breaker at location "A" is calculated using
the impedance from the electric utility to the most inby point
in breaker's primary zone of protection which is assumed to be
bus 3. Also 1included in the calculation is the distribution
system line-to-neutral voltage (4156.9V), the line-=to-=line fault
factor (0.866), and the arcing fault factor (1.0 at distribution
voltage). From Equation 4-13, the minimum symetrical fault cur-
rent 1is:

4156.9
If(min) = (.866)(1.0) = 5573 A
¥(.32)2 + (.561)2
At B
A 4156.9
V(.32 + 1.216)2 + (.561 + 1154)2
= 266A
Note: The equivalent impedance is the sum of the impedances

between bus "5" and the electric power utility lines.

At C

————

4156.9
(.866) (.9) = 785 A
V(.32 + 474)2 + (.561 + 3.493)2

I¢(min)

At D (using buses 8-12)
| 4156.9

If(min) = (.866) (.9) = — —
/(.794 +38.016)2 + (4.054 + 2.736)2

= 822 A



At B

4156.9
Ig(min) = (.866) (.9) = 394 A
Y(.794 + 4.68)2 + (4.054 + 2.088)2
At F
4156.9
If(min) = (.866) (.9) = 255 A

¥(1.536 + .749)2 + (12.1 + .334)2

4.4,1.9 Machine Full Load Currents (see Equation 4-=15)

The machine full load currents are calculated using
the maximum connected horsepower of the machine (or machines)
and the utilization system line~to-line voltage (550V for the
example system). For example, it is assumed for the continuous
miner that a maximum of 270hp (270 kVA) is connected to the
power system. Thus, from Equation 4-=15:

270 000
Continuous Miner: = 288.7 A
Y3 (550)
288 .7
or 12 = 24,1A @ 7200V
370 000
Remaining load on bus 5: = 388.4 A
Y3 (550)
388 .4
or 12 = 32.4A @ 7200V

(all motors assumed connected)

150 000
Belt drive: = 157.5 A
¥3 (550)
157.5
or 12 = 13.,1A @ 7200V
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5 000 000

Load on bus 2: = 5249 A7
¥3  (550)
5249
or 12 = 437.4 A @ 7200V

(all motors assumed connected)

4,4.1.10 Transformer Current Ratings (see Equation 4-14) )

7.5 MVA
7500
Irateg = ?;T;T““?%f = 601.4 A
750 kva
750
Icateg = 7.21 73 = 60.1 A
225 kva
‘ 225
Irateg = {;TZT*—ng = 18.0 A

4,4,1.11 Transformer Inrush Current

Transformer inrush currents should be available from
the manufacturer. For the purposes of this example, they are
assumed to be as follows:

7.5 MVA

Inrush

(12) (Ipareq) = (12)(601.4) 7216 A
750 kVA

Inrush

(8)(Irated) (8)(60.1) = 480.8 A

225 kVA

Inrush (8)(Ipateq) = (8)(18) = 144.3 A

Cable ampacities are found in Reference 27. It is
assumed that the ambient temperature is 400C and that no reeling
of the cables occurs.
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4.4.,1.,12 Summary of Results

Results of these computations are summarized in Table
4-4, All currents are referred to the 7200V distribution system.

4.4.2 Coordination

The first step in the coordination process is the con-
struction of the coordination graph. This graph consists of a
log=log plot of circuit breaker and fuse interruption times (in
seconds) as a function of current (in amperes referred to the
distribution voltage).

The coordination graph for the example 1is shown in
Figure 4-=5. The first points to be located on the graph are the
transformer inrush and ANSI withstand values. The inrush currents
are given in section 4.4.1.11. They are assumed to have a duration
of 0.1S. The ANSI withstand values are equal to 20 times the
transformer full load current for 3S, for transformers having an
impedance of 5 percent (see Table 2-6). The ANSI withstand, when
applied to delta-wye connected transformers, must be derated by
42 percent to protect the secondary winding.20 Thus, the ANSI
withstands for the three transformers in the example are 209 A
(225 kVA), 696 A (750 kVA), and 6970 A (7.5 MVA).
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TABLE 4-4

Results of Overload and Fault Calculaticns

Relay Cable
or Maximum Full Minimuam Anpacity
Breaker Fault Load Fault Transformer
Location | Current Current Current Current Rating
A 15,200 a 400 a* 5573 A $36 a
‘ 601A
B 7410 A 13.1 a 266 A 211 A
18
c 7240 A 48.0 A" 785 A 211 A
60 A
D 1276 A 48.0 A% 82.2 a -
60 A
E 1470 A 24.1 A 1 394 a 26.75 A
F 474 A 13.1 a 255 A 26.75 A
18 a
* Diversity factor of 1.18 assumed
+ Diversity factor of 1.25 assumed
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The coordination process is continued by solving for
the current factors given in section 4.3.3 as followss

At E
Ry = (24.1) (12) = 289.2 A @ 600V (continuous miner
full load current)
R2 = (26.75) (12) = 321 A @ 600V (cable ampacity)

Select a 300 A molded case circuit breaker.

300

Rating = 2 = 25 A @ 7.2kV

The time=current curves for the circuit breaker are
given in Figure 4-4.

It is assumed that the largest motor to be started on
the continuous miner is 100 hp and that the per=unit subtransient
reactance of the motor is 0.25, The starting current of the
motor is then (from Equations 4=15 and 4-=17):

(1) (100)
Istattin = chS X = 525 A @ 600V
9 (0.25)(¥3) (.550)

S1 = 1.2 (525) = 630 A @ 600V (starting current)

So = 1.2 (289.2) = 347 A @ 600V (full load current)

S3 = 0.8 (394) (1l2) = 3782 A @ 600V (minimum fault
current)

Sa = 2500 A for 4/0 cable

From Figure 4-4, it may be seen that the minimum magnetic
setting of the 300 A breaker is 900 A. This is the setting which
will be chosen. At 7.2 kV, this setting is:

2 - 75a e 7.2k

At F
Ry =  13.1 (12) = 157 A @ 600V
Ry =  26.75 (12) = 321 A @ 600V

Select 175 A molded case breaker. The time=current
curve for this breaker is given in Figure 4-4.
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175
Rating = 2 = 1l4.6 A @ 7.2 kv
1
Sy = 1.2 (1.25 ) (13.1)(12) = 934 A @ 600V
0.25
S92 = 1.2 (13.1) (12) = 188.6 A @ 600V
S3 = 0.8 (225) (12) = 2448 A @ 600V
Sy = 2500 A for 4/0 cable

Magnetic setting is chosen as 950 A @ 600V. At 7.2 kV
this setting is:

950
12 = 79.2 A @ 7.2 kV

Similar procedures may be used to select and set the
molded case circuit breaker to protect the shuttle cars, section
fans, bolter, and feeder-breaker. The molded case breaker which
protects the 150 hp feeder-breaker is assumed to have the same
rating as that which protects the 150 hp belt drive. Its magnetic
setting is also 950 A. The magnetic settings and ratings of the
remaining breakers inby from bus 8 are all lower than those of
the feeder-~breaker and, therefore, need not be considered further
in the coordination example.

The next element to be specified is the main molded
case breaker located on the secondary of the section transformer
at Dc N

At D
Ry = (48.0) (12) = 576 A @ 600V
R, = (60) (12) = 720 A @ 600V
4-t) A 600 A molded case breaker will be chosen (see Figure
Rating = é%% = 50A @ 7.2 %kV
S1 = 1.2 (576 + 786) = 1634 A @ 600V

Note: 150 hp considered to be the 1largest motor.

S2 = 1.1 (1470) (12) = 19,400 A @ 600V
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For complete coordination, no magnetic element would be
included. For increased safety, a setting of 1800 A (minimum
setting) might be chosen, however, coordination with the magnetic
element of inby breakers is lost.

The first element to be specified in the high-=voltage
distribution system is the fuse protecting the belt load center
transformer. The specifications for this fuse are based on the
transformer inrush (144.3A for 0.1S) and the ANSI withstand (209A
for 3S). In addition, the fuse must coordinate with the molded
case circuit breaker located at F and the circuit breaker located
at B. In both cases, it is probably desirable to use the fuse as
a backup, thus the fuse should have a longer clearing time than
breakers F and B. The maximum fault current at F 1is 474A. At
this current, the circuit breaker at F will open within 0.03S.
Adding a 0.3S coordination interval gives a total time delay of
0.338 at 474A. From Figqure 4-8, a 40E fuse satisfies these
requirements.

The next protective element to be specified is the over-
current relay located at C. This relay will be coordinated with
the molded case circuit breakers inby from bus 8. It will not be
coordinated with the molded case breaker at D since no gain in
selectivity would be achieved. Although such a scheme would aid
in fault location, it would also increase fault clearance times
significantly.

At C
Py = 1.25 (48) = 60 A @ 7.2 kV
Py = 211 A for 1/0 cable
P4 = 2 (60) = 120 A @ 7.2 kV
Py = 0.8 (82.2) = 65.8 A @ 7.2 kV

Pickup for this relay is selected at 60 A.

]

S1 1.1 (1276) = 1404 A @ 7.2 kV

So = 1.1 (8) (60) = 528 A @ 7.2 kV

The instantaneous setting may be chosen at 1400 A or
550 A depending upon the degree of coordination desired. If 550
A is chosen, coordination with the magnetic elements of inby
circuit breakers is lost.

The current transformer 1is chosen to have a 100:5
current ratio. The relay tap setting is, therefore:
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Also,

20 x (100) = 2000 A which is greater than the 1400 A
instantaneous setting (see Section 4.3.3.4).

The actual instantaneous relay settng would be:

1400
20 = 70 A or 20 = 27.5 A

The time-current curves for the molded case circuit
breakers located at E, F, and D are shown in Figure 4=5. To simp-
lify this example, the time-current curve for the 150 hp feeder
breaker protection is assumed to be identical with the molded
case breaker at F.

The molded case circuit breakers inby from bus 8 have a
maximum instantaneous operating time of .03 seconds., If a 0.1
second coordinating time interval is allowed, the operating time
for the overcurrent relay at C should be 0.13 seconds for a
current of 1276 amperes. From Figure 4-6, this corresponds to a
time-dial setting of about 3.0 for an extremely inverse (CO0-=11)
relay. The time=current characteristic of this relay with the
selected time=dial setting is then added to Figure 4-5. Examin-
ation of the result indicates that if the 1400 A instantaneous
setting is selected, coordination has been achieved for all
fault or overload currents. In addition, backup protection is
provided for all fault currents. This 1is in addition to the
backup protection provided by the main breaker at D.

It should also be noted that the fuse and relay curves

are properly located with respect to the transformer inrush and
ANSI withstands.

The next relay to be set is located at B. The settings
are determined as follows. If selectivity were the only require-
ment, there would not be any need to coordinate the relay with
the molded case circuit breaker at F or the fuse on the belt
transformer primary since their protective elements are in series.
However, this relay will be partially coordinated in order to
ensure that the fuse will back it up and not vice-versa.

At B
Py =  1.25 (13.1) = 16.4 A @ 7.2 kV
Py = 211 A for 1/0 cable
Py =  2(18) = 36 A @ 7.2 kv
Py = 0.8 (255) =204 A @ 7.2 kV



Pickup for this relay is selected at 17.5 A.

[}

sy 1.1 (474) = 521 A @ 7.2 kV

So 1.1 (8) (18) = 158.4 A @ 7.2 kv

The instantaneous setting may be chosen as 530 A or 160a
depending upon the degree of coordination desired.

The current transformer is chosen to have a 25:5 current
ratio., The relay tap setting is, therefore:

17.5
5 = 3.5 A
Also,
20 (25). = 500 A

If the 530 A instantaneous setting is chosen,’cuprent
transformer accuracy should be checked. An alternative is to
reduce this setting to 500 A.

The molded case breaker at F has a maximum instantaneous
operating time of 0.03 seconds. For a 0.1 second coordinating
time interval, the operating time for the overcurrent relay at B
should be 0.13 seconds for a current of 480 amperes. From Figure
4-6 this corresponds to a time-dial setting of about 4.0 for an ex-
tremely inverse relay. However, when the time characteristic is
added to Figure 4-5, it becomes apparent that the belt motor may
trip the relay at B when 1t starts with the belt loaded. (A
time setting of 4 permits motor starting current to flow for
approximately 2.0S). Increasing the time setting results in
slightly longer fault clearance time. However, relay coordination
remains unchanged. If a time setting of 4 is used and the 530 A
instantaneous setting is selected, coordination has been achieved
from maximum fault current to a current slightly less than 100
A. Backup protection 1is provided for all fault or overload
currents, and coordination with the fuse is such that the fuse
backs up the relay at B.

At A

P1

1.25 (400) = 500 A @ 7.2 kv

Py = 536 A @ 7.2 kV (Note that the substation
relaying is not set to protect the 4/0 cable
between busses 2 and 3. Protection of the
4/0 cable would require an extra switchhouse
at bus 2 which would significantly increase
fault clearance time. The 4/0 cable is ade-
quately protected at its load end (bus 3)
from overloads).
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601l A @ 7.2 kV

o
W
L}

Py = 0.8 (785) = 628 A @ 7.2 kV. (Note that
this value provides backup protection for
the relay at C but not the relay at B. The
fuse on the belt load center primary backs
up the relay at B.)

Pickup for this relay is selected at 500 A.
Si = 1.1 (7410) = 8151 A @ 7.2 kV

The current transformer 1s chosen to have a 1000:5
current ratio. The relay tap setting is then:

500
700 = 2.5 A
Also,
20 (1000) = 20000 which is greater than the maximum

fault current.

Since this relay is to be coordinated with the relay at
C, it should have a minimum operating time of 0.4 + 0.01l6 =
0.416 seconds at 7410 A (the overcurrent relay at C has an
instantaneous trip of time of 0.016S). An extremely inverse
relay is, therefore, selected with a time-dial setting of 9.0.

The time-current curve for this relay 1is then added to Figure
4‘“5 °

The primary of the 7.5 MVA transformer would normally be
fuse protected. This fuse will be coordinated with the relays
at bus 1. Thus, selectivity will be maintained for all faults
other than low impedance faults on the 500 MCM cable connecting
buses 1 and 2, where coordination is marginal. Since such faults
would require removal of the entire mine from service, all that
has been lost by this procedure is an aid in fault location.

A 100E fuse is selected for this purpose. 1Its contin-
uous rating is slightly greater than the 7.5 MVA transformer
primary rating and its minimum operating times provide fairly
good coordination with the relays at bus 1 as well as provision
for transformer inrush. Its maximum operating time is also less
than the withstand of the 7.5 MVA transformer. The operating
curve for this fuse is now added to Figure 4-5 (see Figures 4-=7
and 4-8).

4.5 Summary

The first step in the design of a protective relaying
system for coal mine power systems is the selection of protection
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points. Enough protection points must be included so that each
protected zone has both primary and backup coverage. The use of
too many protection points, however, can cause problems because
time=-current curves must be "stacked" to achieve coordination.
In certain cases, non-=coordinated backup protection may be used
to advantage, as was the case in the example, where fuses were
used as backup protection for the belt load center.

Once the physical layout of the power system has been
defined, the various load and fault currents must be calculated.
The importance of obtaining accurate input data for these calcu-
lations cannot be overstressed. The final result of the coordi-
nation study, i.e., the coordination time-current plot, is mean-
ingless without good input data.

The various power system load and fault currents are
then used in conjunction with the criteria presented in Section
4.3.3 to arrive at circuit breaker, fuse, and relay selection and
settings. Each time a protective device is specified, its time-
current characteristic is graphed on the coordination plot. The
coordination plot is the most powerful tool of the overcurrent

relaying system designer because it allows instant evaluation of
system performance.
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5.0 EXPERIMENTAL PROCEDURES

5.1 Introduction

The experimental work conducted during the course of this
investigation is addressed in this section. The scope of work
required that a quantitative determination of the relative number
of ground faults versus phase faults be made. This work is dis-
cussed in Section 5.2. A new type of protective circuit test set
was developed and used to collect data for this project; it is
described in Section 5.3. The main utility of the device described
in Section 5.3 is preventive maintenance testing; the role of
this testing in an overall protective system test and maintenance
program is described in Section 5.4.

5.2 Fault Detection and Classification

The scope of work for this contract required that the
relative number of ground faults versus phase faults be deter-
mined. This aspect of the study was to be performed at ten (10)
coal mines. In accordance with these contractural requirements
ten mines were selected, of which three (3) were surface and
seven (7) were underground, and instrumentation systems were
designed, constructed, and installed within four (4) months
after the contract start date. The instruments were installed
for an average of eight (8) months, resulting in approximately
80 mine-months of accumulated data. Prior to a discussion of
the instrumentation, later in this section, the results of this
work will be examined.

The results of this experiment indicated that phase faults
occur 1.25 times more frequently than ground faults. This number
should be interpreted cautiously, however, for two reasons. PFirst,
the data cannot be statistically validated due to the small sample
size, event frequency, and the number of parameters which could
modify these results. Second, the concept of determining the rel-
ative frequency of the faults, as required by the scope of work,
is somewhat meaningless. Unfortunately, this was not apparent
until other tasks of the project were completed. If it had been
possible to perform this experiment at the end of the project
rather than the beginning, the experiment would have been modi-
fied as described in the following paragraph.

The relative number of faults which occurs is of little
interest, primarily because the fault type on a distribution
system will depend on the voltage level, the number of roof falls
along the power distribution entry, and so forth. These para-
meters are highly dependent upon the actual mine. Similarly,
the quality of the relay system, as well as its coordination,
will have an impact on this relative number. For example, if
a ground fault occurs, especially at the higher distribution
voltages of 7.2 kV or 13kv, it will usually convert to a phase
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fault, unless the ground fault relaying has been carefully de-
signed. A much more meaningful number to experimentally deter-
mine would have been the conversions from ground to phase faults.
However, it was not until after the mine visits that the research-
ers confirmed the wide-spread application of incorrect relay
setting procedures, which would cause fault conversion. This
problem was addressed in Sections 2, 3, and 4 of this report and
will not be repeated here. The reader will recall, however, that
a selection of the wrong instrument transformer size will cause
inaccurate relay performance.

If taken at face value, the results of this study would
indicate that the occurrence of faults is uniformly distributed
between those involving phase conductors and those which only
involve ground. Based on the mechanics of the situation, and
the experiences of other industries, it would be more reasonable
to expect a ratio of two or more ground faults to every phase
fault. The following information serves to substantiate this
statement.

o The use of shielded distribution-voltage cable pre-
cludes the possibility of a phase fault, 1in the
cable, which does not include ground.

o] Phase faults could occur in switchhouses, load centers,
or couplers without involving ground, but the tendancy
is toward an arcing ground fault.

o} Coupler, load centers and switchhouse faults are
rare in 4.16 kV systems.

The only logical explanation for the collected data is
that some, relatively high, percentage of the ground faults did
convert to phase faults. This indicates that ground faults are
not being cleared fast enough to prevent dielectric damage (due
to the localized heat concentration, and the attendant arc to
other phase conductors). The protective system's ability to
immediately clear the fault is heavily dependent on the relay
settings. The experiences of the field personnel involved in
this study indicated that the settings, as well as instrument
transformer sizing are many times done incorrectly; the results
of this experiment tend to substantiate this. ‘

Another cause of fault conversion from ground to phase
is repeated closing of the circuit breaker on a faulted branch.
This procecure, which was reported as being not uncommon at some
mines, is practiced by uninformed mine personnel with the expecta-
tion that the fault will "go away"” if the breaker is reclosed
often enough. Thus, even if the ground fault relaying clears
a ground fault before it can escalate into a phase fault, multiple
reclosures may cause enough dielectric damage at the fault point
to result in a phase fault.
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The ground/phase fault event detector and recorder is
shown schematically in Figure 5=1. Functionally, the unit can
be divided into four sections. These are the voltage dividers,
the threshold detector circuits, the electromechanical counter
driver circuits, and the electromechanical counters. There are
four channels in the c¢ircuit, three are connected to the phase
relaying circuit and one is connected to the ground relaying
circuit of the power system. The purpose of the voltage dividers
is to select the proper input range of the instrument. Phase
and ground current magnitude are measured by sensing the voltage
across the coils of the corresponding phase and ground fault
relays. Although the coil impedance is nonlinear, a relay coil
threshold voltage can be related to the current transformer
primary current of interest. The voltage divider ratio is
switch selectable, providing an input range from about 0.05
volts to 160 volts. The input impedance of the instrument
ranges from about 100 ohms of the most sensitive setting to
1,000,000 ohms at the least sensitive setting.

The threshold detector circuits initiate a count when the
input exceeds a predetermined valve. The threshold detector
circuits also contain a potentiometer which enables the threshold
voltage to be fine-tuned within a particular input range. Phase-
to=-phase and three-phase faults are not counted on a per phase
basis, rather, a fault between any two or all three phases will
increment the phase counter once. Consequently, the three input
circuits which are connected to phase (CT's are combined using
an analog "OR" circuit. The output of this circuit is connected
to the threshold detector.

The electromechanical counter driver <circuits and the
counter itself are constructed so that the input signal must
increase above the threshold and decrease below the threshold
before a counter is incremented. This ensures that a fault which
is not cleared immediately will not cause multiple counts.

In addition to the use of these devices to count ground/
phase faults, they could also be used in load studies. The cir-
cuits are essentially electromechanical integraters, and as such,
they can be used to count the number of events which occur over
a large period of time regardless of the event type.

5.3 Protective Circuit Testing

The integrity of any protective relaying system must be
ensured by a regular test and maintenance program. There are
five parts to a thorough relay system test:

Instrument Transformer
Relay

Trip Circuit

Circuit Breaker

0000
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o The system formed by interconnecting these
subsystems

It would be ideal if each of these items could be bench tested on
a daily basis., Such an approach, however, would hardly be prudent
in light of established historical failure rates. Instrument
transformers and circuit breakers have such a low failure rate
in the mining industry that extensive testing could never be
justified, except occassionally, e.g., once every two years.,
There is a justifiable need, however, to test the relay, trip
circuit, and the system. Yet existing Federal Code requires
that only the trip circuit be tested.76

In the early stages of this research the capability of
the individual components to function as a system was questioned.
This issue was particularly perplexing in ground fault relay
applications where it appeared that a properly functioning current
transformer, relay, trip circuit, and circuit breaker could not
clear a ground fault. As a first step in resolving this problem
the procedures for specifying the protective circuitry in a
switchhouse or substation were investigated. It was found that
the specifications were sometimes developed by the mining com-
pany, but were more often generated by the manufacturer. A spot
check of seven recently constructed switchhouses, all of dif-
ferent manufacturers, revealed that six of seven had incorrectly
matched the current transformer and relay. The degree of mismatch
varied between units. One had a current transformer that simply
couldn't drive 1its relay. The others were mismatched in the
sense that current transformer saturation would cause large
errors concerning actual pickup current versus relay setting.
No determination was made as to who was responsible for the
specification. The situation is changing as manufacturers begin
to use the low-burden solid state relays which have become avail-
able over the last few years, however, the fact remains that
many switchhouses in service have less than ideal ground €fault
relaying systems.

The questions surrounding the incorrect specification of
protective circuitry are rather academic. The fact is that some
protective circuits of dubious value are finding their way into
the mine. ©Not only is the safety and welfare of the miner at
stake when this happens, but also the quality of the production
environment. The failure of the protective circuit to clear a
fault may result in the destruction of another power system
component. The replacement cost and lost production time costs
may be an order of magnitude greater than if the fault had been
cleared.

An experimental test set was developed to investigate
the aforementioned issues in greater detail. The function of
the test set is to measure the performance of the system, as well
as certain subsystems. Figure 5-2 1illustrates the connection
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and functions of the test set in a switchhouse or substation.
Referring to the figure, the application of the test set is
described in the following:

1. Open the air break switch (visible disconnect).

2. Pass one high~current lead of Box A through the
current transformer under test and connect the
end of the lead to one side of circuit breaker.

3. Connect the second high current lead of Box A to
the other side of the circuit breaker.

4, Connect the two leads of Box B across a set of
relay contact tips in the shunt trip circuit.

5. Connect the power input leads to the 120 V con-
trol transformer in the switchhouse.
1]

The test set is now installed and ready for use.

6. Set the dial on Box B for the current at which the
circuit breaker should trip (based on the relay tap
setting and current transformer ratio).

7. Set the dial on Box A for the same circuit level
which was selected on Box B.

8. Throw the switch on Box A to start the test.

When this switch is turned to the on position, a high-
current at a low voltage, flows through the high=-current cable.
Simultaneously Clock A begins timing. When the relay picks up
its trip circuit contacts close. At this instant Clock A stops
timing and Clock B begins timing. When the circuit breaker
opens, Clock B stops timing.

It is recommended that the circuit breaker opening time
be measured using the ground fault relaying in the switchhouse,.
This is because the test set may have insufficient power to
pick up a phase overcurrent relay when the added resistance of
the circuit breaker and extra cable are added to the high
current circuit. Once the circuit breaker opening time has
been obtained, the pickup time of the phase overcurrent relays
may be measured by placing short leads from the test set to
the appropriate current transformer.

The use of the time displayed on Clock A 1is apparent.
It should correspond directly to the relay curves., If it does
not, the following items should be checked:
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o relay tap and time curve settings

o calculations
o relay operation (by using a Multi-Amp, or equivalent)
o current transformer operation (by using the

test set and an ammeter connected on the
CT secondary)

The use of the time displayed on Clock B is not as straight-
forward. The time measured is the circuit breaker operating
time, and not the fault clearing time since arc extinguishing
time is not included in the test (no arc is generated). The
measured value could be compared to values obtained from the
manufacturer or simply recorded and compared to previous tests.
Any trend such as increasing operating times could be used to
determine the time for replacement or more extensive tests.

Although this test set was originally conceived to facili-
tate the research of this project, it is well-suited to applica-
tion by the mining industry. It is easy to install and use.
0il circuit breakers are, however, a slight nuisance to test due
to the extensive amount of dielectric putty used on their terminals.
In the case where vacuum bottles are used, the entire test pro-
cedure can be executed in less than sixty minutes.

The test will detect the following:

o) burden mismatch between the CT and Relay

o faulty CT operation

o faulty relay operation

o incorrect setting of tap or time
characteristics

o trip circuit malfunction

This test set £fills a void in the existing market of
commercially available test equipment. It 1is not suggested
that it can replace existing equipment. Rather it is an in-
expensive, easily constructed, and portable test set suitable
for use in the mine. For optimum benefit, it 1is suggested
that a mine utilize the test set for all switchhouse and sub-
stations according to the following schedule:

o Surface test all new and febuilt units before mine
installation
o Test all units at least once a year
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o Setup an installation program to permanently install
the "Box A" functions inside each unit, and to mount
the appropriate connectors on a dead front panel.
Then Box B could be easily and safely plugged into
this panel prior to the test.

o After this installation program is complete perform
tests concurrently with required testing of trip
circuit.

5.4 Protective Circuit Testing and Maintenance

Routine testing and maintenance of protective circuitry
is necessary to ensure that it will always perform its intended
function. Earlier sections of this report have been concerned
with theoretical procedures for developing and implementing a
coordinated power system. This is, however, only one half of
the total process. It 1is equally important that the system be
tested to ensure that the original calibrations and settings
have not been altered, or if they have been altered to meet
ever changing load conditions, the appropriate test procedures
will ensure that the design engineers will be aware of these
changes and can make necessary changes in the system coordination.

It is a common practice of maintenance personnel in the
mining industry to reset relay settings to meet changing load
conditions, and to eliminate nuisance tripping of the devices.
After this has occurred several times, and particularly when
it occurs in different places of the power system, the coor-
dination factors have become so distorted that system coordina-
tion is virtually impossible. Unfortunately, this often results
in inordinately long fault clearing times, and in some cases,
situations where faults are not cleared. Consequently, it is in
the best interest of the mining company to set up and maintain
an adequate test program.

Perhaps the most important aspect of this program is hav-
ing self contained and portable test sets which will be easy to
use and save time. The test set described in the previous sec-
tion is one such device. In addition to supplying the proper
test equipment, it is also necessary that an easily read and
standardized set of test procedures exist for maintenance per-
sonnel. This booklet of test procedures could be developed
using the book, "Inspection and Test of Electrical Equipment",
which is published by the Westinghouse Electric Service Division
of the Westinghouse Corporation. This book is probably the most
complete compilation of test procedures for electric power system
equipment. However, it is much too detailed and extensive for
use by mine maintenance personnel. It could be used as a basis
for developing a more customized and condensed version for a
given mine. Equipped with the appropriate test equipment, manu-
facturers manuals, and a catalog of test procedures, mine main-
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tenance personnel will be able to ensure continued reliability
and safety of the mine power system. The following paragraphs
briefly summarize some of the more important tests which should
be performed on the relay protective circuitry.

Protective relays should be inspected and serviced as re-
quired, on an annual basis. As a minimum, the following general
items should be addressed:

o relays should be clean and friction free

o contacts should be maintained and properly
aligned

o all leads and terminal hardware should

be tightfitting

Specifically, the following test should be performed for over-
current relays:

o zero Set Test - This test determines that the relay
contacts close when the dial is set to zero.

o Pickup Test = This test is used to determine the
minimum operating current for the relay.

o Time/Current Characteristics = This test is used to
check the time/current characterstics of the given
relay.

o Target and Sealing Test = This test determines

the correct action of the targets or annunciators
in the relay.

The trip circuit should be checked for proper operation.
Typically, this is performed by either manually rotating the
induction disc of the overcurrent relay or actuating one of
the auxilliary trip circuits such as the ground check monitor.

The circuit breakers should be tested in accordance with

manufacturer recommended procedures, which should include among
others:

o general condition of the operating mechanism
o friction and moving parts

o tightness of power connections

o} loose, broken, or missing hardware

o excessive wear on mechanical parts



o the function of auxilliary switch linkages and hard-
ware, all relay contacts, coils, and moving parts

o contacts, main contacts should be inspected and
checked for overtravel as well as spring pressure
settings

o main contact resistence should be measured under .

normal operating conditions

o arc interrupters should be thoroughly inspected and
repalced if badly burned or broken.

Federal law requires testing of distribution system pro=-
tective equipment at one month intervals (Sections 75.800-3,
77.800-1 of CFR 30). The tests must include breaking the con-
tinuity of the ground check «circuit and actuating two (deep
mine) or one (surface mine) of the auxiliary protective relays.
The test also includes a visual examination.

Table 5-1 consists of a recommended form for recording
results of distribution equipment tests. The form is designed
for a switchhouse with one circuit breaker and two load side
circuits. Besides providing spaces for test results, the form
also includes information on relay settings. The comments space
could be used for maintenance information. Overall, the form,
when properly filled out, provides an excellent means for evalu-
ating the performance of a relay system.

Relay maintenance hints are available from most relay manu-
facturers as part of a standard documentation package describing
the relay's performance. The subject is also covered in References
20 and 21.
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APPENDIX I

COORDINATION PROCEDURE

The following material is an outline of the coordination
procedure which is detailed in Chapter 4. The outline is pre-
sented as a step-by-step procedure for the reader's convenience.,
Many of the calculations involve design decisions which cannot
be summarized in a table, or even provided by anyone, other than
the engineer examining a specific system. Consequently, it 1is
imperative that the Section 4 material be thoroughly understood
before any attempts are made to apply this streamlined procedure
to mine power system protection problems. Steps 2 through 14
in the outline involve computation of power system fault, full
load;, and rated currents. Although these computations may be
done by hand, it will become apparent that the use of a load
flow/fault analysis computer program is the logical alternative
for all but the smallest systems.

Step 1. Construct the power system single-line diagram.

This consists of:

o electric utility voltage and short circuit
capacity

o} ratings, impedances, and connections of all
transformers

o} cable sizes and lengths

o] load voltages and horsepower ratings

Step 2. Compute the electric utility reactance:

X = (substation transformer secondary kVyr,)2

(utility short circuit MVA)

Step 3. Compute substation transformer resistance
and reactance:

° - Rp (%) (secondary kvpp)?2
100 (rated transformer MVA)

‘ Xp (%) (secondary KvVyp,)2
100 (rated transformer MVA)
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Step 4. Compute distribution system cable resistance
and reactance:

cable length in
cable resistance/1000° thousands of feet

> B
1 i

cable reactance/1000° cable length in
. thousands of feet

Step 5. Compute utilization transformer resistance and.
reactance:

Rp (%) (primary kvip)2
R = =
100 (rated transformer MVA)
‘= Xp (%) (primary kVyp)?2
100 (rated transformer MVA)

Step 6, Compute utilization system cable resistance and
reactance:

)
)

cable length in
éﬁble resistance/1000° thousands of feet/ (Z2)

cable length in
(cable reactance/lOOO' thousands of feet (Z)

>
)

(transformer primary kVLL)Z

where: 2 =
(transformer secondary kVpp)2

Step 7. Compute the subtransient reactance of all induction
motors which are connected to the power system:

(V,)2 (V)2 (1000)

X" = X" (per unit)
(HP) (Vg)2

where: Vg distribution system voltage (kV)

Vm = rated motor voltage (V)
HP = rated motor horsepower (hp)
Vg = rated utilization system voltage (V)
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NOTE:

Step

Step

NOTE:

Step

If motor subtransient reactances are not available
from manufacturers, a value of 0.25 per unit may
be assumed for induction motors rated less than
600V with a corresponding value of 0,17 for in=-
duction motors rated greater than 600V. Motor
subtransient reactances are used in the calcula-
tion of maximum asynchronous fault current. Elec~
tric lights and dc loads connected to the power
system through rectifiers do not enter into fault
calculations because they do not supply any current
during a fault.

8. Construct the system impedance diagram using the
values obtained in Steps 2 through 7. Motors
are connected to the reference bus through their
subtransient reactances.

9. Compute the maximum asymetrical fault current
at the load side of each circuit breaker:

(Vp,-n)
Ig (max) = (F)
Zeg
where: F = asymetrical fault factor
from Table 4-1
Vi-y = distribution system line-to=-neutral
voltage (V)
Zeg = the total impedance from the fault,

through the circuit breaker, to the
reference bus.

If (max) represents the maximum fault current
which can flow through a circuit breaker. It is
used to ensure that a circuit breaker does not
trip instantaneously for a fault that is not in
the breaker's primary zone of protection.

10. Compute the minimum fault current in each
breaker's primary zone of protection:

(Vp,-n)

I¢ (min) = (0.866)(A)
Zeg

line~to-line-fault factor

arcing fault factor (0.85 at 480V;

0.9 at 600V; 0.95 at 1040v; 1.0
at distribution voltage)

where: 0.866
A

- 157 -



Vi,=N = distribution system line-=to=-neutral
voltage
Zeg = impedance from fault point (most

inby point in breaker's primary zone
of protection) to the electric util-
ity

NOTE: Ig¢ (min) represents the minimum fault current
(with the exception of ground fault current) that
can flow through a circuit breaker. I¢ (min) is
used to ensure that a circuit breaker trips instan-
taneously for a fault in its primary zone of pro-
tection. It is also used to ensure that a breaker
will trip (after a suitable time delay) for a
fault in the breaker's backup 2zone of protection.

Step 11, Compute the rated current of the substation
transformers

(transformer KVA rating)

Irated =
(transformer secondary kvVpp)( ¥3)

NOTE: Transformer currents are calculated at the mine
distribution voltage. Thus, the rated current of
the substation transformer refers to the rated
secondary current.

Step 12. Compute the rated currents of the utilization
transformers:

(transformer KVA rating)

Irated =
(transformer primary kVy.p) ( ¥3)

Step 13. Compute the full load current of all machines:

(machine horsepower)

Ifull load = ,
(machine rated kvp.p) ( ¥3)

NOTE: It 1is assumed that one horsepower 1is equivalent
to one KVA. Machines with more than one motor,
such as continuous miners, generally don't have
all motors connected at one time. In such cases,
a judgement must be made concerning the maximum
connected horsepower.
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Step

Step

Step

Step

Step

Step

Step

14, Compute the startiﬁg current of motor loads:

1

Istarting =  (1.25) (Ipg,)
X" (per unit)

where: X" (per unit) = motor subtransient reactance
Ipr, = motor full-load current

15, Obtain cable ampacities from the cable manu-
facturers specifications.

16. Compute the ANSI withstand for the substation
and utilization transformers. The ANSI with-
stand values, which are given in Table 2-6,
represent the maximum current that the trans-
former can carry without damage for the time
period given. The ANSI values must be derated
by 43 percent for delta-wye transformers. The
withstands are calculated as follows for delta-
wye transformers:

Iyithstand = (0.57)(ANSI value)(Ipy)

where: ANSI value is found in Table 2-6
Ipy, = transformer full-load current

17. Compute the inrush current for the substation
and utilization transformers. Inrush currents
may be assumed to be 8 to 12 times the trans-
former full-load current, in lieu of manufac-
turers data. Inrush currents are usually as-
sumed to flow for 0.1 second.

18. Construct the coordination graph. The coordi-
nation graph is a log-log plot of distribution
system current against circuit breaker opening
time. The plot can usually be placed on three-
cycle by four-cycle paper with a time range of
0.1S to 100S and current range of 10A to 10,000A.

19. Place the ANSI-withstand and transformer inrush
currents on the coordination plot. In order
for a circuit breaker or fuse to properly protect
a transformer, its time-current characteristic
must fall to the right of the inrush and to the
left of the withstand.

20. Begin selecting circuit protection devices by
starting with the molded-case breakers protec-
ting the individual machines. Circuit breaker
time-current curves must be obtained from the
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breaker manufaturer. The following criteria have
been developed for the thermal and short circuit
settings.

thermal overload:

oR; = 1l.0x (full 1load current of the machine
including lights and any diversity factor)

o Ry = 1.0x (trailing cable ampacity)

Normally, Rp 1is greater than R3; and the circuit
breaker rating is selected as the next size

greater than Rj. The setting must not be

greater than Rj.

short circuit:

0 S; = 1l.2x (maximum motor starting current)

0 S9 = 1l.2x (£full 1load current 1including 1lights
and diversity)

o S3 = 0.8x (minimum fault current at the load
end of the trailing cable)

NOTE: This is Ig(Min).

o S84 = 1l.0x (maximum trailing cable current from
75.601-1, CFR30)

The setting should be approximately equal to the larger
of S1 and Sj, and less than S3 and Sy.

NOTE: Step 20 is repeated for all breakers at each utili-
zation point.

Step 21. Draw and label the molded case circuit breaker
time current characteristics on the coordination
plot. When using breakers with common charac-
teristics, only the characteristics of the larger
breakers of each utilization point are drawn on
the plot. This is because the larger breakers
will, in general, have longer clearing times
than the smaller ones.

Step 22, Select the setting of the main molded case

breaker (if used) at each utilization point.
The following criteria have been developed:
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thermal overload

© Ry = 1.0x (sum of the full load currents of all
machines including diversity)

o Rp = 1.0x (secondary current rating of the uti-
lization transformer)

Select a breaker that is the next size greater than
Ri. The breaker setting must not be greater than R,.

short circuit

o 81 = l.2x (sum of the full load current of all
ma chines connected, including diversity factor,
plus the starting current of the largest motor).

0 S9 = l.lx (maximum fault current at the utili-
zation transformer secondary bus)

NOTE: This is Ig(Max).

For complete coordination, the setting S92 1is selected
(note that the breaker will not trip instantaneously at this
setting). For increased back-up protection with some sacrifice
in selectivity, setting S} may be chosen.

Step 23. Plot the characteristic of the main breakers.
on the coordination graph. If setting S was
selected, do not plot the instantaneous part of
the characteristic.

Step 24. Select the distribution system current trans-
formers, overcurrent relays, and their settings.
The procedure begins at the utilization trans-
formers and proceeds to the mine substation.
Relays are coordinated in pairs taking care to
ensure that sufficient selectivity and back-up
protection are provided. Relays which provide
primary protection for a bus having two or more
radial feeders should be coordinated with the
feeder relay which has the 1longest operating
time. Time-current curves for distribution '
system overcurrent relays and fuses must be
obtained from the respective manufacturer.

Step 25. Select the pickup and instantaneous setting of
each overcurrent relay as follows:
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pickup current:

Py = 1.25x (sum of the full load currents of
all machines connected, including any
diversity factor)

Py = 1.0x (ampacity of the smallest cable in
the relay's primary 2zone of protection)

P3 = Fx (current rating of the smalles trans-
former in the relay's primary zone of
protection)

F = 1.0 if the transformer does not
have main secondary protection.

F = 2.0 1f the transformer is protected
by main secondary breakers rated at
100 percent or less of the trans-
former current rating.

Py = 0.8x (minimum short «circuit current in

the relay®s backup zone of protection)
NOTE: This is Ig(Min).

The relay pickup current should be greater than or equal
to P; and less than or equal to Py, Py, and Py.

instantaneous settings

S1 = l.lx (maximum €fault current at the most
inby point of the relay's primary zone
of protection)

NOTE: This is Ig(Max) at the nearest inby

relay
S9 = l.lx (maximum inrush currents of inby
transformers)
S3 = 1.0x (allowable short circuit cable

current)

The instantaneous setting should be greater than or equal
to Sy, and S5, and less than or equal to S3.

Step 26. Select current transformers to drive the relays
selected in Step 25. The current transformer
turns ratio should be selected such that the
current transformer supplies the relay with be-
tween 2.5A and 5A at relay pickup. Determine
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Step 27.

Step 28.

Step 29.

Step 30.

the required current transformer burden driving
capability using the methods described in Chapter

°

Select the relay time dial setting. The time
dial setting of the relay should be adjusted
such that its operating time will exceed that
of all inby relays for which it serves as a
backup by 0.4s. This criteria is achieved by
assuring that a 0.4s time interval exists for
the maximum fault current available at inby
relays or at the instantaneous setting of these
relays.

Plot the time=current characteristic of each
relay on the coordination plot. Be sure these
curves are correctly located with respect to
transformer inrushes and withstands.

Fuse selection criteria., Fuses are frequently
used for backup protection of utilization trans-
formers and for protection of substation trans-
formers from internal or heavy through faults.
In either case, the fuse rating should be equal
to or slightly larger than the rated transformer
current. In many cases, it 1is desirable to
coordinate the protective relays so that they
are backed up by fuses. This permits faults to
be cleared without having to replace fuses.

Plot the time-current characteristic of each
fuse on the coordination plot. Be sure that
these curves are properly located with respect
to transformer inrushes and withstands.
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Monthly Progress Report No. 6
April 10, 1981
Page Two

remaining after treatments. In particular, items 4, e, and f
described in the plans section of Progress Report #5 will
be pursued.

6. Administrative Items:

Procurement Operations indicates they will issue a time ex~
tension for this work order to May 29, 1981.



APPENDIX II
TEAR=-OUT SECTION

This section consists of tables, figures, and other
information which is used in the Section 4-4 example on mine
power system coordination. This information is best utilized
by removing it from the binder and referring to it while

reading Section 4-4.
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Circuit Breaker and Relay Selection
and Setting Criteria

Face Equipment Breakers:
R; = 1.0 x machine full load current

Ryp = 1.0 x trailing cable ampacity

S; = 1.2 x machine starting current

So = 1.2 x machine full load current
S3 = 0.8 x minimum fault current
S4 = maximum allowable trailing cable current

The breaker thermal rating should be 1less than R}
and Rj. The breaker instantaneous setting should be equal
to or greater than S; and S; and less than S3 and S4.

Main Molded Case Breakers

Ry = 1.0 x £full 1load current of connected loads

Ry = 1.0 x transformer rating

§;1 = 1.2 x (full load current of connected loads

and starting current of largest motor)

= 1.1 x maximum asymetrical fault current in
backup zone.

w
[
i

The breaker thermal rating should be less than Ry and
greater than Rj. The breaker instantaneous setting should
be greater than S; and less than or equal to Sj3, depending
on coordination requirements (see Text).

Overcurrent Relays

P1 = 1.25 x full load <current of connected loads
P, = 1.0 x power cable ampacity
P3 = 2.0 x rating of smallest inby transformer if

that transformer has backup protection on
its secondary
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1.0 x rating of smallest inby transformer if
that transformer has no backup protection
on its secondary

g
NS
]

0.8 x minimum fault current in the backup =zone

w
[
[

l.1 x maximum asynchronous fault current in the
backup zone

S, = 1.1 x maximum inrush current of inby transformers

The relay pickup should be greater than or equal to
- P1 and less than or equal to Pj, P3, and P4. The instantan-
eous setting should be greater than or equal to S; and Sj.
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. Example Mine Power System
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System Impedance Diagram
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