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Report on Reliability Survey of Industrial
Plants, Part I: Reliability of Electrical
Equipment

IEEE COMMITTEE REPORT

Aoﬂrﬂcr—An IEEE sponsored mrvey of electrical equipment reliabil-
ity in ind | plants was pleted during 1972. The results are
reported from this survey which Kncludad a total or 1982 squipment
failures that were by 30 g 68 plants in nine
industries in the United States and Canada.

INTRODUCTION

KNOWLEDGE of the reliability of electrical *quipment

is an important consideration in the design of power
distribution systems for industrial plants, It is possible to make
quantitative reliability comparisons between alternative designs
of new systems and then use this information in cost-reliabil.
ity tradeoff studies to determine which type of power distribu-
tion systems to use [1}~{10]. The cost of power outages at
the various plant locations can be factored into the decision as
to which type of power distribution system to use. These
decisions can then be based upon total owning cost over the
useful life of the equipment rather than first cost.

In 1969 a Reliability Working Group was formed under the
Industrial Plants Power Systems Subcommittee, Industrial and
Commercial Power Systems Committee. In 1972 the activity
was changed to a Reliability Subcommittee under the same
Committee. One of the major activities of the Reliability
Working Group and the Reliability Subcommittee has been to
conduct a survey of equipment reliability in industrial plants.
This survey was conducted during the latter half of 1971 and
the early part of 1972 and attempted to update a similar sur-
vey [11] which had been conducted eleven years ago. The
results from the present survey contain data on failure rate and
average downtime per failure for 74 equipment categories. The
Reliability Subcommittee also felt that additional information
was needed in the present survey beyond what was collected
twelve years ago. Some of the additional information is the
following:

1) cost of power outages of industrial plants;

2) plant restart time;

3) critical service loss duration time;

4) type of loads lost versus time of power outages;
5) repair or replacement time data;

Paper TOD-73-158, app: by the Industrial and C Power
Systems Committes of the IEEE lndustry Applications Soaely for
presentation st the 1973 Ind Power

Technical Conference, Atlanta, Ga., MJy l3-16 Manuscript Teleased
for publication November 5, 1973

Members of the Rdi.abllily itte¢ of the JEEE and
Commercial Power Systéms Committée are W. H. Dickinton, Chalrman,
P. E. Gannon, M. D. Harris, C. R. Heising, D. W, McWilliams, R. W, Pari-
sian, A. D. Patton, and W_J. Pearce.
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6) repair urgency information;
7) causes and types of failures;
8) maintenance data and policies.

It is not practical to publish all the results contained in the
survey in a single paper. They will be presented in six sep-
arate parts. The first three parts are published at this time

Part 1: Reliability of Electrical Equipment;

Part 2: Cost of Power Quiages, Plant Restart Time, Critical
Service Loss Duration Time, and Type of Loads
Lost Versus Time of Power Outages [11};

Part 3: Causes and Types of Failures, Methods of Repair,
and Urgency of Repair [12].

A major part of the data in these three papers are presented
in summary form. It is expected that the additional three
papers will be presented at a later date and will contain further
in-depth information where questions have been raised to peint
out the need for such data.

SURVEY ForM

The survey form is shown in Appendix A. Three types of
cards were used for reporting the information.

Card type | asks for data on plant identification and other
general plant information.

Card type 2 asks for data on a specific equipment class, in-
cluding the total number of installed units, on their failure
experience, on maintenance practices, and on estimated repair
times of failed equipment.

Card type 3 asks for data on each individual failure reported
on a card type 2.

It was necessary to provide definitions for “failure” and
“‘repair time.”

A failure is defined as any trouble with a power system com-
ponent that causes any of the following to occur:

1) partial or complete plant shutdown, or below-standard
plant operation;

2) unacceptable performance of user’s equipment;

3) operation. of the electrical protective relaying or emer-
gency opération of the plant electrical system;

4) de-energization of any electric circuit or equipment.

A failure on a public utility supply system may cause the
user to have either 1) a power interruption or loss of service, or
2) a deviation from normal voltage or trequency of sufficient
magnitude or duration to disrupt plant production. A failure
on an in-plant component causes a forced outage of the compo-
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nent, and the component thereby is unable to perform its
intended function until it is eepaired or replaced.

Repair time of a failed component or duration of a failurz is
the clock hours from the time of the occurrence of the failure
to the time when the component is restored to service, either
by repair of the componént or by substitution with a spare
component. It is not the time required to restore service to a
load by putting alternate circuits into operation. It includes
time for diagnosing the trouble, locating the failed component,
waiting for parts, repairing or replacing, testing, and restoring
the component to service.

RESPONSE TO SURVEY

A total of 30 companies responded to the survey question-
naire, reporting data on 68 plants from nine industries in the
United States and Canada as shown in Table I. There was a
total of 1982 equipment failures reported in the survey; this
included more than 620 000 unit-years of experience. Many of
the plants reported data covering more than ome year of
experience.

Most of the data were reported to the IEEE Reliability Sub-
committee during late 1971 and early 1972. Unfortunately,a
downturn in the business cycle during this period of time
caused many companies to reduce their work force and
because of this fewer were able to participate in the survey than
had been originally hoped.

SURVEY DATA PREPARATION
All of the returned survey questionnaire forms were reviewed.
An attempt was made to clarify any discrepancies that were
detected. Usable data were punched onto IBM cards for use in
data processing.

STATISTICAL ANALYSIS OF EQUIPMENT FAILURES
Twoe equipment parameters are of prime importance in
making system reliability studies. These parameters are 1) fail-
ure rate and 2) average outage duration or repair time. The
best estimate for the failure rate of a particular type of equip-
ment is the number of failures actually observed, divided by
the total exposure time in unit-years, that is,

2=L
)\—T ()]
where

A best estimate of failure rate in failures per unit-year
A true failure rate

J number of failures observed

T total exposure time in unit-years.

S ding the y of failure rate estimates can
be made through the use of confidence limits [10}, [14}-[17].
Failure rate confidence limits are upper and lower values of
failure rate such that the following equations hold:

l-

Pr[m,,EA]-T"’ @
l_

P ZAg) =T )

where

Ar lower confidence limit of failure rate
Ay upper confidence limit of failure rate
¥ confidence interval (or confidence level).
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A typical value often chosen for the confidence interval is
0.90. Once values for A _and Ay are found, one can say that
X, whose best estimate is A, lies between A and Ay with 100y
percent confidence. Clearly the narrower the interval between
Az and Xy, the greater one’s confidence that A is a good esti-
mate of A, the true failure rate. Expressions for Ay and Ay are
given as follows [17]:

N XA mNz2f @
L 2T

_xPa vz, 2f+2
Ao 2T ®)

where x?p,n is the p percentage point of & chi-squared distribu-
tion with n degrees of freedom. xp, n is tabled in statistical
handbooks.

By substituting the value of 7 from (1) into (4) and (5) we get

<X - y2,2f
o

U+ 2,242

= I 63

The deviation of the lower confidence level from in percent
of Ais

A N )

@

A

Similarly, the deviation of the upper confidence level from X
in percent of X is

%dev,, = 100 (1 5 5’=) ®)

Fdevy = 100(%9— 1). )

Equations (6)~(3) were used to develop Fig. 1. These curves
avoid the need of looking up x?p,n. Here Az and Ay are
plotted in terms of percent deviation from A as a function of
the¢ observed number of failures.

The best estimate for the average outage duration or repair
time for a particular type of equipment is simply the average
of the observed outage durations. Confidence limit expressions
for average outage durations are also availabie if the distribu-
tional nature of outage durations is known [17}. However,
such expressions are not given here primarily because the
average outage durations given in this paper are intended as a
rough guide only. Equipment outage durations are believed to
be more a function of the nature of & power system's operator
than an inherent function of the equipment itseif. Hence,
average outage durations for equipment used in relishility
studies should be values believed most reasonable for the
particular system being studied.

The data from the survey contained information on the
failure and repair characteristics of 217 categories of equip-
ment. However, the number of observed failures for many
equipment categories was too small to allow adequately accu-
rate estimates of failure rates to be made. The Reliability Sub-
committee felt that a minimum of eight to ten observed failures
was required for “good” accuracy when estimating equipment
failure rates (see Fig. 1). Therefore, whenever possible and
reasonable from an engineering point of view, equipment cate-
gories having less than ten observed failures were combined
with other categories so as to bring the number of observed
failures in the combined category up to a minimum of ten. In
some cases an equipment category with a large number of

Copyright © 2007 IEEE. All rights reserved.
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TABLE 1 - RESPONSE TO SURVEY QUESTIONNAIRE

Number Number
of of

Iype of Industry Companies Plants
A1l Industry - USA & Canada..... B0% oviosos e 68
Auto........ S BT (o [ ]
CemeNt...ovevteuanasssannaannsne s .
Chemical....oiiiiivionnrennnnnne 8 ..esaw 2l
Metaluwnrns s paeissesetiorca K 3
Mining.isevsveenccenanes sy e 0 cowsnwe O
Petroleum....oceaenes 5 v g 8
Pulp and Paper,............ 1 enes ars |
Rubber & Plastics.......... [ v 3
Textile ...ooivivnvareceans 1 cieune . 3
Other Light Manufacturing....... & iiiees 17
Other Heavy Manufacturing....... 1 saseves 2
Other...... vimseominzsn sunesASRATALE WS 9 Gisvwss 10
Forefgn......coveuee 1 asnawpms 1

*Some companies include more than one industry
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observed failures was further subdivided. In most cases the
equipment size attribute was eliminated by combining cate-
gories that were identical except for equipment size. These
steps reduced the original 217 equipment categories to the 74
categories published in this paper. A total of 66 equipment
categories have eight or more observed failures each; the other
eight categories have between four and seven observed failures
each.

SURVEY RESULTS OF EQUIPMENT FAILURES

Table 2 gives a summary of the *All Industry”™ equipment
failure rate and equipment outage duration data for the 66
equipment categories that contain eight or more failures. The
“actual hours downtime per failure” is based upon the actual
outage data of the failed equipment; the “industiry average”
uses all equir fail and the “median plant average™
uses all plants that reported actual outage time data on equip-
ment failuzes.

The 1962 survey {11} contained equipment outage duration

ANNEX A

circuit electric utility power supplies. In addition, there was
some confusion on the outage time after a failure of a single
circuit of a double- or triplecircuit utility power supply. See
the sep di ion elsewhere in this paper on these points.
These are the only known major problems of misinterpretation
of survey questions.

It is suspected that the failure rate estimates may be biased
on the high side due to the tendency of companies to report
only on equipment that has actually experienced failures. In
other words, some companies may have omitted submitting
unit-years of experience datz on equipment that had neo
failures. This factor may be partially balanced cut by the be-
lief that the companies that participated in the survey may be
the ones that have the best maintenance programs and keep the
best records and thus may have lower failure rates than the
average.

It is expected that a future paper will contain a comparison
of the equipment reliability from this survey with the results
frem the previous survey [11] that was published in 1962. A

1

preliminary comparison has been made and shows the following

data on failures that have been challenged for two

1) Repairing a failed component may take much longer than
replacing with a spare (for example, a large power transformer).

2) The urgency for repair is a significant factor in the outage
time (low priority repairs may take days or weeks).

In order to help correct these deficiencies, two additional
columns on “repair’* and “replace with spare” were included
in the survey and contain average estimated clock hours to fix
failure during a 24-hour work day. These estimates are averaged
over all the plants participating in the survey, even where there
were no actual failures. These results are reported in Table 2
and are not included in the more detailed Tables 3-15.

Tables 3-19 give more detailed data on equipment failure
rate and actual hours of equipment downtime per failure for
74 equif ies; this includes the 66 equiy cate-
gories in Table 2 plus the eight equipment categories containing
from four to seven failures. The additional detail includes

1) sample size in unit years;

2) number of failures;

3) number of plants reporting data;

4) additional data on actual hours of downtime per failure;

5) data for various industry groups where there were ten or
more failures in that industry.

The data on average estimated clock hours to fix failure
during 24-hour work day have been omitted from Tables 3-19.

The reliability data in Tables 14, 16, and 18 on cables, joints,
and terminations represent a different look at the same data
that are contained in Tables 13, 15,2nd 17. One set of tables
looks at the type of insulation and the other set of tables looks
at the application ot the cable.

GENERAL COMMENTS AND DiscussioN
A survey that collects data from many plants often contains
errors, Some of the errors are due to a misinterpretation of
the question by the respondent, and in other cases they can be
caused by omission.
Many of the respondents apparently misinterpreted the
question on “number of installed units™ for double- or triple-

370

overall conclusion for 1973 versus 1962,

1) The 1973 equipment failure rates are about 0.6 times the
1962 failure rates.

2) The 1973 average downtime per failure is about 1.6 times
the 1962 average downtime per failure.

3) The product of failure 1ate times average downtime per
failure is almost the same in 1973 as 1962.

Both of these parameters are within a factor of two; and this
is often the best accuracy that can be expected from reliability
data.

How accurate are the failure rates shown in Tables 2-197
Fig. 1 shows the upper and lower confidence limits of the
failure rate versus the number of failures observed. It can be
seen that ten failures has upper and lower confidence limits of
+70 percent and -46 percent for a 90 percent confidence
interval. [t is possible to determine the upper and lower confi-
dence limits for the failure rate data shown in Tables 3-19.

EXAMPLE OF CONFIDENCE LIMIT CALCULATION

The use of Fig. 1 to determine confidence limits will be
illustrated with an example. Suppose that it is desired to
compute confidence limits on the failure rate of liquid-filled
transformers with voltage above 15 kV in the chemical in-
dustry. The desired confidence interval is 90 percent. From
Tabie 4,li = 0.0119 fail per unit-year, and the ber of
observed failures is 19. Entering Fig. | with 19 observed fail-
ures and using the 90 percent confidence interval curves yields

ap =R~ 0.34%
=0.0119 - 0.0041 = 0.0078 failures per unit-year
A =% + 046}

=0.0119 + 0.0055 = 0.0174 failures per unit-year.

There is a 90 percent chance that the true failure rate lies
between 0.0078 and 0.0174 failures per unit-year.

Copyright © 2007 IEEE. All rights reserved.
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TABLE 2 - SUMARY OF “ALL INDUSTRY® EQUIPMENT FAILURE RATE AXD EQUIPNENT OUTAGE DURATION DATA
FOR 66 EQUIPMENT CATEGORIES CONTAINING 8 OR MORE FAILURES
Average Estimted
Actual Hours | Clock Hours to Fix
Faflure Downt{ne FaiTure During 24
Rate- per Failure Hour Work Day
Fatlures Median | Repair  Replace
Equi pment per Industry Plant | Failed with
Equipnent Sub (lass {nit-Year | Average Average | Component  Spare
Electric Utidity Power SuppHies.. ATl vveiiviinnnes vorerrsssnernranenes 0,643 L3 LM .
! oo d Single Cirautt,vveie, SRR 0.537 566 50| - .
" * ! ' Dowble or Triple Circut-ATl,....... 0.622 0.8 L7 .
. L ! Automatically Switched Ower....... 0.73 05 093 - -
¢ LI ' Manual Switchover......oooenuvnnns 0,458 .8 20| - -
$ r o .., Loss of A1 Circults at One Time,, 0,179 200 158
TENSEOMES . ovesvivririernrs LIQUHE FITTRGATL osiviveiniivnniees 000811 529, M. | I 1.4
' I - 15,000 Volts - AlY Sizes...... 0.000 [ 8| W 3
? 002750 KVA covsvevnnvananernrersse 0,0037 610 W07 4.0 W
' 512,899 KA. ovvviiiininenn 0,005 | 217, , | o »!
" 2,50 KA G upsavivinnnn, vorennen 0,002 216, 0.0 | 618 150,
' Above 15,000 YOUSseviverivvnninanes 0.010 | 107%, 120, | %7 ns
! Dry Type; 0 - 15,000 Volts........ e 0003 | 83, 28 87, kK]
' T Rectifier; Above 600 Volts........... . 0,008 | W n, 0. 2.0
Circutt BreakerSscoreerinienenss Fixed Type (*ncl. molded case) « AlL.. 0.0052 58 40| W7 45
A " 0« 600 Vouts ~ A1 Sizes........... 0,0044 L1 A 6.0 2.0
: ! 0« 600 305000unuivniniinns v 0,003 22 W0 40 L0
' Rbove 600 aMpS..evuvivvinierinnins 0.009% 9.6 8.0 8.0 o0
! : Rbove 600 VolS,.vvveeerivvnrernns 0,017 0.6 38| M5 12.0
. ! Metalclad Orawout - AT1...vvervivenns 0.00% | 1%, 16 | 542 19
' ' 0 - 600 Volts - A1l sfzes........... 0.0027 W, 40 4.2 29
" ' 0 - 600 AMPS.eecvrrereriinninnnnns 0.0023 2 00| 16 1.2
: ' Above 600 AM0S....vieenniiieienns 0.0030 13, 5.0 84 40
' Bbove 600 Volts....vvvvvvirvvririnns 0.003% | 109, 168, 62.4 5.2
Motor SEAMtErS. . evvsevviicrennns Contact Type; 0 - 600 Volts........... 0.01% 65,1 .5 8.0 4.6
' Y sty Contact Type; 601 - 15,000 Volts,,..., 0.0153 | 284, 160 | 236 13.8

Copyright © 2007 IEEE. All rights reserved.
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TABLE 2 (Continved)

Average Estinated
Aetual Hours [ Clock Hours to Fix
Failure Downtine Failure During 24
Rate - per failure Hour Work Day

Fallures Median | Repafr  Replace
Equipment per  (Industry Plant | Failed with
Equipnent Sub Class Unit-Year |Average Average | Component Spare
MO e eveerernvnrnnrrrneensins Induction; 0 - 600 VoltS....vvvraunnns 0.0109 M, 18.3 50.2 13,0
4 Induction; 601 - 15,000 Volts...,..... 0.0404 %.0 9.5 n.4 19.7
A Synchronous; 0 = 600 Volts,....vvuinnn 0.0007 %3 B3 2.0 10,0
v Synchronous; 601 « 15,000 Volts....... 0.0318 . 15 146. 18.7
¥ verveeecuonreanonenns Divect Current - Alveiiiinn, 0.0556 s 1.2 9.0 5.3
BENETALOMS.cevservnnesersrvenes Steam Turbine Orfven......ocovivivies 0.0 % 6.5 | 201,
LT vivenveres 628 Turbine driven....... T V... 0,638 221 9.0 | 19, 400,
Disconnect Switches...........s Enclosed...coviioiiiiniininns — 0.0061 36 28 | 500 13.7
Switchgear Bus - Indoor & Outdoor Insulated; 601 - 15,000 Volts......... 0.001%0 %1, 6.8 | 4.0 66.0
{Unit = Nunber of Connected  Bare; 0 - 600 Volts,.,.vovnivinnins 0.008 om0 240 ; 2.5
C{rcult breakers or Instrument Bare; Above 600 Volts........corurrn 0..00063 13 1.0 | 26 13
Transformer Conpartnents )
Bus duct - Indoor & Qutdoor...... AT1 Voltages.............. B .. 0.000025) 128, 9.5 129 6.0
(nit = One Circuit Foot)
Open Hre...covereiveevinnnninn 0= 15,000 YoltS.ueiniiininnnnnn, e 0,089 25 40 4.6 8.0
(Unit = 1,000 Circuit Feet)... Above 15,000 VoIts....oeivnvversrurens 0.0078 1.5 1.0 8.0 %
Cable - A1l Types of Insulation. Above Ground & Aerial
{Unit = 1,000 Circuit Feet),,. 0 - 600 Volts......0vvns s 0.00141 | #7. 105 08 N7
o g 801 - 15,000 volts - Allevovsrirrrre Q.OWIDE 404 69 | 258 604
' ' In Trays Abowe Ground,..,....... 0.00923] 8% 80 04 M,
" " In Conduit Above Ground......... 0.04918] 140, 41,5 . 19.8
" " ferial Cblevvereninnneniinnenne 0.01437] 316 5.3 0.6 28.0
" A Below Ground & Direct Burfal
b A 0= 600 VoMS.veuneorivenrnninnennns 0.00388] 15,0 240 . 2%.8
' i 601 - 15,000 Yolts - Allurvrsssinnn, 0.00617; 9.5 .0 04 %68
" ! In Duct or Conduit Below Ground... 0.00613| 96,8 3.0 | 29 %8
Yo o verenennnaresennees AbOVR 15,000 VOlts, ..o, veorneee 000331 160160 16.0 g

372 Copyright © 2007 IEEE. All rights reserved.
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TABLE 2 (Continued)
Average Estimated
Actual Hours | Clock Hours to Fix
Failure Downtime Faflure During 24
Rate - per Failure Hour Work Day
Faflures Medfan | Repair  Replace
Equipment per Industry Plant | Failed with
Equipment Sub Class Unit-Year |Average Average| Component Spare
Cable..evrrereeriveniniinninin 601 - 15,000 Volts
(unit = 1,000 Clrcult Feet)... Thermoplastic,...vvvvuvnivininnn 0.0037 | 4.5 0.0 25 W3
) Thermosetting. ...cveverseesrirns 0.00889 | 168.  26.0 a2 %2
! Paper Insulated Lead Covered..... 000012 | 48.9 26.8 13 183
L OLRBE. . .eevisrnrrnvrrmesrannens 0,008 | 6.1 285 B M8
Cable Joints A1l Types of Insul. 0% - 15,000 Volts
I ‘In Duct or Conduit Below Ground.. 0.000864 | 36.1 31.2 W1 455
Cable Jotnts..uvvennninniiinne 601 - 15,000 Volts
vl Thermoplastic, oo vvereeenseivirens 0000754 | 15.8 8.0 1.6 2.0
Y s Paper Insulated Lead Covered..... 0,001037 | 3.4 26,0 X0 -
Cable Terninations - A1l Types
of Insulation.,..... Rbove Ground & Aertal
. N, 0 = 600 VOIt8.cvevvucsenisiroinn 0.000127| 3.8 40 80 80
. o 601 - 15,000 Volts - Al......... 0.000679; 198, 111 | M6 W6
) . u Rerial Cable..... ooviriiinns 0.001848] 48.5 11,3 153 180
\ . in Trays Above Ground......... 0.000333| 8.0 9.0 .8 5.3
. . v In Duct or Conduit Below Ground
................. 601 = 15,000 Yolts.........0oenrs 0.000303] 5.0 234 88 2.0
Cable Terminations...covreennre 601 - 15,000 Volts
Thermoplastic,vo.evveurvennnins 0.004192 | 0.6 20 1.0
v I Themosetting. covusveernrerans 0000307 | 451, ! 0.2 4.8
! LI Paper Insulated Lead Covered... 0.000781 | 68.8 25,2 ¥0 W0
107. 185, 5.0 8.0
0.0 5.2 4.5 12,0

Copyright © 2007 IEEE. All rights reserved.
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TABLE 3 - ELECTRIC UTILITY PONER SUPPLIES

ANNEX A

Lunblr Faflure  Actual Hours Downtime/Failure

of Plants Samgle HNumber Rate - Mini- Maxi-
in Slze of Fatlures mn Median wm

Sample  Unft - Faflures Equipment per Indystry Plant  Plant Plant
| Size  Years Reported  Industry Sub (lass Unit-Year Averace Average Average Average
0N W M, L0 55008 eSS 06 1B v L0 Mo
1 M8 B Vuseuei., Single Cireuit..ooviviniiiiniinn, 0.537 5.66 0.5 510 103
BWT M . Dowle or Triple Circuft - ATL..., 0.62 0.6 * L7 w0
7 W2 M Automativally Switched Over..... 0.7% 0.59 ¢ 0.93 6,00
6 1 T TR . Manual Switchover.......ooveus, 0.458 1.7 1.8 2.0 A0
M B, Loss of A1l Circuits At One Time 0.119 0 ¢ 1.5 6,00
1 648 20 Chemical......... Mo nvminn mvenoas 0,39 1. ¢ 158 6.00
1 648 20 " ... Double or Triple Circuit - AN, 0.309 e ot 158 600
b 60.1 0 o e Automatically Switched Over..... 0,333 1.42 ¢ 1.8 6.0
) 65 0 Petroleum........ Ml e, 0.215 680 0.3 495 9.5
2 185 8 TetBle...... MVies svmonsvvmom svesanes 2,649 0.28 0.0 217 4B
2 BS 8 " . Doble or Triple Circutt - AVl.... 2.649 0.8 0.0 217 4%
1 /Y TR N Automatically Switched Over..... 13.46 0.014 0.0 0,014 .04
5 67, 21 Other Light L T | P 0.402 1.4 = 0.8 o0
[} 11 I " Double or Triple Ciruit - All.... 0.4% 151 " 0l 240
3 2.3 15 Bt Automatically Switched Over...., 0.549 0.5 " 008 1.4

* 19 cycles
"2 seconds
374 Copyright © 2007 IEEE. All rights reserved.
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TABLE 4 - TRANSFORMERS
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Actual Hours Downtime/Fallure

Nutber Fallure Maxi-
of Plants Sanple  Nurber Rate - Minl-  Medfan  mm
in Size of Failures mm
Sample  Unit-  Faflures per Industry Plant  Plant  Plant
Slze  Years Reported  [ndustry Unit-Year Average Average Average Average
#OBA 6 Liquid Filled - AT1... 0.0041 529, 20 9. 3,
N K 4 T R 601-15,000 volts - A1 Sizes... 74, 2.0 4, 840,
1 M 750 KWA....oeenes 6.0 45 107 3%,
18 6,00 15 51 - 2,489 K¥A.. unl. 20 640 BA.
N W% 1 2,500 kVA & wp... 6. W0 60.0 4,
2 .48 A Above 15,000 volts..... 07%6. 12,8 1260, 3744,
% 497 18 Dry Type; 0-15,000 volts.......... 0.00% 153, 0.5 28 .
3 i o Rectifier, Above 600 volts........ 0,008 . M40 &, 87,
1] 8,59 & Liquid Filled - AH............... 0,005 33, 8.0 168  18M0.
12 688 A 601-15,000 volts - A1l Sizes.... 0.0035 523 B0 485 3%,
A | S H00-750 KA. ..o, 0,003} 19,3 30 8.0 .
I N Above 15,000 volts..e.verviiinns 0.019 6. 128 708 %00,
2 662 16 Y e Rectifier; Above 600 volts........ 0.0242 425, .0 4N 87,
3 W1 | Petrolewn....... Liguid Filled - All...........00) 0.0056 843, 45 %1 N,
3 2,34 10 U s 601-15,000 volts - A1) Sizes.... 0.0043 244, 45 M. 403,
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TABLE 5 - CIRCUIT BREAKERS

Lm.r Fallure Actual Hours Downtime/Failure
f Plants Sample Number Rate - Hini- Maxi-
in fze  of Failures mm o Median  wm
Sample Unft- Failures per Industry Plant  Plant  Plant
$lz2e Years Reported Unit-Year Average Average Average Average
[} 9,51 4 AN Fixed Type(includes molded case) - all  0.0052 58 05 0 20
12 8.990 g 0 - 600 volts - ATl Sizes.......os 0.0044 47 0.5 Wm0
9 1643 0 " vererennne 0600 EOS....iihiieens 0.003% 22 0% 1.0 5.0
4 LU 0 Y, hoove 600 AMS...uiniivnininnn 0.0096 9.6 5.0 a0 o
5 510 4 " iveenennn. Above 600 VOIS ..o 0.01% 0.6 1.5 8 0
28 one " Metalclad, Drawout - AlT...vvvivinnne 0.00% 128 0.3 1.6 80,
18 4490 66 " 0-600 volts - A1l Sizes...........vs 0,007 W7 0.2 40 B,
i N2 8 " 0600 @S 0.0023 1202 10 40
13 132 A " evervrenne hbove 600 aMDS...iciinans 0,003 2% 0.2 5.0 o4,
99 15,20 8 " ... Above 600 VOIS, 0.00% 109. 1.1 168 83
5 1,96 & (hemcal Fixed Type{includes molded case) - Al 0.0102 8.1 43 9.0 IL0
3 150 1 " 0-600 volts - AI1 Sizes 0.0099 9.5 50 9,0 N0
2 9 W " e Boove 600 ams....... 0.013% 96 5.0 80 1.0
1 0,860 B Metalclad, Drawout - ALl 0.000 8.7 58 9.1 M.
1 L8 n " ...  Above 600 volts...... verers ver 00064 8.3 6.3 9.7 &6,
3 L85 08 Petrglm. wene Fixed Type(includes molded case) - Ail 0,005 6.8 1.0 0 no
¢ W voreer 0600 VOt - AT S1285..0evveiennn 0.000 1.9 10 25 40
¢ L N | I SN 0.006 19 10 25 40
3IoO0A0 7 Tedtile etalclad, Drmvout - All.ocvonnnan. 000 2. 03 40 &0
3 9,65 % 0-600 volts - A1l Sfzes.iicuvvirnns 0.006 28, 0.3 L0 B,
2 W3 10T i 0600 S eerens 0,08 38 03 22 40
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TABLE 6 - MOTOR STARTERS
Nunber Faflure  Actual Hours Downtime/Failure
of Plants Sanple Number Rate - Mini maxi-
in Sze  of Faflures fum  Median  mm
Sarple Unit- Fatlures Equipment per Industry Plant Plant Plant
$ize  Years Reported  Industry Sub Class Unit-fear Average Average Average Average
AlLoviiennne Contact Type
9 4,52 63 % s e 0-600 ¥O18S...0uvinnrinnniinnninnnn 0.0139 65.1 1.0 U5 55
15 6,518 160 L 607-15,000 VOTtS.eovvvinrvirrrsinns 0.0153 284, 3.0 16.0 1440,
3 &4 5 i, Clrcutt Breaker............cvviinnin, 0.0059 28 28 28 8
1 5,380 [ Chenical,..... Contact Type; 601-15,000 volts........ 0.002%6 298, 45 16.0 1323,
] 207 5 Metal......... Contact Type; 0-500 volts..oeererssns 0.2470 155 155 155 N5
2 626 L Petroleun..... Contact Type; 601-15,000 volts........ 0.1204 1440, 1440, 1440, 144D,
TABLE 7 - NOTORS
Number Fallure  Actual Hours Downtime/Fatlure
of Plants Sample Nutber Rate - Mini- Kaxi-
in Size  of Failures e Median  mum
Sample Unit- Failures Equipment per Industry Plant Plant Plant
Size YEars  Reported Industry Sub Class Unit-Year Average Average Average Average
7 W00 23 e 0600 VOIS eiiiiiiieeeenrnsen, 0.0108 14, 0.5 183 3
1} A28 N Y 601-15,000 VOMS.1uiieeirenans 0.0404 76,0 33 95 9.
2 13 0 0.0007 I OBI B B3
1 L6 1% 0.0318 1%, 8.0 153 0,
6 58 N 0,055 .5 40 6.2 1.
6 9,638 50 " . 0600 WOItS...ususeenens 0.0052 n.5 6. 0.3 4.7
8 2,88 2 0.0433 5.3 3B 9
1 1,5 00 e, 0600 voltse..iaiinenns 0.0007 %3 B3I ¥ B3
4 Lt 5% " .. 601-15,000 wlts........ 0.0433 129, 5.8 13 28,
3 6,467 146 " e 0600 volts...... e, 0.026 1% 120, 13, 159,
2 L Y owm .+ 601-15,000 volts,....... 0.03%5 1%, S 1 R [ V2
! ceevene. Synchronous
H 2,86 78 e 601-15,000 volts........ 0.06 27 6N 20, 24,
Rubber & Plastics. Induction
3 102 4 ! 601-15,000 wolts........ 0.0M8 1. 3 150, 168,
1 16017 Textile........... Dirvect Current............ 0.056 9.4 9.4 9.4 9.4
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TABLE 8 = GENERATORS

Iiulhr Faflure  Actual Hours Downtime/Failure
of Plants Sample Nusber Rate - Mini- Kaxi-
in Hze  of Fai lures ne Meda oo
Sumple  Unit- Failures Equiprent per  Indstry Plant Plant Plant
Sfze  Years Reported Industry Sub Class Unit-Year Average Average Average Average
8 B8 U M, Steam Turbine Driven...... 0.0% 16, 1.5 66,5 1080,
) BA 5 aiin Gas Turbine Driven........ 0.638 21 56 2.0 7,
4 B4 4 Driven by Motor, Diesel, 0.067 127, 12, 13, [1H
or 6as Engine...ovvvnnns
1 55 54 Petrolewm....... 63s Turbine Driven............. 9,818 50 50 5.0 5.0
TABLE 9 - DISCOMNECT SMITCHES
Nuber Faflure  Actual Hours Downtime/Fatlyre
of Plants Sumple Nusber fate - Hinl- Nax{~
in St of Fallures ax Wl ma
Suple  nit- Faflures Equipment per Industry Plant  Plant  Plant
Sl Years Raported Industry Sub Class Unft-Year Average Average Average Average
8 2,066 6 00029 18, 30 6.0 1080,
1 B0 W 0.0061 6 02 28 9.3
) W 7 0,0%00 60 20 51 6.5
1 4,29 6 0.0142 28 8 b 2.8

TABLE 10 - SWITCHGEAR BUS: INDOOR & OUTDOOR
{Unit = Number of Connected Clrcult Breakers or Instrusent Transformer Compartments)

Number Foflure  Actual Hours Downtime/Failyre
of Plants Sample Number fate - Mni- Maxi-
in Stze  of Fai tures MR Median M
Saple  Unfte Fallures Equipment per  Indwtry Plant  Plant Plant
Size Years Raported Industry Sub Class Unit-Year Average Average Average Average
1 nw o M, Ilinsuhted; 601-15,000 volts.... 0.00120 261, 5.0 268 1613

............. are 7
1 R N K erassanaxnans 0-600 vOUS...eeieriinnn, 0.0003 550. 2.0 .0 N
5 050 13 Y G Above 600 voits,.......... 0,00063 173 &9 130 48
5 o3 15 Cedal....... gslﬂlm; 607-15,000 volts.  0,00375 340. 180 2.8 1613,
........ re
3 1720 10 Y pam Wi Aove 600 volts............ 000058 193 69 RO 4
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TABLE 31 < BUS DUCT: INDOOR & QUTDOOR
(Unit = 1 Ciruit Foot)

Nusber Faflure  Actual Hours Downtime/Failure
of Plants Sample  Number Rate - Hind- Naxi-
in Slze of Faf lures M fedian WA
Saple  Unit-  Fallures Equipment per Industry Plant Plant Plant
Sl Years  Reported Industry Sub Class Unft-Year Average Average Average Average
12 6400 20 M. AL Voltages......ovvennnen 0.000128 128, 0.5 8.5 260,

TABLE 12 - OPEN NIRE
{Unit = 1,000 Clrcult Fest)

Nurber Failure  Actual Hours Downtime/FaiTure
of Plants Simple  Nusber Rate- Mini- Mast-
in S of Fai Tures ma  Median mm
Swple  Unft-  Failures Equipuent per  Industry Plant FPlant  Plant
S Years fRaported  Industry Sub Class Unit-Year Average Average Average Averag
10 5,18 W Ml 0-15,000 wits..ovevns 0008 25 1.0 40 X0
] 1,460 0 " sovsvmmv Roove 15,000 wolts........ 0.0 1.5 04 20 48
3 22,6 0 Chefeal.iiiiiuiinnnn 015,000 vOItS...innnin, 0,042 606. 40 15 %0,
] L1 % Petrolewm....ooionie 0-15,000 volts,vorvrrennn 0,038 41 4 4 41
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TABLE 13 - CABLE (ALL TYPES OF INSULATION)
(Unit = 1,000 C1reuit Fest)

Nuxber Fallure  Actual Hours Downtime/Failure
of Plants Sanple Nmr Rate- Mint Haxi-
in S Falfiires mm  Redian mm
Sample  Unit- Flﬂum Equiprent per  Industry Plant Plant Plant
Size Years Reportad Industry Stib Class Unit-Year Average Average Average averae

L1 | [R——— Above Gromd § Aerfal
10 562 B M, 0-600 VOt8..00venninirnenennsnn, 0.0041 457, 2.0 0.5 ez
18 548 M 601- 15.000 wits - Al 0.0MI0 404 0.2 63 X0,

1 1811 W i In Trays Above Ground.......... 0.009%3 89 60 80 M7
6 W e, In Conduit Above Grownd......., 00018 M. 40 415 X,
n IS B . ertal Cable..ouvuviireninnnees 0.04y N6 0.2 53 I

Y R Below Groung & Direct Burla)

3 L0 B . 0-600 WOItS....0neerevivenirrenes 00088 150 8.0 4.0 480
% WA M ", 601-15,000 wolts - AlL........... 0.0067 955 0.3 3.0 40,
% B 6 e, In Buct or Conduft Below Grownd 000613  %.8 0.3 %.0 4.

1 W0 i Venans Above 15,000 volt5..0eivaiisnnnn 0.003% 16.0 6.0 160 16,0

Chesdcal............ Above Ground b Aerfal

] 1% M ! s " 601-15,000 volts - AlL........... 0.0 %S5 w0 4T 18,

3 W L In Trays Above Grownd.......... 00008 78 60 70 80
5 wWoon N Aerial Cable....ooni, T 0.000 40 w0 41 I,

"y Y Below Ground B Direct .urla)
10 ne »n % e - 601-15,000 volts - Ml........... 0.00613 530 6 2.0 5M
10 N n b e In IJuct or Conduft Below Growd 0.00613  53.0 2.6 5.0 5M
Petroleum.......... Above Ground & Aerial

? 2,0% Y s 601-15,000 wolts - A 0.00529 L1 a1 AL

? 2,669 1 Y herld Cable.nnn,, N 0.00450 L1 5.8 W,
Y e Below Ground b Direct Burial

2 W n " wa 601-15,000 volts - AD........... 0025 940 2.8 6.7 N
4 W % e In Duct or Conduft Below Grond 002345 940 2.8 &, 13,

1 95 0 Y Roove 15,000 volts.....uuvnnrens, 0,003 160 160 6.0 6.0
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TABLE 14 - CABLE (ALL APPLICATIONS)
(Unit = 1,000 Circuit Feet)

Number Faflure  Actual Hours Downtime/Failure
of Plants Sarple Nusber Rate- Kini- Maxi-
in Size  of Fatlures nn  dedlan mA
S|=pla Units Fuﬂuresd " gwg‘nnt p:rY industry APhnt :hnt :lant
Size Years Reporte ustry 28§ Unit-Year Average Average Average Average

Mireene sraviereees 601-15,000 volts
9 B89 B s Thermoplastic, .veerreuinnnas 00037 M5 0 0.0 18
15 580 5 M. Thermosetting........uvnveens 0.008% 168, 0.2 2.0 430.
10 106 & T me— Paper Insulated Lead Covered,. 0.00912 489 0.3 2.8 12
8 149 % RN QHhers . ovvireererininnnienn 0.018% 161 07 285 168,
Chemical,vuvennnnnnns 601-15,000 volts.
H 9,8 % T v Thermoplastic...ovvviierrrnnns 0,003 454 a0 98 18
3 2518 % e . thermosetting, .....ovivvvvnnn 000000 17, 1.3 02 M.
] W % . . Paper Insulated Lead Covered.. 00274 107 2.6 5.0 1.
3 (17 ] L Y. 14 0,027 183 80 9.0 168,
Petroleum............ 601-15,000 volts
2 250 5 N e Thermosetting...oouvvunrnennss 0,005 2.0 N7 A7 A6
[ 19 2 Y e Paper Insulated Lead Covered.. 0.01770 940 268 687 113,

TABLE 15 - CABLE JOINTS (ALL TYPES OF INSULATION)

Nusber Faflure  Actual Hours Downtime/Failura
of Plants Sample Nusber Rate- ming- Maxi-
in Slze  of Failures pn  Median wm
Saple  Unft- Faflures ggiamt u::rv ‘l\ndustry APhnt Plant  Plant
Size Years Reported Industry [H] feYear Average Average Average Average

| P— G115, 000 voTks
5 6 - ———— Above grownd & Aerfal.......... 0.00081) 20.3 80 165 4.0
12 00 ¥ P — .. InDuct or Conduit Below Ground 0,000864 3.1 1.0 3.2 180,
Chemicalsuvunn,oas  601-15,000 volts
5 AW A Y In Duct or Conduit Below Grownd 0.000871 170 1.0 8.0 A4
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TABLE 16 - CABLE JOINTS (ALL APPLICATIONS)

Nusber Actual Hours Downtime/Failure
ofiPhnts S;:ple Nwl;er F;:l:{‘ ¥ini- Naxi-
3 ® 0
Equipment Failures mm  Median mum
sl Unit- Faflures b s or Indistry Plant Plant Plant
Sze  Years Reported Industry UniteYear Average Average Averace Average
[Y) A 601-15,000 wolts
§ 21,50 2 Vs B mnait., Thermoplastic..........ooviiuns 0.0007%4 158 34 B0 %0
[} 4,857 6 Y R Thermosetting...........coevins 0.0012% 102, W.0  60.0 60,
5 13,500 1) b Paper Insulated Lead Covered,,. 0.001037 .4 1.0 280 5.5
Chemical,........... 601-15,000 volts
TR 8| S Thermoplastic..ocoieiiiininnns 0.000873 4.8 34 80 UM
TABLE 17 - CABLE TERMINATIONS (ALL TYPES OF INSULATION)
Nurber Faflure  Actual Hours Downtime/Fallure
of Mlants Saple Nusber Rate- Kini- Maxi-
in Stz of Failures mn o Medfan  mum
Sample  Unit- Fallures Equipment per  Industry Plant  Plant  Plant
Sfee Years Raported Industry Sub Class Unit-Year Average Average Average Average
i o Above Ground & Aerfal
4 63,120 8 % o 0-600 volts...ovvvvieevanes 0.000127 3.8 0.5 L0 59
13 N » Y ey 601-15,000 volts - Al1....... 0.000879 198, 1.0 10 7,
000 8 e In Trays Above Growd....., 000033 680 70 90 N0
3 3,920 § LR ————— In Condult Above Ground..,, 0.001276 1157, U0 TR, 4,
T M0 2 i, erfal Cable...vvvviinnns, 0.001848 485 L0 N3 e
b e In Duct or Conduit Below Ground
6 6,30 8 e 601-15,000 volts............. 0.000303 2.0 160 24 U5
chemical,...iuenss Above Grownd & Aerfal
1T BM® 2 Vs 601-15,000 volts - All 0.000814 284, 1.0 N2 s,
[} 1,61 9 Y e Rerfal Cable...oviniiinis, 0.00537 4.6 9.0 137 w0
Above Ground & Aerfal
3 10,050 12 . 601-15,000 volts - All....... 0.00m8 7.3 A0 B2 4
! 0,020 11 Rerial cable.........oovnns 0.000087 844 44 g4 844
382 Copyright © 2007 IEEE. All rights reserved.
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TABLE 18 - CABLE TERMINATIONS {ALL APPLICATIONS)
Nosber Failure  Actual Hours Downtime/Fatlure
of Plants Sample Nusber Rate- Mini Maxi-
Tn S of Faf Tures o Redian  mup
Sple  Unit- Faflures Equipnent per  Industry Plant Plumt  Plint
Stte Years Reparted Industry Sub Class Unit-Year Average Average Aversge Average
All.., £01-15,000 volts
2 2 e Thermoplastic....oooovvuninns 0004092 106 7.0 1.5 1.8
$ &M 1 Thermosetting., .o ocuvurvenrss 0.00007 451, 8.3 L3 A,
SO WM B Paper Insulated Lead Covered.  0.00078) 688 160 9.2 8.6
TABLE 19 - NISCELLANEOUS
Kunber Faflure  Actusl Hours Downtfwe/Failure
of Plants Suaple Rate- ¥ini- Haxt-
in Size Fatlyres me  ledivn A
Saple  Unit- Equipment per Indstry Plant Plant Plat
S Yens Sub Class Unit-Year Average Average Average Average
5 3,164, FUsS..ivienes e 00019 55 10 20 a0
3 3,600, Protactive Relays 0.0002 50 08 36 N2
] n.e nverters........ 1.25 0. Al s W,
3 N, Rectifiens.......... 0.032 ¥ R4 L N0
? 5.6 Inverters...oooooiiveins wee D51 W a1 .
] 6,8 10 Petrleum.....  Rectifiers................... 0.53%0 AN S I AR
Copyright © 2007 IEEE. All rights reserved. 383
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USER INSTRUCTIONS FOR IEEE SURVEY FORM ON
RELIABILITY OF ELECTRIC EQUIPMENT IN INDUSTRIAL PLANTS

(SPONSORED BY THE RELIABILITY WORKING GROUP,
INDUSTRIAL PLANTE POWER SYSTEMS SUBCOMMITTEE,
INDUSTRIAL AND COMMERCIAL FOWER SYSTEMS COMMITTEE)

PURFOSE This survey is intended to collaect data on failures that ocour in in-plant electric
equipment and in public utility electric powar suppliss that affect operations in industrial plants.
We hope that these data will determine not only accurate failure rates and repair times on major
classes of equipment, but will also give an insight into the causes of these failures in such a way
that remedial recommendaticons may be formulated to reduce failures and to improve plant parformance.

MAILING INSTRUCTIONS Mail ail filled-out forms to the following address,

IEEE-IGA Reliability Working Group

Care of Assistant Professor A D Patton, Dapt of Electrical Engineering
Texas AtM Unjversity

College Station, Texas 77843

DATA PROCESSING These forms will be given a confidential company code, and will then be key
punched on cards for procesaing by a digital computer along with data collected from others. Thes
computer will prepare a suitable report on failure ratas, duraticns, and causes of failure.

ADDITIONAL INFORMATION The reverse pide of the Survey Form asks for additional information, The
following information should be filled in on the reverse side of the first page of data for each
plant: company name, plant name, type and location, the name, address, and phoné number of the
individoal submitting the data and/or the individual to whom guestiona about the data may be
directad.

In addition, space is provided for remarks or clarifying comments on the data being reported, These
comments should be filled in on all data sheets, if needed to clarify data.

DEFINITIONS

A component is & piece of equipment, a line or cifcuit, or a section of & line or circuit, or a
group of items which is viewed am an entity.

A system is a group of components connected or associated in a fixed configuration to perform a
specified function of generating, transmiteing, ox distributing powar.

A failure is definad as any trouble with a power aystem component that causes any of the following
toc cocour,

{1) Partial or complete plant shutdown, or below-standard plant operation

{2} Unacceptable performance of user's eguipment

(3} Operation of the elactrical protective relaying or emergency operation of the plant
slectrical system

(4) Deenergization of any electric circult or eguipment

A failure on a public utility supply system may cause the user to have either (1) a power
interruption or loss of mervice, or (2] a deviation from normal voltage or frequancy of sufficient
magnitude or duration to disrupt plant production.

A failure on an in-plant Component causes a forced outage of the component, and ths componant
thereby is unable to perform its intanded function until it is repaired or replaced,

Repaizr time of & falled component or duration of a failure is the clock hours from the time of the
occurrence of the failure to the time when the componant is restored to service, ®ithar repair
of the component or by substitution with a mpare component. It is not the tima required to restors
service to a load by putting altarnate circuits intoc operation,

I% includes time for diagnosing the trouble, locating the failed component, walting for parts,
repairing or replacing, testing, snd restoring the component to sarvice,

Revision 1-4-71
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2
USER INSTRUCTIONS FOR IEKE SURVEY FORM ON
RELIABILITY OF ELECTRIC EQUIPMENT IN INDUSTRIAL PLANTS
(SPONSORED BY THE RELIABILITY WORKING GRCUP,
INDUSTRIAL PLANTS POWER SYSTEME SUBCOMMITTEE,
INDUSTRIAL AND COMMERCIAL POWBR SYSTEMS COMMITTEE)

GENERAL INSTRUCTIONS

THE SURVEY FORM The IEEE Survey Form 1° -1-70 is an input data form for a cCOmputer program. Tha
Zdats on these forms will be key punched onto computar cards and analyzed by the computer progras.

CODED DATA  The Survey Form asks for coded and uncodad data. It is n ary to rafar to the
instructions in filling in either. The following shows the columns on each card type that requires
£filling in & code.

CARD TYPE COLUMNS REUIIING CODES
1 1-10, 36
2 11-18, 31-136
3 25, 29, 10-%3, 57, 5B

1t may happen that none of the codes shown fit the particular case being reported. 7Tor such casea,
the "other® cods should be used, by filling a "3" or a "39" in space providad. “Other" means
not otherwise classified, 1If this is done, explain on reversa side of pags, rsferring to card type
and column number.

EQUIPMENT CLASS A group of codes is used to spacify an squipment class. An aquipment class
consists of a main code, twe sub-clashs codes, a voltage code and 3 sile ¢code. Thesa are explained
in the instructions, For the sxample shown on the fillid-cut form, this cods is as follows.

CLASS CODE DESCRIPTION

Main 20 = transformer

Sub 1 4 = power

Sub 2 34 = liguid filled

Voltage 2 = §01-15,000 volts primary
Size 3 = 300-750 kVA

The above coded equipmant class covars all liguid=-filled power transformers, with a primary voltage
of 601-15,000 volts and rated 300-750 kVA. Any transformer in the plant that dces not fit this
exsmple is a different classification &nd requires a different coding. Thus, a 5000 kVA power
transformer, liquid filled, 13.8 kV primary voltage would be coded 20-4-34-2-5,

CARD=-TYPES The Survey Form asks for three types of information under ths headings CARD-TYPE 1,
CARD-~TYPE 2, and CARD-TYPE 3.

In general, CARD-TYFE 1 asks for data on plant identification and other general plant information.

CARD-TYPE 2 asks for data on a specific equipment class, including the total number of installed
units, on their failure experience, on majntanance practices, and on estimated repair times of
failed egquipment. The total installed units and their failure experience is the most essential
data asked for,

CARDS-TYPE 3} ask4 for data on each individusl failure reported on a CARD-TYPE 1,

A typical plant might have as many as, say 30 different equipment classes. These 30 equipment
classes might have, for example 10 different failures. To repert this information reguiras 10
pages of the Survey Form, one for sach different equipment class. CARD-TYPE 1 ils filled in
completaly on tha first pages and partly thereafter, CARD-TYPE 2 is filled in on each page.
CARDS-TYPE 3 are filled in 10 times, once for sach failure, if any.

CARD-TYPE 1 CARD-TYPE 1 is used to identify the raporting company and plant of that company and to
¢give general information about that plant, The first 10 columns on this card ara to be respesated by
the key puncher onto CARD-TYPE I and CARDS-TYPE 3 for identification purposes.

Only ona CARD-TYPE 1 is used by the computer program. However, wa k that on sach page of the IEEE
Survey Form that the first 7 columns be filled-in in case the filled-cut survaey forms bacome
sspacated,

Fill in Itama 1-8 on reverse sida of first page of data for each plant.

ALL CARD TYPES Fill in CARD-TYPE, column number, and remarks or comments on raverse side, if any,
on all data cards.
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USER INSTRUCTIONS FOR IEEE SURVEY FORM ON
RELIABILITY OF ELECTRIC EQUIPMENT IN INDUBTRIAL PLANTS
{SPONSORED BY THE RELIABILITY WORKING GROUP,
INDUGTRIAL PLANTE POWER SYSTEMS SUBCOMMITTEE,

IAL AND ( YAL POWER SYSTEME COMMITTEE

CARD~TYPE 2 The second or CARD-TYPE 2 is used to report on each different eguipment class in the
plant. A typical plant might have a one typs of utility supply, and varal differant Classes dach
of transformers, cirguit breake cables, etc. These different classes are shown in Columns 11-18%,
Thess Columns 1i=18 are to be repeated by the key puncher on all CARDS-TYPE 3. There will ba as
many CARDS=TYPE 2 as thare are differsnt equipment classes.

Each CARD-TYPE 2 is used to report (1) the total number installed of one egquipment class and the
toctsl number of falilures experienced {(if any) of that squipment class.

In addition, sach CARD-TYPE 3 iy used to report on maintenance practices and estimated repair times.
These are your best sstimate of repair times, These estimated times will be used if actual repair
times are not known, or Lf actual repair times are much different from the average for some special
Teason whieh 1s unlikely to recur. Ws prefer to usa Actual data if availabla.

These data are to be left blank for fajlures on the utiliry power supply, since tnis information
is not normally avallable.

CARD-TYPE 3 The third or CARD-TYPE 3 is used to report on actual data for each failure reported
on a corresponding CARD-TYPE 2, Thus, assoclated with each CARD-TYPE 2 is a set of CARDS-TYPE 1,
The number of CARDS-TYPE J will be the sameé as the number of failures (column J1l) repotted on CARDS~
TYPE 2, for exampls, Lf & CARD-TYPE 2 has & 3 in Column 31, then 3 CARDS-TYFE 2 should be filled in.

Each CARD-TYFE 3 reports specific information on one failure, such as failure duration, urgency of
repair, cause of fallure, loads affected by the fallure, and effect of fajlure on plant operations.

RIGHT-ADJUSTMENT OF DATA In filling in data, numbers should be right-adjusted, cthat is, they must
+nd in the zight-hand column of the assigned field. This means that if, for example, the survey form
provides ) Columns to insert data but a two-digit number is tO be inserted in the space available,
then the number should be filled into the two right-hand columns,

SAMPLE PFILLED-OUT FORM Refur to the attached sample filled-out form. This gives an exanple of a
report on one class of transformers with twc failures.
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SAMPL E
Noare 3 = & — 77 IEEE SURVEY FORM 11-1.70 PaGES IS5 pagce &
RELIABILITY OF ELECTRIC EQUIPMENT [N INDUSTRIAL PLANTS
(REFER TO SURVEY FORM IHSTRUCTIONS:
CARD - TYPE 1 {NOTE _ * REFERS TO CODED DATA) T
PLANT® CRITICAL
r:‘i::rnﬁ SSTIMATED. AL ANT. PLAMT MAX. E seAwnce
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CARD - TYPE 2

EQUIPMENT-CLASS" PERIOD COVERED , et ESTIMATED CLOCK MOURS
BY THIS REPORT - TO REPAIR A FAILURE
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CARD - TYPR T

USER

INSTRUCTIONS FOR CARD-TYPE 1

{REFER TO SURYEY FORM INSTRUC TIONS)
{MOTE - * REFERS TO CODED DATA}

APPENDIX A (P, 3 of 7)
H

LanT

LAY

L.
PAMY
covt

PERATING
CHEDULE

ESTHIATED PLANT
ouTaSE COIT, §

CRITICAL
MERYVICR
Lo
DURATION

PLANT MAX,

WATE

joAYY
(4 L]
e,

PER
FAILURE

PR WR
DOWYNTINE

PLANT RESTART
Tiak, WOURS

(CARD WO

iz
il

= R OCATION

- ITYee

3 [CanD TYFE

-
=
¥ [uwits

1 1 i1

TU N OO0 W A B O O T ¢

NAME

1 Company Code

4 Plant Ne

[ Plant Type

] Plant Locatioen

9 Plant Climate
(For antire

Plant site)

10 Plant Atmosphere
(For antire

plant site)

Plant Opesrating
Schedule
11 Hours per day

13 Days par waek

Estimated Plant
Outaga Cost, Dollars

15 Per Failure

CODE

WD @ W
w0

B R T A -

X REF NI WE S

Fill in on all

Fill irn on all pages a saquence number starting with 1" for Plaant 1,
“2" for Plant 2, ete.
of one or more unita at the same site,
Fill in on all pages the plant type

Auto Industry

Cement Industry
Chemical Industry

Metal Industry

Mining Industry

Patroleum Industry

Pulp and Paper Industry
Rubber and Flastics Industry
Textile Industzy

Other Light Manufacturing
Othar Heavy Manufacturing

Other

USA and Canada
Foreign

Average of daily maximums for hottest month:

Tme.!lt ure

Hot (»90F)
Hot (»90F)
Hot {(»%0F)
Moderats (80-90F}
Hoderate (B0-30F}
MOdarate (80-%0F)
Low (€BOF)
Low (<BOF)
Low €80F)

Clasn to slightly polluted air

salt spray and corrosiva chemicals
salt spray and dust or sand

salt spray only

corrosive chemicals and dust or sand
corrosive chemicals cnly

dust or sand only

conductive dust

With
With
wWith
With
With
With
with
Other

Give hours per normal working day that plant oparates

Give days per normal working week that plant operates

Extra axpense incurxed because of a failure only (not including plant
downtime}, such as for damaged equipment, spoiled product, axtra
maintenance, or extra repair costs

pages & threa-letter abbreviation of company nama for
identification of dats.

DESCRIPTION

for identification of data. A plant may consist

Relative Humidity {RH)} (measured at noonto 2 PM ST
High
Moderate
Low
High
Modezate
Low

55 RH}
{ 50-55 RH)
(€50 RH}
(»55 RH}
{ 50-%5 RH)
W50 RH)
(»55 RH)
(586-55 RA)
(€50 RH)

High
Moderate
Low

388
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[
USER INSTRUCTIONS FOR CARD-TYPE ]

- (REFER TO SURVEY PORM INETRUCTIONS!
CARD-- Y RRSL {HOTHE < * REPERS TO COOED baTR)
PLANT: cRITICAL
I_"L:L. ESTMAATED PLANT Bk a E wavicy
cou. | seruoue OUTAGE, COLT, 5 oar |5 @) Lo
vany M PLANY £3 SURATION R
copE §> DESION b = 41
N §; o | caracTr.en g.; sp |B ela
i 313 g 4 §F |3 33
1 4 g slopefn s » L s » 9{oe
I I PO I T R B I I I O b
COL
UMN HAME CODE DESCRIPTION
20 Par hour downtime value of loat production in dollars par hour of plant downtime only.
This is tha estimataed revenues (sales price) of product not made, less
expenses saved in labor, material, utilities, etc. If this varies
with the duration of tha plant downtims, use an average valus per hour.
25 Plant maximum demand Give the maximum slectric powser demand when the plant i{s opesrating at
at design capacity, ite rated or dasign capacity in kilowattas.
kW
31 Plant restart time. Give the tims required to get tha plant back into oparation after
hours service is restored following a failure that has caused & complate
plant shutdown, hours,
Critical service loss
duration
33 No of units Give the maximum time in units defined in Col 36 of loas ©f service
to the plant which will not cause a complete plant shutdown. Any
power intesrruption of longer duration will cause a plant shutdown,
In other words, give maximum length of power fallure that will not
stop plant production., This time is typically in the range of
cycles to minutes.
36 Unita Select code for sppropriate time unit that will give accurate resules,
1 Days
2 Hours
3 Minutes
4 Ssconds
5 Cycles
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USER IMBTRUCTIONS FOR CARD-TYPE 2

CARD - TYPR 2
SEAPMENY CLAN' | ,upio0 covanss tsTmares cLOCK
BY THIS REPORT '! TO REFAIR & FatuRt
"D, OF ' ‘
mataLeEp ¢
i L] ) waTs ’ ;
- |2 g | Gt ]
D | YR F80. | YR
11s 3 3f§ H L Ay | e | 5
e o 2 Gofelw [0 e s |e v fesfae o o
g1 3 ' 'S W S W i S NN )

coL
e HAME copz DESCRIPTION
Select appropriats code for Column 11-18
11 Main Class o Utility powsr supplies to plant
20 Transformers
kL] Circuit Breakers
40 Cable {Excluding ioints and terminations)
41 Cable Joints
42 Cablie Terminaticns
4] Cable Duct or Busway
4" Open Wire
45 Pusduct
46 Switchgear Bus -insulated
47 Switchgear Bus -bare
30 Motors
&0 Generators
70  Motor Starters
90 Disconnect Switches
90 Miscellaneous
93 Other
13 Sub Class 1 For 10-Utility Power Supplies (A redundant supply will carry the plant

load, Lf the normal circuit is out of service)

1 Bingle Circuit (Ne redundant supply}

2 Doubla Circuit (One redundant supply)

3 Three or more circuits (two or mors redundant suppliss)
For 20 - Transformers

4 Power

3 Other
For 30-Circuit Breakers

(] Metal Clad, drawout

7 Fixed Type (includes moldsd casa typs)

For 40-47 Cable or Bus

] Cable in Trays - abovearound

10 Cable in Conduit -abeoveground

1t Asrial Cable

12 Direct Buried Cable

13 Cable in Duct or Conduit -belowground
14 Bus or Busduct -indoor

18 Bus or Busduct -cutdoor

For 50 -~ Motors

ié Induction, ac
7 Synchronous, ac
18 Direct-currant

For &0 - Genarators

19 Steam Turbine Driven
a0 Gas Turbins Driven
k38 Diesel or Gas Engine Driven
22 Motor-drivan
For 70 - Motor Starters
13 Contactor Type
24 Circuit Breaker
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[
USER INSTRUCTIONS FOR CARD-TYPE 2
CARD - TYPR 2
BEPNENT L AN —
BY T3 REPORT
- MIVALL ED
] Foom ™ [ 5 ; 31
t 2
i g 13 B[8[ee]rn[m]m i!_
1 e e m b | e L e
' I H SRS W b
coL
Li ] NAME CORE UESCRIPTION
13 Sub Class 1 (Cont) Foxr 80 - Disconnact Switches
25 Open
26 Enclosad
For 90 - Miscellanesus
27 Fuses
3%  Protective relays
3 Batteries
30 Inverters
ERS Ractifiars
LL] Other
15 Sub Class 2 For 10-Utility Supplies
When service is lost becauss of a loes of one circuit of a
redundant supply service is restored
1 Automatically
2 BY remote control
3 Manually
For 20 - Transformers
4 Liquid Filled
kL ory Type
El Rectifier
For _40-51 Cable
Type of Insulation
4 Thermoplastic (PVC)
4 Thermoplastic (Polyethylens)
42 Thermoseatting (SBR {(Buna 8} Rubber)
43 Thermosetting (Butyl Rubber}
“ Thermasetting (Oil Based Rubber)
45 Thermosatting (Cross-linked Polyethylans)
46 Thermosetting {Silicone Rubber)
47 Thermesetting (Ethylens Propylene}
48 Thermosetting (Chlorosulphated Propylsne)
49 Paper-Insulated Lead Cow
S0 Varnished Cambric Insulated-Laad Coversd
s51 Mineral-Insulated
99 Other (Applies to Col 13~15, all classas, if not otharwisa classified)
17 Volt Class 1 0-600 wolt {Nots: For transformers this ia primary voltage)
2 601-15,000 voit
3 Above 153,000 volt
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USER INSTRUCTION FOR CARD-TYPE 2
CARD - TYPE 2

WSIPuENT CL AsS" ey
PEROD [T,
LA iy

i i2iie
hﬁ' l‘t.ﬂlﬂ.\'

L Ll &8 =3

PRGN o
B[ wo. | va. | wo. | va

VOLT AGE
MnEER OF
FALURES

i apie
we
fus 2

T AvERAGE AGe”
T [cano ma,

¥ [ouaLITY

3 [Cane TYPE

coL
UMnN NAME CORE DESCRIPTION

18 Size Class For Main Class 10 - Utility Suppliens
For Main 30 - Circuit Braaksrs
For Main 80 - Disc Switchas
For Main 30 - Miscellanyous, F!

100-600 Amperes
Above 600 ampares

o

For Main Claws 30 - Trandformers
300-750 kYA
4 751-2499 kva
5 2500-up kVA
For Main Class 40-4% - Cable, etc
€ Above No 1 AWG
For Main Class 50 - Motors
For Main Class 70 - Motor Starters
7 50=15%00 horsepower
L] Above 1500 horsspowsr
For Main Class 60 -~ Ganerators
9 5'65-\11: kW
Pariod covered by Give month and year {(numerals) for period for which failure data is
this report avallable
19 From: Mo Starting Month {Try to include data from date of installation)
n from: ¥r starting Year
b¥] Tot Mo Ending Month (Try to include data to date of this report)
235 To: Yr Ending Year
27 No of installed Give tota} number of units {nstalled. ror cable or open wire, give
units length of circuit or run in M ft, For cable duct or busduce, give
circuit length in feet. For switchgear bus, give tha numbay of
connactad circuit by Sr8 OF instrument transformer compartments.
For utility power supplies, give the number of separate supplies.

31 No of Failures Give total number of failures that occurred during paricd of raport.
If more than 10 use additional page.

Si;!gi gﬁ,. far cﬂ““ A0=-53
33 Average Age 1 T3 an year o
2 d

1-10 years ol
3 More than 10 years old

-

Mainterance Give normal cy-zla for preventive masintenance - (sven Lf a failure has
34 Normal Cycle, Mo 1 Le than 12 montha not occurred)

2 12-24 months

3 More than 24 months

4 No preventive maintenance

3¢  Maintenance Quality Your estimate of guality of preventive maintenance is -
Excellent (by own forces)

rair (by own forces)

Poor, inadeguste (by own forces)

dNone

Excellent (by contracted forces)

Falr (by contractead forces)

Poor inadequate (by contracted forces)

B N L R
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USER INSTRUCTIONS FOR CARD-TYPE 2
CARD - TYPE 2
EOUIPMENT CLASS .,.P,“},"‘-é
. ESTMATED GLOCK HOURS
- TO REPAIRA PANLURE
e I £
] Hid AEPAIA ¥,
N A PO NN N e 4 A T T
- 13 J0MR, -
3 LIRS §a"‘“‘"‘"‘ §§=;Ei PR DAY ﬁvaa
L] L whaile  n pra 3 Eg 37 pajx  (m|sr a1 a3 »i-
T P O VI RO 1 AR BTN N B L
coL
UMy NAME cope DESCRIPTION

37
a1

45
48

Estimated clock hours

Repair failad component

24=-hr par day
B-hr par day

Repair with spars
24~-hr par day
B-hr per day

Repair time (see definitions} Fill in the clock time for Jdiagnosing
the trouble, locating the fajiled componsgnt, waiting for parts
repairing or replacing, testing and restoring the componsat to
service. This is your estimate of the averaga repair time. Please
note that actual repair times are requasted in CARD-TYPE 3, Col 26.
Explain on reverse side how work is done if by othar than own forces,

With repalr of failed squipment

s
work day

On round-the-cleck smergency ba
On basis of repair during norma

wWith replacement ¢of fajiled equipmant with a spare by ramoval of
failed mguipmant and substitution of spare squipment

On round-tha-clock emergancy basis
On basis of repair during neormal work day
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11
USAER INSTRUCTIONS FOR CARD-TYPE 3
CARDS - TYPE )
| iinind LEADS LOST s ~anr g
BUBATEN Svvasy
rave 5' ! Sene B E
I oo s Rt sl e enn il s ik
=8 g LirHE ] £e L
¢ |n ERE mph |m [ m |w a |a - ]
cha o Ll P el e by Ta by e lala]y Il hd
COoL
UM YN el ] DESCRIPTION
1%  Failure Wo Fill in one card (line) for each failure. The last failure number in
Col 1F should correspond with the total failures reported in Col 31 of
CARD-TYPE 2. If that number was "0" then no TYPE 3 carda should be
£illed in,
Failure Dats
3l Ho Fill in month fallure occured {(numeral)
23 ” Fill in ysar fallure occurred (numeral)
45 Tailurs Forewarning ror public utility power interruption only
1 If no forewarning was given
2 If forewarning was gliven
For other types of fallure, leave blank
Pailure Duration Fill in duration of failure from its initiacion until (1) service is
restored to normal, Lf a power intarruption, or {2} tha affectsd
P or its Tepl once again becomes avallable to perform
ite intended function.
28 We of Units Fill in the number of time units salectad in Col 29.
93 Unics Salect code for appropriate time unlt that will give accurate Fesdults,
For most cases select hours as unit.
1 Days
2 Hours
3 Hinutes
4 Seconde
5 Cyclea
Salect coda for Col 30~44 (Leave blank for uuu? failures)
30 Failure Rapatr 1 Rapair of faliled ocomponant in Place or sant out for repalr
Mathod F Repalr by replacemsnt of falled cowponent with spate
az Failure Repair 1 Requiring round-the-clock all out efforts
Urgency 2 Requiring rapair work only during reqular workday, perhaps with soms
overtims.
3 Requiring repalr werk orn a non-priority basis.
34 railure, months Talled component last had preventive maintenance -
since maintained 1 Less than 12 months ago
2 1i-24 wonths ago
3 Cver 24 sonths ago
4 No prevantive maintsnance
38 Pailure, Damaged 1 Insulation - winding
rare 2 Ingulation - bushing
3 Inaulation - other
4 Mechanical - bearings
L] Mechanical ~ other moving parts
1 Mechanical - other
7 Other electrical - auxiliary device
[ othar electrical - protective davice
1] Tap changer - no load typs
10 Tap changer - load type
L L] Cther
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USER INSTRUCTICMNE POR CARD-TYPX )

CARDS - TYPED

PAILURE LOADS LASTY ; many
§ | sunarion BTN
ware i ig ! o . I E BURATION | E
g FEY Lais'ii;!;; i&sﬁ ighi:!'slg. o BEH
# (w88 50528 /a3(23 F [32]53[83]5C[8m MRIEI5] 43 5N
" m t- o » 32 (34 [m - - L - 48 [ 100 | 1| M e e |
cle bl e P L b P T da be b el RERLL
coL
NN NANE CODE DESCRIPTION
kL] Failure Typs 1 Flashover or arcing involving grour’
2 All other flashoverx or arcing
3 Other slectrical defect
4 Mechanical defect
99 Othar
Your best timate of suspected responaibility
40 Failure 1 Manufacturer—defective Component
Responsibility ? Transportation to Site - defective handling
3 Applicaticn Engineering - improper application
4 Inadequate installation and testing prior to startup
S Inadac malnt
[ Inadequate operating procedures
7T Outaide agency -personnel
] Outside agency -othex
9% Gther
42 Failurs
Initiating Cause Insulation breakdown caused by
1 Transisnt overvoltage disturbance {lightning, switehing surges,
arcing ground faylt in ungrounded system)
2 Ovexveltage
3 Ovarhsating
4 Other insulation breakdown
a1 Mechanical breaking, cracking, loceening. abrading, or deforming

of static or structural parts

22 Meschanical burnout, friction, cr seizing of moving parts

23 Mechanically caused damage from foreign source (digging, vehicular
accfidant, etc)

41 Shorting by tocls or mstal obiecta

42 Shorting by birds, snakes, rodenta, atc

51 Loss of control power

582 Malfunction of protactive relay control device, or auxiliary device

[ 2% Low voltage

62 Low frequancy

93 Other

44 Fallure 1 Peraistent overloading
Contributing Cause AD 1

2 p
3 Below-normal temperaturs

4 Exposutre to agressive chemicals or solwants

s Exposure to abrnormal moisture or water

(3 Exposure to non-electrical fire or burning

L} Obstruction of wetitilation by foreign object or material

] Normal datarioration from age

10 Severe wind, rain, snow, sleet, or othar weather conditions
11  Protective relay improperly set

12 Loss or daficliency of lubricant

13 Loss or deficlency of o0il or cooling medium

14 Misoperation or testing errer

15 Expasura to dust or other contaminents

L] Other
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13
USER INSTRUCTIONS FOR CARD-TYPE 1)
CARDS - TYPE )
FuLURE LDADS LOST* r!. PLanT g
~ = ouTast
FuRaTIO 3 ) i & BURATION
BATE ! i s H H ‘
z i 2|58 } £
Aol H T RE R0 H R
w ve Bl g K[EEEY HIl 833 HOHHELREEE
1L ] n His Ed- ] 2 34 M : Ll 42 4 4 | |39 51 33 53|84 - [oe]
v pe st bt bl dalela]a 11 H
oL
UMN NAME CODE DESCRIPTION
46 Failure Utility Power § lies (select code)
Characteristic 1 Failure of ung%l circuit {Mo redundant supply!)
2 Failure of one circuit of a double-circuit redundant supply
3 Pailure of both circuits of a double-circulit redundant supply
4 Failure of all circuits of a three or mors circuit redundant supply
5 Partial failure of a three or more circuit redundant supply
Transformers (select code)
6 Autowatic removal by protective equipmant
7 Partial failure reducing capacity
L} Hanual removal
Circuit Preakers {Salect code}
9 Falled to close when it should
1o Failed while opening
11 Opened when it shouldn't
12 Damaged while successfully opening
13 Damaged while cleosing
14 Failed while cperating {not while opening or closing)
Genaral (Select code for any other class)
15 Falled (this applies toc all classas)
16 Failed during testing or maintenance
17 Damage discovered during testing or maintarance
20 Partial failure
99 Other
Loada Lost What loads ware lost because of failure {(lsyes, O=nec, 9= not known)
aven though power is restored promptly
40 Computer Ofia OF MOK@ COMpUtars Or #olid-state control devicas operatad
incorrectly
9 Motor One or more motors (contactoxr dropout)
50 Lighting Lighting load
51 Solanoid one or more solencid -operated devicea dropped out., such as 4 solencid-
operated fuel valve
52 Othsr Lost othar loads, describa in remarks
53 Percent Production 1] None
Lowt i 0-30 parcent
2 Above 30 parcent
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USER INSTRUCTIONS FPOR CARD-TYPE 3
CARDS - TYPR 3
FaLuRt = LOADS LOIT* '!. PLANT
s 3 ouTase
QURATIN 3 8 4 SuRATION
" i E 4. [5.18 £l
- .
i fos iibehaltel e heleunel et o et
=T 8¢k [58E[28)68)33) F 2a(E3|03(35 08 82|25 o3 [5)3)3]
LI i » b -3 2010 2 M e » a 43 e jed. bt L JEUEE EE i
gl bl e ala b el fr ]l il M
oL
UMN NAME CooE DESCRIPTION
54  No of Units Fill in number of time units selected in Col 57
%7 Unita Selact code for appropriate time unit that will give accurate
results. For most cases select hours as unit.
1 Days
2 Hours
k) Minutes
4 Ssconds
L3 Cycles
58 Service restorad Give method of restoring service to plant
1 Primary selecticn -manual
2 Primary ection -automatic
3 Secondary ection -manval
4 Secondarxy selection -~automatic
L] Network protector operation -automatic
6 Repair of failed componenet
7 Replacemant of failed component with spare
[] Utility restored service
9 Other -explain in remarks
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DiscussioN

Morors

The data in Tabies 7 and 2 show that synchronous motors,
0-600 V, have a failure rate approximately 15 times lower
than induction motors, 0-600 V. It is believed that the failure
0.0007 per year for synchronous motors, 0-600 V, is much too
low and is in error. It is believed that synchronous and induc-
tion motors, 0-600 V, should have failure rates that are nearly
the same.

Generators

The data in Tables 8 and 2 show that steam turbine driven
generators have a failure rate almost 20 times lower than gas
turbine driven generators. It is believed that the failure rate of
0032 per year for steam turbine driven generators is too low:
the failure rate should probably be several times higher than
this value. The gas turbine data in Table 8 show that one plant
in the petroleum industry had 54 failures in 5.5 unit-years;
this compares with 3 failures in 83.9 unit-years for the other
three plants that submitted data in the survey, [t is believed
that the overall failure rate of 0.638 per year for gas turbines is
too high.

Open Wire

A clear definition was not given for “open wire” on the
survey form (see Appendix A). [t is believed that all of the
respondents interpreted “open wire™ to mean “‘bare or weather-
preof conductors supported on insulators.”

Cable

The data in Tables 13 and 2 show that cable above ground
and aerial has a failure rate for 0-600 V that is ten times lower
than 601-15000 V. [t is believed that the failure rate of
0.00141 per unit-year for 0-600 V above ground and aerial is
too low.

There is a wide variation in the failure rate for cable, 601~
15 000 V, based upon the applicatien (in trays above ground,
in conduit above ground, aerial cable, in duct or conduit below
ground). This variation covers a range of 8 1o 1. It is believed
that the failure rate of 0.04918 per year is too high for cable,
601-15 000 V, in conduit above ground.

There is & wide variation in the cable failure rate shown in
Table 14 (and Table 2) for the different types of insulation
(601-15 000 V, all applications). These failure rates vary over
a range of S to 1. The very low failure rate data for thermo-
plastic insulation and the high failure rate data for other
insulation came primarily from the chemical industry.

Switchgear Bus

The failure rate in Table 10 (and Tablz 2) shows that insu-
lated bus, 601-15 000 V, has a failure rate about three times
higher than bare bus, above 600 V. It is believed that this is
the opposite of what it should be. The data submitted by the
chemical industry has caused this distortion; they had a very
high failure rate for insulated bus (601-15 000 V) and a low
failure rate for bare bus (above 600 V).

Electric Utility Power Supplies

The data for electric utility power supplies are shown in
Tables 3 and 2. The failure rate is about the same for a single
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circuit and a double or triple circuit. This is evidently due to
the predominance of the throwover mode of operation of mul-
tiple-circuit supplies. However, the actual downtime per failure
is about three to nine times higher for a single circuit than for a
double or triple circuit; the downtime depends on whether
manual switchover or automatic switchover is used on a mul-
tiplecircuit system.

It appears that many respondents misinterpreted the “num-
ber of installed units™ for double- or triplecircuit electric
utility power suppli What was d d was the ber of
separate and independent points of supply, but this was often
interpreted to be the number of circuits in the utility supply
system. Thus the tendency was to report two installed units
for doublecircuit supplies. It is believed that this error was
made in almost every case. Therefore, the Reliability Sub-
committee changed the number of Installed wnits for multiple-
circuit utility supplies to 1 except in those cases where other
evidence indicared the presence of more than one point of
supply. The sample size shown in Tables 3 and 2 reflects this
change for double- or triple<circuit electric utility power sup-
plies. Thus a double- or triple-circuit supply for one year is
counted as one unit-year.

It also appears that a few respondents incorrectly interpreted
failure duration on card type 3 for multiple<ircuit electric
utility supplies. What was desired was the period of time
during which service was interrupted. However, in a few cases
it appears that what was given was the time to repair one cir-
cuit of a multiple-circuit supply even though the supply
interruption time is limited to the time required to throw over
to the alternate supply circuit. The Reliability Subcommittee
changed the failure duration to the value given for plant out-
age duration in those cases in which such an error was
believed to exist. However, it is suspected that not all of these
errors were corrected. The effect of this change was to reduce
the actual hours of downtime per failure for multiple-circuit
supplies. The majority of the maltiple-circuit supply failures
are due to loss of the normal feed, and the duration of the fail-
ure is limited to the time to switch to the alternate feed. The
average outage duration in Tables 3 and 2 is shorier for auto-
matic switching than for manual switching, as one would expect.

There were 25 recorded cases of simultaneous failure of all
circuits in a double- or triplecircuit supply. This gives a
failure rate of 0.119 failure per year for loss of all circuits at
one time. Further details on this are given in Part 3 [13].
Thus a multiple-circuit electric utility power supply has a
faiture rate (loss of all circuits at one time) that is only about
five times lower than the failure rate (0.537 faflures per year)
for a single-circuit supply and about six times lower than the
all-inclusive failure rate of 0.643 failure per year. The ratio
between all-inclusive failure rate and the failure rate for loss of
all citcuits at one time is not as large as one might suspect.
Some of the reasons for this are the following.

1) Some portion of utility supply failures are due to failure
of the bulk power system which feeds all the supply circuits.

2) Atleast some cases of loss of all circuits at one time oceur
when a forced outage of one circuit overlaps a scheduled or
maintenance outage of the other circuit (typical utility industry
data indicate that this type of overlapping outage is often more
probable than overtapping forced outages).

3) The allinclusive failure rate is, in effect, an average out-
age rate reflecting the performance of seme throwover schemes
and some normally ciosed breaker schemes. Thus, since throw-

Copyright © 2007 IEEE. All rights reserved.
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over schemes are expecied to have higher outage rates r.hm
normally closed breaker schemes, it follows that the c¢

IEEE
Std 493-2007

two points just reflect the facts of life.

allinclusive outage rate is probably somewhat lower than the
outage rate which would be computed for throwover schemes
only. (Unfortunately we cannot compute the throwover
scheme outage rate since we do not know which of the reported
utility supplies are throwover schemes.)

Only point 3} reflects on the accuracy of the data; the other

A parison of the all-inclusive failure rate (0.643 failures
per year) with the failure rate for loss of all circuits at one time
(0.119 failures per year) gives a rough idea of the degree of
supply flﬂme rate improvement possible by going from a

ver tc a sch using normally closed circuit
breakers.
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ANNEX A

Report on Reliability Survey of Industrial
Plants, Part II: Cost of Power Outages,
Plant Restart Time, Critical Service Loss
Duration Time, and Type of Loads Lost
Versus Time of Power Outages

IEEE COMMITTEE REPORT

Ad: An IEEE sp d relisbility survey of industrial plants
wis completed duting 1972, This survey included the cost of power
outages, plant restart time, critical service loss durstion time, and type
of loads lost versus power outage durstion time. Survey results reflect
data from 30 companies covering 68 plants in nine industries in the
United States and Canada. This information is usefui in the design of

d ial powes ion sy

INTRODUCTION

NOWLEDGE of the cost of power outages and of

plant restart time is important information for use in
the design of industrial power distribution systems. In addi-
tion it is also desirable to know the critical service loss dura-
tion time and the type of loads lost versus the time of power
outage.

During 1972 the Reliability Subcommittée of the IEEE
Industrial and Commercial Power Systems Committee com-
pleted a reliability survey of industrial plants. This is the
second part, which reports results from the survey. Included
in this paper are the following results:

1) cost of power outages to industrial plants in the United
States and Canada (dollars per kilowatt interrupted plus
dollars per kilowatthour of undelivered energy);

2) plant restart time after a failure that has caused complete
plant shutdown;

3) critical service loss duration time, that is, the maximum
length of power failure that will not stop plant
production;

4) type of loads lost versus the time of power outage (this

400

includes computer, motor, lighting, and solenoid loads,
and gives plant outage duration times resulting from
these failures).

Paper TOD-73-158, spp d by ial and C Power
Systens Committee of thc IEEE lndlmry Apphudons Socury for
presenhtlon at the 1973 I and Ci '‘ower Sy

ical Conference, Atlanta, Ga., May 13-16. Manuscript released
ror ubl.urahun November 3, 1973,
smbers of the Relinbmty Subcummmee of the IEEE Industrial and
Power are W. H. Dickinson, Chairman,
P E. Gannon, M. D. C R. llen:n[, D.W. M:Willuml.k w.
Parision, A, D. Patten, uldw . Pearce.

SURVEY FORM

The survey form used is shown in Appendix A of Part 1
{1]. The information on the cost of power cutages came
from card type 1, columns i3, 20, and 25. Card type | also
contained plant restart time (column 31) and critical service
loss duration (columns 33 and 36).

The data on type of loads lost came from card type 3,
columns 48, 49, 50, 51, and 52. The data on time of power
outage came from columns 26 and 29 of card type 3; these
data are actually the outage duration time after a failure of
the electric utility power supply or a failure of electrical
equipment in the power distribution system.

RESPONSE TO SURVEY
A total of 30 companies responded to the survey question-
naire reporting data on 68 plants from nine industries in the
United States and Canada. Every response did not supply all
the information requested on every question. Tables 22-29

Copyright © 2007 IEEE. All rights reserved.
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give data on how many plants provided amswers to the
various questions.

STATISTICAL ANALYSIS

The results were compiled for the United States and Canada.
Data from one foreign plant are also included séparately.

SURVEY RESULTS
Cost of Power Outages

Each plant was asked to report data on the cost of power
outages as follows:

1) Doliars per failure, ie., extra expense incurred because
of a failure only (not including plant downtime) such as for
damaged equipment, spoiled product, extra maintenance, or
extra repair costs.

2) Dollars per hour of downtime, i.e., value of lost produc-
tion in dollars per hour of plant downtime only. This is the
estimated revenues (saies price) of product not made, less
expenses saved in labor, material, utilities, etc. If this varies
with the duration of the plant downtime, an average value per
hour was to be given.

3) Maximum electric power demand when the plant is
operating at its rated or design capacity in kilowatts.

This made it possible to calculate an estimate of the cost of
power outages in terms of the dollars per kilowatts inter-
rupted plus the dollars per kilowatthours of undelivered
energy. The average cost of power outages from the survey
is given in Table 20,
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Of the 41 plants that reported outage cost data in the survey,
31 had @ maximum demand greater than 1000 kW and 10 had
3 maximum demand less than 1000 kW. Cost data for plants
with maximum demands less than 1000 kW are not considered
particularly reliable due to the small number of such plants
represented in the data.

There is a wide spread in the cost of power outages. Con-
sequently few plants with high outage costs can have a
vignificant effect on the overall average cost. In such cases
the median cost of power outages may be more representative
than the average cost. The median cost is such that half of the
plants have a cost greater than this value and hall have less.
Table 21 shows the median power outage costs. Additional
details on the cost of power outages are given: in Tables 22-27.
These additional details include: 1) number of plants reporting
the outage cost per failire and the outage cost per hour of
downtime, 2) minimum plant cost, 3) maximum plant cost,
4) costs for various industries.

Tables 22, 24, and 26 give the cost of outage per failure per
kilowatt maximum demand. Tables 23, 25, and 27 give the

cost of a sustained outage per hour down per kilowatt maxi-
mum demand.

Plant Restart Time

Each plant was asked to report data on the tine required to
get the plant back into operation after service is restored
following a failure that has caused a complete plant shutdown.
A total of 43 plants reported these data. The average plant

TABLE 20 - AVERAGE COST OF POWER OUTAGES FOR
INDUSTRIAL PLANTS IN THE UNITED STATES
OF AMERICA AND CANADA

All Plants

$1.89 per kW + $2.68 per kWh
Plants> 1000 kW $1.05 per kW + $0.94 per kih
Max, Demand

Plants < 1000 kW
Max. Demand

$4.59 per kW + $8.11 per kWh

TABLE 21 - MEDIAN COST OF POWER OUTAGES FOR
INDUSTRIAL PLANTS IN THE UNITED STATES
OF AMERICA AND CANADA

All plants $0.69 per kW + $0,83 per kWh
Plants > 1000 kW $0.32 per kW + $0.36 per kiWh
Max. Demand

Plants < 1000 kW
Max. Demand

$3.68 per kW + $4.42 per kih

Copyright © 2007 IEEE. All rights reserved.
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testart time was 17 h. The median was 4 h, Additional de-
tails are given in Table 28.

Critical Service Loss Duration Time

One of the most commonly asked questions is, What is a
power failure? in particular, How long can power be lost
without causing a complete plant shuzdown? Each plant was
asked to report data giving the maximum length of power
failure that will not stop plant production. This time is
typically in the range of cycles to minutes and is called
“critical service loss duration time.”

A total of 55 plants reported data on critical service loss
duration time. The median value was 10 s, that is, half of the
plants were greater than this value and half were less. Addi-
tional details are given in Table 29.

Loads Lost Versus Time of Power Qutage

Each plant was asked, What loads were lost because of fail-
ure even though power was restered promptly? Five types of
loads were included in the survey:

1) computer: one or more computers or solid-state control
devices operated incorrectly;

2) motor: one or more motors (contactor dropout);

3) lighting: lighting load,

4) solenoid. one or more solenoid-operated devices dropped
out, such as a solenoid-operated fuel valve;

5) other: lost other loads, to be described in temarks.

A very short outage duration time after an equipment failure
(including electric utility power supply) might not result in a
loss of load. Tabie 30 shows how short power outage duration
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times after an equipment failure affected the loads lost. The
average plant outage duration resulting from these failures is
also given in Table 30.

DiscussioN OF RESULTS
Cost of Power Qutages (Tables 20-27)

1) There is a wide spread in the cost of power outages (per
kilowatt and per kilowatthour) of industrial plants. Even
within a given industry, such as chemical, there is a wide spread
in the cost of power cutages (per kilowatt and per kilowatt-
hour) for different plants.

2} Plants with a2 maximum deémand of less than 1000 kW
have a much higher cost of power outages {per kilowatt and
per kilowatthour) than plants with a maximum demand of
greater than 1000 kW. This indicates that snall industrial
plants have a higher cost of power outages {per kilowatt and
per kilowatthour) than large industrial plants. It is suspected
that this may be because the small industrial plants have more
employees per kilowatt (and per kilowatthour). It is also pos-
sible that high-consumption industries tend to have a lot of
electrochemical or heating processes, and these tend to have
low outage costs; for example, heat not supplied now can be
supplied later, providing the outage is not too long.

3) It is suggested that the “all-industry”™ data for the 4] and
42 plants should be compiled to show 25 percent and 75 per-
cent in addition to the minimum median and maximum val-
ues already tabulated (Tables 22 and 23).

4) It is suggested that future surveys also include the cost of
power outages {per kilowatt and per kilowatthour) of com-
mercial buildings.

Copyright © 2007 IEEE. All rights reserved.
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TABLE 22 - PLANT OUTAGE COST PER FAILURE PER kW OF MAXIMUM DEMAND -
ALL PLANTS (§ per ki)
Number
of
Plants
Industry Reporting  Minimu  Median  Maximum  Average
Al Industry - USA & Canada 2 .002 .69 10.00 1.8
AubOs i sois T 0 - - - -
Coment. . .evnerisscarssniies 0 - - - -
Chemical, onuvseoarneoiine 1M .02 22 3.3 N
|, 5.7 EER——— erere m— _2 =B R 2.8
Mining...vivanienies o 0 - - - -
Petroleum..co.virrariiiiins 5 ,002 .07 i 2
Pulp and Paper....ooevinins 1 3 .33 33 33
Rubber and Plastics..vivoem — 28 — 2B = - B0 — — NN — .50
{3131 - 2 07 1.00 1.92 1.00
{ther Light Manufacturing.. b .09 1.10 2.80 1.2
{ther Heavy Manufacturing.. 8 1.6 3.85 10,00 51
OtheTuwrmmsare v o 5 i) R 1.50 2.8
Borelon: e vivevin svvvn 1 33 .33 L33 33
TABLE 22 - PLANT OUTAGE COST PER HR. DOWNTIME PER ki OF MAXIMUM DEMAND -
ALL PLANTS ($ per kih)
Hunber
of
Plants
Industry Reporting  Minimum Median  Maximm  Average
A1 Industry = USA & Canada 4 .000% .83 21.00 2.68
Ruttis s sesasparemavevviins 0 - - - -
Cement.cuvpaeimvavnimis 0 - - - .
Chemical, . uuvieerveininrns 12 L0009 14 2N B
3 == T JESIR | PR | PR [ g | |
MININg. .ovieaniirneriinans 0 - - - -
Petroleum vuvrrrrieanrnne. 2 04 1.24 .43 1.4
Pulp and Paper......vvurnes 1 07 07 07 07
Rubber and Plasticseivvers cm e 3 mme =28 e — 36 — 1,33 — .66
Textile. cvvuvreerenniiiiens i .28 24 e 2
Other Light Manufacturing.. 6 33 :] 2,00 91
Other Heavy Manufacturing.. 8 93 6.35 27.00 LN
117 T 6 g5 2.50 .77 2.6%
FOreign. . vvvvvivsvnnrnnians 1 07 07 07 07
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TABLE 24 - PLANT OUTAGE COST PER FAILURE PER kW OF MAXIMUM DEMAND -
PLANTS MORE THAN 1,000 kW MAX, DEMAND ($ per ki)

Number
of
Plants
Industry Reporting Minimum  Median  Maximm  Average
M1 Industry - USA & Canada R .002 7. 7.50 1.0
BULO. s vvvervirrrrennescnnens 0 - - - -
GEmenE. i covoams vasnenemmane 0 . - - -
1171 o SRS I 02 2 .3 15
Mot al i o oo s v o—s s 08— .08 .18
MNINg:.65 sosia s s 0 - - g .
Petroleum....... 5 002 .07 %) a2
Pulp and Paper.............. 1 33 33 33 33
Rubber and Plastics....ooves— meme 2 — = 28— 80— 1 — .80
Textile,,oeervrvreninnnnns 4 07 1.00 1.92 1,00
Other Light Manufacturing... 4 09 1,10 2.80 12
Other Heavy Manufacturing... ] 1.87 1.87 .87 1.8
OEREr L i s Do (G 5 .25 94 7.50 2.8
FOreign, veuesininirencninne, 1 ] +33 .33 ]
TABLE 25 - PLANT OUTAGE COST PER HR. DONKTIME PER kW OF MAXIMUM DEWAND -
PLANTS MORE THAN 1,000 ki MAX. DEMAND ($ per kiéh)
Nunber
of
Plants
Industry Reporting Minimum  Median  Maximum  Average
A1 Industry - USA & Canada k]| .0009 K ] 501 94
R Y 0 - “ - -
Cement...oeeerenirss 0 - - - -
Chemical..oovnemeneniinians 12 .0009 J4 2N W33
1) IR — e e ] i BB e e 88 s oSl s B
Mininge s verereneirenninn 0 - - - -
Petroleul. .oouvarrirvcenes 2 04 1.4 2.43 1.4
Pulp and Paper......eovevee 1 07 07 07 07
Rubber and Plastics........ — Y 8 b 1B b6
Textile uoeses IS ¥ v 1 24 iy 28 /]
Other Light Manufacturing. 4 ] 4 1.20 .65
Other Heavy Manufacturing.. 1 93 93 93 93
OtheR s wwiwe swwevonas 6 75 2.50 5.77 2,69
foreign...... R ] 07 07 07 07
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TABLE 26 - PLANT QUTAGE COST PCR FAILURE PER kW OF MAXIMUM DENAND -
PLANTS LESS THAN 1,000 kW MAX. DEMAND (§ per ki)

Number
of
Plants
Industry Reporting  Minimum  Median Maximum Average

.50 368 .00 459

A Industry - USA & Canada 1

.67 — _467_._467....467

}
l

P T T T T T T T T S T TS
e =]
—
—
—_—
~
~>
—

Metalw: sonis spvmmnn v & v e
LTI} T Y
Petroleum, ..overiviviniinnis
Pulp and Paper...........
Rubber and Plastics....ovss e —
Textile.uvuvevereians TR
Other Light Manufacturing...
Other Heavy Manufacturing...

OO OO DO O eSO D O
—

TABLE 27 - PLANT OUTAGE COST PER HR. DOMNTIME PER kW OF MAXIMUM DEMAND -
PLANTS LESS THAN 1,000 kW KAX, DEMAND (§ per kih)

Nunber
of
Plants

Industry Reporting  Minimum  Median Maximum Average

.86 a2 .00 &N

—

A11 Industry - USA & Canada
Ato.viiiinniiiieeiniane,

Ml o aniaits s 105 800 e e
Hining...... Cheereaeeeiaans
Petroleum..ocoiveiiiinnns
Pulp and Paper,..........us
Rubber and Plastics...vsers —

OO MV OO OO0 = OO O 0

Other Light Manufacturing..
Other Heavy Manufacturing,.

K. 1.43 2.00 1.43
k§ 7.69 2100 11,00
Dther: i v s viins T - - - .
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TABLE 28 - PLANT RESTART TIME (After Service is Restored Following
a Failure that has Caused Complete Plant Shutdown)

Number
of
Plants Average Hedian
Industry Reporting (Hours) (Hours)
A1l Industry - USA & Canada,. 43 17.4 40
171 PO G e 0 - .
Coment. ..v.erevesanriniisnns 0 g .
Chemical,,.cvuiiivninnerninns 19 207 2
Metal. i vaas o dos mive p— e o wme W o oo 4
WNINg. v 0 - -
Petroleum, . .vvvrennrarianons 3 3.3 P!
Pulp and Paper...eevieeianea, ] 10 10
Rubber & Plastics..ouveviens vmm e J o e 30 — e
Textile, .. .oues evisnsuidiiss 3 56.3 n
Other Light Manufacturing.... 7 2.4 ?
Other Heavy Manufacturing, ... 1 2 ?
L 5 2.6 1
Foreign.....ooovvinenn 1 48 18

TABLE 29 - CRITICAL SERVICE L0SS DURATION {Maxfmum Length of Power

Failure that Will Kot Stop Plant Production

Number
of
Plants
Industry Reporting Average Median

AT Industry - USA & Canada.... 55 12.6 min, 10.0 sec.
Auto.s..... R ] - -
Gerents oo B 0 - -
Chemical..vvuviiriiniciieninnn 20 4.5 min. 1.25 sec.
Hetal,veeieiivnrianniveriinen — — 2 e —— 15,0 min. o 15,0 min,
Mining..savsvismeserinavie ivii 0 - -
Pettolelirss v ] 1.0 sec. 1.0 sec,
Pulp and Paper.........coevnnns ] 10.0 cycles 10.0 cycles
Rubber & Plastics....cvennvnine e —_3 — —— ¥.0sec. — — 20.0 sec.
Textiles covniniviverinninne 3 3.34 min, 30.0 cycles
Other Light Manufacturing...... 1 10.3 min. 10.0 sec.
Other Heavy Manufacturing...... 10 47 min. 45 min.
Other,...veuinns, v 8 1.9 min, 20.0 cycles
FOretgn. .vvvevvivvnnsnnininnns ] 15.0 cycles 15.0 cycles

ANNEX A
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Only non-zero data was used in computing

5) Additional information on the cost of power outages in
Sweden, Norway, and the United States is contained in [2].

Piant Restart Time (Table 28)

The textile, petroleum, and chemical industries have a much
ionger plant restart time than the other industries included in
the survey.

Critical Service Loss Duration (Table 29)

1) There is a wide spread in critical service loss duration
time for the 55 plants in the survey.

2) It is suggested that the data from the 55 plants should be
compiled to show several percentiles (10, 25, 75, and 90 per-
cent) in addition to the median value already tabulated.

Loads Lost Versus Time of Power Outage (Table 30)

1) An outage between 1 to 10 cycles resulted in 33 percent
of the plants losing motor loads and 22 percent losing a sole-
noid and only 4 percent losing a computer load. An outage
greater than 10 cycles resulted in 67 percent of the plants los-
ing motor loads and 25 percent losing a solenoid and only 9
p losing a puter load; many plants must not have

Copyright © 2007 IEEE. All rights reserved.
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TABLE 30 - LOADS LOST YERSUS TIME OF POWER OUTAGE
{Tabulation of the Percentage of Equipment Failures
for Which the Designated Load was Lost and Average
Plant Outage Duration Resulting from these Failures)
For Equipment For Equipment For Equipment
Failures 1 Cycle Failures Between Faflures 10
or less in 1 and 10 Cycles Cycles or More
Duration in_Duration in Duration
Type of Not Not Not
Load Yes No Known Yas No Known Yes No Known
Computer 0% 0% 0% 4% 96% 0% 9% 91% 0%
Motor 0% 0% 0% 33% 67% 0% 67% 33% 0%
Lighting 0% 0% 0% 22% 78% 0% 38% 612 2%
Solenoid 0% 0% 0% 22% 74% 4% 25% 66% 9%
Other 0% 0% 0% 7% 15% 78% 25% 62% 13%
Average
Plant 0.0 Hours 1. 39 Hours 22.6 Hours
Qutage
Duration

the average plant outage duration

had computer loads to give such a low value. In fact, many
plants must not have had motor loads or solenoid loads either.
The important parameter to look at is the change in these
percentages from O o the maximum value as the length of
power outage time is increased.

2) It is suggested that loss of load data be compiled for the
following additional categories of outage duration time:

a) 10 to 15 cydles,
b) 15+ to 30 cycles,
¢) 0.5+t020s,

d) 2.0+ to 4.0s,

¢} greater than 4,0s.

The average plant outage duration should also be determined
for these categories.

REFERENCES

(1] IEEE Committee Report, "‘Report on reliability survey of indus-
trial plants; Part I: Reliability of electrical equipment,” this issue,
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Report on Reliability Survey of Industrial
Plants, Part III: Causes and Types of
Failures of Electrical Equipment, the
Methods of Repair, and the Urgency

of Repair

IEEE COMMITTEE REPORT

Abstraci—An IEEE sponsored relisbility survey of industrial piants
was completed during |971 This included the causes and types of
[adlures of i the th of repair, and the urgency
of repait. mmlbmnpubd from the survey of 30 companies
covering 68 plants in nine industries in the United Statea and Canada,
This information i useful in the design of industrial power distribution
systems.

INTRODUCTION

KNOWLEDGE of the causes and types of failures of

electrical equipment is useful in the design of industrial
power distribution systems. In addition it is also useful to
know the failure repair method, whether or not the repair was
urgent, and how long it had been since the previous mainte-
nance had been performed. During 1972 the Reliability Sub-
committee of the IEEE Industrial and Commercial Power
Systems Committee completed a reliability survey of industrial
plants. This is the third paper reporting results from the survey.
Included in this paper are the results for 14 main classes of
electrical equipment on

1) failure repair method:

2) failure repair urgency;

3} failure, months since maintained;
4) failure, damaged part;

5) failure type;

6) suspected failure résponsibility;
7) failure initiating cause;

8) failure contributing cause;

9) failure characteristic.

The failure repair method includes either the repair of the
failed component or the replacement of the failed component
with & spare. This can have a significant effect on the average

downtime per failure, and thus is an important factor in re-

liability and availability calculations.

Paper  TOD-73-158, approved by the Industrial and Commercial
Power Systems Committee of IEEE Indmuy Applications Society
at the 1973 1 and Co Power Systems
Techmcll Conference, Atlanta, Gn Mny 13-16. Manuscript released
for publication: November 5, 1973
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Commercial Power Systems Oommiuee are W, H. Dickinson, Chair-
man, P.E. Gannon, M. s, C. R. Hemng,D w. McWil]xams.R W,
Parisian, A. D. Puttun and W. J " Pearce.
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The failure repair urgency also has a significant effect on the
average downtime per failure and thus is an important factor in

liability and availability calculations

A preventive maintenance program can have an effect on the
failure rate of electrical equipment. Thus a knowledge of
whether or not maintenance has been performed recently prior
to the failure is a significant factor in helping to determine
whether or not the maintenance program is adequate.

The damaged part from a failure is of interest. In addition, a
knowledge is also desirable of the type of failure, initiating
cause, contributing cause, and suspected responsibility. This
information is useful for correcting deficiencies in electrical
equipment and electrical systems.

The fzilure characteristic can be defined as the effect that
the failure has on the electrical system. Thus this information
is very important.

Survey Form
The survey form used is shown in Appendix A of Part 1
[1}. All of the information reported on in this paper came
from card type 3, columns 30-46. The definitions of failure
and repair time are given in Part 1 {1].

RESPONSE TO SURVEY

A total of 30 companies responded to the survey question.
naire, reporting data on 68 plants from nine industries in the
United States and Canada. Every failure report on card type 3
did not have filled in all the information called for in columns
30-46. Tables 31 and 32 give the data for each main equip-
ment class on how many failures had the information called for
in columns 30-46. Each main equipment class contains 18 or
more faiiures; this is believed to be an adequate statistical
sample size.

STATISTICAL ANALYSIS

The results were compiled for 14 main equipment classes.
The number of failures were tabulated for each category of
each column (30-46, card 1ype 3). This was then divided by
the total failures in each column so as to give the percentage
for each category for each columnr (for each main equipment
class).

Copyright © 2007 IEEE. All rights reserved.
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SURVEY RESULTS
The results are tabulated for the 14 main equipment classes
in Tables 33-41. Each table represents one column {of 30-46,
card type 3).

SumMMARY OF CONCLUSIONS

Transformers

In the cases reported, there were approximately an equal
number of incidences of repairing the failed transformer and
replacing it with a spare. The repair urgency slightly favored a
round-the<clock repair over the regular work-day schedule.
Inadequate preventive maintenance did not seem to have much
influence on the reported failures since no preventive mainte-
nance was reported on only $ percent of the failures; 11 percent
of the failures were blamed -on inadeq
Damaged insulation both in the windings and bushings ac-
counted for the majority of the transformer damage, with the
majority of failures being flashovers involving ground. 24
percent of the reported cases considered normal deterioration
from age as the contributing cause of the failure, yet 39 per-
cent reported that they felt the manufacturer was primarily re-
sponsible. Transient overvoltages, from lightning or switching
surges, and other insulation breakdown account for 41 percent
of the reported failures. In 90 percent of the reported cases
the transformers were removed from the system by automatic
pratective devices; only 7 percent had manual removal.

main

C¥rcuit Breakers

About the same number of circuit breakers were repaired in
place as were replaced by spares. The relative importance of
circuit breakers was indicated by 73 percent of the survey re-
spondents making repairs on a round-the-clock basis. The bulk
of the reported failures involved flashovers to ground with
damage primarily to the protective device components and the
device insulation. Transient overvoltages, insulation break-
downs, and protective device malfunctions were considered a
major initiating cause with normal deterioration from age and
misoperation or testing errors considered as contributing caunses.
However, 33 percent of the respondents could not classify the
initiating cause into any of the survey classes, and 55 percent
could not classify the contributing cause into any of the survey
classes. In addition, 36 percent of the suspected causes of
failure were blamed on “other.” 42 percent of the reported
failures involved circuit breakers cpening when they should not;
it is possible that several of these failures were ¢xternal to the
circuit breaker and of unknown cause and were blamed on the
circuit breaker. 32 percent of the reported failures involved
circuit breakers that failed during a load<carrying conditien.

23 percent of the failures were blamed on the manufacturer
and another 23 p on inadequate mai but 36
percent were blamed on *other.” Inadequate preventive
maintenance (PM) could be a factor of same significance since
no PM was reported on 16 percent of the failures.

Motor Starters

Of the reported motor starter failures, about two thirds were
repaired by replacing the starter with a spare and two thirds
were repaired on a round-the<lock basis. About half of the
cases reported indicate that the damage was other than the
classes listed in the survey, primarily resulting from flashovers
or electrical defects. 64 percent felt that a malfunction of a
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protective relay control device initiated the failure with 40
percent of the respondents reporting that normal deterioration
from age was a contributing cause. Over half of the respondents
felt that improper application was primarily responsible for the
failure. In the cases reported 36 percent had been discovered
during testing or maintenance, and 20 percent were only partial
failures. Lack of preventive maintenance was not a big problem.
Those starters that had been maintained less than 12 months
prior to the failure accounted for 67 percent of the cases
reported.

Motors

Of the reported motor failures, about three quarters were te-
paired versus about one fourth being replaced by a spare.
About three quarters were repaired on a regular work-day
basis. The types of failures varied from flashovers to electrical
defects, to mechanical defects, with winding insulation and
bearings sustaining the majority of the damage. Insulation
breakdown, overheating, and mechanical seizing were blamed
a3 the primary initiating causes with normal deterioration from
age, loss or deficiency of lubricant, exposure to abnormal
moisture, and exposure to aggressive chemicals ranking high on
the list of contributing causes. 30 percent of the failures were
discovered during testing or maintenance, which probably
resulted in less actual damage in those cases. Inadequate
maintenance, improper application, and defective equipment
were listed as having primary responsibility. However, over
half of the respondents could not assign responsibility into one
of the survey classes. The motors that had been maintained be-
tween 12 and 24 months prior to the failure accounted for
57 percent of the reported cases with less than 12 months and
more than 24 months accounting for 22 percent and 19 per-
cent, respectively. No preventive maintenance accounted for
only 2 percent, yet this does not correlate well with inadequate
maintenance being listed as having primary responsibility in
17 percent of the reported cases.

Generators

Of the reported generator failures 84 percent were repaired
in place. About the same number were repaired on a round-
the-clock basis as were repaired on a regular work-day basis.
&9 percent of the respondents reported damage other than the
survey classes with electrical auxiliaries, winding insulation, and
moving parts some d Mech | breaking,
transient overvoltages; and zbout half unclassified items were
considered the primary initiating causes with normal deteriora-
tion from age and persistent overloading considered contribut-
ing causes. Responsibility was spread between inadequate
maintenance and defective components with about half of the
respondents unable to place primary responsibility into any of
the survey classes. Infrequent or no preventive maintenance
were not involved in any of the reported cases, a point that
does not correlate with the fact that some of the respondents
felt inadequate maintenance was the primary responsibility.

Disconnect Switches

Of the reported disconnect switch failures, 70 percent were
repaired by replacement with a spare, with work in 80 percent
of the cases being performed on a regular work-day schedule.
Electrical defects, mechanical defects, and flashovers to ground
resulted in damage to mechanical components and insulation.
Some form of mechanical breaking or contact from foreign
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TABLE 31 - NUMBER OF FAILURES FOR ELECTRIC UTILITY
POMER SUPPLIES THAT CONTAINED THE
INFORMATION CALLED FOR IN COLUMNS 30-46,

CARD - TYPE 3

Card Nuwber

Type 3 of

Column Title Failures
30 Failure Repair Method............. 28
32 Failure Repair Urgency............ 35
34 Failure, Months Since Maintained.. 25
6 Fafilure, Damaged Part.......... wce o 39
38 Faflure Type.....ccovvvvernnnannas 49
40 Suspected Failure Responsibility.. 43
42 Failure In'ft'latin? Cause...... ... 53
44 FaiTlure Contributing Cause........ 83
46 Failure Characteristic......... ... 145

TABLE 32 - NUMBER OF FAILURES. FOR EACH MAIN EQUIPMENT
CLASS THAT CONTAINED THE INFORMATION CALLED
FOR IN COLUMNS 30-46, CARD-TYPE 3

Mctor Starters
Motors

Generators
Disconnect Switches
Swgr. Bus-Insulated
Swgr. Bus-Bare

Bus Duct

Open Wire

Cable

Cable Joints

Cable Terminations

Main

Equipment

Class Maximum Minimum Avg.
Transformers 101 97 100
Circuit Breakers 176 161 17

88
561(col.36)

83(col.36)
101

88 88
493(co1.40) 517

3t(all other) 37
100

101

20 20
20 23
18 20
104 108
2N 218
44 45
47 50
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sources accounted for about half of the initiating causes, with
exposure to dust and contaminants and a large number of un-
classified items considered contributing causes. Inadequate
operating proced inadeq maint. , and defective
components wete considered primarily responsible, which
seems to correlate with over 66 percent of the reported cases
not having any preventive maintenance and 21 percent not
having any preventive maintenance 24 months prior to the
failure.

Swirchgear Bus, Bare

Of the reported uninsulated switchgear bus failures, about
two thirds were repaired in place, with a little more than half
of them being repaired on a round-theclock basis, 79 percent
of the respondents report some form of insulation damage all
resulting from flashovers either to ground (79 percent) or be-
tween phases {21 percent). Mechanical failure, shorting by
metal objects, and insulation breakdown were the predominant
initiating causes with exposure to abnormal moisture, exposure
to dust, exposure to aggressive chermicals, and normal deteriora-
tion due to age listed as contributing causes. Interestingly,
15 percent of the respondents listed misoperation or testing et-
rors as a contributing cause. 39 percent felt that an outside
agency was responsible for the failure, while 22 percent blamed
inadequate maintenance.

Switchgear Bus, Insulated

Of the reported insulated switchgear bus failures, essentially
all were repaired in place with over two thirds of the repairs
being completed on a round-the<clock basis. 90 percent of the
respondents reported insulation damage resulting primarily
from flashovers to ground and between phases. Insulation
breakdown was considered to have initiated the failure in about
half of the cases, with exposure to contaminants, moisture,
severe weather, and normal deterioration from age being con-
sidered as contributing factors. Improper application (45
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percent)} and inadequate maintenance (35 percent) were held re-
sponsible for the failures.

Bus Duct

Of the reported bus duct failures, 65 p were repaired in
place with the majority of them being repaired on a round-the-
clock basis. 90 p of the s reported some form
of damaged insulation resulting from a flashover to ground.
Mech | failure, insulation breakdown, and overheating were
blamed as initiating factors, with normal deterioration due to
age being listed as a contributing factor in half of the cases.
Responsibility for the reported failures varied from defective
components {26 percent), improper application (16 percent),
to inadequate maintenance {16 percent).

Open Wire

Of the reported open-wire failures, 70 percent were repaired
in place with a little over half involving a round the clock ef-
fort, About half of the failures involved flashovers either to
ground or between phases and about 25 percent involved other
electrical defects. In the reported failures, transient overvolt-
ages, overheating, or shorting by metal objects were con.
sidered the most significant initiating causes, with severe
weather and exposure to aggressive chemicals being the pre-
dominant contributing causes, 8! percent of the respondents
indicated that no preventive maintenance had been performed
in over two years, which supports the fact that over a third of
them blamed inadequate maint as being responsibl,

Cables

The retative importance of primary cable was again indicated
by about two thirds of the reported cases making repairs on a
round-theclock basis. There were a few more reported cases
where repairs to cables were made by complete replacement
rather than by in-place repairs. About three quarters of the
failures involved flashovers to ground, resulting in insulation
damage.
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TABLE 33 - FAILURE REPAIR METHOD
TABLE 34 - FAILURE REPAIR URGENCY

N [
[ ] |
Y4} 7] w
ol D o
| N -] o w
[T 4 z
20 w Wi |x o [+]
6| X XL (€0« w -
OD| X w 0 O (Wi wid| W -4 -
-in| OlFx| o FlZWOE|O - o
o W | Www|g|ZYOTg| T x v z
Y| MDY XX | XE0QLULQ W Wkt e
| Zzlvg|oX|O | W [OHKFI[FW HoZz| o a2 2X
wz| clew| i | Z|{ | =xlno] W{ O jom| oo
OOl K o | AR a2l 6| O |SS] Si|  Teble, Title, Category
g8l 3| slgl g %l 0 %] S130 4] %1 & | TABLE 33 - FAILURE REPAIR METHOD (Col. %)
50 | 47| 51( 33{78(84|30{9 {71 {65(70( 47[ 87 | 60 1. Repair of failed component in place or
sent out for repair
4 {53(49| 67122116 70 5 (291|357 9] 53113 | 34| 2. Repair by replacement of failed component
with spare
410 0L ojojofojolofoO0ing 00 6] 99. (Other
! | | | TABLE 34 - FAILURE REPAIR URGENCY (Col. 32)
91 [ 51|73 6623 48(20{70 | 58 | 80 55| 66/ 56 | 53| 1. Requiring round-the-clock a1l out efforts
9450 22| 34 (74({52| 80|25 [33[15]|26| 28{ 22 31| 2. Requiring repair work only during
regular workday, perhaps with some
overtime
0 4/ 5 0j2; 0/ 0f 5 8| 5[0 6[2] 16| 3. Requiring repair work on a non-priority
basis
01 0 0f 0j0[ 0l ooy ofoJisf 0 O] 039 Other
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TABLE 35 - FAILURE, MONTHS SINCE MAINTAINED
TABLE 36 - FAILURE, DAMAGED PART

-
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d| O -4
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2o EIoaEh g wnﬁvw nejoo o] 0 |Bn| OF Table, Title, Category
T T g g puILURE, WNTHS SIXCE MAINTAINED
N (Col. )
s6 | 30181 6722( 58] 8{10 {3 |25 [ 1] 1[18] 12| 1. Less than 12 months ago
0! 38le0l 17s7i4e| S{B 104581320 121 2. 12-24 mnths ago
el sl el oinlss 3l ie 10l 2] | % OwrdMentsae _
0T 5[ 167 0172|706 2T 9T 66[607 W[ 4 No preventive naintenance
ol of ol olol ol ofofjojofol 00} 0f3. Other
Pl b b T i % - pAILRE, GED PART (col. %
0|68 0 sol 71 of of ofs|o] 5 0| 0] 1. Insulation - winding
g 13l 2t oloflof 1f 5] 801 0 0 121 2 Insulation- bushing
0] 3119)%0) 3 014180 | T]66516] @4l L 9] 15 3 Insulation-other __ ]
0T 0T T oTw 2 oo 0] 0707 3] 0] 0 4. Mechanical - bearings
sl olnie| 30 7] 9f o] of 0j0f 0f 0 0f 5 Mechanical - other noving parts
w1 sl 2[ 1] 4/ 0p 0| 0] 0j4] 1] 0| 4] 6 Mechanical - other
200 3/ 61133/t 8 50013 1oL 0 _1. Other electrical - auxiliary device
WieT Zrol o] 0} o3| 1[0 0f & Other electrical = protective device
ol 70 vl ojojof ofofojofo} 00} Of 9 T changer-no load type
ol 11 of olojojofojofofo] 00} 0f10 Tapchanger - load type
] a6 siNi60) &l 0 Bl 91 10 99, Other
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TABLE 39 - FAILURE INITIATING CAUSE
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| TABLE % - FAILURE INITIATING CAUSE(Col. 42)

33(23) 13 11 6(10, 4| 5| 510 22| 11| 12| 1. Transient overvoltage disturbance (lightning)
switching surges, arcing ground fault in
ungrounded system)

profofojofoo|ofolo 01 0| 0 2. Overvoltage

OINp 3] 128 34y 0 ST 0| 2 3 Overheating

5118/ 18 830 3 55018 (20| 8129 40| 51 4. Other insulation breakdown

TI7[13] 8[ 4{29[17 110 {23 (45| 7 (24| 31| 24| 21. Mechanical breaking, cracking, loosening,

abrading or deforming of static or
structural parts

2000 5, 61200 321 07 0 0] 00| 0| 0f22 Hechanical burnout, friction, or seizing
of mving parts.

Wl 11 03] 3200 0f 01 0[10]7] 0| 423 Mechanically caused damage from foreign
source (digging, vehicular, accident,etc.)

120102 5100000 0f23 | 5142 0| 2|4, Shorting by tools or metal objects
2020 1) Ty 00 000 0y 9 9| 3]0 0| 2|42 Shorting by birds, snakes, rodents, etc.
010 1] 0p0] X0 0 0] 0] 0|0 0] 0]5). Lossof control power

20NN 64 5[ 00| 0 0D} 0}]0] 0 0f5. Mlfunctionof protective relay control

device, or auxiliary device,
01 0] 0 00y OQ3[ G Of 01 0y07 0| 0f6]. Lowvoltage
2 0 0(01 0 . Low frequency
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TABLE 40 - FAILURE CONTRIBUTING CAUSE
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alop Y[ of1]63] 5] 0ol 0aj0] 2 0 2 Above-normal temperatures
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oTol 2T o] 7Y of o a0 [ o284 13] 70[ @ Exposure to aggressive chemicals or solvents
206 3| OJ10y 6/ 4115|2017 1[8| 2|12 5 Exposure to sbnormal moisture or water
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g g 11 2 1!]3 000 0y 0 0 0]0[ 0 0]12 Loss or deficiency of libricant
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TABLE 41 - FAILURE CHARACTERISTIC
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TABLE 41 - FAILURE CHARACTERISTIC (Col. 46)

Utility Power Supplies (Select code)
01 of ofofof o 2| 8fw|opy 0|2 T Fa umo?sﬁngle circuit (no redundant

supply)

nlol 1y olojol ol 5100y 0f7f 0| 2| 2. Failure of one circuit of a double-circuit
redundant supply

1000 0ol ol o0fof of ofo| 0f0]0ol 0| 0 3 Failure of both circuits of a double-
circuft redmdant supply

2100 3ol oo o] o) 80} 610) 0] 0] 4 Failure of all circuits of a three or more
circuit redundant supply

olol of oloy3t of ool 0f 01040 0] 5 Partial failure of a three or more ¢ircuit
redundant supply

e
)
e
e
Ead
>
Ll
>
e
E 3
e
e
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e

Transformers (Select Code)

ofsol of ofofof af ofof 0|04 0| 2| § Altomatic removal by protective equipment
0f1f 0| 0|0/of 0} e[ 0) 0| 00 0| 0| 7. Partial failure reducing capacity
o7y 0 0/0j0] 0} 0 Q) 0|00 0} 0| 8 Manual removal
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An interesting point is that in over two thirds of the failures
there had been no preventive , yet inadeq
maintenance was only listed in 10 percent of the cases as being
responsible for the failure. 16 percent placed the responsibility
with the manufacturer, 14 percent with inadequate installation
and testing prior to start-up, with 38 percent of the cases re-
porting reasons for the failure in classes other than those listed
in the survey.

The initiating causes varied from transient overvoltage
disturbances to insulation breakdown, to mechanical failures,
with 30 percent reporting normal deterioration from age as a
contributing cause.

Cable Joints

Of the failures reported, 87 percent were repaired in place,
with just over half being repaired on a round-the<clock basis.
Almost all of the failuzes resulted in damaged insulation, pri-
marily from flashovers to ground, which were initiated by in-
sulation breakdowns, transient overvoitages, or mechanical
failure.

29 percent of the respondents felt that normal deterioration
from old age contributed to the failure, while 35 percent
blamed abnormal moisture or exposure to aggressive chemicals.
Inadequate installation and testing were considered responsible
for 50 percent of the failures. 60 percent of the respondents
reported that no preventive maintenance had been performed,
but only 18 percent blamed the failure on inadequate
maintenance.

Cable Terminations

Of the reported cable termination failures, 60 percent were
repaired in place with just over haif of the repairs being made
on a round-the-clock basis. The primary damage was insulation
involving either a flashover to ground or other electrical de-

ANNEX A

initiated by an insulation breakdown, with normal deterioration
due to age, severe weather, and exposure to abnormal moisture
or aggressive chemicals contributing significantly to the prob-
lem. 39 percent felt that inadequate installation and testing
prior to start-up was primarily responsible, while 22 percent
felt that inadequate maintenance should be blamed. This also
seems to correspond to the reporting that in 40 percent of the
cases no preventive maintenance had been performed in over
two years.

GENERAL CONCLUSIONS
Electrical Equipment

The general picture from Tables 38 and 35 spotlights in-
adequate maintenance as a significant factor in the suspected
responsibility for failures. Yet the owner appears willing to
work round the clock to fix failures after they have occurred.
Lack of cleaning and lubrication is apparent on disconnect
switches, buses, open wire, cable, cable joints, cable termina-
tions, and motors.

Electric Utility Power Supplies

Many of the results shown in Tables 33-38 are not really
applicable for electric utility power supplies because the
questions asked are not well suited. The importance of the
utility supply was indicated by 91 percent of respondents
making repairs or a round-the<lock basis, The failures were
predominantiy flashovers involving ground, caused by lightning
during severe weather or by dig-ins or vehicular accident. Qut-
side agencies, probably the local utility, were predominantly
responsible for the failure with preventive maintenance having
no apparent effect on the cases reported.

The data reported under “failure characteristic” in Table 41
are of special significance in the case of double- or triplecircuit

fect. About half of the respondents felt that the failure was  electric utility power supplies. In particular, the failure rate can
TABLE 42 - SIMULTANEOUS FAILURE OF ALL CIRCUITS
IN ELECTRIC UTILITY POWER SUPPLIES
% of 145
Failures | Number Uti11ty Power Supplies -
from of Failure Characteristic
Table 41 | Failures from Table 41
15% 22 3. Failure of both circuits
of a double-circuit
redundant supply
2% 3 4. Faflure of all circuits of
a three or more circuit
redundant supply
17% 25 Total number of simul-
taneous failures of all
circuits in a double or
more circuit redundant
supply
420
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be calculated for the simultaneous failure of allf circuits in 2
double- or triple<circuit electric utility power supply.

From Table 3 of Part 1 [1] the sample size is 210.7 unit-
years for a double- o triplecircuit electric utility power supply.
A double- or triple-circuit supply operating for one year is
counted as one unit-year. It is possible to calculate a failure
rate from these data as follows:

—35-= 0.119 failures per year for simultaneous failure
2107 of all circuits in a double- or triple<circuit
electric utility power supply.

Some discrepancies were found in the data on the number of
installed units for double- and triplecircuit electric utility
power supplies. See the di jon in Part ! [}] on this point.

Discrepancies

A survey such as this one often obtains some data that ap-
pear to contain errors. Sometimes the results look ridiculous.
However, some of the ridiculous looking results may actually
be correct. Some of the errors are believed due to a mis-
interpretation of the question by the respondent.

The data in Tables 31-41 have been published without at-
tempting to correct discrepancies or errors. A brief list of
some possible discrepancies is given.

IEEE
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Table 36: The damaged part of one percent of failed circuit
breal is a tap ch . The damaged part of three percent
of failed cables is a bearing. Winding insulation is shown as the
damaged part in failures of cables, bus ducts, and motor
starters.

Table 39: Three percent of the failures in disconnect
switches were initiated by low voltage.

REFERENCES

(1} IEEE Committee Report, “Report on reliability survey of industrial
plants, Part I Reliability of electrical equipment,” this issue,
pp. 2132235,

Discussion

J. Kr N. M. Th D. H. Cooke, A, W, W, Cameson,
S. Basu, and T, J. Ravishanker (Ontario Hydro, Toronto, Ont., Canada):

1} Quality of Input Data: The confidence level of data in a survey
of this kind cannot be assessed by mathematics only. Qne Key prob-
lem is the adequacy of records and completeness of data. Seme of the
apparent discrepancies noted in the paper seem to indicate quite sub-
stantial omissions in records. Unless the industries involved keep much
better failure records than we have done to date, this is not surprising.
The first requirement of a useful reliability program is an adequately
complete and accurate system for recording failures and consequences
{in cutage terms).

debaki

TABLE A
GENERATORS

Forced Qutages

EEI Report

Number of

Sample Size
(unit-years)

Occurrences
per Unit-Year

Outage Hours
per Occurrence

204 0.142
404 0.839
705 0.521
483 0.393

91.8
126.5
544
125.6

IEEE Reliability Susrvey

Number of
Occurrences
per Unit-Year

Outage Hours
per Occurrence

Sample Size
Type of Drive (unit-years)
Steam turbines* 761.8
Jet engines
Gas turbines 89.4
Diesel engines 59.4

0.032 165.0
0.638 23.1
0.067 127.0

*EEI results are for genezators 60-89 MW.

Copyright © 2007 IEEE. All rights reserved.
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The requirements for better recerds, along with the detail i din
the report forms, indicate that acquiring useful data of this kind is time
consuming.

It is suggested that, if a choice is Yy, it might be 10

and lating the volume of data in a simple,
easy to undezstand tabulation. 1 would like to add some discussion
that i feel would help the value of these tables and add to the accuracy
of future studies. My twe main points are 1) the downtime per failure

have 2 limited (but statistically adequate) number of plants blish &
reliably compiete recording and reporting system rather than increase
the size of the sample under current recerd systems.

2) Survey Resuits on Equipment Failures: The failure rate is given in
failures per unit-year. Is year in this context a calendar year or 8760
hours of plant or equipment operating time? If the failure rate is given
per calendar year, were adjustments made for plants operating for 40
hours per week against those operating for up to 168 hours per week?

3) Discussion of Equipment:

Motors: Tt is d that the di in failure rates results
from the different application of the two types of motors. Synchronous
mators are usually applied on.ly in engineered situations and are care-
fully designed for the Large sy motors are
usnaily slow specd. Induction motors ar¢ mass produced, purchased off
the shelf at the lowest cost, and usually operated to take advantage of
any service factor. The survey figures are probably correct but cannot
be used for comparison of reliability, leading to a conclusion that
synchronous motors are more reliable. 1t is a comparison of apples and
oranges.

Switchgear Bus: The paper states that the reported data ate the
oppaosite to what they should be. The reported figures may be cotrect.
Manufacturers regularly reduce the spacing between buses and the
spaces between phases and ground when they use insulated bus. As the
conductor insulation is usuaily also reduced by design and occasionally
by inferior material standards compared to that on insulated cables. and
workmanship is frequently less than perfect, failures on this type of
gear are probably at least as common as thost on air-insulated

equipmendt.
Circuit Breakers: The failure rate for circuit breakers appears much
too low. It must of course be a function of the frequency of opera-

tion as well as lapsed time. We did not find 2 definition of circuit
breaker failure, which we believe should differ from cable, transformer,
or other static device failures. Circuit breaker faflures should be based
on failure to operate satisfactorily either to remain closed or to open
or to close when called upon. It should be clear whether these figures
include failures caused by auxiliaries such as instrument transformers,
telays, and control switches. Sinc¢ any calculation of the reliability
of 2 power system would be made unreasonably complex by attempts
to treat all these devices individually, a figure for circuit breaker failures
which includes them js usually required by the designer.

G 5. For the in the electrical power industry a
good source of daia exists in the EEl “Report on Equipment Avail-
ability for Twelve-Year Period 1960-1971."" The comparison between
the failure rates and average repair time contained in that report and
the survey discussed are shown in Table 43. EE] data quoted for
steam turbine driven generators are for the size class 60-89 MW, which
is probably larger than the average size of a cotresponding generator in-
cluded in the industrial survey.

It can be seen that the EEI failure rate for steam turbine driven gen-
erators based on forced outages is higher by a factor of 5 than in the
industrial survey. For gas turbines, failure rates contained in both
reports are of the same order, while the outage duration quoted in the
EE] report is higher. 54 failures in 5.5 unit vears in the petroleum in-
dustry can probably be explained by the start-up troubles.

In summary, experience in the utility industry seems to explain
results obtained in the industrial survey to a large degree,

4) Causes of Failure:

a) How important is the age of equipment? [t is mentioned only
as a ‘‘contributing cause,” second in frequency only to “‘other.”
Are there economic replacement times, or does obsolescence usually
ceme first? :

b) Should the inference be drawn that reliability of industrial

which is bly well suited to its job, depends mainly
on 1) stringent P testing, especially overvoltage testing,
2) adequate cleaning, and 3) proper lubrication of bearings?

5) Addirional Suggestions for Analysis: Consideration should be
given to add the manufacturer of the main class of equipment to pro-
vide information on reliability of different manufacturers.

om a single-circuit utility supply is extremely high {possibly by a factor
of five), and 2) the squation for the dollars lost per mtemspuon may
be improved by using other than the kil d d and k

hour ussge as bases.

My company gathers, codes, and analyzes by computer all inter-
ruptions to our three quarter mitlion customers. The average down-
time per customer on our distribution system (which i & singhe-circuit
radial wpply) has boen between 51 and 61 min for five of the past
six years. Our service ares experienced a catasirophic storm during
1969 which caused the average downtime per customer to jump to 124
min. In addition, my company is of the opinion that no plant
thould be down for more than 4 h {barring major catastrophics). A
report is therefore written for each interruption exceeding 4 h in dura-
tion, and these réports are extremely few in number. Furthermore, 13
utilitics have polled their reliabitity statistics for customers fed from the
distribution system and found the average downtime per interruption
for 1971 to be spproximately 1% h long. The average downtimes
ranged from 0.75 te 3.2 h. '

This information shows that the downtime per failure for industrial
piants is probably outside the predicted tolerance on the IEEE data.
This vlmnu may be dus to euhet & major fong disturbance affecting
a ity of those ind | plants participating or to misi
tion of the information required.

For over five years | have worked with our customers in regard o
reliability problems. My experience has shown that the plant invest-
ment, labor cost, and value of product is a better gauge of the cost per
minute down than would be cither maximum kilowstthour demand or
ussge. For example, | werked with 2 manofacturer of magnesium parts
for military aircraft (1 will call this plant 4) and another manufacturer
of parts for conveyor systems (plant B). The dollar loss for A per
minute down was 100 times greater than that for 8. However, plant
B’s dermand is 2500 kW and A's demand is 500 kW, which is an in-
dication that the kilowatthour consumptions in these particular cases
are not related at all to the economical loss due 1o a power interruption.
In general ! find that the cost of downtime is tied heavily to one of the
following: 1} the number of employees, 2} the cost of the product in
production (piecework), or 3) the dollar output per hour (high produc-
tion). A combination of these three items would indicate that loss is
tied to the dollars out of the plant per unit of time. Therefore 1 feel
that future studics shouid relate downtime to dollars per minute of
plant production, gross plant, ete.

J. W. Beard (Union Carbide Corp South Charl W. Va.
25303): Thc lepcn format and the manner in which the information
is quite adeq A dix A (Part 1} is some-
what mmcul! to read because of the reduced print, but [ am not sug-
gesting it be upgraded for this report. Because of the many and various
pieces of data used for the report, it is understandable that the reader
must spend a great deal of time in studying and analyzing the informa-
tien in order to properly apply it. The “‘readily” understandable factor
should perhaps be given more consideration in defining the criteria for
future surveys.

It is my opinion that the most useful types of information presented
are:

1) failure rate and failure rate confidence limits;
2) failure, damaged part;

3) failure type;

4} failure initiating cause;

5) failure contributing cause;

6) failure characteristics,

I believe it is a good assumption that the raw data submitted for
many of the other types of information represented were of much lesser
accuracy than for these. For example, most plants reporting dsta
for information types such as plant outage cost, critical service loss
duration, and loads lost versus time of power vutage probably had to
drlw on someone’s memory of each failure and then apply the “best

Card Becker (C| Electric lluminating Company, Clevcland, Ohio " principl
44101): The ity St ittee did an ding job in as-
422

. This factor alone raises the question as to whether
these types of information can ever be constructed to have useful
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meaning. Except for near catastrophic failures, which result in heavy
financial losses, it is doubtful that most plants will spend the money
to document this type of data. Furthermore, in & practical sense, when
configuring systems and npplymg electrical equipment, the reliability
requirement must be sidered for each ducing unit
served inssmuch as there are many variables that enter into the cal-
culation of downtime Josses.

The following suggestions are offered for consideration in any future

8.

1) Basically concentrate on failure rates and failure causes.

2) Simplify and reduce scope of Wie survey questionnaire forms
(present forms tend to scare users from contributing).

3) Omit asking for types of information such as cost of outage, repair
time, plant start-up time, etc.

4) Instruct users nof to report failures of eq

where b
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in the i of most failures, and IEEE could per-
form an important service to industry by dwﬂopmg 2 socalled * evalln-
tion of possibility of i overvoltage to
failures™ glude.

Stanley Wel.ll (Union Carbide Corporation, Port Lavaca, Tex. 11979)
The Reli i shouid be d for p

such a comprehensive reliability survey of industrial plants md for plo—
viding a very thorough report.

I would like to limit my discussion to Part 3 and, in particular, the
preventive maintenance effect on the failure rate. A preventive main-
tenance program can very definitely have a direct effect on the failure
n:e of elecmuj +quipment. In the modern automated phnt of !oday.

preventative maintenance is not performed.

5) Instruct users ol to teport failures of misapplied equipment.

6) Instruct users not ro include equipment installed prior to Jan-
nary 1, 1968,

7Y Instruct users 1o give “inaervice” date {energized) of all equip-
ment units, not just on the reporied failures.

8) Define “‘frilure™ as “damage to equipment sufficiently severe to
force an outage by either manual or automatic removal of voltage.™
{Keep in mind that failures caused by the conditions in 4) and 5) are
not to be reported.)

B

Part & graat daal oF.confisicn by the

There seemad to be a great deal of confusion by the respon-
dents on the information desited for electric power supplies. Thus the
published failure rates may be questionable. It is my opinion that the
guestionnaire form for this was too nondescript. Perhaps one way to
cleasly describe the power lies on which inf is desired
would be 10 include on the form simple single-line diagrams of the more
common types of utility services,

1t is my opinion that the lack of response by many companies was

d d nnd ]uuu d with d
is often allowed to remain in op-
eration for periods that exceed desired preventive maintenance time
awhadulas I terexting to note th he mrvey indicates that pre-
ventive can be pe d, yet fatlures occur
within a time period which is less than 12 months since preventive
maintenance was performed. Our first attempt at 2 preventive main-
tenance program met with the same results. The program was reviewed
in depth and it was found that it was inadequate and that the preventive
miintenance procedures and time schedules should be reviewed and
corr:hled with our l'n]ure exper:cnoe As cxp:nance was gained, the
ped into a very
usei‘ul tool to practically eliminate electuc-l equipment failure. We
soon recognized that where prevenuve maintenance periods were ove:
24 months or where no at ail was perf
chances of failure were extremely high, This fact is born out in lhz
results of this survey. Tablie 35, “Failure—Months Since Maintained,”
has been rexnanged to show that a large reduction in failures may be

hedul

due primarily to poor and/or nonexistent records. A major ibut-
ing cause may have been lhc maxsm'. amount of infermation asked for.
The Reliability Sub dg that a
observed failures was required for “good™
equipment failure rates soems reasonable.
The value chosen for th¢ confidence interval (0.90) was a good
choice. The inclusion of confidence limits curves (Fig. 1) adds mea-
surably to the report,
[ generally concur with the Sub ittee’s di
Their discussion of some of the results presented in the tables rein-
forces my feeling that the survey was too hruad in scope, and the m—
formation submitted by the plants too for i

accuracy when estimating

ible if p periods are on a 12- to 18-month
bnu (Table B).
Let's define p ] Proventi : S
of § 1o 10 system of routine inspecti to or [t Il future
i ing probl o1 fsilures, and which may, depending

upon equipment type, Tequire equipment exeicising or proof testing,
From this definition, the four following items listed under Table 38,

8 d Failure Responsibility,” can be idered a definite part
of & maintenance program:
n f; d (locate by inspection ot test);

2) apphcxuon

intérpretation.

While the sample sizes would be made smaller, as a general euie 1 feel
that i should be grouped by voltage class. For example, in
Table 2 one grouping of cable terminations is for 601-15000 V. In
this instance it would be especially helpful to know ihe failure rate on
15KV cabie terminations alone.

Part H.: As stated in my general comments, I feel that it is not prac-
tical to generate reasonably accurate information of these types.

The bases for the units used in cost calculations, dollars per kllnwm
plus doliars per kill hour, are hat confusing. Clarifi
of this would be helpful.

In thc Subcommittec’s discussion of the cost of power outages,
item 2), I must disagree with their thought that clectrochemical or
heating processes tend 1o have low outage costs because heat not sup-
plied now can be supplied later.

In the discussion of loads lost versus time of power outage the “time”
factor is questionable. Most plants ate not equipped to measure short-
duration power outages (cycles or even seconds).

Part IIl: Many of the information types in this part ar¢ very impor-
tant. Some, I feel, are not. 1 suggest that the questions on Failure
repair method; failure repair urgency; failure, months since mainte-
nance; and suspected failure responsibility be omitted from future
surveys. The remaining types of information may be refined using
knowledge gained I‘rom thls :urvey

In the y of C they report that
transient overvoltages were a major cause of failure in equipment such
as, for example, transformers and circuit breakers; but I got the im-
pression that much of this was speculation on the part of those re-
sponding. The possibility of transient overveltage should be considered

Copyright © 2007 IEEE. All rights reserved.

and tanlng prior to start-up (proof test);
4) mdeqlule maintenance.

1t is interesting to note that the survey indicates that these four items

are responsible for a very large percentage of failures. The total for
each category is listed below.
Percent.
Transformers 55
Circuit breakers 53
Motor starters’ 77
Motors 42
Generators 41
Disconnect switches 52
Switchgear bus insulated 95
Switchgear bus uninsuiated 52
Bus duct 63
Qpen wire 41
Cable 48
Cable joints 68
Cable terminations 79
To i the system reliability, each faiture should be

very carefully analyzed to determine the failure cause, and corrective
action to prevent additional failures should be applied to all spplicable
equipment.

423
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TABLE B
FAILURES
Less than 12 Months or More
12 Months Ago or No
Preventive Preventive
Maintenance Maintenance
Transformers 34 65
Circuit breakers 18 81
Motor starters 67 33
Motors 22 78
Generators 58 42
Disconnect switch 8 92
Switchgear bus insulated 10 90
Switchgear bus uninsulated 35 65
Bus duct 25 75
Open wire 1 98
Cable 11 89
Cable joint 18 82
Cable terminations 12 88
R. E, Knehn (IEEE Reliability Group): The relisbility, bility, bus. My quandary is that if [ accept your judgment in all

and downtime logistics in the power arca is very important and should
lend itself to cost analysis, which is the ultimate judge of the value of
reliability and mzintainability ptognml A great deal of data have bsen
anslyzed with all the obvi and 4 tages that are
entailed in such a data base. anlnnd?prnentmwuhlmcre
problem as a reliability professional and mansger. In both papers a
large effort was spent indicsting that the survey results o not agree
with what the engineering judgment says the results should be; for
example, the discussion of Part | on motors, generators, cable, and

logic, 1 must question lhe vnlkllty of all the data collectad not ju:t for
motors, ~able, and bus. A
would have been 1o test the hypothesis that a part of the data was
significantly different enough from the total grouped data to justify its
rejection as past of the ponp data.

1 would like to d analysis of or
in analyzing the data. It would appear that a number of possible
variables exist and their effects are suitable for quantization, Thes
procadures are covered in (1]-[4].
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Tai C. Wong (American Electric Power Service Corpanuon New York,
N.Y. 10004): The bers of the Retiabili i are to be

for ducting and g the results of a survey that
covers 10 many elements in Induslrml pcwcr systems.

Perhaps the authors want to clarify why the chi-squared distribu-
tion was used in fitting the data and what kind of statistical testing
technique was employed 1o ensure the adequacy of the distribution
chosen. The authors did compare the results of the recent survey
against those obtzined in 1962. The readers should be warned that
this is only an ob ion based on irical data and that any in-
ference of a trend in the equipment reliability may not be valid. The
paper indicates that many of the reported data cover more than one
year of operating expericnoe. Because the first survey was conducted
twelve years ago, it is felt that the number of years that the different
equipments were in service should be published (or the data collected
during the next survey if they are not yet available) so that the reader
can have a better understanding of the data background when he has to
draw further conclusions, beyond the tables presented.

The authers indicated that the purpose nf this survey is to make pos-
sbie the i reliability | ive designs
of new systems and then use this information in cost-reliability tradeoff
studies to determine which type of power distribution system to use.
It appears that the authors focus on making the economic tradeoff
comparisons based on the available system components at a given time.
However, the authors pointed out that the product of failure rate times
the average downtime per fulule is almost the same in 1973 asin 1962,
Perhaps the i s and the ind can lish
‘more dialogues, lcading to an answer to the following two questians.

1) Should the equipments have a lower failure rate, but when failing,
take langer to repair? or

2) Should the equipments have a higher failure rate, but when failing,
need shorter repair time?

in a few instances during the survey, the respondents misinterpreted
either the guestion(s) and/or the definition of the terms, thus leading
to unreliable or biased results. This is especially true in the ares of
preventive maintenance. I might suggest that during the next survey
1) the definition of all terms that are likely to cause confusion in the
questionnaire be included, 2) a pilot survey be instituted and any neces-
sary modifications pe made to the questionnaire before a fullscale
survey is launched, or 3) the survey form be sent out without request-
ing data, but instead req the dent’s interpretations of the
quéestions and the terms used. Then lhe survey form may be redesigned
and data requested.

1. 0. Sunderman (Lincoln Electric System, Lincoin, Nebr.): The au-
mon have presented an mmesung cross section of costs involved with

d ial electric ] as d by the com-
puter. The data are to be utilized by interested parties in the choice
of a reliability design for industriat power distribution systems. The
wide range of costs as split into the two parts over 1000 kW and under
1000 kW suggests consideration of other kW brackets at 500, 2500,
5000, 7500, 10 000 kW, etc. The sufficiency of data will dictate
breaking points, as the author slready questions the cost data below
1000 k'W.

In Part 3 the authors have reviewed and presented in excellent tables
the results of electric equipment outage reports and repair. It must have
been di ng to note the “other than categories classified.”
Perhaps further reporting on the “other™ category comments, if avail-
able, would bring additionsl results to light.

IEEE Religbility Subcommittee: The authors with to thank those who
presented discussions on these three papers. Some of the suggestions
given can be considered for incorporation into future surveys and they
can also be used in the anslysis of the results.

Several discussers have raised the guestion lboul the effect of *
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the failure rate. The assumption of a constant failure rate with age can
be justified for most clectrical equipment based upon reliability surveys
madc by others.

Mr. Becker and Mr. Beard have raised questions about the accuracy of
the cost of power outage data and the attempt to relate it to kilowatts
and kilowatthours. Information was collected but not published on the
estimated plant outage costs 1) per failure and 2) per hour of down-
time. The authors consider that the cost of power outages is an im-
portant facter that should be considered in the desigh of power
distribution systems for industrial plants. Since power distribution
systems are designed on the basis of kilowatt capacity and kilowatthour
of delivered energy, it was felt that it is necessary to attempt to relate
the cost of power outages to these two parameters. The approach used
by the Reliability Subcommittec is the same as that which has been
used by electric power companies in several European countries. The
survey result of the median cost of 83¢ per kilowaithour of unde-
livered energy is in the same range as values obtained from surveys that
have been made in Sweden, Norway, France, Italy, and West Germany.
The authors agree that the published data of the cost of power outages
are more meaningful if related to specific types of plants.

The authors acknowledge Mr. Beard’s suggestion that a one-line
diagram should be used in the survey of the electric utility supply. A
new survey of the electric utility supply is being started, and Mr. Beard’s
suggestion will be mcluded This new survey should clear up the prob-
lem of the i by Mr. Beard. The au-
thors acknowledge Mr. Beard's comment questioning the accuracy of
the *“time™ factor in loads lost versus time of power outage in Table 30,

In answer to several questions raised by Mr. Krasnodebski, the au-
thors make the foilowing comments.

1) The failure rates are based upon a calendar year of 8760 h,
not upon an aperating time, which could be less and would thus resuit
in a higher failure rate than reported in the survey.

2) The failures of circuit breakers are meant to include the auxiliaries.

3) The failure modes of circuit breakers are included in Table 41;
this inciudes “fail to close,” *‘fail to open,” etc. However, data were
not collected on the number of circuit breaker operations.

4) The Reliability Subcommittee does not consider that it would be
appropriate for a technical society such as IEEE to collect and publish
reliability data by name of manufacturer.

5) The authors agree that better record keeping of failures would
improve survey results. It is expected that future surveys will cover
only a few categoties of electrical that are idered
trouble areas.

&) The authors acknowledge the logic in the very interesting com-
ments made on sy motors and switchgear bus and generators.

7) The steam turbine s in ind ] plants probably have
constant operation and thus could be expected to have a much lower
failure rate than 60-B% MW units in utility applications wheré the
operation was cyclical.

The authors wish to thnnk Mt. Kuehn for his suggesuons in analyzing
the data. These luded 1) test hyp is that part of
data can be rejected, and 2} analysis of variance or multiple regression.
Mr. Becker has raised a point where this approzach for analyzing the data
could possibly be tried. Mr. Becker feels that the survey results are too
high on the downtime per failure of a single-circuit clectric utility
supply. This may be true for his system, but perhaps other utilities are
not as good as his company’s system.

M1, Wong has uued Y wamunc about drawing the conclusion that

qui has d since the previous survey con-
ducled 11 to 12 years earlier. A separate paper has been prepared on
this subject and will be published in the near future. This paper con-
tains the conclusion that the failure rate of electrical equipment has
shown a definite trend of improvement during the 12-year intetval.

Th: authors wish te thank Mr. Wells for his discussion on preventive

setvice date’” or age on the reliability of q opuh-
tion datz were collected on the average age of esquipment in servioe;
these will be published in Past 4. , the Reliability Subcom-
mittee did not request these data in the surv:y questionnaire on equip-
ment failures. This subject was i d by the Sub i when
m..km. up the qusuonuut. it was not mcludul beau:e this would

ve added to a that was al-
mdy congidered too long. This meant that the assumption was made

A lot mare data on preventive maintenance are being

d and wiil be inciuded in Part 4. Mr. Wells' Table B shows
more failuzes in the ‘12 months or more’ category than for the “less
than 12 months ago’" category. The authots would like to point out
that the electrical i has mere unit-years of exp in the
“12 months or more” category and thus could be expected to have
more failures. Thus it is not possible to conclude that more frequent
preventive mamtenance will reduce the failure rate. The Reliability

that the failure rate was constant with age. Thus a chi-sq d dis-
ibuti for use in the confidence limits of

is appropri
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Sub ig: this subject in further detail and will
publish the results in Part 4.
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