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Abstract—The National Institute for Occupational Safety and protection of cables extending from the power center to motor
Health investigated how the starting of induction motors may starters. In the future, the trend toward higher efficiency motors
cause nuisance tripping of short-circuit protection on coal mine iy greater peak starting currents may necessitate even longer
power systems. This research had a dual purpose: 1) to identify delays. However, in background discussion of the rules, MSHA
how motor-start waveforms differ from those for short circuits ‘ y : ’ g Dol ’ o T
and 2) to devise a method to provide short-circuit protection Solicits comments regarding the elimination of intentional time
without intentional time delays to account for motor starts. This  delays with a conjunctive increase in current settings. This re-
technology will help ensure that surface temperatures of energized flects the dilemma of short-circuit protection, namely, that cir-
electrical apparatus will not exceed gas or dust ignition thresholds . it protective devices should have high sensitivity to faults
when short circuits occur. . . .- . . ’

but not interfere with normal mining operations. Accordingly,

Index Terms—tongwalls, mining, motor, phase angle, short cir- MSHA requested a high-priority research effort aimed at elim-
cuit. inating intentional time delays in short-circuit protection.

The Pittsburgh Research Laboratory of the National Institute

|. INTRODUCTION for Occupational Safety and Health (NIOSH) investigated how

the starting of induction motors may cause nuisance tripping of
Whort-circuit protection on coal mine power systeimishe spe-

. . Bffic objectives of this research project were to: 1) identify how
were published on August 27, 1992 by the Mine Safety a otor-start waveforms differ from those for short circuits and

Health Administration (MSHA) [6]. The intent of these regu: devise a method to provide short-circuit protection without

lations s 10 rg@ce thg likelihood of fire, _explosion, and shoq tentional time delays to account for motor starts. Minimal
hazards by citing requirements for electrical enclosures, CIrcPit, tion times to short circuits will help ensure that the tem-

pro_techon, testln_g, "?‘”d perspnnel p_rotectlon. The opera_tlo_ Bratures of energized electrical apparatus will not exceed gas
I|m|t_s for short-circuit protective devices are proposed withi r dust ignition thresholds when such faults occur. Addition-
segts]ont75_>.81_4t1 of t?est_e rull?s. lectrical s | d ally, the capability of distinguishing between motor-start and
odr 'C'rclu' protec |on.t. orl ev?/(;] rlcad_f?pparta uhs n unfe%'hort-circuit events precludes nuisance protective device activa-
ground coal mines 1s critical. en diflerent phases ot gy, Although the project focused on high-voltage longwalls,

electrical circuit inadvertently come in cont.act, thousan Re technology subsequently developed may be applicable to
of amperes may flow. Currents of this magnitude can cause  and medium-voltage mine power systems as well.
explosions and fires if permitted to exist even for periods as

brief as 1 s. The thermal energy expended is directly related to
I’t (the square of the current times the time) [2]. Consequently,
protective device settings must be specified with a maximumProtection against short circuits on high-voltage mine power
sensitivity to current{) and a minimum reaction time)( circuits is typically provided by vacuum interrupters. The cur-
Unfortunately, extremely low current settings may interfereent magnitude thresholds or settings at which these devices op-
with mining operations by reacting to normal transient eventstate are specified through the MSHA approval process [3] for
such as the starting of motors. In response, the proposed MShigh-voltage longwalls. The initial inrush currents, demanded
rules specify maximum intentional time delays for short-circulty large induction motors starting across the line, may exceed
these settings and activate the protection devices needlessly.
Paper PID 01-33, presented at the 2000 Industry Applications SocietyAnnS%l(Pnsequen_tIY' to prevent nuisance tripping of the Short'_C'rCl_“t
Meeting, Rome, Italy, October 8—12, and approved for publication in the IEEBrotection, it is desirable to seek a means to momentarily dis-

T]feAhNS/IAEEgNIS gNINDUASTRIY_AP_PLICA; IONSby t'\f}le Mining lﬂdustfy Cgf?miftee able or inhibit the protection device activation for a finite period
of the ndustry Applications Society. Manuscript submitted for revie' . f .
October 15, 2000 and released for publication October 18, 2001. “f’ollowmg motor ?nerglzlatlon' . . .
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Fig. 1. Measuring motor-start waveforms on a 950-V continuous miningig. 2. Phase-to-phase voltage waveform for start of 950-V 165-hp motor.
machine.

were made at both the motor terminals and in the load center

may be slow to operate where load inertia is high. This is al$Qat fed the 153-m trailing cable.
true for induction-disk impedance or distance relays used pri-

marily for fault protection on transmission lines [8], [10], [5]. InB. Data Acquisition Hardware and Software
the late 1970s, a system was developed in the U.K. that moni-.l.

tored the phase angle between voliage and current to diStinglﬂﬁping motor starts. The Hall-effect current sensors featured

between faults and motor starts [7]. Despite promising resul&s,frequency response from dc to 1000 Hz to capture higher
this technology has not been incorporated in short-circuit prg-

. . . . ) . frequency transients that may be present. The 1000-A split-core
tection for U.S. mines. Given the catastrophic potential of Nonfigurations had 5000-V line-to-output isolation. They
adequate electrical protection, it is imperative to reexamine th

blem to minimi intentional time del hil Wwere used in conjunction with matched signal conditioners
problem fo minimiz€ any intentional ime delays while max'having +10-V outputs directly proportional to the amplitude
mizing current sensitivity.

of the input signal. Tests with low-voltage motors utilized
0 to +1000-V voltage transducers with a proportional 0 to
4+10-V output. These sensors had a frequency range of dc to
Electrical safety can be enhanced if the circuit-protection d8900 Hz. At 1000 V and above, custom potential transformers
vice recognizes and reacts only to short circuits. To devisengre used to acquire the voltage waveform. The current
means to discriminate between motor starts and short circuggiggnal conditioners and voltage sensors were connected to
one must first investigate how the waveforms of each evegtound-isolation boards, 1000-Hz programmable filters, and
differ. Any distinguishing characteristics may then be keyeal 12-bit analog-to-digital board. This board had the capability
upon through the design of sensing circuitry. Accordingly, itwasf scanning up to eight separate channels and was equipped
decided to record the voltage and current waveforms of miméth simultaneous sample-and-hold circuitry that eliminated
induction motors of various voltages and evaluate their saligsthiase shifts among channels. The output of this board was

ransducers were used to record three-phase currents

lll. M OTOR-START EVALUATIONS

characteristics. digitally recorded in a multichannel file using a 486-based
) ) laptop personal computer that was made rugged for field use. A
A. Field Tests of Mine Motors custom computer program was written that allowed the user to

To gain insight into motor-start signatures, field tests of @hoose the number of channels to record at sampling rates up
variety of mine motors were conducted. These included mig 30 720 Hz per channel. During acquisition, data were written
tors with application in both longwall and continuous miningdirectly to disk with data files saved in binary format.
with voltages ranging from 440 to 4160 V and power ratings
from 10 to 450 hp. Because mine motors are typically startég Motor Waveform Analyses
across the line with full voltage, it was necessary to select testThe motor-start voltage and current data were subsequently
sites with this capability. These included a rebuild shop witimported into a commercial data analysis package. Three-phase
440- and 550-V motors up to 150 hp. At another facility, awaveforms of voltage and current were plotted versus time for
4160-V conveyor motor was evaluated. Finally, the pump, coeach of the motor tests. Typical plots are shown in Figs. 2 and
veyor, and cutter motors of a 950-V continuous miner were aB- The inrush current following circuit energization has the po-
alyzed (Fig. 1). To ensure random motor energization relativetential to cause nuisance tripping of the short-circuit protec-
the voltage cycle, 12 successive start recordings were madeiof. It lasts for a time period that depends on the motor char-
each motor. Recordings were usually made at the terminalsaateristics and loading. Closer examination of the time-varying
the motor. However, recordings of the continuous miner motasgynal revealed high-frequency oscillations within the first few
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E E 600 than that at full load [10]. Accordingly, the phase angle between
§.£' 400 the voltage and starting current must theoretically be larger on
g 200 any given mine motor circuit than that resulting from a fault.
55 0
o .
2. -200k D. Motor-Start Phase-Angle Observations
nZ
S -a00 .
2;’ 500 Phase angles from start to full speed were derived from the
eo 600 motor waveforms recorded during field tests. The voltage and
'§ 2 1,000 current waveforms were superposed and the time lag calculated
z _"200 at the zero crossings from energization to the point where the
_1'400 1 L motor had attained full speed. Initial analyses involved nine
o1 203 4T|M55 e r &8 ° 0 unloaded, Class H, 440- and 550-V induction motors at a re-
)3 X10 build facility. The angle between voltage and current for the
Fig. 4. Superposition of motor-start voltage and current waveforms. first and second zero crossings was found to vary by as much

as 50, not only among each of the three phases for a given

milliseconds following energization. These perturbations wetest, but also for any given phase in successive tests. In addi-
later attributed to contact bounce. A fast Fourier transform @bn, phase-angle variations were observed even after the motor
the current waveforms displayed no frequencies other than tittained full speed. A number of factors contributed to these
fundamental and its harmonics. Consequently, the examinatjgmenomena. First, in many cases immediately following ener-
of individual motor-start waveforms revealed no unusual chagization, the current waveforms exhibited a transient distortion
acteristics upon which a motor-start detection scheme couldtbhat affected the exact time of the zero crossing. High-frequency
keyed. oscillations due to contact bounce enhanced these irregularities.

Attention then turned to a study of the induction motor phaddore importantly, the position of the voltage wave of a par-
angle during starting. The phase angle may be obtained by Saular phase relative to the time of energization had an even
perposing the voltage and current waveforms of a particulgreater impact on the phase angle. For example, if the voltage
phase on a common time scale (Fig. 4) and recognizing thidita given phase was approaching a zero crossing and about to
nominal 30 phase shifts were inherent with the phase-to-phaskange polarity at the moment of motor energization, the resul-
connections of the voltage transducers. It should be noted ttaxit current wave for that phase would exhibit distortion during
the phase angles observed were not equivalent to those asgbeifirst cycle (Figs. 2 and 3). Further, some of the inconsisten-
ated with power factor. The angle in degrees between two caies may be attributed simply to the fact that all of the motors
responding points of the waveforms may be derived by considere tested on the shop floor without any mechanical load on
ering that, at a frequency of 60 Hz, one 3&@Gaveform cycle is their shafts. Repeatable phase angles were observed in subse-
completed every 0.016 67 s. quent tests of a loaded 4160-V 450-hp motor at another facility

Typical inductive reactance-to-resistandg/®) ratios forin- and motors under load on a continuous miner. Finally, as ex-
duction motors, published in the IEEE “Red Book” [1], are irpected, there were differences observed in phase angles during
the range of 10 to 20. A fault on a circuit feeding an inducstarts with motors of different horsepower or manufacturers.
tion motor essentially shunts that inductive load, decreasing theNext, the results of tests on continuous mining machine mo-
phase angle between the voltage and current. Further, itis knawrs were analyzed. During data acquisition, considerable wave-
that the phase angle of an induction motor during start is largerm distortion of the pump motor current was noted (Fig. 5).
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130 T 7 1 7 LR transducer is required for a line-to-line voltage measurement
2 120 B ] and a current transducer is required for the phase current mea-
= s ] surement. After detection of a high-current condition, the digital
S 10 | . logic performs the following operations:
“ 100 4 « starts an initial delay;
% 1 « at the conclusion of the initial delay, measures the actual
w 90 I p phase angle and compares it against a desired minimum
‘é’ 8o I i set point; _ N N
ol 5 .  at the conclusion of the initial delay, initiates a motor

70 L L locked (stalled) rotor timeout interval;

0 ! 2 3 4 5 S .
TIME, sX10-! * controls the main circuit breaker interface relay.

To accurately measure the phase-angle electrical degrees
during each half-cycle, a crystal-controlled oscillator was
selected as the time reference. Oscillator pulses generated

Again, there was some variation among calculated phase 8n¥ing zero crossings of voltage and current are counted and
gles during the first two cycles, but not to the degree observedmpared with a preset (phase-angle) delay. The inherént 30
with unloaded motors. Despite the waveform distortion, fokhift between the line-to-line and phase voltage waveforms is
lowing the first two cycles and continuing to running speedccounted for by the detector circuitry. If the angle between
phase-angle magnitude behaved much more predictably oveltage and current exceeds the setting of the circuit and
time among phases and successive tests. Fig. 6 shows thattiieent magnitude is high, the device sends a signal to inhibit
phase angle from start to full speed for the cutter motor declingflcuit breaker action. An adjustable initial time delay was
almost linearly as measured at the power center. Not surpligeorporated to account for switching transients which can
ingly, because trailing cables exhibit a low&y/ & ratio cOM-  gistort phase angle measurements during the first few cycles.
pared with that of motors, the phase angles calculated at & ations where high current is detected and the phase angle
motor terminals during starts were on averagegfeater than is equal to or greater than the set-point minimum, could be

those obtained from te_sts aF thg power center. . indicative of a motor with a locked (stalled) rotor. This situation
These analyses provided insight into the behavior of the pha?]e o )

: should be detected and cleared by tripping the main breaker
angle between the current and voltage of a motor during star tor a finite timeout interval. A timeout interval of from zero
They showed that, for a loaded motor after the first two cycleg, 55 : : : h I? ! | val. All u Id v " ﬁ hi
the phase angle was relatively predictable. Consequently, {Rez voltage half-cycles Is incorporated to accomplish this.
phase angle can be a reasonable basis for a methodology 'f¥€€ Prototypes (one per phase) were then constructed and
signed to distinguish between motor starts and short circuits §§ted in the laboratory.

mine power systems.

Fig. 6. Phase angle versus time during start of cutter.

B. Test Results

IV. MOTOR-START DETECTION SCHEME The detector circuit was tested using a 50-hp 460-V induc-

The proposed MSHA rules for high-voltage longwalls permlt{on motor in the laboratory with an unloaded 95-kVA gener-

. . ) : _ o2 . ator coupled to its shaft. The phase shift between motor voltage
a maximum intentional time delay in short-circuit protectlo%nOI startup current, was observed to be approximatelyisg

of 0.25 s or 15 cycle; [6]. To minimize electrical fire hazardileing a 60 phase angle considering the phase-to-phase voltage
a motor-start detection scheme should react much faster, ifgnnections. The performance of the three-phase detector cir-
ally with no intentional time delay. Initially, it was believed tharcuitry was evaluated by adjusting initial time delays, phase angle
commercial phase-angle meters might be suited for incorpotgresholds, and locked-rotor timeout. Three-phase motor volt-
tion into a detection system. However, the typical response tim@ges and currents were recorded along with detector outputs.
specified for these instruments was found to be 100 ms, whichiistypical test result is shown in Fig. 8. The current detection
too slow for consideration. Minimal time delay is best achievetireshold for the three-phase detection circuits was set at 300
through a digital-based design that does not rely on comput&-In practice, this value would be fixed at the required short
tional processes or integration of 60-Hz-power waveforms. Acircuit setting of the circuit breaker. Since the 50-hp laboratory
cordingly, the approach was to devise a means to detect the timmetor start currents exceeded this value, the detectors were ac-
between each zero crossing of the voltage and current sigrfalgted. The intentional time delay for all three phase detectors
beginning with the first half-cycle. was set at one cycle. In application, this value is adjustable up to
four cycles to account for switching transients that may distort
phase angle measurements. For test purposes, the phase angle
detection thresholds for phas&sB, andC were set at 59 60°,

The prototype circuit is shown in Fig. 7. The circuit can monand 70, respectively. In actuality, the thresholds would be set
itor the current and voltage waveforms for one phase of a thrae-the same value. Fig. 8 depicts voltage, current, and detector
phase circuit. A suitable potential transformer, or equivalentitput signals for all three phases.

A. Prototype Circuit Operation
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Fig. 7. Prototype phase-angle detection circuitry (only one phase shown).
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Fig. 8. Laboratory tests of prototype circuit with a 50-hp motor.

Throughout the startup of the motor, the phase voltages mhase-angle detection thresholds for all phases would be iden-
mained constant while the phase currents could be seen to degzt and fixed below the phase angle of the motor voltage and
toward running values. The motor phase angle 6fi6@reater current. This level would be set by starting the protected motor
than the appropriate SGetting of phasé, so the phasé-de- a dozen times and adjusting the angle detection level. Never-
tection circuitry correctly identifies the input voltage and curtheless, should the detector output conflicting signals from two
rent waveforms as a motor start and inhibits the circuit breakgiases, the circuit breaker will always be allowed to trip. Con-
from activating. The angle threshold for pha@dnas been in- versely, to prevent circuit breaker action, inhibit signals must be
tentionally, but inappropriately, set at 70Since the motor’s outputted for all three phases.
phase angle is less than this level, the phasketector circuit
considers this a short-circuit event and outputs a signal to ]n-
able circuit breaker action. The angle detection level setting of
60° for phaseB is close to the actual motor signal. Initially the The prototype detector can have utility on three-phase power
motor’s angle exceeds 6@nd the detector correctly identifiessystems where the starting of induction motors causes nuisance
the motor start and inhibits circuit breaker action. However, aigpping of the short-circuit protection. In lieu of incorporating
discussed previously, motor phase angles can decrease slightiyntentional time delay or increasing the trip setting of the cir-
during starts. Apparently, after about 36 cycles (0.61 s), the meait breaker, the detector may be used to momentarily inhibit
sured angle drops below 8@ausing the detector output to senaircuit breaker action during motor starts. It is envisioned that
an enabling signal to the circuit breaker as long a$tbarrent the detector would be located near the circuit breaker. The de-
exceeds 300 A. It must be emphasized that in application thiee would temporarily inhibit breaker action only if high phase

Application
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angles and high currents were indicated for all phases. It is recf7] H. Lord H and F. K. Pearson, “Ultra-sensitive instantaneous fault pro-
ommended that the activation point of the current magnitude de-  tection for cage inductionmotor suppliesfining Technol. vol. 62, pp.
. . ) . -~ C 219-223,1980.

tector be adjusted to the required magnetic setting of the circuitg | “a wmorley, J. N. Tomlinson, G. Moore, and D. E. Kline, “Portable
breaker. Consequently, the device would remain inactive for cur-  trailing cables, splices, and couplers design and installation considera-
rents less than the circuit breaker setting. When phase currents tions.” The Pennsylvania State Univ., University Park, PA, U.S. Bureau

. o . R of Mines Contract J0199106, 1982.
exceed this level, a built-in delay in detector activation would g | A Morley, T. Novak, and I. Davidson, “The application of 2,400 V
prevent false indications for the initial period of motor starts. Be-  to longwall face equipment,JEEE Trans. Ind. Applicat.vol. 26, pp.
cause the phase-angle characteristics of motors depend on motor 886-892, Sept./Oct. 1990. , _

. 10] J. M. Schulman, W. A. Elmore, and K. D. Bailey, “Motor starting protec-
voltage, class, maqufacturgr, and hor;epqwer, presetting oft_ € {ion by impedance sensingZEE Trans. Power App. Systol. PAS-97,
detector would be impractical. In application, the device acti-  pp. 1689-1695, <AUTHOR: MONTH?> 1978.
vation point plus some margin would be determined by starting
the protected motor a dozen times. This would account for any
transients resulting from the randomness of the instant of ener-
gization relative to the voltage cycle. Michael R. Yenchek(S'70-M'71-SM’'89) received

the B.S.E.E. and M.S.E.E. degrees from the Univer-
sity of Pittsburgh, Pittsburgh, PA, in 1971 and 1977,

V. SUMMARY AND CONCLUSIONS respectively.
_ ) ) - == From 1971 to 1980, he was an Electrical Engineer
The NIOSH Pittsburgh Research Laboratory investigate "l with the Coal Mine Safety and Health Division,
electrical safety in coal mines through research into short-c = Mine Safety and Health Administration. In 1980,

. . . - he joined the Pittsburgh Research Laboratory,
Cuit protection of mine power systems. Voltage and curre U.S. Bureau of Mines (now National Institute for
waveforms of mine induction motors were recorded durm‘ Fie 3 Occupational Safety and Health), Pittsburgh, PA,
field tests, and their salient characteristics were evaluated. An _where he is currently the Chief of the Protective

. . . . Equipment Section, Mining Injury Prevention Branch. He has been responsible
att”bUt? of _mOtor'Start 5|gnatures that distinguished them frogi research programs conceming grounding and ground fault, dc haulage,
short circuits was the relatively large phase angle betwesntor, and trailing cable protection.
voltage and current. This was the focus of subsequent effortdr- Yenchek is a member of Eta Kappa Nu and a Registered Professional

. ’ L naineer in the Commonwealth of Pennsylvania.

to devise a means to discriminate between motor starts an
short circuits. Electronic circuitry was designed to differentiate
between phase angles associated with motor starts and faults
and react to momentarily disable circuit breaker action for
motor starts. A prototype was successfully evaluated with
three-phase induction motor in the laboratory.

By devising a method to distinguish between motor starts a
short circuits, any intentional time delays in response to shu
circuits can be significantly reduced from up to 0.25 sto 66 m
Rapid response to short circuits will help ensure that the surfe
temperatures of energized electrical apparatus will not exce, _ : €

dust ignition thresholds when such faults occur. In & of Mines, Pittsburgh, PA. In positions there as an
gas ordustig - > o ) Electrical Engineer and later as an Engineering
dition, the capability of differentiating motor starts from shorsupervisor, he was active in the fields of intrinsic safety, explosion-proof
circuits will preclude nuisance protective device activation. UF“C'?]_SUVES’ Sa}”d mri]”e electrical fsyﬁter]‘js and Udiglgféos“c Sys%t?\;lﬂs for mine
. . . . . machinery. Since the activities of the former U.S. Bureau o Ines were
timately, this WOI’|.< m?‘y result ”_] revisions to h'Qh'YO'@ge Ior"géssumed by the National Institute for Occupational Safety and Health, he has
wall approval guidelines and improvements in circuit breakeorked on electrical safety issues related to overhead power-line contact with

designs. Moreover, the technology may be applicable to mofénes and trucks and in the causal analysis of electrical incidents.
. . Mr. Cawley is a Registered Professional Engineer in the Commonwealth of
circuits at all voltage levels.
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