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New Insight into the Detection of High-Impedance
Arcing Faults on DC Trolley Systems

Jincheng Li and Jeffery L. KohleiSenior Member, IEEE

Abstract—High-impedance arcing faults are difficult to detect such ignitions occur each year and are normally extinguished
with conventional switchgear, and the presence of these faults pefore any serious damage is done. Occasionally, they are not
in coal mine power systems represents a significant fire hazard. discovered in time. and a serious fire results

Research was performed to identify plausible techniques that . . o .
would discriminate between the high-impedance arcing faults and Researchers at Pennsylvania State University’s Mine Elec-

legitimate load currents on the dc trolley system. This paper trical Laboratory developed system concepts for economical
briefly summarizes that effort and focuses on the frequency fault detection schemes that would meet the needs of the

characteristics of the arc current. After the arc was modeled mining industry. One of these schemes was based on the
as a stochastic process, good agreement was obtained betweefjfrerences between legitimate load and fault currents in the
experimental observations and mathematical predictions. . .

frequency domain. Much of the research focused on studying

Index Terms—DC power systems, dc trolley systems, electri- the frequency spectra of both normal and abnormal events on
cal safety, ground-fault detection, high impedance, mine power {ha gc trolley system. Toward this end, a significant modeling
systems. effort was undertaken to both understand the experimental
observations and to allow predictions of spectra for more

|. INTRODUCTION general situations. This aspect of the work is summarized in

AL HAULAGE remains an important materials- the remainder of the paper [1].

handling technology for underground coal mines, even
though its use for hauling coal has been largely supplanted by !l. THEORETICAL ANALYSIS OF THE ARC CURRENT

belt conveyors. Moreover, electrically powered locomotives, The analyses were performed by first modeling the voltage
personnel carriers, and maintenance vehicles are safe @R@ current waveforms of an unfaulted system. Then, a system
efficient and, unlike diesel-powered equipment, do not poggth a deterministic arc process was examined with some
air-quality concerns. Although the use of electricity permeatgsitial simplifications; these were removed as the models
every aspect of the workplace and society, it too can poggolved. Finally, a stochastic model was used to obtain an
hazards. The incident rate is so small, however, that these afeurate representa’[ion of the arc process found on the dc
sometimes forgotten or overlooked. This research was directgslley systems (in underground mines). This is outlined here,
at one such problem that occurs infrequently, but which hagad a more complete development can be found in [2].
the potential for serious consequences.

An unintentional connection between an energized POWRI Analysis of Arc Currents Undergoing a
conductor and a grounded element, i.e., a ground fault, c8Bterministic Process
present both a shock and a fire hazard. Protective devices, such. . s
as circuit breakers, are used to detect faults and to interru {t is a well-known fact that, if a rectified dc supply voltage

the flow of current to the fault location. Sometimes detectio'IR |m$ressed on a Ilnefzatlkr] Iqad, then dthe lrtesultmg ctuhrrentlglwll
is difficult or impossible because the current flow to the fau € alinear mapping ot te Impressed voltage, 1.€., the voltage

may appear identical to the current flow to a legitimate loa nd curre_nt spe<_:tra will be the same. Qn the_ other hand if
the load is nonlinear, then new harmonics will be created,

e.g., a locomotive motor. This is the concern here, where . .
%r&d because an arc represents a nonlinear load, it would seem

so-called high-impedance fault appears as a legitimate lo ble that th b " h . Id be indicati f
current to the traditional circuit breaker. The energy of thgasonabie that these new" harmonics would be indicalive o

fault current, however, may be going into an arc that Wiﬁ\rcing within the system. This can be illustrated for a simple

ignite any surrounding coal or combustible materials. A fe\?/etermlmstlc case in which the arc currents given as a

unction of the impressed voltage and the constamt with
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rectifier. The magnitudes of all other harmonic components 4
of the voltage are assumed to be zero, thereby simplifying the® ]
analysis at this stage. If the voltage defined by (2) is applied

to an arc, defined in (1), then the resulting arc current will bé”

k —40
i= T 3 . (3)
dc + U'a.Cl Ccos (wt) —-60
Usually, %aa > Uge, and =1 < cos3(wt) < 1. Let « = k0
Uge1/Uae, and B = 3(wt). The arc current can then be

expressed as a series expansion as 1o

.k 1+a2+3a4+ +3a3+ 120
"7 Ui 2 78 ‘T
a2 a4 a3 -140 L + : + - f (kHz)
COS/3+<?+?+> COS2/3— <Z+> 0 6 11 17 23 28

Fig. 1. Normalized spectrum of the arc current r= 0.4 Q.
4 o &P

Of particular note in (4) are the higher harmonics, i.e., the |
second, third, and so on, which are not present in the impressed
voltage, and which would not occur if the load were linear._
The magnitude of these harmonics is also enhanced.

Assume the following voltage function:

40

~60
v=ki~'2 435 (5) _501

Tt A
where ¢ is the arc currenty is the arc voltage, and: is  -100 \ |
a constant with units of voltamperes. The assumption that
the trolley system is a purely resistive network, with an-i2o 4
equivalent value ofR, will again be used for this analysis.
This assumption is reasonable because the trolley resistance . T . i T £ (kHz)
is the primary limiting factor for the current during a high- 0 ® " v B %
impedance arcing fault condition; the distributed inductang®y. 2. Normalized spectrum of the arc current for= 0.495 €.
and capacitance of the trolley system also act to restrict the

arcing fault current under a high-impedance fault condition. . . .
; o . ; A computer simulation can then be used to obtain actual
In this study, the distributed inductance and capacitance caﬂ‘

. : .~ Values for the arc current. If a trolley system resistance of
be considered as a separate network connected in series Wi . o
2 is chosen, the current spectrum shown in Fig. 1 results.

g:;e?ergcleoailg t:;g'anslsgg;?t'rzgu(ljtgesburloaorggkereaaﬂs'g?ég% te simulation can be repeated with different values of system
: - analy . ' 9 y f&sistance to approximate different distances between the fault
analytical complications during the development. It can be

. . . and the rectifier, or different levels of fault severity. The
shown, using a numerical technique to solve for the arc Cu”egﬁ’rrent spectrum shown in Fig. 2 was obtained by increasing
that the resulting current flow will be

the resistance to 0.498. This would illustrate the practical
effect of a fault located more distantly than the one simulated

11 . . . .
Ry, + ,1030 + 35 — 350 sinwT previously, or it could be considered to simulate a smaller,
ihy1 = g — U . (6) less intense fault.
_ 13200 It is interesting to compare Figs. 1 and 2, where the only

22
'k

difference between the two cases is the magnitude of the fault
current. Surprisingly, it is found that the amount of harmonic
when2nr + 7/3 <wt <2n7+27/3,n=0,1,2, ---, where enhancement is actually increased with smaller levels of fault
R is the equivalent resistance of the trolley network vieweclrrent. This is very important, because it is the smaller arcing
from the voltage sourcé; is the iterative step, and the constantault currents that are most difficult to detect conventionally
350 is the magnitude of dc voltage, and 11 000 is the selectsd, therefore, the most hazardous ones, because they are more
value of the constant in (5). Both constants were selectedikely to result in a fire. Furthermore, a large legitimate load,

based on laboratory observations. such as a locomotive, would not be able to mask these higher
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Assume that each current line through the arc carries an
equal and very small amount of the curréidtand that there
are N current lines through the arc. ThefY, = /N, wherel
is the magnitude of the current through the arc. Neglecting the
transient time of a current flowing through a current line when
this current line is breaking and reestablishing, each current
line through the outer area of the arc can be expressed by the
following step function:

i inner conducting area

outer conducting area 01 = 6I[U(t — TO) — U(t — Tl) + U(t — TQ)

Fig. 3. Configuration of the arc shape for the stochastic model. - U(t - T3) + - ]

=81 (-D)MU(t-Tq) 7)
harmonics. This is another important result, insofar as the k=0
application of this theory to the practical problem is concerned.
The foregoing results were based on the assumption thdiere U(t — 7)) is a step function, and0 =
the arc process is deterministic. This is inconsistent withy <7} <To <T3 < ---.
data collected during this research, and it is known thatWhen the sign in the front of each step function turns out to
environmental factors, for instance, can result in a stochashe positive, that current line is said to be linked (at a moment
process. The next step was to then examine the arc curreht = 1}, k = 0,2,4, ---). Here, 1} is the starting time of
when a random process is occurring. this current line. When the sign turns out to be negative, that
current line is broken (at a moment of= Ty, k = 1,3, 5,
B. Analysis of Arc Currents Undergoing a Stochastic Process ). Here, any t|me qluratmn oft = Tit1 — Ty Is considered
to be randomly distributed.
Environmental factors will introduce random continuity The previous equation is actually a random rectangular wave
and conductivity changes in the arc by changing the arGgnction because of the random distributiorséf The standard

thermodynamic characteristics. The specific effects Createdr’%)étangular function and its Fourier transform are given as
changes in the surrounding air, or any of the other environ-

mental factors, are not of interest; rather, it is simply accepted T

that these factors will cause continuous and random changes. ) . A< 2 )
The goal was to study the behavior of the arc current while vect (f) = 0. Itl>" ®)
under the influence of this random process. > 1> 2

The effects can be more clearly demonstrated by assuming
a dc voltage absent of any ripple or harmonics. Here, the @@d the Fourier transformation of the rectangular function is
is considered to exist between two cylinder-shaped electrodes,
and it is assumed to have a bucket-like shape, as shown in r _2A . w7

. . [rect(t)] = — sin — 9)
Fig. 3. Imagine that, when the arc current flows from one w 2
electrode, through the arc, to another electrode, there are a
number of current lines, each carrying a small amount of tjdhereA is the magnitude of the rectangular function and, here,
total current, through the arc. For the purpose of this analysi$,= ¢1 for the above expression for a single current line;
the cross section of the arc can be considered to have ti§dhe time width of a single rectangular function, or a single
areas: an inner and an outer conducting area, as shown inttf interval in this single current line expressi@i, As the
figure. standard rectangular function implies,= 0 means that no

The current lines through the inner area are more stal§lérrent ever exists in that particular current line, anet oo
than those through the outer area, i.e., they have less chaf&@ans that the current through a particular current line will not
of being interrupted, because of the relatively better therni2g interrupted. Of particular interest in this work is the case
and ionic balance that exists there as compared to the oen each value of = 15;41 —13;, for j =0, 1, 2, -+,
area, where environmental factors may have a much mdigs between 0 ando. A set of the time intervals for a single
pronounced effect. The current lines through the unstatslgrrent line,s(7) with 7 as a random variabl®,< ¢ < oo, can
outer area have an almost equal probability of being randonilg defined to study the influence ofon the arc current.
broken up and reestablished, due to the severe thermal antf s(7) for a current line is widely distributed between 0
ionic unbalances in the outer area. Consequently, the amplit@iel oo, the components of this current through this current
of the current through the outer area will change rapidly, iine will be widely spread over a very broad frequency band;
response to the rapid change of the current lines, whereasthe other hand, i(+) is principally distributed in a certain
the current through the inner area could be considered to trrow time range, the components of this current will fall
continuous and constant in amplitude. If the major part of theainly in a certain frequency band.
arc current flows through the inner area, a stable and smoottsuppose that current lines, out of a total a¥ lines which
arc current would result, showing a rapid change in amplitudmake up the whole arc current, pass through the inner area.
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The total arc currenf can then be expressed as follows: appear in a certain frequency band. If the values@f) is
widely distributed, then it is likely that the same will be true

N—n . . . .
I =S+ Z 5i for S(r) an_d, consequentl_y, a white-noise-like (nonstationary)
" m process will result in which the frequency components are
me . widely distributed.
—n6I + (N — n)6I Z (—1)e 1 (¢ — Ti,) Real-life arcs can be of either type, and a given arc will
o be both, depending on the stage of development. As the
00 arc stabilizes and, in the absence of strong and changing
. Z (DUt —Ty)+--- environmental factors, it will behave in a stationary random
P fashion. Regardless of the process, high-frequency components
- will be generated, and these will uniquely distinguish an arcing
+ Z (—1)’““*”U(t—TkN_n) _ (10) faultlgurrent from allegitimate load curren_t. However, th(_e
a0 specific frequency distribution, e.g., bandwidth and specific

frequencies, depends on the type of process that is dominant

The term ofnéI represents the stable or smooth portion dFithin the arc. Practically, this means that it is not possible
an arc current through the inner areﬁ: OO), while each to look for frequencies between 35-40 kHz, for example.
summation of the step functions represents the current flowiRgther, any frequency not found in the normal load current
through each current line in the outer area of the arc. THeindicative of an arcing fault, whether it is, for example,
number of the current lines through the outer are&’is- n. 17, 45, or 79 kHz. Experimentally, this has been found to
The portion of the current through the outer area is the sutld true. Moreover, the relative magnitudes of the frequency
of these currents through th¥ — » current lines. components have also been observed to change, in what appear
When most of these step functions simultaneously turn dig be a random fashion.
to be positive at a certain moment, and all change sign atThe ratio of the outer to the inner area of an arc will
the next moment, a rapid change in the amplitude of tigssentially determine the relative magnitude of the arc current
current in the time domain will map itself into the frequencyt a specific frequency, when normalized to the average arc
domain as high_frequency components. Converse|y, as medgrent. The relative magnitudes of these components vary as
of these Step functions Change Sign S|ow|y, a slower Char@@ ratio of these two areas Changes. It is known that, in an
in the current amplitude will follow, and then low-frequencyactual arcing fault situation, the electrodes for the arc may not
components would appear in the arc current. This randdtave a cylinder-like shape, and the arc itself may not have a
process will continue as long as the arc persists and, therefd¥écket-like shape. Therefore, for an arbitrary and free-forming
it is expected that both low- and high_frequency Componerﬂgcmg fault, the terms “inner and outer areas” must be relaxed
will exist whenever the set of time intervadér) for a current to mean the relatively stable portion and the unstable portion,
line is widely distributed. respectively.
The frequency distribution of the entire arc current will,
however, depend not only on the distribution of the time
interval s(7) of each of the current lines, but also on a set
of joint time intervalsS(r) of all the current lines through the  Laboratory experiments were performed to study the char-
outer area, and on the ratio between the outer area and dleeristics of arcing faults, primarily to assist the theoretical
inner area of the arc. The values &fr) and+ are usually modeling effort. Subsequently, in-mine experiments were per-
too difficult to be determined, even in a given well-definetbrmed to determine the validity and applicability of the
condition, because of the highly dynamic nature of an arc. Thiseoretical results, some of which have been described in
makes a precise quantitative analysis of the frequency disttiis paper. A special challenge was devising a method for
bution of an arc current impossible. Nevertheless, the variatioreating actual arcing faults in the mine without creating a
of the frequency distribution of the arc current responding tde-threatening hazard.
the changes of these variables can be qualitatively analyzed rugged metal enclosure, mounted on rubber tires, was
to serve the purposes of this work. The most observaldenstructed to house the electrodes and contain the arc. This
consequence of the stochastic processes inherent to the atarie box” contained adjustable mounting gear for the elec-
the changing frequency distribution. Although it is impossiblgodes, so that different diameter rods could be used, and with
to quantify this effect, it is possible to explain qualitativelydifferent gap dimensions. One electrode holder was solidly
its ramifications. connected to the metal box; the other was insulated from
First, the effect of the joint time interval of the current lineshe chassis. Large-diameter cables (4/0 AWG) were connected
in the outer area of the arg(r) on the frequency distribution into the trolley circuit. Thus, the arc box allowed full-scale
will be examined. If the value of the time interva(r) of arcing faults to be created while safely containing the arc and
each of the current lines has a high probability of fallingssociated energy inside of the arc box.
within a certain range, then the distribution for the joint time Both copper and steel electrodes were used, ranging in
interval S(7) for all the current lines is most likely to fall diameter from 3/8 to 3/4 in. The copper electrodes were cut
in the same distribution range. A stationary random proceem salvaged lengths of trolley wire, and the steel electrodes
results, in which major components of the arc current willere cut from sections of steel “rebar.” All electrodes were

Ill. EXPERIMENTAL VALIDATION
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initially 12-in long. The initial gap was approximately 1/4 inexplaining observed behavior and in predicting behavior for
and was bridged with 20—gauge copper wire, which quickihe general case. The arc behaves as both a stationary and
melted, thereby facilitating the formation of the arc. Dependimgpnstationary random process at different times. This causes
on the system voltage and the arc current, the arcs would lasfguency components to be created and, as such, this is more
for 10-40 s. Typically, they would extinguish when the gapnportant than the nonlinear aspect of the arc. The developed
became too great to sustain the arc. In some cases, astlie®ry was successful in explaining this, and the experimental
electrodes were burned away, the gap would reach sevarbtervations confirmed it.

inches before the arc ceased.

Large-current-limiting resistors were connected in series REFERENCES
with the arc-box circuit to limit the fault current to the range_%] 3. L. Kohler and J. Lim *DC trolley fires—A new solution to an old
of interest. The most probable range of arcing fault currents iS™ problem,” IEEE Trans. Ind. Applicat.vol. 31, pp. 726-732, July/Aug.
known to be 100-400 A. A remote-controlled contactor was_ 1995. _ o _
used to start or interrupt the flow of current to the resistor&! f)'n LS'C ';ﬁf*e‘;,eggtefggk'sgigf Sifshe"r?;';’iig’a‘r,f:n:‘srﬁcgnit:‘giaf:r[fnr}bsq
and arc box. The frame of the arc box was connected to the university Park, Aug. 1995.
track, and the “hot” electrode was connected in series with the
resistors and contactor. The contactor was connected through
a fuse to the trolley wire.

The instrumentation consisted of the Data 6000 Sign
Analyzer, instrumentation tape recorder, isolation amplifier
oscilloscope, meter, shunts, and voltage dividers. The sht
used to measure the current flow to the trolley wire, we
installed at the rectifier and in series with the trolley feede
The instrumentation was then set up at some distance fr
the instrumentation, but mine-duty Wal_kie—talkies were us on the development of a compiler. From 1982 to
to keep the two groups of researchers in constant contact. 1987, he was an Assistant Instructor and then an

Tests were conducted on two different coal mine trolleNpstructor in the Department of Electrical Engineering, China University of
distribution systems. The results confirmed the theoretic@'l'r"ng and Technology.
predictions and, specifically, that the spectra for both normal
loads and arcing faults behave similarly to the theoretical
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of the harmonics, as the fault current decreased in magnitu
was also observed.
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he joined the faculty of the Department of Mineral Engineering, Pennsylvania
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junction with theoretical analyses, have demonstrated tﬁ@gtrica[ Laborat_ory: His 'teaching_and rgsearch interest_s_included ele(_:trical
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