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ABSTRACT 

the reliable operation of the ground fauit protection components 
in the cine power distributiryn system is an icportant ·factor in 
assuring the safety of personnei \oho operate .and n:.ai"tain ur.df:q;roJnd 
min;ng CG~ipment an~ the availarility cf that underground ~i .. ing 
e~uipmcnt for cnal prodiction. 1nese components (molded-case cirLuit 
breakers, un~crvoltage relays, p,round check conitors , ~nd ground f~ult 
relays) ar<: responsible for protection of personnel trott cxp0sure to 
the hazan!s associatcJ v.:.th ele\•ated frame potential of mining equ1pcent. 

This paper outlines the eff,,rt to establish accur.1::..-? reliability 
data for these major co~ponents of toe cine :--o•er distribution system 
by monitoring the ~omponents in th(! actual nine enviroruneu~. Rerortin6 
proced~res, itethod of data analysis, failure mOfies, and probable 
mechanises of failure observed during the e~aluation pe._od are 
discussed in detail. 

U,TROuUCTION 

Reliability is defined as the probability of a device perfon:ilng 
adequately, for the pc~iod of time intend(:d, un<!cr the operating 
conditi,>ns enco11ntered [!!. Reliabil:!ty is, therefore, the prooability 
that a given device, comronent, or syst.em will perform as in~end<?<!. 

To devcln? a quantitati~e general expression for reliability, let 
the probability of failure as a func.tion of time be d~fined as: 

P(T ~ t) • F(t), t ~ 0 (I} 

where T is a random v.,._riable denoting the fat..,, time. F(t) i~ d,e 
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probability that the system will fail by time t. 

Then, if rdiability is defined as the probability of not failing 
or the probability that the device. component, or system will perform 
its intended function at a certai~ time t, the reli~bility function, 
R(t), can be written ,i"s 

R(t) • 1 - F(t) . • P(T > t) (2) 

If the time to failure random variable, T, has a densi t y function 
f(t), then 

t · CD 

R(t) • 1 - F(t) • 1 - / f(t) dt • / f(:) dt (3) 
0 l 

The expected life, or the expected time during which a co~ponent 
will pc~fol"lll successfully is defined as 

E(T) • J tf(t)dr 
0 

.\.'"!Other CJCthod for dctct"l!lilling trac expected life is given by 

.. 
E(T) • J R(l) dt 

0 

The c~pected life, ~(T), is also called the mean ticie to failure 
(!HTF). 

(4) 

(5) 

The probabll ity of failure of a device, component, or system in a 
~ivctl Live interval (t

1
, t

2
] C3n be obtained as 

t2 1t2 
F • / f(t)at • F(t) 
t2-tl t) ltl 

(6) 

or in terms of the reliability function as 

0) 

TLe failure .rate, that is the rate at ,.,hich .failures QCcur in a 
certain time interval [t1 , t

2
J is defined as the probability that a 

failu::-e per unit time occurs in the interval, given that a f;.ilure has 
n?t occurred prior to t 1• Therefore, the failure rate can be defined as
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>. 
t2-tl 

Ii the time interval is redefined as [t, t+6t], then the equation 
becomes 

A .. R(t) - R(t+.' t)_ 
t-t+6t At R(t) 

The insta~·1t_aneous failure rates can now be defined as 

:\(t) = Li R(t) - R(t+ ~t) 
t~ - L:.t R (t) -

l - d.!.U.ti 
• R(t) dt 

Rearrangement of equation (10) gives 

dR(t) 
:\{t)dt • - ~) 

Integration from time Oto time t yields 

t 
f >.(t)dt 

0 

R(t) 
"' -tn R(t)) 

1 

t 
tn R(t) .. - f >.(t)dt 

0 

Solving for th~ reliabilitY function, R{t), 
t 

-! >.(t)dt 
t 

(8) 

(9) 

(10) 

(11) 

(12) 

R(t) = e 0 [-/ (13) >.(t)dt] • exp 
0 

This i.s a mathematical description of reliability in the most general 
way possible. This e~pression is ind~pendent of the specific failure 
distribution involved. 

To establish a failure distribution for components of the mine 
power distri!;;.ition systeci, consider Figure 1. This is an acc..!'pted 
represEntation of the failure behavior of components based on examination 
of failure data for several years (2). Basically, this "bathtub curve" 
represents three character~stic failure regions. 
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Early in the lifetime of a population of compcnE'nts (< T 
1

) • a 

large number of failurt~ occur due to initial veakness or defects. 
The early failures. also calll~d infant mortalities. appear as a 
decreasing A1(t) function. 

~'hen the substandard compocents have all failed at age T1, the 

failure rate stabilizes at an a~proxi:nately constant value, A
2

• This 

period of · operation is known as useful life since the components can 
be used to the greatest advantage. Failures du,ing useful life are 
kno\,m as "random" or "catastrophic" since they occur rando1:1ly and 
unpredictably. 

~~ien the population of components reaches age T
2

• the failure 

rate again increases when degradation failures begin to appear as a 
consequence of aging ••r \o-ear \oilen the components are nearing 
"rated Ji Cc". This failure region vith an increasing i..

3 
(t) f•inction 

is called the 1,,•earout region. 

The failure region .,f interest for mine power system distribution 
co~ponents is the middle or useful life region of Figure 1. In this 
region, the failure rate is constant. 

Therefore, for a constant failure rate. A1 the reliability function, 
equation (13). becomes 

R(t) • e 

R(t} • e 

t 
-I 

0 
).(t)dt 

• e 

t 
-I 

0 
Adt 

and the failure distribution is exponential. 

(14} 

Then to evaluate the reliabiLity of a co"1ponent at any time t 1,,ilere 
t > 0, a value for the failure rate, A, must first be established. 

The {.'.lilure rate of mine power system components for given opcratfng 
and envirol'U:!ental conditions can be estimated in one of the following 
vays: 

1) A theoretical IIOdel based on a thorough understanding of the 
physics of failure mechanisms can bt used to predict a failure 
rate. Unfortunately, few physical failure r:iodels for the 
llining environ::ient are kno\itl. Prediction must be based on 
failure mechanisms prede11inate in components for other 
environments [l). 
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2) A statistical estim.1te of the failure rate can be made using 
accUl'lulated field data on failures or infol"lll.'.ltion fr<m 
maintenance !"ccords. This technique is videly used in 
other industries. 

3) Suitable accelerated life tests in the laboratory can b'? 
performed. This technique is useful in obtaining a rough 
estilll.:lte of the f~ilure 1atc in a very short duratio~ of 
time. llo\.·ever, justification of the extrapolation of the 
acccle~atcd results into real time is difficult because 
failure mechanisms encounte1·ed in accelerated test conditions 
need not be the same as those occurring during norcal operating 
conditions, 

Of the above techniques, stath,tical estimation us i ng fi e ld da ta is by 
far the best and most accepted appreach tu obtain a rea lis t ic failure 
rate for a component. 

Faiiure r.?te~ based on thec,rctkal l'IOdcls, statistical estill'ates 
from caintenancc rtcords, ~nd esticatcs from accclcratcG lite test 
data hav<.· been d"veler,ed for some oine power system co1.1ponc~ts (4-8). 
This paper outlin~s an effort to develop statistical estimates of 
failure rates froc acquis i tion of field data by monitoring the life 
history of scvt..>r.il coll!pon .. •nts of the mine power system "in-situ", in 
an .ictual mine enviror.mcnl, 

SELECTIO!, OF CO~POXE.'US FOR RELIABILITY FVALUATIOX 

The protection co:-::ponents of the ciine po._.e~ distribution s,·steci 
are typic-.-illy the !"'0ldcd-c.-isc circuit bn.• akcr, t!'le u;id~n·ol t.:ige 
relay, c.he ground check monitor, and the ground faull rel.iy. See 
Figure 'Z. 

These component~ are responsible for th~ Jisconnection of power 
circuits to mining equipment for abnormal syste;n conditions, such as, 
short circuits, overcurrent, ground faults, system undervoltage, and 
open grou~d conductor. I~ order to ensure the protection of personnel 
and equipment, these abnormal conditions must be detected and cleared 
promp~ly. This requi rement implies that these components i:..ust be 
exlre~~Jy reliable. A high degree of reliability also assures increased 
productivity by minimizing the unavailability of the equipment. 

ro evaluate the reliability of these protection coroponents, the 
folloving items were selected for an in-situ life test program: 

7 - 600 A molded-caso? circuit breakers vi th undervoltage rel.?ys, 

4 - SOC A molded-case circuit breakers vith undcrvoltage relays, 

9 - 225 A molded-case circuit breakers vith und~rvoltage relays. 

20 - ground fault relays, and 

20 - ground check monitors. 
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A SilJllple size of twenty is a typical size for life tests :,f compouents 
of a system ll). 

FIELD MONITORIXG A.\'D DATA ACQt.: ISlTl~N TECH.'HQUE 

J & L Steel Is ~eCl,'.h' •.)lin Mine, in ~cmacolin, Pa., agreed to 
co<'perate with West Virginia University (1.'VU) in providing an operational 
mine sfte for the life test program to be performed. All the 
components identified in the previous sc:tion were tagged with unique 
identification stickers. Postcards were provided to the ~inc personnel 
for notification to \.'VU of insralI.1tio,1 and failure dates · fo r each 
cooponeut. The format used for these postcards is illustrated in 
Fi.;ure 3. 

The mine personnel began rhasing the tagged c~mponents i nto 
operational service on variou~ mine sections starting i n July 1981. 

,'.s tagged cot.iponents f..i led , they were removed ~rom service by 
the mine persl,nnel and returned to 1.1'\'U fc,r laboratory analysis to 
d€.'termine f.:iih:re codes .. n<l possible failure mcch.rniscis . Records of 
field life were maintained for each ta~ged component. 

METHOD FOR DATA A.°'\ALYSIS 

In general, once a statistical model is selected to describe the 
gi\'en life data, one has to esti!!late the parameter(s) of the selected 
mcdel. A wide variety of techniques are available to find polnt and 
interval e stimates of these parae>eters [1]. A point estimate of a 
parar:>cter is a single nu='bcr \.hich is the "best" estimate of the 
parat:1eter. 

The tcd.;tiques often us '!d for obtaining .n point estimate of the 
parac,cte r(s) of lifetime distribution urc: 

1} least-square estimation, 

- - • 
2) moi:ent cstilll3tie>n, and 

3) caximum likelihood estimation or~. 

Among th~s.? three, the HLE is the 1110St widely used in practice (1,2]. 

The ~ll.E easiiy handl~s a major consideration of the in-situ life 
test prograa data: the life tests will be terminated at a specified 
time before all componP~ts have failed. 

The cathematical pr~cdure for computing an MLE Js described here 
briefly. Ce>nsider a saople of size n with observed Lice-to-failure 
data {t1 , t 2, t 3, ••• , t

0
} drawn from a population described by the 

probability c!ensity function f(t,Cl) where c is the p:1rameter of the 
popt,lat ion to be estimated. The probability of one sample lyiag withi'l 
dt

1 
at 1

1 
is 
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Molded-case Circuit Breaker _l_-_l ____ _ 

Mine Nemacolin Mine Corp. 

Installation Date .5-16-80 

Molded-case Circuit Breaker l ·-1 

Mine Ncmacolin Mine Corp. 

Failure Date 

------

---------
Type of Failure: 

FIGURE 3. Postcards provided for in-situ test program. 
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(15) 

The combined probability of the sample values lying within the 
intervals dt 1 , dt 2, dt

3
, ••• , dtn is 

< T < T < t + dt] 
n n n n 

n 
., n 

i=l 
f(t . , 6) d(t . ) 

l. l. 
(16) 

provided that ti1e ob:;ervations are random and independen t. ::'.quation 
(16), with the differentials omitted, is known as the likelihood of the 
sample, and can be considered to be a function of the parameter 6 . 1r.e 

value of U, ~hich gives a maximum likelihood of the sample is the point 
estimate of the paraoeter. 

Usually the probability density function involves exponential 
terms, therefore, it becomes more convenient to work with the natural 
logarithm of the likelihood. The logarithm of a function and the 
function it!':elf will assume maxi mum values together. By definition, 

n 
L( O) "' tn i: f(t. , e) 

i=l l 

n 
= I: f.n f (ti, :: ) 

i=l 

Solving the equation, 

at(O} = O, 
3£\ 

(17) 

(18) 

fore gives the desired mazimum likelihood estimate of the parameter 
e. 

Applying this general mathematical procedure described above to 
the in-situ life test data that will be obtained will produce a point 
estimate of the parameter A, the failure rate, for each component type 
tested. 

In spe,:ific, remember the stat i stical model chosen to represent 
the mi ne power system cooponents' rel i ab i lity function was an exponential 
failure distribut i on with a constant failure rate as described by the 
equations 
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R(t) 
-At 

a e 

). = constant, and 

f (t) = ,\ -:>..t 
e (19) 

If a samp l e size n is tested and an r < n number of items ar~ 
allowed to fail without replacing them in the test, a cnse of censored 
life test without replacement occurs. For this truncated case, the 
likelihood function is the joint probability of r independent items 
failing and m = n ~ r independent items not failing. Since the 
probability of not failing is the reliability function R(t., 0), the 
jl,int probability is J 

r 11 

J(e) = n f(t . ,O) [:: R(tj,O}] 
i=l l. j=l 

The likelihood function then becomes 

m r 
L(£') .. E 

i=l 
t.n i(t., 0) + ":'° 

l. j=l 
in R(t.,t3) 

J 

Substituting for f(t., G} and R(t.,C) 
l. J 

r ->..t It 
->..t L(,.) = - .£.n J..e + i: r.n e 

i=l j=l 

r !:I 

L(J..) = r !n ' - J.. E t. - ). E t. A 

i=l l. j=l J 

Using equation (13), the estimate of the parameter>.. is 

). "' 
r 

r n. 
E ti + .. 
izl j==l 

(20) 

(21) 

(23) 

(24) 

If the test is terminated after a specified number of hours t*, 
when some number of items r have failed out of a set n, then equation 
(24) beco~s 

where 

>.. .. _____ r ____ _ 
C r 

E t 1 + (n-r) t* 
i=l 

(25) 
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A = the failure rate for the component type, 
C 

r = number of components in the test sample, 

n = number of components that failed, 

t = ith ordered failure time, and 
i 

t* = the time at which the tPst is terminated. 

Previous work in the area of failure rate estimation for mi ne powe r 
system components has veri~ief the exponential failure distribution 
model [4-8]. However, thin exponential failure distrib~tion can be 
confirm~ for the lift test data col11::cted fro!II t!,e in-situ test 
program by using the i{oloogorov-Smirnov Test described in detajl in 
reference [ll• 

STATUS OF 1:---SITU l~LIABILITI" EVALUATIO~ PROGRAM 

The majority of the components involved in the in-situ test 
program are now in operational service. One section power center with 
the rt:.naind,~r of the ta2ged components should t..:? in service by August 
1982. 

Failures of ground check monitors, molded-case circuit breakers, 
and undcrvoltage relays have been reported. All of the faileG co~ponents 
have been returned to WVU wher.? they were examined to <i"?tennine failure 
modes and pc,ssible failure mechanisms. In some cases, the best 
engineering judge.aent of the failure mechanism is little more than 
conjeccure. All failures reported in the in-situ t~st program are 
summarized in Tables l to 3. 

Analysis of this time-to-failure data to determine the failure 
rates for the co:nponent types under test will not be valid until more 
failures are reported over c long'-'r period of test time (about 2 to 5 
years). At that point in tioe, the final results of the in-situ life 
test program will be published. 

CONCLUSIO~S 

This paper outlines a general program for evaluating the reliability 
of mine power distribution system components by mo~itoring the life 
history of a p~pulation of these components. A method of analyzing 
the tice to failure data accumulated to produce an estimate of the 
failure rate is also present. 

The failure rate of a component once established can be used in 
determining cost effective maintenance schcduli~g practices for the 
compone~t type [~}. Also, reliability improvement trad~-offs can be 
better assessed. 

Upon completioi. of the in-situ life test program, a better -under­
standing of the fail~re modes and the failure physics experienced in the 
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~ 
v:, 

Circuit 
Brcnker 

1/ l 
(225 A) 

(12 

(500 "') 

Field Uescription of Fnilure Failure Mode Probable 
Life Failure 

Mechanism 

147 dnys Circuit breaker would not Latch mechanism Vibrntion or 
reset out of tolerance mcc~,anical 

~tress 

108 days Circuit breaker would not Trip Vibration 
res<.i~ mechanism jammed or mcchnnici:il 

stress 

Tabla 2. Failure Rcr,orts for Molded -:ase Circuit Breakers. 



Undervoltage 
Relal ~UVR2 

Ill 
(UVR for 600 A 
Circuit Br~okcr) 

112 
(UVR for 225 A 
Circuit Breaker) 

113 
(UVR for 225 A 
Circuit ~reaker) 

Vt 
0 

Field 
Life 

31 days 

31 Jays 

37 days 

Table 3 • 

Description of Failuro Fa 11 ure :-to<lc Probable 
Failure Mechoni~m 

UVR woul<l not pick-~p UVR co 1J open Overvoltnge 

Circuit breaker would R(.•sct arm of Mechanical stress 
not rcRct UVR broken 

Circuit breaker would UVR mcctwnical Vibration 
not reset tdp :idjui.;tml'nt 

arm 1001:H! 

Failure Heports for Undcrvoltngc Re l ays. 



min(> environocnt should be .1ciiicved. A comparison of the results of 
t h i ~ i ; 1 - ....: ~ ~ l! r . · 1 i ·, ~ .. i 1 ; • , · . _-. ·.·· . . . : . \ - - . . . . 

t - - • - ~ "-" - .._ I ' "- • • ..__ "- - "- ~ - - · ~ ._.. - - • • 

~: :~. ! " ..... ~ ~ : L L . :-; f ~.~ ] · .. : l l l ,; (In c- r ~1 l c r: .. , re .1 c c u r .:J t () i u c c: r c r c l i ~z t !. l i t. :: 

[HL•dictiun::; for untested equipment types. 
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