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SECTION 1. PROGRAM OBJECTIVES AND RESULTS 

1.1 Background 

Direct current electrical systems are used in most coal mines 
primarily to power the main haulage trains and secondarily to feed other 
equipment and passageway lighting. Electrical power is supplied from 
rotary machines or static rectifier equipment and is distributed through 
the mine by open trolley wires and feeder cables. The rails of the 
haulageway are used as a current return path. This exposed power 
distribution system is very vulnerable to conditions which lead to 
undesired leakage currents and short circuits and, consequently, the 
possibility of fires or other hazards to personnel. 

Present techniques and equipment have been utilized in so far 
as practical to improve the safety of the de electrical system; however, 
there still appears a need for further improvement. Because of this 
need, this program was sponsored by the Bureau of Mines to investigate 
two specific technical areas related to improvement of de electrical 
system safety. One area included the determination of the characteristics 
of mine electrical systems and their protection requirements and the 
verification of the adequacy of available protective devices for mine 
service. Despite the widespread application of industrial protective 
equipment in mines, there was little detailed technical information 
available related specifically to the performance of this equipment in 
service. Our task was not only to develop useful information regarding 
mine system protection, but also to define and verify the adequacy 
of the protective devices available. The second area of investigation 
called for development of a practical technique for detecting low level 
electrical fault or leakage currents. Conventional protective devices 
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cannot discriminate between a normal current and a fault current of 
comparable magnitude. The specific detailed objectives related to 
the preceding areas are given below. 

1.2 Program Objectives 

1. Define the de electrical system parameters under 
which protective devices must operate in a coal 
mine. 

2. Determine and tabulate currently available 
circuit breakers, preferably molded case 
breakers, expected to be applicable for 
300 volt, 2500 ampere and 600 volt, 1200 
ampere mine service. 

3. Verify by test the degree of adequacy of 
the circuit breakers identified in (2) to 
perform fault current interruption at the 
current levels defined in (1) above. 

4. Investigate possible design modifications to 
available breakers to ·improve their ability to 
meet required performance characteristics. 

5. Investigate alternative practical methods for 
mine electrical system protection, specifically 
solid-state switches. 

6. Investigate techniques for providing a 
discriminating control sensitive to low 
level fault and leakage currents. 

7. Determine discriminating control system design 
parameters and develop the necessary circuitry 
and components. 

1-2 



8. Build a laboratory prototype of a discriminating 
control circuit breaker to prove design concepts 
and manufacturing feasibility. 

1.3 Results 

Mine electrical system parameters were determined using the 
data contained in survey reports of five different coal mines. The 
typical electrical characteristics of the trolley-rail distribution 
system were calculated and worst case conditions for fault protection 
were defined. Calculated system parameters were corroborated by under­
ground measurements in a working coal mine. 

Twenty possible suppliers of circuit breakers were solicited 
for comments on the applicability of their products to 600 volt and 
300 volt de systems. From the responses there emerged four suppliers 
whose circuit breakers, although not claimed to be proven for this 
application, were worthy of evaluation. Circuit breakers were obtained 
from these four manufacturers and tested to determine their adequacy 
for mine use. Three catalog models of molded case breakers, two 
manufactured by Westinghouse and one by General Electric, were determined 
to be adequate for mine use. One of the Westinghouse circuit breakers 
required a minor modification to improve the dielectric strength between 
poles. 

High current interruption tests up to 600 volts; 17,200 
amperes; 0.24 millihenrys, and 300 volts; 16,200 amperes; 0.22 milli­
henrys were performed. Interruption tests included wide variations in 
circuit inductance and fault current levels which subjected the breaker 
in some cases to conditions exceeding those in a mine electrical 
system. It was found that some of the candidate breakers were 
satisfactory at high currents, yet failed to pass low current, high 
inductance tests due to their failure to sustain a high arc voltage. 

By means of endurance tests on the selected circuit breakers 
it was determined that failure after many operations was fairly 
predictable and occurred when the arc chutes had absorbed about 1300 
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kilojoules per pole. From this data an operating life can be predicted 
based on the severity of operation and number of interruptions. It was 
also determined that the maximum capability for energy dissipation in 
a single operation of the selected molded case breakers was about 75 
kilojoules per pole. 

From this test data a set of application guidelines has 
been prepared so that the user can employ the selected circuit breakers 
to maximum advantage. Data and procedures have been developed for 
calculating the normal continuous current rating based on the pulsed 
load requirements of typical mine operation. 

The use of solid-state circuit breakers has been considered 
and it is concluded that the present state of development of both devices 
and circuitry would permit fabrication of solid-state breakers having 
ratings and performance compatible with the mine electrical systems. 
The major advantages of solid-state breakers are, freedom from wear, 
consistency of performance with repeated operation, complete 
absence of arcing, and their ability to operate more rapidly and thereby 
reduce the energy supplied to low impedance faults. A significant 
disadvantage is their relatively high cost compared to conventional 
breakers. 

Concepts for providing a fault discriminating circuit breaker 
were investigated and one scheme was selected for development. In the 
selected approach a high frequency ac signal (3 kilohertz) is applied to 
the de trolley wires and feeder cables. When an illegitimate load 
appears on the system, the change detected in the ac signal due to the 
illegitimate load is used to cause the circuit breaker to trip. High 
frequency measurements of mine system characteristics were made to 
determine the optimum frequency for the discriminating system. 
Laboratory tests of the detection and control circuitry indicate that 
illegitimate currents as low as 20 amperes may be detected. To prevent 
normal loads from tripping the discriminating circuit breaker, filters 
must be added to each load to block the high frequency signal. Passive 
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filter design requirements have been determined and specified. To 
overcome the large size (1000 pounds for a 50 ton locomotive) and high 
cost of passive filters, an electronic active filter concept has been 
proposed and will be further developed during the ~ontinuation of this 
contract. 

A laboratory prototype of the discriminating breaker suitable 
for evaluation in a mine has been built and tested. 
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SECTION 2. CHARACTERISTICS OF MINE DC ELECTRICAL SYSTEMS 

2.1 Introduction 

Mine electrical systems differ widely depending upon the 
particular mine and it is difficult to define a general arrangement. 
One concludes that a typical mine system includes all manner of ac-dc 
converting equipment operating singly or in parallel and interconnected 
with a wide variety of cable sizes and steel rails. 

In determining the probable requirements for de circuit 
breakers, it was thought desirable to consider worst case situations, 
also it was found convenient to discuss separately the effects of power 
sources, cables, and loads. 

2.2 Summary of Mine Electrical System Surveys 

In order to define the working requirements of candidate de 
circuit breakers that could interrupt the supplies to the feeder and 
trolley wires, it was necessary to determine the range of resistance 
and inductance variations to be expected in typical mine systems. The 
Bureau of Mines made available for this evaluation data from electrical 
survey reports of five different mines. These surveys (Ref l) contain a 
general discussion of the mine power supplies and types of converting 
equipment at different substations. Further the numbers and types of 
feeder cable and trolley wires were enumerated and details of the track 
were given, including calculation of resistances for positive and 
negative conductors in the various mine workings. In these mine 
surveys the possible short circuit currents were calculated for single 
substation operation and also for normal operation with power sources 
in parallel. The possible bolted fault condtions were presumed to 
occur at ends of feeder cables or trolley wires and fault currents were 

calculated from the nominal system voltage and calculated resistance. 
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That is, the voltage regulation effect of the substation caused, for 
example, by armature reaction in the de generator, or arc overlap in 
the mercury arc rectifiers was omitted. It was pointed out in the 
reports that estimated short circuit currents were probably higher than 
might actually occur because of the assumption of idealized zero 
resistance connections and zero resistance faults. Even so, some 
possible application difficulties were found due to the relatively low 
fault currents which made circuit breaker discrimination difficult in 
some cases. 

In the calculations of short circuit currents the resistance 
of copper conductors was calculated from the relationship, 

Rfeeder = (10.58 x Distance in feetf(circular Mils Conductor) ohms 

and for the rails the expression 

R .1 = (Distance in feet)/(Pounds per Yard of Rail x 1873) ohms ra, s 1/' 

Where conductors were paralleled these effects were accounted for by 
using suitable paralleled resistance values. 

A summary of the mine survey data is given in Table 2.1 and 
from the surveys and the tabulated data the following conclusions were 
drawn concerning typical mine electrical systems. 

1. A multiplicity of ac-dc conversion equipment is 
used in coal mines and in normal operation these 
different equipments may be paralleled or 
operated singly. 

2. A typical maximum rating for a conversion unit 
is 500 kW. (From discussion with equipment 
manufacturers and mining engineers, it was 
found that 750 kW and 1000 kW solid-state 
rectifier units may also be used.) 

2-2 



3. A typical fault current for a 3060 kW, 600 volt 
system is 2300 amps and the maximum is about 
five times this. 

4. Typical fault current for a 3500 kW, 300 volt 
system is 7500 amps and the maximum is about 
seven times this. 

5. The feeder and trolley conductors are predominantly 
copper varying from 211.6 kcmil to 1000 kcmil. 
Steel rails, which may be used exclusively or in 
parallel with copper conductors for return 
currents, vary from 40-85 lbs/yard. 

6. The polarity of the trolley wire may be positive 
or negative with respect to the rails. 

2.3 Resistance and Inductance of Typical 
Mine DC Power Supplies 

The de supply for mine systems may be silicon rectifiers, 
mercury arc rectifiers, m-g sets, or synchronous converters. It is 
desired for purposes of system analysis to represent any of these by 
the equivalent circuit shown below in Figure 2.3-1. 

Dwg. 6209A04 

R source L source 

- --, 
I 1 Voe ~ Load 

-----------------0 - - - -

Fig. 2. 3-1-Representation of mine DC power system 
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Table 2.2-1. Summary of data collected from survey reports 

Mine No. l 2 3 4 5 

Max de volts 615 275 300 300 295 

Synchronous Converters 6 at 400 kW 3 at 300 kW 4 at 300 kW l at 200 kW 
2 at 300 kW *l at 200 kW 1 at 200* kW 
l at* 500, 1 at* 400 kW 
l at* 300, l at* 200 kW 

M.G. Sets 3 at 300 kW 6 at 300 kW l at 300 kW 
*l at 300 kW *l at 200 kW *l at 200 kW 
*1 at 200 kW 

Ignitron Rectifier or 8 at 300 kW 5 at 300 kW 2 at 500 kW Mercury Arc Rectifier 
Silicon Rectifier 2 at 500 kW 6 at 500 kW 2 at 500 kW 

2 at 300 kW l at 200 kW 
1 at 100 kW 

N • 
.1,. Total kW Rated Capacity 3000 3300 5600 5800 1800 

Max Feeder Distance (ft) 3960 3100 2900 3440 2880 
Min Feeder Distance (ft) 50 50 40 40 60 
Max Conductor Size - kcmil 500 1000 1000 1000 1000 
Min Conductor Size - kcmil 211.6 211. 6 211.6 300 211. 6 
Feeder Most Common 500 500 1000 500 
Conductor Size - kcmil 
Trolley Most Common 211. 6 (211.6 & 400) 350 350 
Conductor Size - kcmil 
Max Calculated Fault 
Current (Amperes) 11,784 46,774 84,286 16,296 39,706 
Assuming Bolted Faults 
& All Plant Connected 
Max Short Circuit 5607 46,774 79,482 36,506 
Current From One Unit 
Typical Fault Current 2300 7900 9900 4800 
For Normal Working 

* Standby Units 



On the following pages are calculations of typical parameters 
for each type of de source. Table 2.3-2 lists these parameters for de 
supplies of various ratings. The data shows that rotating machines and 
rectifiers of equivalent ratings have similar short circuit currents, but 
rectifiers have less inductance, therefore, a higher rate-of-rise of 
fault current. 

2.3.1 Rectifiers 

The operation of both silicon rectifiers and mercury arc 
rectifiers are essentially the same except that the mercury arc 
rectifiers have a higher forward voltage drop. In order to simplify 
the tabulations the differences of rectifier forward drop will be 
neglected. This assumption is conservative and will result in a 
somewhat higher calculated fault current than actually will exist in 
some systems. 

In mine power supplies two different rectifier circuits are 
in general use; the three-phase bridge and the six-phase double wye. 
With silicon rectifiers the three-phase bridge is used almost exclu­
sively. Reference (2) shows that the operation of both these circuits 
are equivalent and gives a detailed description of their operation. 
The steady-state regulation curve of either circuit is shown in 
Figure 2.3-2. 

It can be seen that the effective source resistance is not a 
constant but is lower in the overload range than it is for short circuit. 
The equivalent source resistance for both the overload and short circuit 
condition may be calculated if the per unit reactance and resistance of 
the transformer rectifier is known. Typical values, which were obtained 
from mine de power supply manufacturers, are given in Table 2.3-1. 
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V 
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Dwg. 6209A03 

..... ..... 
....... ..... 

Fig. 2. 3-2-Showing voltage regulation of 
rectifier power supply 

Table 2.3-1. Typical per unit values for 
rectifier transformers 

kW Rating % R 

150 2.8 
300 l.4 

500 1. 1 
750 l. 1 

1000 l. l 

% X 

12.5 
7.5 
7.5 
7.5 
7.5 

% z 

12.8 
7.6 
7.6 
7.6 
7.6 

I 

The equivalent de parameters of resistance and inductance calculated 
from these per unit values are given in Table 2.3-2. 
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As an example of these calculations, constants for a 500 kW 
rectifier are calculated below. Assume a three-phase bridge circuit, 
a 600 volt rated de output, and an infinitely stiff source feeding the 
transformer rectifier. The ac impedance can be calculated as 

V line-neutral = 
Vdc 

l. 35 13 
= 600 

1.35 13 
= 256 volts 

1line = 0.816 Ide = 0.816 (833) = 680 amperes 

256 z = lpu = 0.377 n 
680 

Therefore, 

Rae = (0.011) (0.377) = 4.15 mn 

2ac = 0.076 (0.377) = 28.6 mn 

xac = (0.075) (0.377) = 28.2 mn 

Lac = X 28.2 (10)-3 
= 75 µH 377 = 377 

For the overload range the equivalent de circuit impedance is 

R - (6f Lac+ 2 Rae) = 360 x 75 (10)-6 + source -

2 X 4.15 (10)- 3 

R ::: 35 mn source 

For the short circuit case 

R = 13 Z = 13 28. 6 ( 10) - 3 n ::: 49 mn source ac 
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Thus, I short circuit = 
600 

3 = 12,000 amperes 
49 (10)-

The equivalent source inductance is essentially constant and 
equal to 

Lsource = 1.65 Lac = 1.65 x 75 (10)-6 
= 124 µH 

For a 300 volt, 500 kW transformer rectifier, the de voltage 
is halved and the current doubled over that in the 600 volt case. Thus, 
for a 300 volt, 500 kW rectifier: 

Rsource = 8.8 mS'& 

Lsource = 31 µH 

Ishort circuit ~ 24,400 amperes 

During the first cycle (16.7 millisec) of a fault, the 
rectifier short circuit current may have a transient over-shoot as shown 
below in Figure 2.3-3. 

-C: 
Q.) 
L.. 
L.. 
:::::, 
u 

Dwg. 620~02 

~ 16.7ms ---1 Time 

Fig. 2. 3-3-Illustrating transient over-shoot of 
fault current from rectifier power supply 
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The peak current occurs after half a cycle (8.3 milliseconds) 
and the magnitude of the peak current increases with an increasing X/R 
of the supply. At most, the peak over-shoot is twice the steady-state 
value. Since the transient will normally be over before the circuit 
breaker opens, the overshoot has been ignored in the equivalent circuit 

representation. 

2.3.2 Rotating Machines 

A plot of short circuit current vs time for a de generator 

is shown below in Figure 2.3-4. 

....... 
C 
Q.) 
l,.,. 
l,.,. 

::J 
u 
Q.) 
l,.,. 

::J ....... 
ro 
E 
'-
<( 

ro 

Curve 653066-A 

Time 

Fig. 2. 3-4-II lustrati ng transient character is tics of DC 
generator fault current. 
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A detailed discussion of the factors that affect this short 
circuit curve is given in Reference (3). 

Basically, the slow decay of current after the maximum is 
determined mostly by the field time constant and takes so long that it 
can be safely ignored relative to expected breaker opening times. The 
initial current build up depends on the armature time constant, Ta, and 
is given by, 

La = the unsaturated armature inductance 

r'd = the transient generator resistance. 

The value of La varies with generator speed, kW rating, 
voltage, and whether or not a compensating winding is used. Typical 
values of La given in Reference (4) and tabulated in Table 2.3-3 range 
from 100 to 10,000 microhenries for generators in the range of 150 to 
1000 kW and 300 to 600 volts. 

A value of r'd which gives 15 times rated current at short 
circuit has been assumed as a worst case based on discussions with 
generator designers. 

The construction of synchronous converters is similar to 
de generators and the same parameters have been assumed. 
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Table 2.3-2. Typical equivalent circuit parameters 
of de power supplies 

Power Rating Rsource Lsource 1short circuit kW m~ µH Amperes 

150 219 685 2,160 
300 .63 206 7,200 

Rectifiers 500 35 124 12,200 600 Volt 
750 24 83 18,200 

1000 17 62 24,400 

150 55 171 4,320 
300 16 51 14,400 

Rectifiers 500 8.8 31 24,400 300 Volt 
750 6 21 36,400 

1000 4.4 15 48,800 

150 160 3,750 
300 80 7,500 

Rotating Machine 500 48 12,500 600 Volt 
750 32 18,750 

150 40 7,500 
300 20 15,000 

Rotating Machine 500 12 25,000 300 Volt 
750 8 37,500 
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Table 2.3-3. Typical generator inductance values 

Armature 
Power Rating Speed Voltage Compensating Inductance 

kW r/min Volts Winding mH 

150 200 250 No 3.00 

200 3600 250 No 0.195 

200 200 250 No 2.20 

250 185 250 No l.90 

250 200 250 No 1.80 

250 1780 250 No 0.323 

250 3600 250 No 0. 172 

300 1200 250 No 0.253 

300 200 250 No 1. 50 

300 150 250 No 1.60 

375 1200 250 No 0.674 

470 150 250 No 1.00 

500 300 250 No 0.600 

500 150 250 No 0.960 

750 600 250 No 0.200 

900 720 250 No 0.270 

250 300 600 No 10.40 

300 1200 345 Yes 0.39 

500 400 600 Yes 0.86 

750 720 250 Yes 0. l 0 

500 900 250 Yes o. 10 
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2.4 Resistance and Inductance of Typical Cable Arrangements 

In the coal mine the de currents may be carried by trolley 
wires as large as 500 kcmil in parallel with copper feeder conductors 
varying from 211.6 kcmil to 1000 kcmil in section or aluminum condu~tors 
as large as 1590 kcmil. Current is also carried by means of the steel 
rails which vary from 40 lbs/yard to 85 lbs/yard. Separation between 
trolley and feeder wires and the rails is expected to vary from about 
40 inches to 70 inches. 

It is shown in Appendix 2 that the most arduous duty for the 
circuit breaker, i.e. the maximum energy dissipation requirement is not 
necessarily associated with the highest current condition. Greatest 
current always occurs with the source shorted at its output, however, 
if the cable has a significantly larger time constant than the source, 
more energy has to be dissipated for a short at the end of a specific 
length of cable than for a short of the source. As a worst case the 
maximum energy conditions were applied for the circuit breaker tests. 
Some tests were also run under more typical conditions. 

2.4.l Conductor Parameters for 
300 Volt Mine System 

For a typical 300 volt mine system, the lowest resistance 
will occur using the largest cables. From the mine surveys summarized 
in Table 2.2-1 this will include a 1000 kcmil copper feeder and a 
400 kcmil copper trolley wire in parallel. The highest inductance will 
occur when the largest rail 85 lbs/yard is used with a maximum spacing 
between conductor and rail of 70 inches. These parameters are used to 
calculate worst case cable impedance characteristics as follows. 

Referring to Figure 2.4-1, the copper conductor and two rails 
are assumed to be replaced by equivalent single conductors. The 
resistance of the 1400 kcmil copper conductor is estimated to be 
0.00755 ohms/1000 ft and the resistance of the steel conductor represent­
ing the rail is estimated as 0.0063 ohms/1000 ft. 
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o Feeder & Trolley 

0 Wire [1000 +400 I kcmil 

T Section Rails 

7]>77~77 

Ground 

85 lbs/yard 

Dwg. 62081\93 

0 
Copper Conductor 

1400 kcmil 

Circular Steel 
Conductor 

777
nr;{;};oo kcmil 

Ground 

Fig. 2 .. 4-1-Assumed representation of feeder and trolley wires and rails 
for calculation of impedance 

To determine the wiring inductance, a possible difficulty 
exists because of the effects of the iron rail which by virtue of its 
permeability may exhibit a substantial self-inductance. Also, because 
the iron is capable of being saturated by the current, its inductance 
and ac resistance is non-linear. This non-linear effect is discussed 
in Appendix 4 and it is concluded that in calculating the inductance 
associated with fault currents it is permissible to neglect the effects 
of rail self-inductance, and consider only the cable loop inductance. 

To determine the wiring loop inductance in a worst case 
300 volt system, the two circular conductors and ground plane shown in 
Figure 2.4-1 are assumed. The loop inductance is then calculated from 

* 4h Lloop = 0.1404 10910 0 + 0.015 µh per foot 

where h is the height of trolley and feeder wire above the rails and 
ground, namely 70 inches, and dis the maximum diameter of the equivalent 
feeder and trolley wire, namely l .185 inches. 

* Radio Engineers Handbook - Terman 
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Thus the calculations yield, 

Lloop = 0.347 mH per l000'ft of mine 

Rloop = 0.01385 Q per 1000 ft of mine 

and Cable Time Constant = 25 milliseconds 

2.4.2 Conductor Parameters for 
600 Volt Mine System 

In this case the effective conductor representing the trolley 
and feeder wires has a diameter of 0.845 11

, an area of 711.6 kcmil, and 
a resistance of 0.0149 ohms per 1000 ft. 

and 

Thus, the calculations yield, 

Lloop = 0.368 mH per 1000 ft of mine 

Rloop = 0.0212 Q per 1000 ft of mine 

Cable Time Constant = 17.4 milliseconds. 

Summary of Mine Conductor Characteristics 

A summary of the results for 600 volt and 300 volt cables is 
given in Table 2.4-1. 

Table 2.4-1. Summary of calculated mine system 
parameters representing worst case for circuit breaker 

600 Volt 
Sys tern 

0.0212 
0.368 

300 Volt 
System 

0.01385 
0.347 

Resistance - ohms/1000 ft of mine 
Inductance - millihenrys/1000 ft of mine 
Time constant - milliseconds 17.4 25 
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2.5 Complete Mine System Parameters 
Including Cable and Power Supplies 

For precise calculation of circuit breaker duty, the 
inductance and resistance of the appropriate source or parallel sources 
must be added to the conductor parameters. The source can have an 
especially significant effect if the mine de power is obtained from 
rotating machines. Assuming a maximum rotating power unit rating of 
500 kW, and maximum rectifier rating of 1000 kW the mine circuit can 
then be represented as shown below in Figure 2.5-1 for worst case fault 
current analysis. 

In terms of circuit breaker performance it is useful to know 
the variations of inductance with prospective fault current. It is to 
be noted, however, that the actual energy dissipation requirements of 
the circuit breaker are also affected by its speed of response as 
discussed in Appendices 1 and 2. Tables 2.5-1 and 2.5-2 illustrate 
typical parameters developed from the data in Figure 2.5-1. 

Prospective 
Fault 

Current 

Amperes 

2,000 
4,000 
6,000 
8,000 

rn,ooo 
12,000 
14,000 
16,000 

Table 2.5-1. Variations of current and 
inductance for 300 volt mine system 

500 kW Generator 1000 kW Rectifier 

Total Length Total Length 
Inductance of Inductance of 

Mine Mine 

mH Feet mH Feet 

4.41 9964 3.65 10,512 
2.53 4584 1. 78 5,097 
1.91 2743 l. 15 3,292 
1. 59 1841 0.84 2,390 
1.41 1299 0.65 1,848 
1.28 938 0.53 l ,487 
1. 19 680 0.44 l ,229 
1. 12 487 0.37 l ,036 
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Dwg. 6208A92 

Cable 

Source Parameters Cable Parameters 

500 kw 1000 kw 
Generator Rectifier 

600 ·L s 860µH 62µH Le 368 µ H/ 1000 ft 

volts 
Rs 48 mQ 17 mQ Re 21. 2 m Q/1000 ft 

DC 
300 Ls 960µH 16µH Le 347 µ H/ 1000 ft 

volts Rs 12 mQ 4.4mQ Re 13. 9 m0./ 1000 ft 
DC 

Fig. 2.5-l-Equivalent circuit parameters for evaluating worst case 
mine system characteristics 
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Prospective 
Fault 

Current 

Amperes 

2,000 
4,000 
6,000 
8,000 

l O ,000 
12,000 

Table 2.5-2. Variations of current and 
inductance for 600 volt de mine system 

500 kW Generator 1000 kW Rectifier 

Total Length Tdtal Length 
Inductance of Inductance of 

Mine Mine 

mH Feet mH Feet 

5.24 11 ,886 4.98 13,349 
2.63 4,811 2.37 6,273 
l. 76 2,452 1. 51 3,915 
1.32 1,273 1.07 2,735 
1.06 566 0.81 2.028 
0.89 94 0.63 1,556 

2.6 Effect of Multiple Parallel Substations 

The parameters in Tables 2.5-1 and 2.5-2 were prepared on the 
assumption of a worst case cable configuration supplied from a single 
500 kW generator or 1000 kW rectifier, whereas in practice a multiplicity 
of various substations is anticipated operating in parallel and connect­
ed via the mine cabling. The situation is shown in Figure 2.6-1. 

Assuming the generator short circuit current capability is 
related to its kW rating as is true practically then the worst case 
faults will occur assuming the largest generators are paralleled. 

If the power sources are rotating machines, it is shown in 
Appendix 5 that a total prospective current of IF drawn from a single 
generator causes more system stored energy than if the current IF is 
made up of smaller contributions from multiple sources. Therefore, 
if the circuit breaker is found to be satisfactory for IF amperes 
from a single generator, it will be even more satisfactory for IF 
amperes from multiple generators. 
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Rel i21 Rc2 i31 
Lc2 

XFault 

Fig. 2. 6-1-Illustrating circuit for calculation of fault current with 
paralleled substations 

For rectifier equipments the situation is not so 

straightforward because as shown in Appendix 2 there is a worst case 
stored energy condition which occurs when a fault is applied at about 
460 ft or 220 ft from the 600 volt and 300 volt substations, respectively. 
In practice however, the distance between substations is expected to be 

4000 ft or more and under these conditions the fault current and 
inductance are mainly controlled by the cable parameters which are fairly 
constant. Thus, for example, doubling the distance would double the 
cable inductance and halve the fault current so keeping constant the 

fault energy per ampere which varies as LI. Under these conditions a 

circuit breaker rated for a current IF amperes from a single rectifier 
unit will also be satisfactory for a total of IF amperes drawn from 
multiple parallel rectifiers. 
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2.7 Mine System Loads 

The main power loading on the de system consists of series 
field de motors used in haulage vehicles. The ratings are various with 
a maximum rating totaling 800 horsepower being typical in a 50 ton 
locomotive. Transient currents are drawn by the motors during accelera­
tion which is controlled by resistance starters. These transient currents 
must be passed by the system circuit breakers without causing spurious 
tripping to occur and on a nominal 600 volt, 800 hp system the initial 
starting current of 760 amps may reach a momentary peak of 2000 amps 
during acceleration. Motors are designed to produce full power down to 
about 83% of nominal system voltage and require approximately 
3.55 amperes/hp at 250 volts and 1.77 amperes/hp at 500 volts. 

2.8 Electrical System High Frequency Character1stics 

Since our approach in developing a fault discriminating system 
involves the application of high frequency signals to the trolley and 
rail network, it is important to have data on the system inductance 
and resistance at frequencies between 1 kHz to 20 kHz. In particular 
since the rails may have appreciable self-inductance it is necessary 
that the ground connections are sufficiently low impedance to bypass 
this inductance. 

Working in collaboration with the Lee Engineering Division of 
Consolidation Coal Co. a visit was made to the Ireland Creek Mine in 
February, 1973 with the intent of determining the high frequency 
characteristics of a 300 volt de trolley and rail system. For tests, 
3800 ft of main haulage way was available and as best could be determined 
all known parallel loads were disconnected. The power cables consisted 
of a 1,592 kcmil aluminum feeder and copper trolley wire of 500 kcmil, 
the height of which varied from about 5 ft to 7 ft. 

Separate tests were made over lengths of 1400 ft, 2500 ft, 
and 3800 ft. The test circuit is shown in Figure 2.8-1. 
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Dwg. 62080.97 

Trolle Wire .,,--..... 
~-----------......_ ____ --41....._ ___ --n 0--

C 

Rails 

Fig. 2.8.1-Showing techniques for testing mine cable 
high frequency characteristics 

The test technique was such that with a suitable capacitor C 

the oscillator frequency was adjusted for resonance. (Defined as voltaqe 

Vs in phase with the oscillator voltaqe V
0

• At this noint thP. 
values of C, f, V

0
, and Vs were recorded. The results are given in 

Tab l e 2 . 8- l. 

Analysis of the test results show that although no loads were 
assumed to be connected, a slightly inductive load of between 55 ~ to 
85 ~ appeared across the test cables in the vicinity of the oscillator 

section. This, however, did not affect the usefulness of the test rlAta 
and the results are summarized as follow: 

1. Up to 3.2 kHz and over a distance of 3800 ft 
the impedance of the rail and ground return 
was negligible compared to 30 ~ which is the 
level of illegitimate load it is hoped can 
be detected by a discriminating circuit 
breaker. At higher frequencies (up to 
20 kHz) the results were less conclusive. 
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Table 2.8-l. Mine cable test data 

Test l - Cable length 1400 ft 

Peak to Peak Peak to Peak 
Series Osei 11 a tor Oscillator Voltage Across 

Capacitance Frequency Voltage 5 rt Resistors 
µf Hz Sending Receiving Volts Volts Vs Volts Vr 

2.94 5,200 0.700 0.300 0.250 

0.47 13,900 0.880 0.300 0.250 

Test 2- Cable length 3800 ft 

2.94 3,200 0.920 0.300 0.250 

0.47 10,400 l .200 0.200 0.113 

0. 18 20,500 1.300 0.150 0.060 

0.047 39,500 1. 750 0.100 0.040 

Test 3 - Cable length 2500 ft 
plus 1300 ft dead cable 

2.94 3,950 0.800 0.300 0.260 

0.47 11,000 0.800 0.200 0. 150 

0. 18 21,000 1. 260 0.200 o. 135 

0.047 38,000 l. 850 0.150 o. 100 
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2. The effective cable inductance was 
0.28 mH/1000 ft. (This compares favorably 
with the worst case calculation of 0.35 mH/ 
1000 ft derived in Section 2.4-1. 

2.9 High Frequency Characteristics of DC Power Supplies 

No data could be found in the lfterature discussing the high 
frequency characteristics of mine power supplies, however, it is clear 
from measurements on series motors described in Section 4.7 that the 
effect of eddy currents in the machine iron paths is significant at 
frequencies of interest. Due to this effect the impedance is lower 
than would be expected (varying as frequency to the power of 0.67 
instead of proportionally as would be true if the inductance remained 
constant). It is expected that similar effects occur in de generators 
and the power source high frequency impedance values are generally 
assumed to be low, for example, a few ohms. 
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SECTION 3. DC CIRCUIT BREAKER FOR MINE APPLICATION 

3.l Candidate Circuit Breakers 

Possible suppliers of circuit breakers that might perform 
satisfactorily were invited to comment on the feasibility of their 
circuit breakers for 600 volt de use. Eighteen vendors were contacted 
in the USA, one in Japan, and one in England. 

Information received from the foreign suppliers was positive 
but incomplete and only three of the domestic suppliers responded 
positively, namely General Electric, ITE Power Equipment, and 
Westinghouse Electric Corporation. A positive response was also 
received from Siemens Corporation Power Equipment, a German company, 
with marketing offices in New Jersey. 

Open construction power circuit breakers made by Westinghouse 
and Siemens Corporation have proven performance for 600 volt de 
operation, but are large and costly. The low voltage power circuit 
breakers made by General Electric are proven at 500 volts de and 
probably would be satisfactory for 600 volt de mine systems. From data 
made available to us, but as yet unpublished, it was known that the 
molded case circuit breakers made by Westinghouse Electric Corporation 
were satisfactory for some levels of 600 volt de operation. It was 
reasoned that similar performance could be expected from molded case 
circuit breakers made by ITE and GE; therefore, candidates for 600 amps 
were selected from the range of molded case breakers made by these 
three companies. In case tests on these molded case circuit breakers 
failed to produce an acceptable unit, a 1ower current open 
construction breaker rated at 400 amps was also selected from Siemens 
Corporation. In all cases the circuit breakers were ac types having 
2 or 3 poles and generally it was recommended that 3 poles be used in 
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series to interrupt 600 volt de systems and 2 poles in series for 300 
volts de operation. A list of the original circuit breaker candidates 
is shown in Table 3.1-1. 

3.2 Circuit Breaker Trip Settings for DC Operation 

The types of circuit breakers to be tested were equipped 
with adjustable, instantaneous magnetic trip units; also on some 
breakers thermal trip elements were included. It was found by 
laboratory tests that for de operation the instantaneous de current at 
trip is about 1.3 times the ac rms trip current setting. A high current, 
low voltage ac power supply was used for setting the trip units of 
candidate circuit breakers. Subsequently, during high power testing it 
was determined that the arrangement of power cables in the vicinity of 
the circuit breaker could modify the trip setting and final adjustments 
were made on the high power test rig. 

With three poles in series there are three magnetic trip 
adjustments that can be set and generally it was found that the circuit 
breaker response was slightly more rapid with all three poles set to 
the required trip value. 

Measurements were made on the candidate circuit breakers to 
determine the speed of operation of the trip mechanisms. The time 
required for the contacts to part after trip current point has been 
reached was measured for each breaker. The measurement was made by 
applying a single short duration high current pulse to the circuit 
breaker. The time for contact parting varied from 7 to 8 milliseconds 
for three of the candidate types but was 14 milliseconds for the fourth 
unit. It is not immediately evident from the mechanical structure why 
one type is significantly slower in operation, but it is possibly 
caused by eddy currents in the magnetic assembly. 

The operating speed of the breaker and also the breaker trip 
setting have an important effect on the amount of energy dissipated in 
the breaker during interruption. These factors are analyzed in detail 
in Appendix l. Based on the relationships developed in Appendix 1, the 
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w 
I 
w 

Manufacturer 
and Code 

*General Electric Co. 
TJK636600 

*General Electric Co. 
THKMA 836600 

Siemens Corp. 
New Jersey 
3WQ1010 

Siemens Corp. 
New Jersey 
3WVllll-OEA40 

*Siemens Corp. 
New Jersey 
3WA2210-2DLOO 

*ITE Imperial 
KM2A600 

** 

Table 3.1-1. Original list of candidate circuit breakers expected to interrupt 
300 volts de at up to 2500 amps and 600 volts de at up to 1200 amps 

Approx. 
Size 

8.25" X 
10.125" X 
3.8" 

8.25" X 
15.5" X 
5.5" 

24.8" X 
14.8" X 

8.2" 

15.4" X 

8.4 11 X 
9.5" 

15.5" X 
9.0" X 
4.56" 

Wt 
Lbs 

16.5 

33.25 

100 

187 

36.4 

24 

Approx. 
Cost 

Dollars 

295 

378 

1145 

3160 

220 
(**See 

Note Below) 

315 

Comments 

Three pole molded case ac circuit breaker for 600 amps. 
Includes thermal and magnetic trip (adjustable between 
3 and 10 per unit). For 600 volt de use 3 poles in 
series, for 300 volts 2 poles in series. 

Three pole molded case ac circuit breaker for up to 1200 amps. 
Includes thermal and magnetic trip (adjustable between 3 and 
10 per unit). For 600 volts de use 3 poles in series, for 
300 volts use 2 poles in series. 

An open construction breaker. Rated at 1000 amps continuous 
with 2 poles in series for 600 volts de, 25,000 amps and 
0.36 mh. Mechanical life 104 make/break operations. 

An open construction high speed (3 millisecs) current 
limiting circuit breaker with 1200 volts arc. Able to 
interrupt 31,000 amps. Mechanical life 104 make/break 
operation. 

An open construction 3 pole, 400 amp ac circuit breaker 
in a metal enclosure. Able to interrupt 6:JOvolts de with 
3 poles connected in series and 300 volts de with 2 poles 
in series. Thermal and maanetic trin (s~t at 10 times 
rated). · 

Two pole molded case ac breakers rated at 600 amps. Magnetic 
trip only. Normal minimum set at 1900 amps ac. Use 2 poles 
in series for 600 volts. 20% surcharge for special low 
calibration. 

The manufacturer stated that this breaker is no longer available - Oct. 1973 



Table 3.1-1 (continued) 

Manufacturer Approx. Wt Approx. 
Cost Comments and Code Size Lbs Dollars 

*Westinghouse 16" 35.2 294 Molded case circuit breaker rated up to 800 amps continuously. 
Electric Corp. 8.25" Magnetic trip only can be supplied adjustable over a 2:1 
Type MA 6.06" range. Can be supplied with window to view contacts. 

Three poles in series for 600 volts de and 2 poles in series 
for 300 volts de. 
A fused version "TRIPAK" is available that provides 
current limiting. In-house tests show single pole 
operation at 300 volt de. Two hundred operations for 1650 
amp and 3 operations at 4650 amps. 

*Westinghouse 39.9 480 Molded case circuit breaker rated at 600-1200 amps 
w 

Electric Corp. continuously. Thermal and magnetic trip (adjustable over 
I Type NB 2:1 range). For 600 volts de use, 3 poles in series for 

-I'> 300 volts de use 2 poles in series. 

Westinghouse 24" X 110 1680 A 3 pole 600 volt ac circuit breaker for drawer mounting. 
Electric Corp. 13" X Could be used for 600 volt de by connecting 3 poles in 
Type DB25 12" series and 300 volts by using two poles in series. Using 

special arc chutes for de application, type DBL version is 
available with fuses to provide current limiting. 

* A 3 pole molded case Navy type rated at 500 volts ac Navy Breaker 8.25 11 X 26.4 254 
Type AQB A250 10.75" X and 250 amps. Similar to 600 volt commercial units but 

4.75" different molding material and greater ruggedness: Also 
plug in connections. 

* The circuit breakers were tested under simulated mine conditions 



value of arc energy (Jarc) vs prospective current has been calculated 
for a typical 600 volt mine system with 18 millisec time constant. The 
following conditions were assumed; arc voltage of twice system voltage, 
trip settings of 1200 and 2000 amperes, and unlatching times of 7 and 
14 milliseconds. These values are typical and correspond to the range 
of mine operating conditions. The results of the calculations are plotted 
on Figure 3.2-1. The effect of a rapid unlatching time in limiting 
the amount of energy to be dissipated by the breaker is quite evident. 
The lowering of the trip setting to limit the arc energy is less important 
and is most effective at low values of prospective current. Exact 
correlation of the calculated values of energy with the test data is 
difficult due to the perturbation of the arc voltage in actual operation. 

3.3 Testing Candidate Circuit Breakers 

3.3-1. Test Facility for High Power Tests 

The facilities of the Westinghouse East Pittsburgh plant were 
used for the high power tests. Four de generators were available in 
conjunction with a fairly wide range of inductance and resistance load 
banks and the generators could be operated either singly or in parallel 
as required. The rating of each de generator was 1500 kW at 750 volts 
and the armature inductance and resistance were given as La= 0.484 mH 
and Ra= 0.036 ~, respectively. 

An oscillograph was used in conjunction with suitable shunts 
to record the transient arc voltages and the system fault current. 

An open construction, high power de circuit breaker was used 
as a back up protection to open the circuit at a suitable time after the 
fault was applied. 

3.3-2. Circuit Breaker Test Specification 

From Section 2.5 and Appendix 2 worst case impedance 
conditions have been determined for 600 volt and 300 volt mine de power 
systems and they are reproduced in Table 3.3-1. 
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Table 3.3-1. Worst case mine impedance parameters 

Prospective System kJ Energy Inductance Time Power Source Fault mH Constant Stored After 
Amperes 18 ms ms 

l 000 kW Rect. 600 Volt 22,400 0.54 20 47.2 
500 kW Gen. 600 Volt 12,500 0.86 18 27 

l 000 kW Rect. 300 Volt 40,000 0.092 12.3 43.6 
500 kW Gen. 300 Volt 25,000 0.96 80 12. 2 

The kilojoules of stored energy in the system are given for 
a time of 18 milliseconds after an assumed fault is applied because 
this elapsed time is typical of the time to reach peak current in tests 
that were made of molded case circuit breakers with trip settings of 
2000 amperes and 4000 amperes, respectively for the 600 volt and 300 
volt de systems. 

Candidate circuit breakers for mine de systems can be tested 
with circuit conditions similar to those in the above table; however, 
the conditions need not be identical provided the kilojoule capability 
of the breaker is compatible with the system stored energy and the 
operating speed of the circuit breaker. Molded case circuit breakers 
will operate in times of 18 milliseconds or less and should be tested 
to be capable of interrupting a 600 volt system with stored energy of 
about 48 kilojoules. Faster acting circuit breakers would not normally 
be required to dissipate as much stored energy as discussed previously 
in Section 3.2 and also in Appendix l. 

During testing of candidate circuit breakers a wide variety 
of tests were conducted from which a test procedure to determine 
adequacy has been prepared as shown in Table 3.3-2. It is considered 
that candidate circuit breakers should operate successfully at least 
twice at each test condition, also a further 30 operations·for the 
condition marked by asterisks should be completed satisfactorily. 
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Table 3.3-2. Test conditions for candidate mine circuit 
breakers for 600 volt and 300 volt operation 

Circuit Source Prospective Fault Fault kJ Energy Breaker Voltage Fault Inductance Time Stored After Trip Volts Current mH Constant 18 msecs Setting Amperes ms 

2000 amperes 600 24,200 1.0 40.3 38 
2000 amperes 600 24,000 0.24 9.6 49 
2000 amperes *630 11 ,200 1.0 17.8 25 
Shunt trip 600 1,400 19 44 18.6 (at trip) 
Shunt trip 600 600 23.4 23.4 4.2 (at tripr) 

4000 
4000 
4000 
Shunt 

300 27,200 0.12 l 0. 9 28 
*300 19,500 0.88 57 12.2 

300 11,700 0.88 34.4 9.9 
trip 300 1 , l 00 23.7 87 14.3 (at trip) 

It is noted that in the test program relatively low current, 
high inductance tests are called for. These are particularly important 
as it was found during testing that some circuit breakers would perform 
satisfactorily at high currents but failed to sustain high arc voltage 
and interrupt at low currents. 

3.4 Circuit Breaker Descriptions 

Circuit breakers from four different manufacturers were 
tested and, in order to distinguish between the various types, a code 
name has been allocated, such as Manufacturer A abbreviated to Mnfr A 
followed by a number representing the maximum steady state current 
rating of that circuit breaker frame size. For example, Mnfr D 1200 
indicates a breaker made by Manufacturer Din which the maximum recom­
mended continuous current rating of the frame size is 1200 amps. 
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3.5 First High Power Test Series On Candidate Circuit Breakers 

The overall objectives of the program were to determine the 
adequacy of circuit breakers to interrupt 600 volts de and 300 volts de 
as applicable to a mine electrical system; however, for this first test 
program, effort was applied to the 600 volt system since less information 
was available concerning the performance of probable 600 volt de circuit 
breakers. From analysis of typical mine electrical systems as given in 
Section 2.5 a range of load impedance conditions was obtained. 

Four different types of circuit breakers were available for 
test and three models of one type were tested. Each circuit breaker 
was of molded case construction with three poles designed primarily for 
600 volt, 3 phase, ac operation. Each was capable of·at least 600 amps 
continuous current rating and each was offered by the manufacturer as 
being capable of interrupting 250 volt de. 

The four different types of circuit breakers tested in the 
initial 600 volt test series are described briefly in the table below. 

~ Approx Wt Approx {OEM) Cost 

Mnfr A 600 17 1 bs $295 
Mnfr A 1200 33 lbs $378 
Mnfr D 800 35 1 bs $294 
Mnfr D 1200 40 lbs $480 

Each breaker has an instantaneous trip associated with each 
pole, however, only a single trip was used in these tests, the other 
trips being set to a high position. For low current interruption tests 
below the instantaneous magnetic trip setting, a shunt trip coil was 
used. 

Tests were conducted at 600 volts de with various current and 
inductance levels, and in general the high current tests, i.e. above 
1500 amperes reflected a load time constant of about 17.6 milliseconds 
which is similar to the mine cabling value. For lower currents, greater 
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inductance was used. The maximum necessary setting for the magnetic 
trip was deemed to be 2000 amps, however, an overcurrent test with the 
setting at 4000 amps was made to try to determine any weak points in 
the circuit breakers. 

To achieve the greatest arc voltage the three poles of the 
breaker were series connected. This was done as shown below with current 
entering at the stationary contact on Pole l and leaving on the moving 
contact of Pole 3. Pole l is considered to be that on the left hand 
side of the circuit breaker when viewed from the front. No. 3 pole is 
on the right side of the breaker. It is noted that this method of 
interconnection imposes a voltage stress of approximately twice a single 
pole arc voltage between the moving contacts of poles 2 and 3 but the 
method is simple to implement practically. 

-POSlTIV:E 
INPUT 

I 
CONNECTt.r(r LOOPS 

9'' of AW& zjo 

---· :R'.EG.ION O.F 

OU1'PUT 

GIU~ATES'T 

VOLTAGE 

STRESS 

Fig. 3.5-1. Interconnection of poles for high current tests 
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During tests oscillograph recordings were made of the de 
current, the arc voltages across each pole, and also the total arc 
voltage. The source impedance conditions were checked by recording a 
bolted fault characteristic just prior to testing the circuit breaker. 

Tests were made of the circuit breaker total contact 
resistance before and after each test but no significant changes were 
observed in any of the circuit breaker's contact resistance during any 
of the tests. 

The results of the tests are summarized below and the order 
of the results is chronological. In most instances the power was 
derived from two 1500 kW, 750 volt generators operating in parallel 
although in some of the low current tests, only a single 1500 kW 
generator was used. 
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Test l. Breaker Type Mnfr A 600 

Magnetic Prospective Peak Let Fault Trip Fault Through Inductance No. of 
Setting Current Current Millihenrys Oeerations 
Amperes Amperes Amperes 

2000 5,400 3660 2.0 2 
2000 7,300 4200 1.45 2 
2000 9,300 5200 1. 21 2 
2000 11 ,200 5780 1.03 6 

4000 11,500 7500 1.03 2 
Shunt Trip 620 620 22 3 
Shunt Trip 1,030 1030 22 1 

*Shunt Trip l ,030 1030 22 1 
*Shunt Trip 1,340 1340 22 2 

In these tests the circuit breaker failed to interrupt due to low arc 
voltage which is thought to be caused by the fact that the current is 
not high enough to force the arc into the arc chute. The back-up 
breaker, which was set to operate about 200 millisecs after the shunt 
trip, cleared the circuit and prevented damage to the breaker under 
test. 

Conclusions 

This circuit breaker operated satisfactorily at the higher 
current settings but at low current and high inductance the arc voltage 
was marginal. At the conclusion of testing, the circuit breaker was 
in good operating condition. Some modifications are necessary to make 
this breaker acceptable for 600 volt de mine application. At this 
time the required modifications are not clearly evident. 

3-12 



Test 2. Breaker Type Mnfr A 1200 

Magnetic Prospective Peak Let Fault Trip Fault Through Inductance No. of 
Setting Current Current Millihenrys Operations 
Amperes Amperes Amperes 

2000 5,400 4150 2.0 2 
2000 7,300 5200 1.45 2 
2000 9,300 6600 1.21 2 
2000 11 ,200 7300 1.03 6 

Shunt Trip 590 590 20 4 
Shunt Trip 1,030 1030 20 l 
Shunt Trip 1,200 1200 20 l 
Shunt Trip 1,400 1400 19 2 

*4000 11,300 8200 1.03 2 

This is an overcurrent condition and in one of the operations a 
restrike of the arc occurred after the circuit was interrupted, 
however, the ensuing increase of current was only about 1300 amps and 
the circuit breaker forced the current to zero again and interruption 
was satisfactory. 

Conclusions 

The circuit breaker operated satisfactorily over the complete 
range of tests and at the conclusion of tests it appeared to be in good 
operating condition. 
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Test 3. Breaker Type Mnfr D 800 

Magnetic Prospective Peak Let Fault Trip. Fault Through Inductance No. of 
Setting Current Current Millihenrys Operations 
Amperes Amperes Amperes 

2000 11,200 6650 1.03 12 
Shunt Trip 600 600 20 4 

Shunt Trip l , 150 1150 9.4 l 

Shunt Trip l , 150 1150 21 l 

Shunt Trip 1,380 1380 20 l 

Shunt Trip 1,520 1520 21 l 
4000 11,200 7700 1.03 2 

Before carrying out the 4000 amp overcurrent checks, a small 
piece of 1/32 11 micarta was cemented in position to give an additional 
barrier between the handle mechanism and the right hand pole (i.e. 
betwe~n poles 2 and 3). It was noticed that some slight arcing deposite 
had appeared where the cover and base butt together at this point. 

Conclusions 

The circuit breaker operated satisfactorily over the normal 
* range of tests, however, a possible weak point was determined, and a 

remedy implemented such that the breaker operated satisfactorily in 
the overcurrent test. At the conclusion of tests, the circuit breaker 
appeared in good condition. 

* Subsequent tests with a modified interconnection of the poles 
indicate that this is not in fact a weak point. 
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Test 4. Breaker Type Mnfr D 1200 

Some difficulty was experienced with this breaker in that an 
internal arc developed between poles during the overcurrent test condition 
and also in the low current, high inductance test condition. This was in 
spite of the fact that very good interruption was achieved under other 
test conditions. Two additional breakers of this type were tested to 
confirm the failure modes and the results which are listed in chronological 
sequence indicate at what point changes were made. 

Magnetic Prospective Peak Let Fault Trip Fault Through Inductance No. of 
Setting Current Current Millihenrys Operations 
Amperes Amperes Amperes 

2000 2,810 2500 4.84 l 
2000 5,400 4000 2.0 2 

2000 7,300 4760 1.45 2 
2000 9,300 5720 l. 21 2 
2000 11,200 6200 1.03 6 

*4000 11 , 200 8000 1.03 2 

* Unit failed at this point due to internal arc between handle mechanism 
and pole 3. A simple insulating paper barrier was installed and the 
test repeated, but unit failed again. A new breaker was acquired and 
this failed in a similar manner but at low current as listed below(**). 
A further frame was tested but it too failed in an identical manner, 
this time at 1390 amps as indicated below(***). 

**Shunt Trip 
Shunt Trip 
Shunt Trip 
Shunt Trip 

***Shunt Trip 
Conclusions 

l ,340 
620 
620 
980 

1,390 

1340 
620 
620 
980 

1390 

22 mh 
14. 5 

20.0 
21.5 
21.5 

l 

2 

1 

2 

l 

The insulating barriers between poles 2 and 3 of this breaker 
are inadequate to permit pole interconnections as was done in this 
test series. It was verified later that a minor change would 

overcome this deficiency and make the breaker suitable for 600 volt de. 
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3.6 Second High Power Test Series On Candidate Circuit Breakers 

A second series of tests on candidate circuit breakers for 
300 volt and 600 volt de mine systems were made. The objective was to 
test different circuit breakers and also to determine the effectiveness 

* of modifications introduced as a result of the first series of tests. 

Because of dielectric stress factors noted in the earlier 
series of tests and the effects of the method of pole interconnection, 
a different interconnection was used in some of the tests. This 
different interconnection causes current to flow in the same direction 
in each pole. It requires slightly longer interconnecting cables and 
has been referred to as a "long pole" interconnection (LP) in contrast 
to the ''short pole" interconnection (SP) used in the first test series. 
The two techniques are illustrated in Figure 3.6-1. 

It was established that at 600 volts de the long pole 
interconnection gave a larger interrupt capability even though the 
peak let-through current was greater for this connection. It was also 
found that in a marginal operating condition the breaker performs more 
reliably in an upright mounting position. 

It was determined that the per unit arc voltage (discussed 
in Appendix 3) is generally greater in the 300 volt system. This is 
to be expected since the applied volts per pole is lower, for example, 
300/2 compared to 600/3. Thus, breaker performance is more positive 
in the 300 volt system. Per unit arc voltage listed in the tabulated 
data is defined as the ratio of total circuit breaker arc voltage to 
the system supply voltage. Since the actual arc voltage of the circuit 
breaker perturbates significantly an equivalent steady arc voltage was 
calculated which if developed across the circuit would drive the current 
to zero in the same time that the actual arc voltage did. 

* The modification which included additional isolation between 
poles is shown in drawing No. l257C59 at the end of this report. 
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u l 
Short Pole 

Connection SP 

Dwg. 6208'\94 

Long Pole 
Connection LP 

NOTE: 3 poles in series for 600 volts de 
2 poles in series for 300 volts de 

Fig. 3. 6-l-Illustrating different circuit breaker 
pole interconnection 
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A possible dielectric problem was discovered in regard to 
isolation of the shunt trip assembly and some flashovers were found to 
develop between the shunt trip assembly (normally at ground potential) 
and the nearest main pole. Breakers for mine operation are not always 
used with shunt trips; however, they wi 1l be necessary for a di scri mi­
nati ng circuit breaker and some extra care is required in isolating the 
shunt trip assembly for de operation. 

A brief discussion and tabulation of test results of each 
circuit breaker now follows. 

Mnfr A 1200 

Summary 

This type of breaker was tested satisfactorily at 600 volts 
de in the first test series. In this second test series the maximum 
fault current level was increased until a dielectric failure occurred 
(flashover between poles 2 and 3). Failure occurred interrupting 
10,400 amps in l mH using the short pole connection, however, using a 
long pole connection the breaker was satisfactory at 13,400 amps in 
l mH. 

600 Volt Tests 

The results are tabulated in Table 3.6-1. 

The differences in peak let-through current caused by 
different pole connections are observed by comparing, for example, test 
Nos. (10 and 14), (11 and 15), (12 and 16), and (13 and 17). Typically 
the long pole interconnection causes the peak let-through current in 
this circuit breaker to be increased about 14%; however, despite this, 
the long pole interconnection permitted larger system faults to be 
satisfactorily interrupted. It is noted that in a marginal situation 
(test 17) the circuit breaker failed when tested in an inverted 
position (test 18). 
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Table 3.6-1 

TABULATION OF DC CIRCUIT BREAKER TESTS CONDUCTED IN FEB• 1973 

SYSTEM VOLTAGE= 600 BREAKER TYPE MNFR A 1200 

A B C D E F G H 

TRIP PROSP IND TRACE LET ARC PU ARC LOAD C0MMENTS 
CURR CURR THRU TIME VOLTS TC 
AMPS AMPS MH NO AMPS MS MS 

2000 11900 1. 00 7900 11 1 • 90 1908 OK s 'f' 

2000 8900 1.00 2 7900 11 1 • 81 14.8 <ll< SP 

600 600 23.40 3 600 21 1 • 69 23.4 01< S' UllN'T '7 RTP l -P 

600 600 23.40 4 600 19 1 • 80 23. 4 O+< 

305 305 23.40 5 305 13 1 • 50 11.9 0(( ,, 

600 600 23.40 6 600 21 1 • 69 23.4 OK " SP 

2000 13500 .24 7 11600 5 1 • 56 5.4 01-< II II 

2000 22800 .24 8 16500 8 1 • 52 9.1 OK ti II 

2000 24000 .24 9 17200 6 1 • 83 9e6 OK II " 
2000 24000 l • 00 10 10400 999 1 • 00 40.0 

rAILr.l> -TtA&H OVEli' SP 
1!.1:'iWEEN '2 ~ 3 

2000 13800 l • 00 l l 9700 14 l .84 23.0 0 I< L 'P 

2000 16500 1 • 00 12 10000 24 1 • 43 27.5 OK \I 

2000 19000 1.00 13 11200 25 1 • 49 31 • 7 OK II 

2000 24200 1.00 14 13400 31 1 • 48 40.3 01< ,, 

2000 14000 1 • 00 15 8300 18 1 • 51 23. 3 01( s 'P 

2000 16600 1 • 00 16 9250 18 1 • 61 27.7 01< II 

2000 19000 1.00 17 9700 22 1 • 51 31. 7 OK ,, 

2000 19000 1 • 00 16 9700 
IJ1'l'1' lNV'ER'i'Fl> -'FAIi . ."!: D 

999 1. 00 31 • 7 'FU\$11 OV'l,ll ~£'TN'EHI 2 i 3 
,, 

2000 14200 1 • 00 22 9250 30 1 • 26 23.7 
K CABt.E £. C'Ko.s.~ 'E !) 

O IN l=f?OIJ'I' Lt' 

2000 14200 1 • 00 23 9250 28 1 • 29 23. 7 OJ< C-A'1St..ES Cli'O~~'t'P L 'P 
A'l' 'Rl:.A'R 

4000 14200 1 • 00 ·24 10500 27 l. 35 23. 7 OK CHANGt'J> 'i',~,P l 'P 
Sc'T'i'IN~ 
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300 Volt Tests 

The results are tabulated in Table 3.6-2. 

It is noted that as in the 600 volt tests the long pole 
connection permits a greater let-through current. This is thought to 
be due to the fact that the short pole connections may modify the 
magnetic trip unit characteristics. The per unit arc voltage was very 
satisfactory in these tests. 

Table 3.6-2 

TABULATION OF DC CIRCUIT BREAKER TESTS CONDUCTED IN FEB. 1973 

SYSTEM VOLIAGE= 300 BREAKER TYPE MNFR A 1200 

C D G H A 

TRIP 
CURR 
AMPS 

B 

PROSP 
CURH 
AMPS 

IND TRACE 

E 

LET 
THRU 
AMPS 

F 

ARC 
TIME 

PU ARC LOAD 
VOLTS TC 

MS 

COMMENTS 

500 

1060 

500 

1060 

4000 12600 

4000 25300 

4000 27600 

4000 19500 

4000 19500 

MH NO 

24.00 19 

24.00 20 

.88 25 

.19 26 

.22 27 

.. 88 29 

500 

1060 

7100 

15600 

16200 

8200 

9500 
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MS 

23 

48 

13 

6 

7 

16 

19 

2 .. 36 16 .. 0 

OK Shunt SP 
Trip 

OK Shunt SP 
Trip 

OK 

OK 

OK 

OK 

OK 

SP 

SP 

SP 

SP 

SP 



Mnfr B 600 

The breaker submitted by this manufacturer was 2 pole for 
600 volt rating. Based on our earlier tests it was considered that the 
arc voltage produced by two poles would be inadequate for 600 volt de 
thus only 300 volt tests were carried out. Even at 300 volts the breaker 
was found to develop insufficient arc voltage under certain load condi­
tions. Further tests carried out in the third test series with a 
different type of arc chute failed to make this breaker satisfactory. 
The tests conducted in the second series are tabulated below in 
Table 3.6-3. 

Table 3.6-3. 

TABULATION OF DC CIRCUIT BREAKER TESTS CONDUCTED I~ FEB .. 1973 

SYSTEM VOLTAGE= 300 BREAKER TYPE MNFR B600 

A B C D E F G H 

TRIP PROSP IND TRACE LET ARC PU ARC LOAD · COMMENTS 
CURR CURR THRU TIME VOLTS TC l "f' l.N'i''E'K Cot-11-l'Et. ~JON 
AMPS AMPS MH NO AMPS MS MS TH ~o W Gvl\ o U 'i' 

4000 12500 .. 96 1 6500 36 1 • 36 40o0 Itl'"i'E.RRul''T'E:.D 'BW'i' ONE 'Pol.. 'f 
1..tH'l' A R c. Vol- '1' A G\-1: 

4000 12500 096 2 6800 999 1. 00 40 .. 0 'FAIL'tJ) - ':Bo'T'i.t f\RC.S WERr 
LOW 

497 497 25.00 3 497 26 2.14 41.4 0'< 

497 497 25.00 4 497 26 2.14 41 .. 4 OK 

1060 1060 23.00 5 1060 96 1 .. 44 81. 3 
1) l'Ff ICU I.. ff' l.N71:'K'R U 1>'1' 
I.OW Allc VOl.'T'~. 

1060 1060 23.00 6 1060 108 1 • 36 81. 3 ,, .. '. '' 

2260 2260 23.00 7 2260 110 a. 13 173. 3 OK 
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Mnfr C 400** 

This circuit breaker has a maximum continuous current rating 
of only 400 amps. This is inadequate based on the contract specification 
which requires 600 amps at 600 volts and 1200 amps at 300 volts. Higher 
current ratings could be obtained in open construction circuit breakers, 
however, the costs far exceed those of molded case types as may be seen 
in Table 3.1-1. 

Because the arc chute construction of this breaker differs 
significantly from that of molded case circuit breakers, it was evaluated 
for its interrupt capabilities. 

The test breaker was a 3 pole, 400 amp, 600 volt ac type of 
open construction and 3 poles were connected in series for the 600 volt 
de tests. The magnetic trip was set at 4000 amps, but we made adjust­
ments to set one pole at 2000 amps. The poles are not mechanically 
linked and it was found during tests that the adjusted pole tripped about 
10 milliseconds before the other two. 

On interruption, a substantial amount of arcing debris was 
ejected through the top of the arc chutes, however, the arc performance 
was very good and stable. The results are tabulated below: 

Table 3.6-4 

Tabulation of DC Circuit Breaker Tests Conducted in Feb. 1973 

System Voltage = 600 Breaker Type Mnfr C 400 

A B C D E F G H 

Trip Prosp IND Trace Let Arc PU Arc Load Comments 
Curr Curr Thru Time Volts TC LP Interconnection 
Amps Amps MH No Amps MS MS Throughout 
2900 14800 1.0 7400 15 1.60 24.7 OK 
2900 14800 1.0 2 7400 17 1. 50 24.7 OK 
2900 20500 1.0 3 8600 14 1.83 34.2 OK 
2900 3000 12.0 5 3000 51 1. 75 60.0 OK 

Although the interrupt capabilities of this circuit breaker 
were found to be very satisfactory, further tests were not carried out 
because satisfactory performance was also found with readily available 
molded case circuit breakers. 

** The manufacturer stated that this breaker is no 
longer available - Oct. 1973 
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Mnfr D 1200 

This type of breaker had shown predictable dielectric 
failure in the first test series. To eliminate this failure, 0.125 11 

thick Micarta plates (2.2 11 x 3.5 11
) were cemented in position between 

poles l and 2 and 2 and 3. This modification, which was to improve the 
dielectric strength, was found to be completely satisfactory in 
conjunction with the long pole interconnection. A modified drawing of 
it is given in Dwg. No. 1257C59 at the end of this report. 

Results of the 600 volt tests are tabulated in Table 3.6-5. 

The circuit breaker performed satisfactorily throughout the 
600 volt tests. It is noted that the peak let-through current permitted 
by this breaker is significantly less than that of breaker type 
Mnfr A 1200, for example, compare results of trace No. 9 (Mnfr A 1200) 
and No. 21 (Mrifr D 1200). This is thought to be caused by the more 
rapid action of the magnetic trip unit and agrees with separate measure­
ments made of trip time in our laboratory, for example, Mnfr A 1200 took 
about 14 milliseconds to trip in contrast to the 8 milliseconds required 
for Mnfr D 1200. 

It was determined that some further slight improvement of 
speed of response could be obtained by setting all three shunt trips 
at the same value, for example, compare trace numbers (15 and 16) and 
(19 and 20). 

The tabulated results of 300 volt tests are given in 
Table 3.6-6. The performance was generally satisfactory. 

3-23 



Table 3.6~5 

TABULATION OF DC CIRCUIT BREAKER TESTS CONDUCTED IN' FEB. 1973 

SYSTEM VOLTAGE= 600 BREAKER TYPE MNFR D 1200 

A B C D E F G H 

TRIP PROSP IND TRACE LET ARC PU ARC LOAD COMMENTS 
CURR CURR THRU TIME VOLTS TC I. 'P lN'l''E'f\CoNN'EC 'T'ION 
AMPS AMPS MH NO AMPS MS MS 'i'l-l'i\OIJ CirW OU'I"' 

1500 1500 23.00 1 1500 69 1.,27 57.5 OK - <,. 1-lUN'i' 'i' 'R. l'P 

1500 1500 23.00 2 1500 105 1.19 57.5 OK - SLOW 

1500 1500 23.00 3 1500 60 1 • 54 57.5 OK 

1500 1500 23.00 4 1500 56 1 • 61 57.5 OK 

1350 1350 23.00 5 1350 60 l 046 51.7 OK 

1600 14600 l • 00 6 6500 9 2.00 24.7 OK 

1800 8500 1 • 00 7 2100 6 1 .26 4.2 OK 

1800 1900 1. 00 8 1900 5 1 • 26 3.2 OK 

1800 14800 1. 00 11 7100 11 1 .. as 24.7 OK 

1800 20500 1 • 00 12 8200 10 2.18 34.2 01( 

1800 25500 1. 00 13 8400 13 l • 92 42.5 01( 

1800 24800 .24 14 15100 6 1 • 73 9.9 CK 

2100 14300 1 • 00 15 6900 10 1 .93 23.a 01<' 

2100 14300 1 • 00 16 6300 8 2. 10 2308 OK 
Au. iHRH 'i''Rl'PS. 
$"£ '1' SAM:E 

2100 14300 l • 00 17 6300 10 1 .as 2308 OK 

2100 14300 1 • 00 18 6400 9 1.98 2308 OK 

2100 26000 .24 19 15100 8 ! • 50 10.4 OJ< 

01< 
ALL 'i'H~'Ef /j'?, l?.S 

2100 26000 .24 20 14600 7 1. 58 10.4 St''T' S4Ml: 

2100 26000 .24 21 15100 6 1 • 74 10.4 0 I< 

2100 26000 .24 22 15000 6 1 • 74 10.4 OK 

2100 26000 .24 23 15000 6 1. 74 10.4 OK 

2100 26000 .24 24 15000 8 1 • 50 10.4 01< 

1360 1360 23.70 25 1360 54 1 • 58 53.7 0" SHUii! '11 'i'AlP 

1360 1360 23.70 26 1360 88 1 • 24 53.7 OK ,, 
" 

1360 1360 23.70 27 1360 68 1 • 39 53.7 01( ,, 
' 

1360 1360 23.70 28 1360 63 1 • 45 53.7 OK ,, 

1360 1360 23.70 29 1360 60 1 • 49 53.7 0 ,~ ,, ,, 

1360 1360 23.70 30 1360 63 1 • 45 53.7 OI{ 
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Table 3.6-6 

TABULATION OF DC CIRCUIT BREAKER TESTS CONDUCTED IN FEB• 1973 

SYSTEM VOLTAGE= 300 BR.EAKER TYPE MNFR D 1200 

A B C D E F G H 

TRIP PRO SP IND TRACE LET ARC PU ARC LOAD OOMMENTS 
<l.JRR CURR THRU TIME VOLTS TC 
AMPS AMPS MH NO AMPS MS MS 

5100 11700 .88 31 7400 11 2a67 34.3 OK SP 

5100 11700 .88 32 7400 13 2 .. 37 34.,3 OK SP 

5100 19500 .. ss 33 8650 18 2.20 57.2 OK SP 

5100 19500 .as 34 8650 29 1 • 67 57.2 OK SP 

5100 27200 .. 12 35 15100 9 1 .. 43 10.9 OK SP 

5100 27200 .12 36 15100 9 1 .. 43 10.9 OK SP 

538 538 23.70 37 536 30 le98 42.5 OK Shunt LP 
Trip 

538 538 23.70 38 538 29 2.02 42 .. 5 OK Shunt LP 
Trip 

538 538 23.70 39 538 37 1.72 42.5 OK Shunt LP 
Trip 

538 538 23.70 40 538 29 2.02 42.5 OK Shunt LP 
Trip 

1100 1100 23.70 41 1100 68 l o84 86e9 OK Shunt LP 
Trip 

1100 1100 23.70 42 1100 72 1 • 78 86e9 OK Shunt LP 
Trip 

1100 1100 23.70. 43 1100 65 1 • 90 86 .. 9 OK Shunt LP 
Trip 

1100 1100 23.70 44 1100 71 1.79 86 .. 9 OK Shunt LP 
Trip 

2160 2160 23.70 45 2160 123 1 .95 110 .. 6 OK Shunt LP 
Trip 

2160 2160 23.70 46 2160 120 1 "98 170 .. 6 OK Shunt LP 
Trip 
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Mnfr D AQB250 

This breaker was a 3 pole molded case, Navy type AQB-A250 

rated at 500 volts ac and 250 amps. In general, the main difference 
between breakers of this type and similar rating commercial units is in 
the greater ruggedness of the Navy types and the different molding 
material. 

Tests were carried out at 600 volts de on this breaker with 
3 poles connected in series in order to determine whether any signifi­
cant differences could be found in the arcing characteristics; none 
were determined. 

In setting up this unit for tests, a readily available 
commerical type, shunt trip coil was installed to facilitate low current 
tests, however, on the first test a flashover occurred from this coil 
to the adjacent breaker main pole and only tests using the normal 
magnetic trip could be carried out. 

The results are tabulated below. 

Table 3,6-7 

TABULATION OF DC CIRCUIT BREAKER TESTS CONDUCTED IN FEB• 1973 

SYSTEM VOLTAGE= 600 BREAKER TYPE MNFR D NAVY TYPE AQB-A250 

A B C D E F G H 

TRIP PROSP IND TRACE LET ARC PU ARC LOAD COMMENTS 
CURR CURR THRU TIME VOLTS TC l -p J: N'i''E ~ CoNN'E. C 'T' fON 
AMPS AMPS MH NO AMPS MS MS '1',rnou, MoU'i1 

900 1330 23.70 3 l l 30 38 2.01 52 .. 5 OK 

900 1330 23 .. 70 4 1080 46 1 • 58 52 .. 5 OK 

900 1330 23070 5 1110 55 1.. 45 52.5 01( 

900 1330 23.70 6 1100 65 1 • 34 52.5 OK 

900 1330 23.70 7 1100 60 1 • 39 52.5 OK 

900 1330 23 .. 70 8 1100 60 1 • 39 52.5 Of< 

900 1580 23 .. 70 9 1200 78 1 • 31 62.4 ?ooR J:N'i'E~Rl.!P't 'DUE 
't'o L. OS.~ Of: A'R C \fOL'i'S 
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3.7 Third High Power Test Series 

A third series of tests was carried out to complete the high 
power testing and endurance testing of the selected breakers. Final 
analysis of test results shows that three types of molded case breakers 
performed satisfactorily under conditions simulating the mine electrical 
system. Discussion of the third test series continues as follows:-

Mnfr D 800 

This breaker type was previously found satisfactory using 
three poles at 600 volts de and this final test evaluation was using 
two poles and 300 volts de. The results of the 300 volt test program 
which includes traces Nos. 94 through 110 were satisfactory and are 
given in Table 3.7-1. 

A deliberate attempt to find the maximum single operation 
capability was made in traces Nos. 111, 112, and 113 in which interruption 
of 3860 amps in 15.5 mH was attempted. Tests Nos. 111 and 112 were 
satisfactory but in No. 113 the back-up breaker interrupted. It is 
concluded that this level of power which causes about 75 kilojoules 
dissipation per pole in each operation is close to the ultimate 
capability of this type of breaker. 

3.8 Endurance Tests on Selected Molded Case Circuit Breakers 
Satisfactory for 300 Volt and 600 Volt DC Mine Use 

From tests at various voltage and inductance conditions three 
types of molded case circuit breakers have been found capable of 
interrupting currents such as many occur in mine de electrical systems. 
To determine the electrical ruggedness and failure modes of these 
selected breakers they were operated repeatedly until failure occurred. 

The test procedure was more arduous than would be expected in 
practice. The breakers were operated fairly rapidly (at about 3 
minute intervals) and the voltage and currents were representative of 
severe operating conditions. 
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Table 3.7-1 

TABULATION OF DC CIRCUIT SREAKIR TESTS CONDUCTED IN MARCH .. 1973 

SYSTEM VOLTAGE• 300 BREAKER TYPE MNFR D 800 

A B C D E F G H 

TRIP PRO SP IND TRACE LET ARC PU ARC LOAD COMMENTS 
C1JRR CURR THRU TIME VOLTS re 
AMPS AMPS MH NO AMPS MS MS 

470 470 23 .. 70 94 470 27 1 • 94 37.1 OK 

470 470 23.70 95 470 31 1.77 37.1 OK 

470 470 23.70 96 470 23 2 .. 17 37.1 OK 

470 470 23.70 97 470 23 a. 11 37.1 OK 

950 950 23 .. 70 98 950 78 l • 55 75.0 OK Back Up Operated Same 
Time AS Breaker 

950 950 23.70 99 950 46 2 .. 12 75.0 OK 

950 950 23.70 100 950 48 2.12 75.0 OK 

950 950 23 .. 70 101 950 57 1 .. 88 75.0 OK 

1570 1760 83.70 102 1570 83 2 .. 09 139" 0 OK 

1760 1760 23.70 103 1760 112 1. 8 l 139. 0 OK 

1740 1740 23 .. 70 104 1740 80 2.27 137.5 OK 

3870 11000 .. 88 105 6330 13 2,.16 32.3 OK 

3870 11000 .. 88 106 6300 16 1 • 89 32. 3 OK 

3870 19800 .. 88 107 6900 13 2. 39 58 • 1 OK 

3870 19800 .. 88 108 6900 13 2 .. 39 58.1 OK 

3870 27600 ., 12 109 13000 10 1. 32 11 • 0 OK 

3870 27600 ., 12 110 12800 8 1 • 44 11 .. 0 OK 

3350 3860 15.50 111 3350 138 1 • 87 199.4 Flame but extinguished OK 

3860 3860 15 .. 50 112 3860 230 1 • 46 199.4 Flame but extinguished OK 

3860 3860 15.50 113 3860 999 1 • 01 199.4 Failed to interrupt. Flame 
self extinguishing. Would 
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The number of high current fault interruptions obtained before 
failure varied from 68 to 97 for the three types. Since the severity 
and frequency of faults will vary from one mine to another, the number 
of faults cannot be easily translated into an in-service life, although 
if the operating conditions are known this is feasible as indicated in 
Section 3.12. Examinations of the breakers during the endurance test 
revealed that the first signs of failure occur in the arc chutes of the 
breaker. By periodic inspection and replacement of damaged arc chutes, 
it should be possible to extend the life of the breaker. 

In order to reduce the time required for endurance tests, the 
three candidate breaker types were mounted on a test stand and wired in 
parallel. During tests they were operated sequentially and this procedure 
not only enabled the breakers to be tested for current interruption at 
3 minute intervals, but also during the off period subjected the circuit 
breaker to a dielectric stress caused by the opening of a parallel 
breaker. After 55 rapid shots on each breaker it was noted that in the 
area of the arc chutes significant temperature rise had occurred on the 
outside of the breakers and a fan was added to the test assembly to 
provide cooling before the tests continued. 

A picture of the test assembly is shown below. 
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On the left is mounted a circuit breaker described as 
Mnfr A 1200, at center a breaker type Mnfr D 1200 and at right type 
Mnfr D 800. Each breaker has its poles connected and in series such 
that current flow is the same way in each pole. 

The endurance tests were conducted at 630 volts de (5% higher 
than normal 600 volts) and with a fault impedance to provide nominally 
11,000 amperes in 1 mH. Each breaker operated successfully 55 times at 
this level. Subsequently, to hasten failure, the level of fault was 
changed to 10,500 amps in 2 mH. 

A summary of the endurance test data is tabulated in 
Table 3.8-2. 

Comments on Endurance Tests 

The. failure modes of the three breakers were all different; 
however, it is noted that the total energy absorbed by each before 
failure was similar. This energy absorption factor may provide a 
criteria for determining life in a given application. It is probable 
that periodic inspection and replacement of the arc chutes would enable 
longer life to be obtained since a gradual deterioration of arc voltage 
was noted during tests as shown in the oscillograph recordings. 

Endurance tests were carried out at 630 volts only since it 
is considered that this voltage is much more exacting on the circuit 
breakers than would be a 2 pole, 300 volt test. 

At the conclusion of tests the main current carrying contacts 
of the breakers appeared to be in satisfactory condition. 

A more complete history of the interrupting conditions for 
each test breaker is given in the following tables and figures. 
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Table 3.8-2 

Breaker Total No. of *Total Energy Failure 
Type Interruptions Ab.sorbed Mode Comments 

k Joules 

Mnfr A 1200 68 4161 Poor interrupt As the number of interruptions 
breaker could not increased the arc voltage 
be reclosed. gradually reduced and the arc 

chutes showed wear. The arc plates 
had molten metal particles deposited 
on them. 

Mnfr D 1200 97 4181 Failed to interrupt As testing proceeded> the 
w flashover between interruption was less positive 
I poles 1 and 2. and the arc chutes showed wear. w _. 

An external flashover to the 
test bus work occurred on shot 
71 but only slight damage was 
caused to breaker connector. 
External bus was insulated 
and tests continued. 

Mnfr D 800 94 3780 Breaker interrupted This breaker was new at start 
but considered failed of endurance tests. Evenutally flame 
due to excessive and smoke occurred due to thin 
smoke emission. paper barrier (2 thickness of 

1/32 11
) over top of arc chutes. 

Breaker arc chutes showed wear. 

* Approx. calculated as E (Arc Volts x Arcing Timex Peak Current/2) 



Endurance Test Data 
Mnfr A 1200 

Approx 

Trace SYSTEM PARAMETERS Peak Let-Thru Arcing P .U . Arc Energy 

No. Voltage Current Inductance Current Time Voltage Absorbed 

Volts Amperes mH Amperes ms k Joules 

19 300 500 24 500 23 2.29 4 

20 300 1,060 24 l ,060 48 2.31 17.6 

25 300 12,600 0.88 7, l 00 13 2.34 32.4 

26 300 25,300 0. 19 15,600 6 2.36 33.l 

27 300 27,600 0.22 16,200 7 2.42 41. 2 

28 300 19,500 0.88 8,200 16 2.30 45.3 

29 300 19,500 0.88 9,500 19 2.24 60.6 

22 600 14,200 1.0 9,250 30 1.26 l 05 

23 600 14,200 1.0 9,250 28 l.29 l 00 

24 600 14,200 l.O l O ,500 27 · l . 35 115 

30 630 11 ,200 1.0 7,600 13} 
Thru l l Jo f *18 *l.39 *60 

84 630 11 , 200 7,600 21 

85 630 10,500 2.0 6,000 28 1.43 76 

86 630 10,500 2.0 6,000 37.5 1.27 90 

** 87 630 10,500 2.0 6,000 69 1.08 141 

Average Values 
TOTAL ENERGY ABSORBED AT FAILURE= 4161 l<il ojoul es 

** At Trace No. 87 interruption was slow and the breaker 
could not subsequently be reclosed. 
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Upper Trace - Total Breaker Voltage 

Illustrating Interrupting Characteristics 

Of Circuit Breaker Type Mnfr A 1200 

Test Conditions - 3 Poles In Series 

630 Volts DC - 11,200 Amps Prospective Current 

1 Millihenry 10 Millisecs Per Division 

Lower Trace - Current 

Illustrating Arc Voltage Change During Endurance Test 
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Endurance Test Data 
Mnfr D 1200 

Approx 

Trace SYSTEM PARAMETERS Peak Let-Thru Arcing P .U. Arc Energy 

No. Voltage Current Inductance Current Time Voltage Absorbed 
Amperes ms k Joules Volts Amperes mH 

15 600 14,300 1.0 6,900 10 l.93 40 
16 600 14,300 1.0 6,300 8 2. 10 32 
17 600 14,300 1.0 6,300 . l O l.85 35 
18 600 14,300 1.0 6,400 9 l.98 34 
19 600 26,000 .24 15, l 00 8 1.5 54 
20 600 26,000 .24 14,600 7 l. 58 48 
21 600 26,000 ,24 15, l 00 6 l. 74 47 
22 600 26,000 .24 15, l 00 6 l. 74. 47 
23 600 26,000 .24 15,000 6 1. 74 47 
24 600 26,000 .24 15,000 8 1. 5 54 
25 600 l, 360 23.7 1,360 54 1.58 35 
26 600 l, 360 23.7 l ,360 88 l. 24 44 
27 600 1,360 23.7 1,360 68 1.34 38 
28 600 1,360 23.7 l ,360 63 1.45 37 
29 600 l ,360 23.7 l ,360 60 1.49 36 
30 600 l ,360 23.7 1,360 63 1.45 37 
47 630 11,200 l 6,100 !} *12 

36 
Thru t t t t *l. 56 *36 
l 02 630 11,200 l 6, l 00 15 
103 630 10,500 2 4,600 
Thru + .J, + J *20 *l.53 *44 
115 630 10,500 2 4,600 
116 630 10,500 2 4,600 
Thru -1, + + + *35 *l.22 *62 
129 630 l O ,500 2 4,600 

Average Values 
TOTAL ENERGY ABSORBED AT FAILURE = 4181 kilojoules 

At Trace No. 102 an external flash occurred between pole No. 3 
and the incomtng positive bus. Interruption was slow and caused an 
additional 60 kilojoules in arc. The bus was insulated and tests 
continued. Interruption was slow in No. 108 due to temporary reduction 
of arc voltage. From Traces No. 116 onward interruption was slower 
still, typically 35 millisecs until in 129 a flashover occurred between 
poles l and 2. Subsequently the breaker could not be reclosed. 

Trace Nos. 47 and 96 are included and show the effects of arc 
voltage changes during test. 
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Upper Trace - Total Breaker Voltage 

Illustrating Interrupting Characteristics 

Of Circuit Breaker Type Mnfr D 1200 

Test Conditions - 3 Poles In Series 

630 Volts DC - 11,200 Amps Prospective Current 

1 Millihenry 10 Millisecs Per Division 

Lower Trace - Current 

Illustrating Arc Voltage Change During Endurance Test 
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Endurance Test Data 
Mnfr D 800 

Trace SYSTEM PARAMETERS Peak Let-Thru Arcing P .U .. Arc 
No. Voltage Current Inductance Current Time Voltage 

Volts Amperes mH Amperes ms 

l 630 11,200 l 6,200 11 

Thru + + + + + *12 *l.59 
55 630 n ,200 l 6,200 13 
56 630 10,500 2 4,600 20 

Thru + + + + + *20 l. 53 

93 630 10,500 2 4,600 21 

* Average Values 

TOTAL ENERGY ABSORBED AT FAILURE= 3762 kilojoules 

At Trace No. 91 smoke started coming from No. 2 pole. At 
No. 93 a restrike occurred and interruption was slow. Much smoke was 
emanating from the paper barriers over the arc chutes and the breaker 
was declared failed. 
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Upper Trace - Total Breaker Voltage 

Illustrating Interrupting Characteristics 

Of Circuit Breaker Type Mnfr D 800 

Test Conditions - 3 Poles In Series 

630 Volts DC - 11,200 Amps Prospective Current 

1 Millihenry 10 Millisecs Per Division 

Lower Trace - Current 

Illustrating Arc Voltage Change During Endurance Test 
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3.9 Molded Case Circuit Breaker Transient Current Rating 

The continuous rating of molded case ac circuit breakers is 
partly determined by temperature rise criteria of the connectors as 
defined in Underwriters Laboratories Standard UL 489. In general, the 
continuous current rating must not cause a temperature rise of greater 
than 50°C at the breaker terminals. This corresponds under worst case 
conditions to a maximum temperature of l00°C at the connector and to a 
temperature at the contacts of about 125°C. The contact temperature is 
thought to represent a limiting feature and practical engineering judge­
ment indicates that for satisfactory life, limits of l50-200°C should 
not be exceeded. Actual temperature rise is affected by the size of the 
connecting conductors and these are defined in the Underwriters' 
specification. 

Curves and formulae given in Section 3.10 enable the transient 
loading capability of molded case circuit breakers to be determined in 
such a way that the temperature rise at the contacts is comparable to 
that obtained in continuous loading applications for which the circuit 
breaker rating is normally defined. If the circuit breaker incorporates 
a conventional thermal overload trip it is possible that nuisance 
tripping will occur under these conditions. 

It is thought that these application curves will result in 
satisfactory service life; however, exhaustive life tests to prove this 
are beyond the scope of the present work. As a further practical guide 
it is recommended that connections be periodically checked to ensure 
that the stresses caused by cyclic expansion and contraction do not 
cause connections to become loose. 

3. 10 Circuit Breaker Current Rating for Mine Application 

Tests have been made to confirm the short duration load current 
rating of the acceptable molded case circuit breakers. In the haulage 
system, the breaker is normally subjected to very high currents (above 
the nominal nameplate rating) for short periods of time. For example, 
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a breaker connected between the trolley wire and de substation passes 
a high current during the time a haulage locomotive is passing through 
the section energized by that particular substation. Since the peak 
currents are several times greater than the rated current of the breaker, 
it is important to know the safe limits for these higher currents. Safe 
current vs time ratings were predicted from a theoretical analysis of 
the factors affecting the breaker performance and tests were then made 
of the actual breaker performance. The data has been converted into 
application curves which enable the user to select the proper circuit 
breaker for use in any de mine application. 

A possible repetitive temperature, current, and time 
relationship is shown in Figure 3. 10-1. 

Dwg. 6208A 95 

T 
/ Current 

/ Temperature 
Rise 

0 
Time_.,. 

Fig. 3-10-1 - Illustrating possible transient loading and , 
temperature rise of circuit breaker (typically t = 10 
minutes, t2 = 40 minutes) 

1 
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Referring to Figure 3.10-1, therms current carried by the 

circuit breaker is given by 
1
max, 0. However, because of the rs/½ 

temperature perturbations caused by fairly long intervals between 
pulses it is not safe to assume this rms current can equal the breaker 
continuous current rating as normally defined by the manufacturer. A 
more detailed calculation is necessary which includes the effects of the 
circuit breaker thermal time constant. To obtain the value of the thermal 
time constant, direct current tests were made on the 800 ampere frame 
circuit breaker described as Mnfr D 800. The poles were interconnected 
as for 600 volt operation using two 300 kcmil copper conductors in 
parallel. From these tests, shown in Figure 3.10-2, it was determined 
that the temperature rise of the contacts and connecting studs could be 
reasonably well defined for time duration pulses of 60 minutes or less 
by the relationships 

2 1RMS 
62 X ( 800) [l _ e-t/35] 

where tis the time in minutes and e is the temperature rise in °c of 
both contact and connector. It is recognized that this is only approxi­
mate since there is a long time constant effect which eventually increases 
the temperature of the contact to about l3°C above the connector at 
rated current. For the short pulse approximation the thermal time 
constant of the circuit breaker is about 35 minutes and similar values 
of time constant are considered applicable for the other two types of 
circuit breakers, namely Mnfr A 1200 and Mnfr D 1200. 

Calculations for Pulse Loads 

A sketch of the probable temperature and current variations 
is shown in Figure 3. 10-1. For analysis the following definitions are 
applied. 
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Fig. 3. 10-2-Illustrating temperature rise of center pole fixed 
contact and load side connector for breaker type Mnfr D 800. 
Each pole carrying 800 amperes de. Connections between poles­
and power supply was two parallel conductors of 300 kcmil copper 
cable, 4 ft long. 
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Let e = Breaker instantaneous temperature 
= Maximum breaker temperature rise 

Initial breaker temperature rise 

rise 

Maximum breaker temperature rise 
permitted for continuous rated operation 

= Current conduction time 
Cycle repetition time 
Breaker continuous current rating 
specified by manufacturer 

I = 
tlrms 

rms value of load current over time 

t 1 [For example, It = I /13 
l rms ma· 

for triangular wave] 
T = Breaker thermal time constant 

[typically 35 minutes] 

During the period Oto t1 the breaker heats up and from t 1 to t 2 it 
cools. There will be an equilibrium condition after a few cycles of 
operation in which the maximum temperature rise $max just reduces to 
the initial value G

0 
in time (t2 - t 1), and from this condition the 

transient rating can be calculated. 

To simplify the calculations, a practical assumption is made 
that time t 1 is less than the thermal time constant of the circuit 
breaker. Also, it is assumed that temperature rise varies only as the 
square of the current, i.e. the changes of resistivity which occur with 
temperature and also the change of cooling with temperature are neglected. 
This is a reasonable assumption since these two factors tend to have 
counteracting effects. 

For these conditions the equations determining temperature 
are from time Oto t 1 
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[ 

It rms 2 

8 = 8 e-t/T + .,.,..._l __ 
0 1rated · 

and at equilibrium 9 = $max fort = t 1 

From time t 1 to t 2 we have 

and at equilibrium 

-(t - t 1)/T 
9 = 0 e max 

e = e for t = t 
0 2 

( l) 

(2) 

Combining these two equations we obtain an equilibrium 
condition such that if emax just equals the design permitted value Sd 
then 

= It rms 
1 

(3) 

Equation 3 can be used to determine the required circuit 
breaker for any pulse load rating and is illustrated in Figure 3.10-3. 

As an example, assume the circuit breaker has a current rating 
of 800 amps and a triangular pulse of current is applied over a 7.5 
minute period with a total period of 20 minutes. From Figure 3.10-3 the 
factor It

1 
rms/Irated equals l .5. Since the pulse of current is 

triangular its peak is/"3 x 800 x 1.5, i.e. 2080 amps, therefore the 
calculated pulse pattern permitted is as shown in Figure 3.10-4. 

It is calculated that the maximum temperature rise in this 
condition will be similar to that for a continuous current of 800 amps. 

Measurements made on the circuit breaker type Mnfr D 800 with 
the pulse pattern of Figure 3.10-4 resulted in a maximum temperature rise 
of 84°C and the initial temperature rise B

0 
was 52°C. 

As an additional check on the application curves of 
Figure 3. 10-3 a rectangular pulse load of 1200 amps was applied for a 
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----- 20 mins _J 
Fig. 3.10-4-Example of pulsed circuit breaker-load 

period of 7.5 minutes with a cycle time of t 2 = 20 minutes; in this case 
the measured temperature rise of the contact at equilibrium was 84°C and 
G

0 
was 57°C. Similarly a rectangular pulse load of 1660 amps for 

5 minutes with a cycle time of 30 minutes produced a temperature rise 
at the contact of 89°C. 

It is noted that these temperature rise values are somewhat 
higher than the normal maximum temperature rise for steady current 
which is 75°C, however, they are considered acceptable for ambient 
temperatures up to 50 °C. 

If the circuit breaker is subjected to a steady load, as well 
as pulse load, the transient loading capability will be reduced. For 
example, for continuous loads of half or less of the circuit breaker 
rating, the pulse current rating will be as shown in Figure 3.10-5. 
For other conditions where the steady loading is r2 amperes, the pulse 
load capability can be calculated from 

It rms 
l 

1rated = 

( l -
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Fig. 3.10-5-Transient current rating for circuit breakers with 35 minute 
thermal time constant [conduction time t1 - cycle time t2 - normal 
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3.11 Circuit Breaker Shunt Trip Requirements 

It was found during high power tests that the conventional 
shunt trip coil and microswitch assembly used routinely for ac circuit 
breakers was a weak point that could cause the high voltage arc to 
flashover to ground during interruption of high de currents. This 
weakness is caused by exposed soldered connections on the microswitch 
and.is readily overcome in a discriminating circuit breaker design 
(discussed in Section 4.2) which eliminates the microswitch. In this 
design the circuit breaker is operated by means of a well insulated 
shunt trip coil energized by a momentary pulse of current from a 
charged capacitor. The range of de voltage and capacitance necessary 
to operate a 120 volt ac shunt trip coil at ambient temperatures of 
25°C was determined from a coil supplied by manufacturer D and is given 
in Table 3.11-l. 

Table 3. 11-1. Minimum de volt~ge_require,d on charqed 
capacitor to operate 120 volt ac shunt trip 

Capacitance 
Voltage 

coil of resistance 21 Q 

µF 

Volts 
70 

120 
270 440 
50 40 

620 
35 

l 000 
30 

3.12 The Selected Gircuit Breakers and Application Guidelines 

1500 
28 

The following circuit breakers were tested and found adequate 
to meet the interrupting conditions prevailing in de mines with voltages 
varying from 300 to 600 volts and power supplies ranging from up to 
1000 kW rectifier units and up to 500 kW generators. 

Manufacturer A 1200 

This is a 3 pole molded case construction ac circuit breaker 
made by General Electric Co. It comes in a frame size known as the 
Kl200 line and is available up to 1200 amps maximum rating. The 
particular type tested satisfactorily was THKMA 836600 rated at 
600 amps. The weight was 33.3 lbs and the cost was $378. 
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Manufacturer D 800 

This is a 3 pole molded case construction ac circuit breaker 
made by the Westinghouse Electric Corporation. It comes in a frame 
size known as type MA and is available up to 800 amps maxi.mum rating. 
The particular type tested satisfactorily was MA800. The weight was 
35 lbs and the cost was $294. 

Manufacturer D 1200 

This is a 3 pole molded case construction ac circuit breaker 
made by the Westinghouse Electric Corporation. It comes in a frame 
size known as type NB and is available up to 1200 amps maximum rating. 
The particular type tested was an NB1200. The weight was 39.9 lbs and 
the cost was $480. 

Application Guidelines for DC Mine Use 

The following application guidelines for use of molded case 
circuit breakers on de power systems are drawn up based on the results 
of both high and low power tests: 

1. For 600 volt operation connect 3 poles in series 
so that current flows in the same way in each 
pole in order, i.e. join poles l and 2 and poles 
2 and 3. 

2. For 300 volt operation use the two outer poles 
of the circuit breaker with current flowing the 
same way in each pole. 

3. Set the magnetic trips with interconnecting 
cables between poles laid out as in the actual 
application. Use the lowest value of trip 
setting possible consistent with freedom 
from nuisance tripping. Do not exceed 
2000 amp trip settings for 600 volt, 3 pole 
operation or 4000 amp trip setting for 300 
volt, 2 pole operation. 
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4. Mount in an upright position. 

Leave an adequate space 611 
- 12 11 or use 

insulation between circuit breaker connectors 
and the enclosure to prevent ejected arc plasma 
causing a ground arcing flashover. 

5. From the tables in Section 3. 10 choose a 
steady-state current rating adequate to 
handle the transient load demands. (Until 
long term life data has been accumulated it 
is recommended that the calculated circuit 
breaker rating required be increased some­
what over that obtained from the tables, 
say by about 10%.) 

6. Periodically check that the circuit breaker 
connections remain tight and that the arc 
chutes are in good condition. Replace the 
arc chutes if it is known that the total 
energy absorbed is greater than about 
800 kilojoules per pole. Depending upon the 
application, this will correspond to about 
50 or more high fault current interruptions. 

If the load inductance is L henrys, and 
current is I amperes and there are P poles in 
series, then No. of Operations before arc 
chute replacement:::: 800 x P x 103/(Lx r2). 
For example, a load of 2.4 mH and 4000 amperes 
could be interrupted by a 3 pole circuit 
breaker about 60 times before maintenance. 

In the limit, the number of operations should not exceed those 
given by Underwriters' specifications for molded case circuit breakers 
as tabulated in the following. 
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Table 3.12-1. Underwriters' requirements for 
switching molded case circuit breakers 

Frame Size Number of Cycles of Operation 
in Amee res With Current Without Current 

600 1000 5000 
800 500 3000 

1200 500 2000 
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SECTION 4. DISCRIMINATING CIRCUIT BREAKER 

4.1 Introduction 

The discriminating circuit breaker, abbreviated to DISCB, is 
required to detect the presence of illegitimate loads such as could be 
caused by fallen cables or leaky insulators and interrupt power to 
these unwanted loads when certain maximum values are exceeded. The 
detectable value, typically 30 amperes for a 600 volt system, is much 
less than the normal legitimate load current. It is not possible to 
guarantee that fire risk is zero with this illegitimate load trip value, 
however, it is clearly ve-ry much less probable and far safer than 
conventional trip units which only operate at currents about 60 times 
as large. The DISCB must be capable of passing the full range of 
legitimate load currents without false tripping, also it must be capable 
of interrupting high overloads such as could be caused by bolted fault 
conditions. To meet these objectives the DISCB is equipped with a 
conventional instantaneous magnetic trip unit set typically at 1800 amps 
and a shunt trip unit which is activated by commands from electronic 
sensing circuits which detect when an illegitimate load impedance of 
20 nor less is present. This is the lowest sensitivity. Depending on 
where the illegitimate load is located it may be possible to detect 
30 nor greater. 

In some mine installations it may be undesirable to shut down 
the complete mine de power system when an illegitimate load occurs and 
to achieve selective protection for this situation a system concept is 
envisaged which uses appropriately spaced circuit breakers capable of 
isolating faulty sections or branches. Different installations will 
require individual design; however, the control units for different 
systems are the same. Appropriate selectivity of the DISCB's can be 
obtained by adjustment of trip settings and inverse time delays. Where 
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selective protection is required it is necessary to use more than one 
oscillator and control unit to retain integrity of protection for the 
remaining sections. 

To prevent oscillators from appearing as illegitimate loads 
either suitably spaced "dead blocks" or pulsed operation of the 
oscillators is necessary. It is anticipated that for 600 volt systems 
"dead block operation" in which the mine wiring is split into electrically 
separate systems will be feasible and most simple to implement. 

4.2 Operating Principles of Discriminating Circuit Breakers 

The system diagram in Figure 4.2-1 shows the DISCB concept. 

To detect the presence of illegitimate loads, a low power 
sinusoidal oscillator is used to apply a 3 kHz ac voltage to the trolley 
wires and feeders. The basic concept is similar to that described in 
CERCHAR PUBLICATION No. 1306 of January, 1963 and that suggested in 
Bureau of Mines request for proposal No. H0122058. It was selected 
after extensive analysis of alternate techniques. The frequency of 
3 kHz was selected- so as to give good signal transmission over 5000 ft 
as discussed in practical tests on a mine system (Section 2.8). 

The ac currents from the oscillator are coupled into the 
trolley cables and feeders by means of a blocking capacitor, suppression 
choke, and damping resistor. The function of the latter being to 
control ac currents which may flow in the oscillator as a result of 
line voltage transients caused by normal loads. 

In the event of an illegitimate load a 3 kHz current will 
flow through the detector transformer (which is tuned to resonate at 
3 kHz) and when a certain preset level is exceeded the electronic 
controls of the DISCB cause the circuit breaker to operate by means of 
a voltage applied to the shunt trip coil. 

Since the mine cable has inductance it will resonate at some 
point along its length with the coupling capacitor and the design is 
arranged so that at this point an illegitimate load impedance of 30 ~ 
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can be detected. For a fault at the oscillator where capacitance 
reactance is dominant or at the end of the cable where inductive 
reactance is dominant the detectable illegitimate load is about 20 Q. 

To prevent legitimate loads and power substations from 
providing paths through which the 3 kHz ac currents could flow the 
impedance of these paths must be greater than 30 Q at 3 kHz and the 
total parallel impedance of the legitimate loads would desirably be 
greater than about 100 Q. Depending on individual characteristics of 
the legitimate loads, additional ac filters may be necessary to achieve 
the required impedance level. 

A circuit presentation and ca lcul at ion of s i gna 1 currents as 
a function of fault resistance is shown in Figure 4.2-2. Resonanq1e 
occurs at a cable length of 2500 ft and the protected length is 
6400 ft, Maximum and minimum currents in the detector are shown as a 
function of fault resistance. 

4.3 Components of Discriminating Circuit Breaker 

The elements required for a discriminating circuit breaker 
system are summarized as follows: 

a. Power Circuit Breaker - The breaker is equipped 
with instantaneous magnetic trip and also a 
shunt trip coil. In the circuit breaker 
assembly is included a current transformer to 
detect the 3 kHz ac signals. 

b. Discriminating Circuit Breaker Control Unit 

This unit contains the electronic circuits 
necessary to process data from the current 
transformer in the circuit breaker enclosure 
and transmit appropriate signals to the shunt 
trip coil. 
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c. High Frequency Oscillator - The oscillator 
generates a 15 volt sinusoidal voltage and 
applies it through a coupling capacitor,suppression 
inductor and resistor to the trolley wire and 
feeder cables. 

d. AC Filters for Legitimate Loads - These may 
be either passive or active filters to raise 
the impedance at 3 kHz of the legitimate loads 
or substations. Their size and complexity 
depends on individual mine applications and 
in some installations they may be unnecessary. 

A detailed discussion of these system components follows in 
the ensuing sections. 

4.4 Power Circuit Breaker 

Power circuit breakers that can be used to interrupt power on 
both 600 volt and 300 volt de systems are listed in Section 3.12. For 
a prototype 600 volt unit a Westinghouse type MA breaker rated for 
commercial use at 800 amps was selected with the instantaneous trip set 
at 1540 amps ac. Three poles are connected in series by two parallel 
300 kcmil cables. The breaker and the air cored current transformer are 
mounted in a Nema type 12 enclosure measuring 36" x 24" x 10". 

Details of the air cored current transformer used to detect 
3 kHz ac signals are given in Spec Sheet DCB-CTl in Appendix 6 and a 
photograph of the circuit breaker assembly is given in Figure 4.4-1. 

4.5 Discriminating Circuit Breaker Control Unit 

A complete circuit schematic of the prototype DISCB control 
unit is given in Figure 4.5-1. Power to operate the unit is drawn from 
the 600 volt feeder cable via a 2400 n dropping resistor such that 
continuous operation over the range of 350 to 700 volts is possible. 
An input rectifier bridge permits the unit to operate with either 
positive or negative potential on the trolley wires. The total power 
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Fig. 4.4-1. Photograph of circuit breaker assembly 
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consumption is 138 watts at 160 volts. The minimum loading on the de 
supply is 60 ma with one lamp lit and 130 mA with the circuit tripped 
and both lamps lit. The 24 volt zener diodes and 500 µF smoothing 
capacitors ensure that stabilized, transient-free ~24 volt power is 
available for the control circuits. 

A block diagram presentation of the control unit is shown in 
Figure 4.5-2. 

Si nal A.C. 
from Air Am I ifier 

Cored CT in 
Circuit Breaker 

Enclosure 

CT and 
Rectifier 

de Voltage 
Pro ortional 
to hf current 

/. 

Stable 
Ref. 

Voltage 

Dwg. 62091\01 

DC Amplifier 
& Time Delay 

potentiometer to 
Set Trip Level 

Test Sign~I 
ancf 
Lo ic 

To DISCB hunt Trip 
Power 

Shunt Trip Coil Supply 

Logic to 
Ensure 
Adequate 

Trip Power 

Fig. 4.5-2-Block diagram of DISCB control unit 
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Referring to Figure 4.5-2 a de voltage is obtained from the 
ac amplifier, current transformer and rectifier wrich is practically 
drift free. This voltage which indicates the amount of high frequency 
ac current in the feeder cable is fairly linear up to 30 volts de with 
a rate of 4 volts de per 100 mA ac~ An adjustable fraction of this 
voltage sets the trip level and it is compared with a 6.2 volt reference 
zener diode. When the reference voltage is exceeded a trip signal is 
initiated and passed through a time delay circuit before activating the 
main circuit breaker. The time delay characteristics are readily 
modified by changing the value of R6 and the result fora breadboard 
unit is shown as a function of illegitimate load resistance in 
Figure 4.5-3. 

Curve 653062-A 

Illegitimate Load, ohms 

Fig. 4.5-3-Illustrating circuit breaker operating 
delay with illegitimate load 
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The degree of freedom from nuisance tripping with this level 
of time delay can only be satisfactorily resolved by field tests; however, 
the rapid automatic reset feature of the time delay circuit which 
eliminates memory of previous trip signals is expected to be valuable in 
this regard. 

The shunt trip power supply is derived from a 1000 µF capacitor 
which by means of a logic control is guaranteed to be charged to not 
less than 38 volts. When the breaker is to be tripped, the capacitors 
are rapidly discharged through the shunt trip coil. Circuitry is 
provided to recharge the capacitors and pulse the shunt trip coil about 
once every five seconds as long as a trip condition exists. It is shown 
in Section 3.11 that 38 volts is a valuesatisfactory for operating the 
circuit breaker. Because the shunt trip power supply is operated by 
short duration pulses rather than continuously it is not necessary to 
include in the circuit breaker the usual microswitch assembly which 
isolates current from the shunt trip coil to prevent overheating when 
the breaker opens. This feature helps to improve the overall dielectric 
strength of the breaker as noted in Section 3.6. 

To monitor the state of the DISCB the following features 
are included in the DISCB control unit. 

l. A green light (Ill) indicates power is available 
when lit 

2. A red light (IL2) is activated if the circuit 
breaker is tripped 

3. A meter (Ml) displays the amount of illegitimate 
load current passing through the circuit breaker 

4. A reset and test button (SW-1) is included to 
reset the controls after the circuit breaker has 
been tripped by an illegitimate load. 

In order that the integrity of the complete discriminating 
scheme can be checked without interfering with normal operation the 
reset and test button also operates in the control circuits to achieve 
the following: 
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a. The circuit breaker shunt trip coil is isolated. 

b. The trip reference level is reduced and the 
sensitivity of the control is increased so that 
the small de current drawn by the control unit is 
"seen" as an illegitimate load. After a short 
delay the trip indicator light operates. The 
reset test button thus checks out all aspects of 
the control scheme except the main circuit breaker 
shunt trip coil. 

To achieve a high level of noise immunity, relays are used 
in the logic control circuits. Printed circuit boards are used for the 
low power controls. 

The control unit is housed in the same Nema type 12 enclosure 
as the 3 kHz oscillator and a photograph of the complete assembly is 
given in Figure 4.5-3. 

A detailed description of the logic circuitry operation is 
given in Appendix 7. 

4.6 3 kHz Power Oscillator 

The function of the power oscillator is to inject a suitable 
ac voltage onto the mine de trolley wires and feeder cables. A value 
of 15 volts and 15 watts was selected as a compromise between the desire 
for a high ac signal to transient voltage ratio, which requires a high 
voltage output and the need for a low power demand which requires a 
low voltage output. The final assessment of this compromise can only 
be critically evaluated from practical system tests. 

The output voltage is required to be sinusoidal so that any 
filters required for isolating legitimate loads can be effectively 
tuned. The oscillator must also be capable of operating into a shorted 
output. A further requirement is that the oscillator be safe against 
high voltage transients applied from the trolley wires. A complete 
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Fig. 4.5-3. Photograph of control unit for 
discriminating circuit breaker 
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schematic drawing is given in Figure 4.6-1 and details of the transformers 
and chokes are given in Appendix 6. 

A block diagram illustrating the prototype oscillator operation 
is shown in Figure 4.6-2. Note that the power transistors are well 
isolated from possible line voltage transients by the ac filter. 

Dwg. 6209A62 

Square Wave 
Driver 

Osei llator 

Power 
Transistor 
Inverter 

11---......... ~1[ 
AC Filter 

R l C 

Output 
Transformer 

Fig .. 4 .. 6-2 --Representation of signal oscillator 

Tests over a temperature range of 0°C to 50°C indicated a 
change of less than 1% in the oscillator output frequency and this 
level of accuracy is more than adequate to ensure proper operation of 
any tuned circuits that might be incorporated in the mine system. 

Output voltage regulation curves for the prototype unit are 
shown in Figure 4.6-3 for reactive and resistive loads which correspond 
to different illegitimate load conditions on the mine de system. 

Power supplies for the power oscillator and driver stages are 
obtained from the nominal 600 volt feeder cables and are then stabilized 
at 80 volts and ±-_25 volts for the driver and power stages respectively. 
Large smoothing capacitors ensure these power supplies are free from 
possible power supply transients. 
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Fig. 4. 6-3-Power oscillator regulation curves for simulated 
mine load conditions 

4'."' 16 



The minimum de current required for correct operation of the 
oscillator circuits depends on its ac output loading. From tests the 
range of current required was determined as 90 mA de with an open 
circuited output and 200 mA de with a shorted output of the oscillator. 
The 1600 Q ballast dropping resistor which draws this current from the 
de supply is such that operation over the range of input voltage from 
400 volts to 700 volts is feasible. Total power consumption at 600 volts 
is 195 watts. It was considered that because the oscillator will 
normally be located close to the substation the low input voltage 
capability need not be quite as good as for the detector circuits which 
operate down to 350 volts. 

4.7 AC Filters for Legitimate Loads 

In some mine de power systems it will be necessary to include 
isolating filters in series with legitimate loads to raise their 
impedance above the value of detectable illegitimate loads. Each system 
must be evaluated individually; however, some improvement of the high 
frequency impedance of the haulage motors can be obtained by means of 
relatively small tuning capacitors corrected across each motor. 
Approximate impedance value of de motors at 3000 Hz are given in the 
table. 

Table 4.7-1. Approximate 3000 Hz impedance of de 
motors used in coal mines as function of horsepower 

Impedance At 3000 Hz Tuning Capacitor Ontunea Tunea 

600 Volt Motors 12 2600 ohms 25 2200 ohms 0.0037 µF per hp 
np rating hp rating 

300 Volt Motors 32150 ohms 62300 ohms 0.0148 µF per hp 
hp rating hp rating 

The size of the tuning capacitor in Table 4.7-1 was estimated 
from empirical relationships determined for series de motors which 
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showed that the effective inductance of mine haulage motors can be 
approximated by, 

La z 190/hp -- mH for 300 volt motors 
La ~ 760/hp -- mH for 600 volt motors. 

In the event that the total impedance of the legitimate load 
system is less than lOOJ\.., it may be necessary (depending on threshold 
detect level and freedom from nuisance tripping required) to raise the 
impedance by means of parallel tuned filters such as shown in 

Figure 4.7-2. 

Dwg. 6209A61 
Trolley Wi re------r--------

r--=:-7 
: c r I A C Filter 
I I 
I LI 
L_ ........ _ ... ..=_J 

legitimate 
Load 

Rai I ---------1---------

Fig .. 4. 7-2-Illustrating use of AC filter to raise 
impedance of legitimate load 

Design of the ac filters would be reasonably straightforward, 
however, at the higher power levels the following factors are relevant 
and their consideration will facilitate design. 

l. Proximity and skin effects are of first order 
importance and must be controlled in the 
inductor design. The effects can be limited 
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by using either Litz wires or copper foil 
with suitable spacing between turns. 

2. Inductors should be air cored and kept a 
suitable distance from conducting surfaces 
to prevent reduction of Q (Q = wl/r) 

3. Practical Q factors in the range of 20 to 80 
are obtainable with care in inductor design, 
however, assuming a frequency tolerance of 
3000 Hz ~1% the Q should not exceed 50 and 
would desirably be less, say about 25 in 
order that adequate bandwidth is maintained 
despite tolerances. [Note -- because the 
effective ac resistance of the inductor is 
controlled by skin effects the variation of 
copper de winding resistance with temperature 
does not noticeably effect the Q factor.] 

It is estimated that for small loads such as pumps the 
application of ac tuned filters will be straightforward and simple to 
implement. For the high power loads and substations the filter may be 
quite large due to the coil size as an example will show. 

Assume an inductor is to be designed to meet the following 
conditions: 

Q of the coil is 25 
DC current rating is 1800 amps (corresponds to a 
600 volt 1000 hp motor) 

Operating frequency f
0 

is 3 kHz 
Required impedance over the bandwidth of f

0
/Q Hz 

is not to be less than 100 ohms, thus the 
impedance at resonance is 140 ohms. 
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From the assumptions the coil inductance Lis determined from 

L = 140/Q x w
0 

where w
0 

= 2TI x 3000 

L = 297 µH 

Inductor VA rating at 60 Hz 

(1800) 2 
X 377 X 297 X 10-6 

= 362 kVA 

It is determined empirically that the weight of 60 Hz 
reactors is given by 

Wt = 24 ( kVA ~ating )0.75 lbs 
(60 Hz reactor) 

from which the reactor and hence approximate filter weight is determined 
as 1190 lbs. 

The weight of a similar impedance reactor and filter at the 
substations is reduced because of the more favorable rms current rating 
at the substation. 

Recognizing the practical difficulties of incorporating this 
size of filter in the mine system, a different filtering technique was 
sought and a new approach described as an active impedance multiplier is 
thoughtto be practical. 

New HF Filter Design Concept 

The aim of the HF filter is to prevent high frequency currents 
from being drawn into the legitimate load despite its low impedance. By 
using an auxiliary oscillator to supply the legitimate load with high 
frequency currents in response to the demand of the high frequency 
voltage on the trolley wire only a small current is drawn from the 
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trolley wires and thus the motor is seen as a high impedance. The 
principle is simply illustrated in Figure 4.7-3. 

I 
Trolle Wire 

legitimate 
load 

Z Ohms 

B 

Rails -

Dwg, 6209A56 

AC Current Detector 

Current 
Amplifier 

Fig .. 4. 7-3 - Illustrating means for raising 
impedance of legitimate load with amplifier 

Referring to the Figure 4.7-3, it is required to raise the 
effective impedance seen between the terminals A and B. 

A current detector (typically a tuned air cored current 
transformer) feeds a signal to a current forcing amplifier (typically 
a low power transistor amplifier) such that the ac current fed into 
the motor is the sum of ; 1 and Ki 1. Thus, with the amplifier connected, 
the voltage v1 across the terminals is (i 1 + Ki 1)z and the apparent 
impedance across A and Bis given by 

( l + K) Z 
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Thus, the apparent impedance seen by the source outside the 
terminals, namely the high frequency oscillator, is increased by the 
factor (l + K). 

All the design variables of the amplifier have not been fully 
investigated at this time, however, some simple measurements using 
readily available equipment show that the approach is technically 
feasible and the apparent impedance of a 20 ohm motor was increased .to 
200 ohms by a simple amplifier rated at about 50 watts. A patent 
disclosure on this system has been prepared and a copy is given in 
Appendix 8. 

Although the success of this invention is not crucial to the 
discriminating circuit breaker concept, its realization would make its 
application much simpler and lower cost. Work to continue with develop­
ment of this invention has been funded under continuation of 
contract H0122058. 
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SECTION 5. SOLID STATE SWITCHES 

5.1 Introduction 

Protection and interruption of de power circuits can be 
performed by solid-state switching devices. At the current and voltage 
levels existing in coal mine electrical systems the device most 
applicable in a solid-state de circuit breaker is a thyristor (also 
called silicon controlled rectifier). The thyristor is a well proven 
power handling device and has found extensive use in a variety of 
industrial ppwer conversion and control applications. 

Despite the excellent performance capabilities offered, 
solid-state switches and circuit breakers have not yet become widely 
used in electrical power systems. The higher cost of the solid-state 
equipment as compared to conventional electromechanical protective 
devices has limited application to a few selected areas, primarily in 
ac power systems and in lower power contactors, motor starters, and 
relays. 

As a candidate protective device for de mine electrical 
systems the solid-state switch has several features worthy of further 
consideration. Its major advantages are: a much faster interruption 
which reduces the energy into a fault, completely arc-free operation, 
and virtually unlimited life due to the absence of moving parts and 
contacts. Its primary disadvantage is higher initial cost. The 
following section will discuss the performance, application and economic 
factors related to the possible use of solid-state switches in coal 
mine electrical systems. 

5.2 Solid State DC Circuit Breaker 

The basic solid-state circuit breaker, as shown in Figure 5.2-1, 
consistsof the main switching device, a commutating circuit, sensing 

5-1 



0 

Sup ply 

--

Main Switching 
. Device 

!>i ....,, 

Sensing 
and 

Control 

Commutation 
c-ircuit 

Dwg. 6210A24 

0 

Free 
__ Wheeling 
~ Diode 

,.. - Optiona I 
'i Discharg e 

-!""' 

Resistor --

Fig. 5. 2 -I -Basic solid-state circuit breaker 
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and control circuit, and a free-wheeling diode. The main switching 
device, which may be either a single thyristor or several thyristors in 
parallel, is switched on by a signal from the sensing and control 
circuitry and is switched off by a pulse obtained from the commutating 
circuit. A "free-wheeling" diode provides a path for inductive load 
currents to decay when the main switch is opened. A resistor in 
series with this diode can be used to more rapidly dissipate the energy 
stored in either cable or load inductance. 

A simple solid-state breaker, as shown above, can perform the 
basic function of normal circuit opening and closing and current 
interruption in event of a fault. In a critical protection application; 
however, additional features must be added to increase safety and 
reliability of protection. Since the solid-state devices permit a small 
leakage current to flow when they are 11 off 11 a bleeder resistor must be 
added across the output to ensure that the voltage on the output circuit 
is held below a value that would be dangerous to personnel. To ensure 
that the power circuit is safe for maintenance or repair, a mechanical 
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disconnect should be used ahead of the solid-state switch. Since 
solid-state power devices normally fail to a shorted rather than open 
condition, it would also be desirable to provide for automatic opening 
of the power circuit in event of failure of the switching device. This 
is accomplished by a series fuse and a 11 crow-bar 11 circuit which causes 
the fuse to blow if the main switch fails to switch off when signaled to 
do so. 

The energy stored by the source and feed cable inductance 
which is normally dissipated in the arc of a conventional breaker, must 
be absorbed elsewhere when a solid-state breaker is used. A dissipative 
element may be placed in parallel with the main switching device or 
across the supply ter~inals as shown by the transient suppressor in 
Figure 5.2-2. 

Manual 
Disconnect 
o-L--'-. 

Fuse 

Crow-
Transient iBar 

ply 7 
Switch Suooressor Sup 

--

Solid 
State 

Switch 

--

~ B le eder 
sistor ◄ Re 

Load 

--

Fig. 5. 2-2-Auxiliary features desirable in a solid-state switch for 
mine application 
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5.3 Primary Design Considerations 

Reliable operation of the solid-state circuit breaker depends 
primarily upon proper engineering application of the main power switching 
device and the design of its commutation and protective circuitry. The 
main thyristor rating must be chosen to withstand the worst case operat­
ing conditions imposed by the de power system. Adequate safety margins 
must be allowed on voltage, current, and thermal ratings. In addition, 
the rate of voltage and current rise permitted in the circuit must be 
maintained within the limits specified for the device. 

The commutating circuit used to switch the main device off 
must be designed to commutate the highest peak value of fault current 
expected. The worst case fault current can, however, be controlled and 
limited to values much less than the available short circuit current by 

appropriate design of the circuit breaker. Since the system voltage may 
vary over a wide range, it is also important to ensure that the 
commutation capability is maintained despite the voltage variations. 

The sensing and control circuitry for the solid-state breaker 
must reliably detect overcurrents produced by a fault condition and 
must respond rapidly in providing the signals which cause the main power 
switch to be turned off. This requires that the current sensing 
circuitry be designed to measure the instantaneous value of the de 
current passing through the breaker and that the trip value of current 
be accurately set and maintained under all service conditions. The 
control circuitry must also be insensitive to electrical transients 
and noise on the power lines. Finally, the control circuit must have 
provision for easily checking the operation and calibration of the 
breaker and for ensuring that any failure of the power devices produces 
a fail-safe or opened condition. 

5.4 Solid-State Breaker Design Example 

Keeping the above mentioned considerations in mind, let us 
examine a specific design for a solid-state circuit breaker. In this 
example, only the more significant design aspects will be considered 

5-4 



and detailed circuitry for performing all internal functions will not 
be presented. 

The specifications for the breaker are assumed to be the 
worst case conditions found in our evaluation of mine de electrical 
systems. Tabulated below are the more important design requirements for 
a breaker operating in a system supplied from a 600 volt, 500 kW supply. 

Voltage rating - 600 volts, nominal; range of steady 
state variations assumed to be 400 volts to 700 volts. 

Current rating - 600 amp continuous rating; short time 
rating based on triangular current envelope having a 
peak current of 1500 amperes and total duration of 
5 minutes. 

Available fault current - 12,500 amperes 

Source impedance - 0.86 mH inductance; 0.048 ohms 
resistance. 

For the above conditions the main power switching device must 
be capable of handling 600 amperes continuously and the 1500 ampere peak 
triangular currents. This latter current condition corresponds to an 
average current of 750 amperes and an rms current of 865 amperes during 
the 5 minute load period. 

Several manufacturers offer devices applicable at the current 
and voltage levels needed for this type of service. In selecting 
devices; however, one is confronted with a number of technical and 
economic trade-offs. For example, the higher current devices have a 
long turn-off time, and therefore, require a considerably larger 
commutating circuit. Fast switching devices, which permit smaller 
commutating components are not available in the highest current ratings; 
therefore, two or more devices must be paralleled to obtain the needed 
switch rating. Not only must the differences of the cost of the devices 
be taken into account, but also the relative costs of the required 
commutating circuitry must be considered. 
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To obtain a rough estimate of the cost, and performance that 
could be obtained for a mine application let us examine the simplified 
design in Figure 5.4-1 and develop the pertinent information for the 
major components of the circuit. 
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Thyristors Ql I Q2, Q3, and Q4 are paralleled fast switching 
thyristors. Thyristor Q5 applies the commutation pulse from capacitor C 
to the main switching devices. The commutating capacitor C is assumed 
to be charged from a separate power supply which is powered from the 
main 600 volt line. Inductor Lis inserted to limit the rate of current 
build up into the fault on the load side. Diode Dl provides a path for 
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inductive energy stored in the load circuit to be discharged when the 
switch opens. 

At the nominal rated current of 600 amperes, eRch thyristor 

carries 150 amperes. The power dissipation in each device for this 
condition is approximately 200 watts. For the peak current condition 
of 1500 amperes the power dissipation during the five minute load 
interval will be about 300 watts per device. 

The thermal characteristics of suitable thyristors are 
typically; a maximum permissible junction temperature of 125°C and a 
thermal resistance from the device junction to the heat sink of about 
0.04°C watt. Under the worst condition of dissipation, 300 watts, the 
average temperature rise of the junction will be l2°C above the heat 
sink temperature. Assuming a maximum ambient temperature of 50°C, the 
maximum allowable heat sink thermal resistance is 63°C/300 watts or 
0.21°C/watt. Heat sinks having thermal resistances of 0.2°C/watt and 
lower can be obtained using either natural or forced air convection 
cooling. The use of a blower for cooling the devices would permit a 
significant reduction in the heat sink volume; however, for a mine 
environment a blower may be unacceptable due to the probable need for 
air filters and their maintenance. 

Since the 1500 ampere load is a cyclic load repeating at 
relatively long intervals, the peak temperature rise of the thyristors 
can be reduced by mounting them to a block of metal to provide a long 
thermal time constant. For example, if the device is in good thermal 
contact with a 2 pound block of aluminum, the aluminum will absorb 
560 watt-minutes of dissipation for a temperature rise of 40°C. The 
most satisfactory thermal design for a solid-state mine circuit breaker 
may be one which uses a substantial enclosure on which the devices are 
mounted. The external surface would contain sufficient fins to 
maintain the sink temperature under normal load conditions at no more 
than 40°C above ambient. The mass of the enclosure would be designed 
to absorb the peak power dissipation with a temperature rise of only 
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a few degrees. As a final safety feature for preventing failure due 
to thermal problems, the switch can be made self-protecting by using a 
temperature sensor on the device or heat-sink to cause the circuit 
breaker to open if a preselected temperature limit is exceeded. In 
summary, a reasonable number of parallel devices can provide adequate 
current ratings for mine applications and adequate cooling can be 
obtained by natural or forced convection. Due to the nature of the 
mine environment and the load cycle applied to the breaker special 
consideration must be given in the packaging to reduce the effects of 
dust and dirt on heat transfer and to obtain optimum cooling during the 
repeated peak load conditions. 

The second important factor in the design of a static breaker 
is ensuring adequate commutation capability turn-off under fault 
conditions. We shall not attempt to describe the variety of commutation 
circuits or the specific details of their design; but will consider only 
the major factors affecting the operation of a solid-state breaker. To 
force the conducting thyristors to the off condition requires that their 
current be forced to zero for a sufficient time to allow them to recover 
their blocking characteristics. This is normally accomplished by using 
a charged capacitor to momentarily supply the load and apply a reverse 
voltage to the thyristor. The capacitance required depends on the 
magnitude of current to be switched off, the recovery time of the 
particular thyristor used, and the commutating capacitor voltages. A 

very rough approximation of the commutating capacitance required is 
given by: 

C = (µfd) 

where t = turn-off time in microseconds 

I = current to be turned off 

E = supply voltage 

Ec = commutating capacitor voltage 
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For the breaker rating we have considered the capacitance required would 
be at least 100 µfd assuming a turn-off time of 30 µsec, a current of 
2000 amperes, a supply voltage of 600 volts, and a capacitor voltage 
of 1200 volts. 

For best performance the maximum permitted fault current 
should be held to the lowest practical value compatible with the 
operation of the electrical system. By limiting the peak fault current 
the size of the commutating capacitor is minimized and the thermal stress 
on the device is reduced. If the breaker is at some distance from either 
the fault or source, line inductance limits the rate-of-rise of current. 
If a fault occurs near a breaker installed at or near the source, the 
natural rate-of-rise ofcurrent may be excessively high and, in this 
case, a small value of inductance built into the breaker can be used to 
limit the current rise to a value compatible with the commutating 
circuit design. 

5.5 Expected Performance of Solid-State Breakers 

The major performance advantage of the solid-state breaker 
for a mine application is its speed of interruption and the resultant 
ability to reduce the energy supplied to a fault. For high current 
arcing faults, this reduction of energy lessens the possibility of start­
ing a fire or damaging equipment. The energy delivered to an arcing 
fault is a function of the current and time and to a non-arcing fault a 
function of the square of the current and time. With a solid-state 
breaker both the magnitude of fault current and the time duration of 
the fault current are reduced. 

To compare solid-state vs conventional breakers, let us 
examine their exp~cted operation in a system. The initial rate-of-rise 

of current into a low impedance fault is determined by the system 
inductance and resistance. Assume both types of circuit breakers are 
set to trip at 2000 amperes. The approximate current vs time profile 
for the two breakers is shown in Figure 5.5-1. 
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Note that as soon as the trip setting is reached the solid 
state device is caused to be non-conducting very rapidly, thus 
interrupting power to the load within a fraction of a millisecond. The 
actual fault current may; however, last for several milliseconds due 
to energy stored in the load circuit. Since the mechanical breaker is 
much slower at developing arc voltage after the trip setting has been 
reached, the current into the fault not only lasts longer, but also 
rises to a considerably higher value. The actual decay of current once 
interruption has started depends upon the means provided in the 

interrupting device for absorbing the stored energy. In the conventional 
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breaker, the arc dissipates the stored energy and thus determines the 
rate of current decay. In the solid-state breaker, the stored energy 
due to the source and supply cables can be absorbed by non-linear 
resistive elements connected across the input terminals. Energy stored 
in the load and load cables can be absorbed by a resistor in series with 
the free-wheeling diode path. The current decay and the transient 
voltage to which the solid-state breaker is subjected will depend on 
the specific values chosen for the dissipative elements. 

With the solid-state circuit breaker the current-time product 
(I.t) can be made considerably less than that obtained with a conventional 
breaker and, thus, reduce the energy supplied to a fault. 

5.6 Cost 

The present cost of a solid-state circuit breaker will be 
considerably higher than an equivalent rating electromechanical breaker. 
Since high power solid-state breakers are not being produced in any 
quantity or in standard types, the selling price of such a device is not 
easily determined. A very rough estimate can, however, be made of the 
component costs for a solid-state breaker. The tabulation below gives 
the approximate component costs for a 600 volt, 600 ampere continuous 
(1500 ampere peak) rating breaker. 

Main thyristors (4 thyristors) 
Commutating circuit (capacitors and thyristors) 
Free-wheeling diode circuit 
Commutating power supply 
Sensing and control circuits 
Transient suppressors 
Heat sink, case, hardware 
Total 

$ 800 
400 
120 

30 

60 
180 
200 

$1790 

Despite the expected higher costs for solid-state circuit 
breakers, their application may be warranted if it were shown that the 
potential reduction in fault energy significantly improved safety or 
reduced damage to the electrical system. 
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SECTION 6. TESTING PROTOTYPE 
DISCRIMINATING CIRCUIT BREAKER 

The complete discriminating circuit breaker comprises two 
enclosures and photographs of the component parts are given in 
Section 4 in Figure 4.4-2 and Figure 4.5-3. One enclosure contains the 
circuit breaker current transformer and power supply fuses. The other 
enclosure contains the high frequency (3 kHz) oscillator and controls. 

The prototype unit was built from sub-circuits which had been 
tested before assembly and the prototype tests were to determine overall 
system performance and temperature rise of the more sensitive components. 
A photograph of the prototype assembled for testing is shown in 
Figure 6.1. 

6.1 Circuit Breaker Enclosure 

The instantaneous magnetic trips of the type MA 800 circuit 
breaker were set to operate at 1540 amperes ac by means of a low voltage 
high current power supply. This value corresponds to a de trip value 
of about 2000 amperes de. 

Temperature rise of the enclosure was determined with the 
circuit breaker carrying a continuous current of 600 amperes and under 
these conditions it was determined that the air at the top of the 
enclosure was 29°C rise above the ambient air. At the bottom of the 
enclosure a 9°C temperature rise was recorded. These values are 
considered proper and safe for mine operation where the ambient air 
temperature of the enclosure does not exceed about 30°C. Under these 
maximum temperature conditions the working environment for the circuit 
breaker in the enclosure will have an average temperature of about 
50°C. This is compatible with its maximum industrial performance rating. 
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Fig. 6.1. Test arrangement for discriminating 
circuit breaker. Note: (The circuit breaker 
is housed in larger enclosure on the floor and 
control unit on the bench.) 
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6.2 Control Unit 

The ballast resistors which control the current fed to the 
low power oscillator and control circuits were set at the design values 
of 1600 ohms and 2400 ohms, respectively. These values ensure that the 
oscillator will operate over the range of 400 to 700 volts de and the 
control unit over the range of 350 to 700 volts de. 

After determining that the unit was functioning generally 
correctly and the self-check feature was operating,a measurement was 
made of total power requirements and de current as a function of de 
voltage. The results are shown in Table 6.2-1. 

Supply voltage 
Supply current 
Power input to 
control unit 

For 

Table 6.2-1. Power consumption of 
discriminating circuit breaker control unit 

Volts de 400 500 600 
Amperes de 0.34 0.435 0.535 

Watts 136 217 321 

these tests the interconnections of control unit 

700 
0.62 

434 

and 
circuit breaker enclosure were as shown in Figure 6.2-1. To determine 
the temperature rise of the most critical parts of the control unit, 
thermocouples were mounted on the heat sinks of 50 volt zener diode ZD7 
and 24 volt zener diode ZDl. A thermocouple was also mounted to record 
the temperature rise of the air at the top of the control unit enclosure. 
The results which are given in Table 6.2-2 were obtained under laboratory 
conditions with an ambient temperature of 25°C. They confirm that the 
unit will be satisfactory for operation in ambient temperatures of 
30°C and with continuous voltages of up to 700 volts de. 
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Table 6.2-2. Temperature rise above ambient 
for critical components of control unit 

ZD7 temperature rise 
ZDl temperature rise 
Enclosure air 
temperature rise 

Supply Voltage 
Volts de 

600 700 

59.5°C 
59.5°C 

19°c 

83°C 
8l°C 

24.5°C 

To determine the sensitivity of the circuit breaker to illegitimate loads 
the test arrangement was modified to that shown in Figure 6.2-2. 

In this test arrangement the illegitimate load does not 
directly load the 600 volt supply, which can therefore be of reduced 
power rating. The 3 kHz oscillator and detector are however able to 
function correctly and this simplified testing procedure gives satisfactory 
results. 

Because the control unit which detects illegitimate load 
exhibits a substantial time delay (see Section 4.7) before operating the 
main circuit breaker shunt trip a test point marked "T" on the detector 
board is used to determine the precise instant of trip. This test 
point responds instantly when the illegitimate load exceeds the threshold 
detected value. 

Tests were carried out with the supply voltage varying from 
400 to 700 volts de and with illegitimate loads being applied at 
points simulating the most sensitive (2500 ft of mine cable) and the 
least sensitive (6400 ft of mine cable). The results are shown in 
Table 6.2-3. 
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APPENDIX l. TO DETERMINE THE EFFECT OF BREAKER 
TRIP SETTING AND BREAKER UNLATCHING TIME ON THE 

CIRCUIT BREAKER ENERGY DISSIPATION 

Consider a de circuit breaker being closed into a fault of 
resistance Rand inductance L. The system voltage is V and the system 
time constant is T = L/R. A plot of current through the breaker and 
voltage across the breaker vs time is shown in Figure 1.1-1. 

V - - - - - - - - -· - - __ _, _____ _ 

Fig. 1.1-1. Idealized waveforms for circuit 
breaker interrupting de current 

Al-1 



When the breaker is closed into the fault, the current 
increases according to i = f (l - e-t/T) = IF (l - e-t/T). IF is the 
prospective current, that is the steady state value the current would 
reach provided the breaker never opened. At time t 1, the current 
reaches the trip current setting of the breaker, IT. At this point 
operation of the breaker trip mechanism commences. All breakers have 
a finite operating or unlatch time caused by unavoidable delays in the 
trip mechanism linkages. This delay is shown as the interval t 1 to t 2 
on Figure l. l-1. During this time the main contacts remain closed even 
though the breaker mechanism is in the process of operating. 

At time t 2 the breaker contacts part. At this time the 
breaker current has reached a value 18 and it is assumed that an arc 
voltage K times the source voltage, V, appears across the breaker contacts. 
The arc voltage is shown as an idealized constant value in Figure l. 1-1 
rising instantaneously. In practice there is some small delay while the 
arc voltage rises to this value. Also the arc voltage fluctuates with 
time. However~ the assumptions are reasonable practically and, for, 
analysis an equivalent steady value kV is chosen as the average value of 
these fluctuations. 

During the time interval t 2 to t 3 the breaker current is driven 
to zero by the arc voltage and energy is dissipated in the arc. The 
total amount of energy dissipated is equal to the time integral of the 
product of instantaneous breaker current and arc voltage. It is obvious 
that the lower the current 18 at which the contacts open the smaller will 
be the arc energy. There are two ways in which r8 can be lowered. One 
is to reduce the trip setting (IT) of the breaker so that the breaker can 
sense the fault sooner. The other is to reduce the breaker unlatching 
time so that a smaller increase in current occurs during unlatching. 
Since both of these factors are crucial to the amount of arc energy 
dissipated in the breaker, it is of interest to analyze mathematically 
how they affect the arc energy. The arc energy Jarc is given by: 

(t3 - t2) 
kV f i(t)dt J = arc ( 1 ) 

0 
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taking time zero at the start of arcing. Time t 3 - t 2 is given by: 

I8R 
~ - t 2 = tA = T loge [l + V(K _ 1)] 

and during this interval i(t) is given by: 
tA 

--,=-
i(t) = I8 e -IF(K-1)[1 

The solution of equation (1) is 

(2) 

(3) 

(4) 

It is the value of 18 that is affected by the breaker trip 
setting IT and the breaker unlatch time. The value of 18 is generally 
unknown but can be calculated using the value of IT and the breaker 
unlatch time as follows: 

The time t 1 to reach the trip setting is given by: 

(5) 

The breaker unlatch time is tu = t 2 - t 1• The time from initiation 
of the fault until the breaker unlatches is: 

The unlatch time is found by combining (5) and (6) to give: 

(7) 

or 

(8) 
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By combining equations (8) and (4) the arc energy can be 
calculated in terms of the trip setting and unlatch time for any system 
condition. Values of arc energy calculated by this method for some 
typical conditions are given in Section 3.2. 
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APPENDIX 2 - TO DETERMINE THE EFFECT OF CABLE AND 
LOAD IMPEDANCE ON CIRCUIT BREAKER ENERGY DISSIPATION 

The circuit for analysis is shown below in Figure A2-l in 
which the generator or de supply characteristics have an inductance 
Ls henrys and resistance Rs ohms. The load (e.g. cable) has parameters 
Le and Re. The de source voltage has a value of V volts and a short 
circuit is applied after the load. 

Ls 'Rs 
-~----W----0 _ _J<:Jv----'VV--V 

SOLl'RCE 

IM'Pi=DANCE' 
.~ 
L 

LO/.\'D q.. CA'BL'E 

J: !"'PE 'l>At.J CE 

GH,IERA'T'oR X 

- --··O,_______.I 
Fig. A2-l. Circuit for Analysis 

of Fault Parameters 

Assume the circuit breaker has to interrupt when the current 
i has reached the steady state value as given by iF = R ~ R . Then 

s C 
if the circuit breaker idealized arc voltage has a value of K times the 
source voltage V the waveforms of current with respect to time are shown 
in Figure A2-2. 
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Referring to the figure, the solution for current is 

i(t) = IF [Ke-t/T - (K - l)]--(A2,l) 

where 
L + Le 

( Rs + R ) 
s C 

T = 

The energy dissipated in the circuit breaker arc is given by 

Jarc = 

t, 
f kV i(t) dt joules---(A2,2) 

0 

where t 1 is the time to reach current zero given by 

K 
= T loge ( K - 1 ) (A2,3) 

Assuming a typical practical value for the arc voltage of 
twice the generator voltage, i.e. K = 2, the current falls to zero in 
time of 0.6937 T. 

To find under what conditions the cable impedance will make 
the task of circuit interruption more arduous, i.e. more dissipative 
the energy in the arc is calculated as follows: 
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t 
= kV ~! i (t)dt (A2,4) 

0 

which yields on solution 

(A2,5) 

Thus, it is noted that for a given value of arc voltage, i.e. K, the 
energy in the arc is simply a function of iFT. Thus, by analyzing the 
function iFT we can determine the effects of cable inductance and 
resistance. 

Thus, 
( Ls + Le) 2 L. 

Rs + Re a l F ( A2 ,6) 

It is seen that the energy dissipated in the arc is related to the 
total energy stored in the system, namely 1 LiF 2 and 
the greater is this energy the more arduous, i.e. more dissipative, will 
be the circuit breaker operating conditions. 

There are two mechanisms by which energy is applied to the arc 
when the circuit is interrupted. Firstly, energy stored in the circuit 
inductance must be dissipated in the arc and any series circuit 
resistance, also it is noted that energy is taken from the source while 
the current decays to zero. The latter term will vary depending on 
the amplitude of arc voltage, e.g. the higher the arc voltage the more 
rapidly will the current be forced to zero and the less will be the 
extra energy drawn from the supply. Since the total energy to be 
dissipated varies with LiF 2 we can,by determining the conditions for 
this to be maximum)find the most arduous load conditions for the 
circuit breaker. 

Without the cable of impedance, Lc + Rc' the maximum stored 
energy caused by a bolted fault at the generator terminals is 
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V 2 
R) thus, we can observe the effects of the cable by comparing 

s 

Energy Stored With Load = 
Energy Stored Without Load 

0.5 

Thus 

Load Time Constant 
defining Source Time Constant = 

L 
we obtain c r; 

n = 

and substituting A2,l0 in A2,8 we get 

Differentiating FJ with respect to Rc/Rs and equating to zero, it is 
found that FJ has a maximum value when 

Rc = ( n - 2) 
rt; n 

substituting we find Fmax r/ l 
= -zr.(n l) providing n > 2 

(A2,9) 

(A2, l O) 

( A2, 11 ) 

(A2,12) 

( A2, 13) 

The foregoing analysis shows that if the factor n is greater 
than 2 the duty of the circuit breaker will be more arduous when a 
certain length of cable is included in the fault circuit than if the 
short circuit is applied directly at the substation terminals, in other 
words the worst case condition for the circuit breaker is not necessarily 
associated with the greatest fault current. 
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In the mine systems the cable time constants are 17.4 ms and 
25 ms for the 600 volt and 300 volt systems whereas the 500 kW generator 
time constants are 18 ms and 80 ms, respectively. Thus for gerierator 
power sources n is less than 2 and maximum demand is made of the 
circuit breaker for faults at the generator terminals. 

The time constants for 1000 kW rectifier sources are 
substantially less, namely 3.64 ms and 3.62 ms for 600 volt and 300 
volt rectifier units respectively. This leads to a worst case for the 
circuit breaker when faults are applied along the cable at 460 feet for 
600 volt systems and 220 ft for 300 volt systems. 

Although this worst case analysis does not include breaker 
speed as a variable affecting the worst case impedance the results are 
considered practically representative of actual mine operating conditions 
and a table of worst case fault levels which may be used for tests of 
candidate circuit breakers are given in Table A2-l. 

Power 
Source 

1000 kW Rect 
500 kW Gen 

1000 kW Rect 
500 kW Gen 

Combined Source and Cable Parameters 

Prospective System 
Inductance Time Fault mH Constant Amperes ms 

600 Volt 22,400 0.54 20 
600 Volt 12,500 0.86 18 
300 Volt 40,000 0.092 12.3 
300 Volt 25,000 0.96 80 

Table A2-l. Worst Case Bolted Fault Conditions 
for Mine DC Electrical Systems 

kJ Energy 
Stored at 

18 ms 

47.2 
27 
43.6 
12. 2 

In the above table the total kilojoules stored in the system 
are given at a time of 18 ms after the fault is applied, because this 
is typically the value at which candidate circuit breakers have 
operated. Thus this energy is the maximum stored energy that practical 
circuit breakers may be called upon to interrupt. 
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APPENDIX 3 - CIRCUIT BREAKER EQUIVALENT ARC VOLTAGE 

It is observed fromoscillograph traces showing the actual arc 
voltage across the circuit breaker that significant perturbations of 
arc voltage occur during circuit interruption. The frequency of the 
perturbation varies widely but is typically of the order of 400 Hz. 
Amplitude variations of arc voltage are significant, for example, on a 
single pole the arc voltage may vary from 540 to 250 volts with an 
average value of about 400 volts. When poles are connected in series 
a more consistent overall arc voltage is obtained and in deciding on the 
capability of candidate circuit breakers to perform satisfactorily it 
is convenient to accommodate the transient fluctuations by defining 
an equivalent steady arc voltage which has the same average effect. 
Taking the equivalent a stage further it has been convenient to define 
a per unit arc voltage which is the ratio of total circuit breaker arc 
voltage to the system supply voltage. The per unit arc voltage is 
calculated from the test system parameters in the following way. 

Figure A3-l indicates the test circuit in which the circuit 
breaker allows the current to build up to a value i8 before the circuit 

L 'R 

Fig. A3-l 

A3-l 



breaker arc voltage Varc causes the current to be reduced to zero. 
Assuming that Varc has a steady value then solving for current we get 

E - V 
i = ( arc ) (l _ e-t/T) + 18e-t/T (A3-l) 

where Tis the circuit time constant L/R and tis the elapsed time 
starting from t = 0 at i = i 8. Let the time to reach current zero be 
t 1 then 

V arc IB 
-t1/T 

l e (A3-2) -E- = +- -t1 /T IF 
(1 - e ) V 

where IF is the final current E/R and~ is the per unit arc voltage. E 

From measured test data for t 1 the per unit arc voltage can 
be derived from Equation A3-2. 

It is of interest to determine what ratio of per untt arc 
voltage would be considered a good design value. Although the matter 
is subjective it is known from tests and application of the molded case 
circuit breakers that very satisfactory performance results if the current 
can be reduced to zero is about 16 milliseconds or less, since in this 
short time there is little chance of the arc voltage collapsing. 

Rearranging A3-2, we get 

= 16 X l 0- 3 = (A3-3) 

now the factor LIF/E is a system parameter which from Section 2.5 
is determined as typically 

and 

LIF/E = 0~036 for 300 volt systems 

LIF/E z 0.0176 for 600 volt systems. 
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The ratio of 18;1F is variable depending on circuit breaker 
response and system time, however, for molded case breakers and loads 
similar to the mine de system a typical value for I8/IF is about 0.5. 
Substituting these factors into Equation A3-3, gives desirable per unit 
arc voltages of 1.89 for a 300 volt volt de system and 1.34 for a 
600 volt de system. Higher per unit arc voltages would of course be 
even more satisfactory. 
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APPENDIX 4 - SELF-INDUCTANCE OF IRON RAILS 

In a circular wire, maximum flux density occur~. at the 
periphery of the wire and assuming a relative permeability of 2000 for 
the iron the current at which magnetic saturation of the rail occurs is 
estimated as follows. Based on a resistivity for the steel rail of 
138 ohms-circular mils per foot, the equivalent circular conductor 
representing the two steel rails has a cross section of 21,900 kcmil and 
a diameter of 4.68 inches. To determine saturation effects both rails 
must be considered each carrying a current of I/2, The effective 
diameter of each rail is 3.32 inches and the field strength at the 
periphery of the rail is given by ½/(TI x 3.32 x 2.54), namely I/53 
ampere turns/cm. Assuming a permeability of 2000 and a saturation flux 
of 13,000 gauss, the equivalent rail section will start to saturate when 

13,000 X 53 . the current exceeds about 2000 , 1.e. 344 amps. 

It is recognized that some fairly drastic simplifications 
have been made in the above calculations, however, in the mine system 
since the fault currents expected are typically at least five times greater 
than the value at which the rail saturates, it is concluded that the loop 
inductance of the mine wiring will be the main factor determining the 
energy stored in the system during faults and therefore the controlling 
factor effecting circuit breaker performance. Also since the rail is 
at ground potential if currents flow through the parallel path of the 
earth then although the rail may not saturate the parallel resistance 
will swamp the effects of the rail self inductance. Typically the 
resistance of the earth paths are given as 0.054 Q/1000 ft. It is 
noted that if a high resistance rail-to-ground connection occurs and 
low values of de current are flowing,the rail inductance could be a 
significant factor effecting ac currents if carrier type systems are 
used for discrimination of ground faults. As an approximation of the 
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rail self-inductance consider the rails as two circular conductors of 
diameter 3.32 inches and permeability 2000. Neglecting the mutual 
coupling of the rails which would reduce the inductance only a small 
amount, the low frequency self-inductance of the two parallel rails is 
estimated from 

* 0.00508 t 4t µ L
0 

= 2 (2.303 log 10 cf - l + 4) microhenry 

where i is the length and d the diameter in inches. 

Thus Lrails = 15.6 mH/1000 ft. 

* Radio Engineers Handbook - Terman 
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APPENDIX 5. WORST CASE CURRENT AND INDUCTANCE 
PARAMETERS FOR MULTIPLE PARALLEL SYSTEM 

In a practical mine system there may be a number of 
substations operating in parallel and in the event of a fault each can 
contribute current to the fault. In setting up test conditions for the 
circuit breakers it is necessary to specify current and inductance 
values representative of mine operations. To determine what is the 
worst case (i.e. greatest stored energy) associated with a given 
prospective current I, then it is necessary to compare the energy 
associated with a single generator, namely} LI 2 with that contributed 

by a number of substations, for example,} L1i 1
2+} L2i 2

2 } Lnin 2 

where i 1 + i 2 . . . . in = I 

For a single generator 

since the cable time constant is fixed 

L/Rc Kc and IF = V V = = R + Rs LC C -+ Rs Kc 

then LC = (V/I - R ) K 
S C 

Stored Energy l 12+1[~-R] K I 2 = 2 Ls F 2 IF s C F 

Stored Energy l Ls Le 2 l = 2 Rs ( - - -) IF + 2 VIF Kc Rs Rc 
( l ) 

Referring to Figure 2.6-1 if 

I = F 
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1 the term r VIF Kc is unaltered, however, the first term of Equation (1) 
becomes 

1 Ls Lc (' 2 + . 2 + . )2 
2 Rs ( - - -) 11 1 2 .... ln Rs Rc 

since . 2 + . 2 + in 
2 

(il + i 2 + •••. . ) 2 
l l 12 .... = ln 

then 

Providing Ls/Rs is greater than Lc/Rc which is true for most 
rotating power sources then it is concluded that maximum energy is stored 

with a given current if that current is supplied from a single generator 
substation. 
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APPENDIX 6 - SPECIFICATIONS FOR TRANSFORMERS AND 
CHOKES REQUIRED FOR DISCRIMINATING CIRCUIT BREAKER 
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TRANSFORMER SPECIFICATION 1) C 13 - CT I Date Submitted MA ~c H 73 
Date Wanted 

AIR CORED CUR~J=N'T -----------
Date Delivered 

'1'/i<AN ST DR. f"IE'R ,{;, r ------
1!i k H2 •r, F 'Tl(' 'i'r)'f-! 

DRAW DIAGRAM BELOW 
Quantity Wanted 1 ---=----

"Tvt..ed <,Ji-\ t, o,~F "fr'"" 
\,Q1,0(P fJ<'>14•,'t\ 

\AH, ioo mA ·H,to1,,1~~ 
.a .sij\::'llaa -twn rt,...-.a,~\ ou.\r 0 t 

o-1'. \..1)1/\d ,·n~ A ,... S, I le!\ ,s. 
o.'2'3'3 volt.so ot ~kH'l. 

Windina 
Turns 

Wire Size PDS 

Single- Bif ilar-Other 

Foil Shield Between 

Winding Insulation ~lo.ss TapQ 

Layer In rulation 

Lead Wire 

Lead Length 

Lead Insulation 

A ,., C LJ E F G H I l 

'3000 

25 

Si:-,,i/ 

Fie JC 2b 19~v. o e -
24- " 

·rvc 
Lead Marking :;~ 

Finish ¾ l v v I/ / V v I/ I/ I/ 
HiPot Volts I Beto~ After 

Pnt Pot 

H Vacuum Impregnate 

Dip Coat 

Type of Band Type of Stand Vert. Wound By Banded By HiPot By ~on :1.nu1~ 
Hor. 

clarity y 

CORE Type Single I Stacked I Other 
r Total Hts Hrlil Hn Hu Hrs 

Special Instructions if any (use reverse side or separate sheet if needed)_....,,. ________ _ 

cor1- To 'BT WOvNb o,J YIICAR'TA 'I' O'ROlJ? 1" Hl§: H- 5 ''01:> 
1 

])IP CQA'r· w' !'TH W '2 I oo A 'F 'TE 'R AS S'E.MB LY 

Please fill in all pertinent information. Blank apacea are conaidered not wanted. 

Location Phone Ext. ___ _ ----------Charge Number 9 Gr 20 - M1'B'RK - 01 
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TRANSFORMER SPECIFICATION 'l> C 'B - C 'T"2. 

'3 k rl1. l.l'\1etda~e Curre,,J 1'tao s.fotrnH 

_-{~~ ~-;,IYI i na.11'nt'._l __ C.rcuit ?B fc,c, ke t'~ 

A-P"R J L-73 Date Submitted 

Date Wanted -------
Date Delivered -------

DRAW DIAGRAM BELOW 
Quantity Wanted 1 --=----

\,Ji4 h 7 voH~ _J 
Ci I ~ k ~1-z. 

·-. 
/ ', 

I (l'\Q ~l"\e_~f'S: I~~ I ·- o.ppl;Qd -lo wdj A 
0 / ··4-J-o 

A u ( \.lHe "--1 rn us-I be no+ ~rea..\u-
I ' L> 15 

1 ho." 0-'7 mA (l....)_ G 
0 ',..>. ,. __ <._ 

C> 
/ 

Windino A B C D E F G H I T 

Turns '300 1500 

Wire Size PDS 34 38 
Single-Bifilar-Other 

Foil Shield Between 

Winding Insulation (ilctss Tape S-rnil Smil 

Layer Inrulation kOl\l'E I\ION"E 

Lead Wire '7~34 /('~ 11/,\u 

Lead Length 4'' 4 II 

Lead Insulation '"P vc 'Pvr 
Lead Marking s~ -~ ~ v :/ 1./ / v :/ / / Finish ' I!. e 

HiPot Volts l~!o~t~\er IU.rgap 

Vacuum Impregnate .... I ....... ~ r nze 
X witl 

Dip Coat W'cloD Jer 
'" 

Type of Band Type of Stand Vert. Wound By Banded By HiPot By ¥con :1nu1rr( 'l'DRO•D 
Hor. 

olarity y 

CORE Type Single I Stacked I Other I Total Hrs 5'2'3'3'P 1 Hrs Hrs Hrs Hrs 
Special Instructions if any (use reverse side or separate sheet if needed) __________ _ 

a)o N O'T' VA c WU M :q1?,:H § "1A'[' F 

Please fill in all pertinent information, Blank spaces are considered not wanted, 

Location _____ ,__....,. __ Phone Ext. 76° I 
Charge Number 9 G '20 · Ml 1fR"K - Oj 
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TRANSFORMER SPECIFICATION J.) C B C 'T '3. Date Submitted MAY j 9 7 3 

Date Wanted cu'R'K EN'T' 'T''R Ats! iToRMEP '--------
roR 'PovvE'R 'T''R A~J~I S'T'oi:? l)RJV'E Date Delivered -------

DRAW DIAGRAM BELOW 
Quantity Wanted ------1 

Windin 
Turns 

Wire Size PDS 

Single-Bifilar-Other 

Foil Shield Between 

Winding Insulation 

Layer Inrulation 

Lead Wire 

Lead Length 

Lead Insulation 

Lead Marking 

HiPot Volts 

Vacuum Impregnate 

Dip Coat 

':;] 
2 

'2oc..A 

30~ 
'200 B 

4 

NO 

ter 
t 

Type of Band Type of Stan 

Type 
])4'2l/6 

... 5"" 'Pttf>"O.i''j t- :: 10 J\ p.o.r cod 
~c Sec&!'dt'.lt~ t '::'. ..f'L .,,,t eo\ I 

-;,,, I:, 

~;7]) 
--· )> 8 

F G H 

Special Instructions if any (use reverse side or separate sheet if needed) __________ _ 

Please fill in all pertinent information. Blank ~pacea are considered not wanted. 

Location Phone Ext. ___ _ -----------
A6-4 

Charge Number 9- G 20 - .l'1113 'RK - Oi. 
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TRANSFORMER SPECIFICATION 1) C 'i3 - L 1 

3 kHz. 

Date Submitted MAY j 9 ?'s 
Date Wanted -------
Date Delivered ------

DRAW DIAGRAM BELOW 
Quantity Wanted -----

Windinq A 
Turns 100 

Wire Size PDS 20 
Single-Bifilar-Other 

Foil Shield Between 

Winding Insulation 
Q_ °'" T~P" 

Layer InSJlation 

Lead Wire 1),~ec::1 

Lead Length g'' 
Lead Insulation Pl/c 
Lead Marking ~ Finish ~ 
HiPot Volts lt{o~ :~\er 

Vacuum Impregnate 

Dip Coat ✓ 

l>LYBD"f:.K'IVM Type of Band Type of Stand Vert. 

B C 

I/"" I/ 
I -n 

✓ 

Wound By 

L= o,g5 N'I H 

t=- 0,1S·.sL 

D E F G 

/ / v 
Urgap 

l r su:e 

Banded By HiPot By 

H I 1 

I/ / / 

11 
'P i'R.MALLOY Hor 

~on :1nu1r!\ olarity y 

CORE Type Single,Stacked I Other I Total Hts Wo9907;;-4 Hrs Hn Hrs Hrs 

Special Instructions if any (use reverse side or s~p1nate sheet if needed) _________ _ 

1-FAvE A HcLF. A'T 1..1?1\~'T' 1/'i?.' 'Jltf\M'E-'T'E'.R 1N CEN'l'E~ O"F COIL 

Please fill ln all pertinent information, Blank apacea are considered not wanted. 
Location __________ Phone Ext. ___ _ 
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Charge Number ___ 9_G __ e_o_-_M_t:B_· _-'R_K_-_O_\ --
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TRANSFORMER SPECIFICATION 'DCB V 'T 1 

OU'TPUT T'.RAJ\1SFORMEF 

Date Submitted :r U N'E j 9?'?, 

Date Wanted ;_.. _____ _ 
Date Delivered _____ _ 

FOR "Po IA/E '.R OS C JL LA TOR 
DRAW DIAGRAM BELOW 

Quantity Wanted j --------

A?Pli'o" 

Wind in 
Turns 

Wire Size PDS 

c___, 

A LJ 
~-_) 

,:>-----_,)))) \ 

Single- Bifilar-Other 

Foil Shield Between 

Winding Insulation 

Layer Insulation NONE 
Lead Wire 

Lead Length 

Lead Insulation 

Vacuum Impregnate 

Dip Coat 

CORE Typ 

A 

00 

23 20 

"P11maf'':.I {A) t"' 1, 5.n. 
$qco..,dor j (B) t ;;: 0, 4'3..n. 

Lp = '200 o--J-l 
l..eaka~e ,,.du~-l<l•H e 

te1'etrd -f,, ,:cco"do.•".::i =15o/H 

G H 

40° 'r 7t;o gc5" Hr11 Hn Hrs Hrs Total Hts 

Special Instructions if any (use reverse side or separate sheet if needed)~----------

I-IALF LAP coRE wI'T1 H 1 Mil MYLA'K 'l'A'Pl:: - J)IP cpA'T "F'IRS.'T' cou ... Wl'T'H 

w2100 'eir'l=ORT: W1N'.DlNG S"E.CoN1> co1L, 1:>1P coArr Ass.EMBLY Wt'rH 

Please fill in all pertinent information, Blank spaces are considered not wanted, 

Location Phone Ext. ___ _ ----------Ch a r g e Number 9 G '20 - 11TB RK - 01 
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TRANSFORMER SPECIFICATION "DC B - l '2 Date Submitted Ju N'.E 1 ~ 7i 

Date Wanted ---------
Date Delivered ------

DRAW DIAGRAM BELOW 
Quantity Wanted 1 ---=----

Windina A B 
Turns 60 
Wire Size PDS 20 
Single-Bifilar-Other 

Foil Shield Between 

Winding Insulation 6l'fld ~la.u 

Layer Inrulation 

Lead Wire 1>itecf 

Lead Length 2'' 
Lead Insulation Pvc 
Lead Marking s~ Finish / v 
HiPot Volts I Beto~ After 

Dnt Pot 
Vacuum Impregnate 

_,. 
"' '""" 

Dip Coat ✓ ✓ 

C 

..\c.p~ 

/ 
vr11rn 

J. 
t 

D 

L= 
-t = 

laf 

E 

-I vll) 

/ v 
r 

F G H I 1 

la~< .r 

/ / / 7 / 
IUrgai: 
1:uze 
Viti 
per ·~ 

oL'(B"l>t;N ti 
-p 

Type of Band Type of Stand Vert, Wound By Banded By HiPot By ~on rnu1f;( clarity y 
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Special Instructions if any (use reverse side or separate sheet if needed) __________ _ 
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APPENDIX 7. DESCRIPTION OF DISCB 
LOGIC CIRCUITRY OPERATION 

Five possible operating conditions can exist for the 
discriminating circuit breaker and the control unit (schematic diagram 
given in Figure 4.5-1) with its associated logic. The operation of 
the logic under these conditions is described below: 

1. Normal operation. The breaker is closed but 
no illegitimate load exists. 

a. Relays CRl, CR2, and CR3 are dropped out. 
b. Capacitors C6 and C7 are charged to 

48 volts and transistor Q5 is off. 
c. Because no ground fault exists, 

transistor Q3 is off. 
d. Because CRl is dropped out, trip 

indicator light IL2 is off. 

2. Operation when an illegitimate load occurs 
after the power is on. 

a. Initially the system is in condition l. 
b. An illegitimate load occurs. After a 

delay, the detector circuitry turns on 
transistor Q3 and picks up relay CRl. 

c. Relay CRl turns on trip indicator 
light IL2 and also seals itself in 
through the path-resistor R24, a 
normally open contact of CRl, a 
normally closed contact of CR3, the 
base emitter of transistor Q5, and 
diode Dl3. 
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d. The current into the base of Q5 turns it 
fully on. Capacitors·c6 and C7 are now 
rapidly discharged through the breaker 
shunt trip coil causing the breaker to 
trip. 

e. When the breaker trips, the power supply 
for the control circuitry may or may not 
be removed depending on the particular 
power system arrangement. If the control 
power is removed both indicator lights 
will be off. Reclosing the breaker in this 
case puts the system into condition 5 
described below. If on the other hand 
the control power is not removed when the 
breaker trips, relay CRl will stay sealed 
in and indicating lights Ill and IL2 will 
remain on. The opening of the breaker will 
however remove the illegitimate load and 
the detector will cause transistor Q3 to 
turn off. 

f. If control power remains on with the 
breaker tripped, pushing the test and 
reset button SW-1 will pick up relay CR2 
instantaneously and approximately 100 
milliseconds later pick up relay CR3. 
The seal-in path for relay CRl is now 
through a normally open contact of CR2. 
Releasing SW-1 drops out CR2 instantly 
and after a 100 millisecond delay CR3. 
This momentarily opens the seal-in path 
for CRl causing it to drop out. When 
CRl drops out, IL2 turns off and QS 
turns off. The breaker can now be 
reset without tripping via the shunt 

A7-2 



trip (assuming the illegitimate load has 
been removed). If the breaker handle is 
pushed to the reset position before SW-l 
is depressed, the breaker will trip within 
5 seconds because of the periodic pulses 
described in Section 4.5 being delivered 
to the shunt trip coil. 

3. Instantaneous breaker overload trip. The 
breaker trips due to a high current through 
its series trip. The discriminating control 
unit does not affect this operation. 

4. Test condition. 

a. Initially the system is in condition 1. 

b. The test and reset button SW-1 is then 
depressed and held down. 

c. Relay CR2 picks up instantly. One contact 
of CR2 changes the detector reference, and 
another contact increases the sensitivity 
of the control. As described in Section 4.5 
the small de current drawn by the control 
unit is now 11 seen 11 as an illegitimate load. 

d. Approximately 100 milliseconds after CR2 
picks up relay CR3 picks up. This shorts 
the base of transistor Q5 and opens its 
base current supply. Now Q5 cannot turn on 
and the breaker shunt trip cannot operate. 

e. About one second after CR2 and CR3 picks 
up, the simulated illegitimate load 
causes transistor Q3 to turn on and pick 
up CRl. Relay CRl now turns on the trip 
indicator light IL2 and seals in through the 
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normally open contact of CR2. The 
illumination of IL2 indicates the detector 
circuit operates properly. 

f. If SW-1 is released before (e) above occurs, 
the system goes back to condition 1. If 
SW-1 is released after (e) above occurs, CR2 
drops out and Q3 turns off instantaneously. 
Relay CRl then drops out and IL2 turns off. 

g. Approximately 100 milliseconds after CR2 
drops out CR3 drops out. This re-establishes 
a current path to the base of Q5 again which 
enables the operation of the shunt trip if 
it is necessary. The system is now back in 
condition 1 and ready to detect the presence 
of illegitimate loads. 

h. Note the breaker cannot trip due to an 
illegitimate load during the short time SW-1 
is depressed. 

5. Power is applied to the system when an illegitimate 
load already exists. 

When control power comes on, circuitry is provided to hold 
transistor Q5 off until capacitors C6 and C7 have charged to a minimum 
of 38 volts (a value large enough to ensure operation of the shunt trip). 
Once the capacitors have charged Q5 is permitted to turn on condition. 
described above exists. The result is a delay of about 5 seconds 
between energizing of the system and the breaker tripping. 
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APPENDIX 8. ACTIVE IMPEDANCE MULTIPLIER 
FOR MINE GROUND FAULT DETECTOR SYSTEM 
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DISCLOSURE TITLE: 
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ACTIVE IMPEDANCE MULTIPLIER FOR MINE GROUND FAULT DETECTOR SYSTEM 

DESCRIPTION OF THE INVENTION (Typewritten, ii pouible) 

SUMMARY OF THE PROBLEM 

l'A I IN I NII. 

Electric trains which are used in mines usually operate from 300 to 600 volt de, 
one side of which returns to the source through grounded raile. Accidental grounds 
can occur in these systems which although drawing much less current than the operating 
current of a train can cause severe damage and start mine fires. Simple overcurrent 
sensing will not detect these ground faults. What is needed is a protection scheme 
which discriminates between legitimate train loads and illegitimate ground faults. 

Superimposing an ac voltage on the de line can be used to provide a discriminator 
system. In such a system the legitimate loads are made to present a high impedance 
to ac at the frequency used. Any ac current that flows is then a measure of the 
illegitimate load impedance. Such a system has been successfully used in France. 

A problem arises in applying this type of discriminator to de systems which 
have very large legitimate train loads, such as are common in the U.S.A. The 
legitimate load impedance increases with the ac frequency (experimentally it has 
been found to increase about as (f)0.67). The line impedance, which is practically 
all inductive, increases directly with frequency and the length of line. Therefore, 
there is a conflicting requirement on the frequency because it is desirable to make 
the legitimate load impedance high and to protect long lengths of cable. It has been 
found that tuning the legitimate loads to the frequency of the ac signal increases 
their impedance but only by a factor of about Q. The use of filters in series with 
each legitimate load is possible but since each filter must carry several thousand 
amps de continuously, these filters are comparatively large, and costly. For example, 
a parallel LC filter tuned to produce 100 n at 10 kHz and suitable for a 300 volt,3600 amp 
legitimate load would weigh about 1000 lbs. 

SOLUTION 

A circuit which effectively multiplies the impedance of the legitimate loads 
is shown in Figure 11. The current source which is fed by the detector is arranged 
to produce an output current k times the current in the detector and in phase with 
it. The ac current, I, that flows from the source is thus 

I = 
V 

Z + (1 + K) z1 source 
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DISCLOSURE TITLE: 

DISCI.OSURl NO. CA Sf NO. 

ACTIVE IMPl•:DANCE MULTIPLIER FOR MINE GROUND FAULT DETECTOR SYSTEM 

PAHNr NU, 

------------------------------------------------
DESCRIPTION Of THE INVENTION (Typ,.wrltten, If p0ulbl•) 

or in other words the load impedance is multiplied by (1 + K~. 

In a practical system the detector can be an air core transformer tuned to the 
frequency used so that the magnitude of de load current will not affect the detector 
output. The current source can be an amplifier of typically 25 to 50 watts output, 
A value of 9 or 10 for K, which is easily obtained, provides sufficient multiplication 
for a practical system. If desired, the legitimate load can be tuned with capacitors 
to provide a still higher impedanc~. Alternatively a phase shift can be introduced 
in the amplifier to acieve the same result. The previous assumption of zero phase 
shift in the detector and amplifier is not a necessary requirement for the impedance 
multiplication system to operate satisfactorily. In the appendix it is shown that 
the multi .. plication factor varies from (1 + K) with zero phase shift to [i + K2° as the 
phase angle varies from O to 9010

• For even modest values of K the multiplication is 
nearly the same in either case. By using a suitable lagging phase shift in the 
detector plus amplifier a lagging power factor load can be tuned to look more resistive 
at the operating frequency, 

To verify the predictions, a breadboard system was built in which the amplifier 
plus detector had a value for K of 12 at 10 kHz, the tuned frequency of the detector 
The load used was a 4 HP, 36 volt de, series motor. On Figure 2 is plotted the 
impedance of the motor both with and without the active impedance multiplier 
connected for various frequencies. The results verify the princple quite closely. 
In a practical system the exact value of impedance multiplication is not critical 
anyway. 

ADVANTAGES 

1. The legitimate load impedances can be increased significantly 
with the use of relatively small inexpensive components, 

2. The impedance of the legitimate load is removed as a determining 
factor in the choice of frequency for the discriminator system. 
This permits the system to be optimized for sensitivity and length 
of line protected. 

3. The impedance mutliplying circuitry can also be used to tune the 
legitimate load if desired, 
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ACTIVE IMPEDANCE MULTIPLIER FOR MINE GROUND FAULT DETECTOR SYSTEM 

DESCRIPTION OF THE INVENTION (Typewritten, if possible) 

NOVELTY 

l'A 11 NI ~<', 

The use of an active impedance multiplier on mine ground fault discriminator 
systems is believed nove1. 

APPENDIX 

Assume the detector and amplifier has a gain of A - j~ that is the output 

current from the amplifier lags the detector input current[. riz • A
2 + B

2 
is 

assumed] Jr 

Now the apparent load impedance Z is: 

z 
I 

I [l + A - j B) [~ + j XL) 

I 

Z = (1 +A)~+ BXL + j [(l + A) XL - B ~] 

The magnitude of Z is: 
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-✓ (l 
------------ - - I 

I zl + A)21\2+ 82~2 + (1 + A/ ~ 2 + B2 1\ 2 

lzLlj l + 2A + A
2 + 

.... , J 1 + 2A + K2 ' I zL. ) izl .. B2 ... 

If B = 0 9 then A •Kand there is no phase shift so: 

(1 + K) 

If A 0, then B = K and there is 90° phase shift so: 

I zl "" 

The phase angle of Z is: 

0 • Ta.n 
-1 (1 + A) ~ -Bl\, 

(1 + A) 1\ + B~ 

If BR, m (1 +A)~ then 6 = 0 and the load is tuned. 
diagram betow illustrates this condition, 

1> r 
\ 
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APPENDIX 9. CIRCUIT BREAKER MODIFICATIONS 

In all of the circuit breakers determined to be adequate it 
is necessary that the insulation of the microswitch assembly associated 
with the shunt trip coil be improved. To achieve this improvement it is 
recommended that the microswitch be deleted. 

Breaker type NB requires additional pole insulation for 
600 volt operation and drawing 1257C59 indicates the details. 
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