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RELIABILITIES
OF -

REDUNDANT ELECTRICAL GENERATOR SYSTEMS

I,  OBJECIIVE

The objective of this study was to determine and compare the reliabilities
of various redundant configurations of SNAP-8 and SNAP-2 electrical generating

systems. A number of assumptions were made to facilitate the statistical calcu-
lations; these assumptions are listed in the discussion.

IT. CONCLUSION

The number of SNAP-2 Systems required to provide equivalent power at a
reliability equal to that of a SNAP-8 system is sqch that this épproach becomes
impractical, even if switching and other auxiliary functions wer% 100% reliabie,

ITI, SUMMARY

There are two basic redundant configurations: active-parallel and
sequential, In an active-parallel system, all units are op?rating at once, and the
total -output capability exceeds the system requirements. As units fail, the avail-
able output drops until it equals the overall system requirement, The failure of
one additional unit then results-in a system output below requirements; and the

system is considered to have failed.

- In a sequehtial system, dniy enough units td meet system cutput requirements
are initially operated. . A number of spares are available which are used to replace
the original units as they fail. After the last spare has been used, the next
failure results in an output below system requirements, and a system failure has

occurred. If perfect failure-sensing and switching devices are used, the reliability -~

of a seguential configuration.will be somewhat higher than that of an active parallel
gystem having the same total number of units. This results from the fact that the




extra units in a sequential system are not subject to failure during their standby

period, whereas in an active system, all units are experiencing the failure rate.

A more complex analysis stems from the fact that extra units in a sequential
system do experience some smaller failure rate when in a standby condition. This
failure rate is the result of meteoroids and other mission conditions which affect
both operating and nonoperating7units. Consequently, the gain in reliability of a
sequential system over an active system is less than that which would otherwise
be obtained. |

The reliabilities of a number of redundant configurations have been computed,
These include both active-parallel and sequential configurations. The results are

summarized below, .
/

A. BASIC CRITERIA

3
1

System (EGS) SNAP-8  SNAP-2
Operating Reliability (10,000 hr) »800 800
Standby Reliability (10,000 hr) 960" 960"
Output - 35 kw 3 kw or

5 kw

*Reliability of .960 = failure rate (FR) of .0LO8

B. OPTIONS

1, System Reliability = .80 -- One SNAP-8 System = .800

Equivalent SNAP-2 Systems

Power | I 3 kw (36 total) I 5w (35 total)
Configuration || Number Reliability | Number Reliability
) "\ n 9 o139

Active Parallel 16 798 10 "879
Sequential (no stand- 15 o719 9 793”

by FR) 16 . 866 °

Sequential (standby 15 - 706 8

FR = ,0L08) 16 853 7 783
Page 2
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2. System Reliability =

Parallel-Redundancy = ,960

Equivalent SNAP-2 Systems

.96 -- Two SNAP-8 Systems in Active

Power 3 kw (36 total) " 5 kw (35 total)
Configuration Number Reliability Number Reliability
18 948
Active Parallel 1 19 977 11 .950
Sequential (no standyh 17 9L5 10 926
by' W) 18 0980 11 ° 978
Sequential (standby 17 «935 10 2917
FR = .0LO8 18 97h 11 973

36 System Reliability = .98 =~ Two SNAP-8 Systems in Sequential
Redundancy = .979 (No Standby Failure Rate)

Equivaient SNAP-

>ystems ‘

Power ﬂ 3 kw (36 total) 5 kw (35 total)
Cenfiguration - || Number Reliability Number [Reliability
Active Parallel 19 , « 977 12 .981
Sequential (no stand- .
by FR) 18 9980 % 11 0978

~ !
Sequential (standby |
FR = ,0408 18 0973 11 972

i,  System Reliability =

Redundancy =

]
|

.0408)

Equivalent SNAP-2 Systems

975 == Two SNAP-8 Systems in Sequential
.975 (Standby FR =

Power 3 kw (36 total 5 kw (35 total)
ponfiguratidn Number Reliability Number | Reliability
Active Parallel 19 o977 12 .981

. 3

;;q;§§tial (no stand 18 .980 11 .978

S " tandb

~F§“§?f:ig§ (standby 18 973 11 972
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IV, DISCUSSION
A, SCOPE OF REDUNDANCY STUDY

There are numerous technical problems associated with any redundant
system, particularly one as complex as an EGS. The nature and scope of these
problems, however, were not the éubject of this study. A major program would be

necessary to determine, investigate, and resolve even the most immediate probléms{\

Another possible consideration is the application of redundancy to
subsystems or components, either inétead of redundancy on an EGS level, or as a
supplement to it. For example, an EGS'consiSting of one reactor and two power
conversion systems could be evaluated; or the possible use of two L/C pump-motor
assemblies could be investigated. -Again, this study did not undertake the analysis
of these possibilities; but was limited to redundancy considerations at the EGS

level,

B, ASSUMPTIONS IN REDUNDANCY ANALYSIS

1. The reliability of the detection and switching functions is
perfect, i.e., 1.00, That is, these functions do not contri-
bute to the overall system failure rate which is determined
only by the reliability of the EGS (SNAP-8 or SNAP-2) elements
and the redundancy configuration. This assumption may be made
because the relative contribution of detection and switching
devices to the overall system failure rate is small compared
to the contribution of the EGS‘Q (pérhaps an order of magnitude
smaller), Secondly; since the relative reliabilities of two
alternate systems are being compared; whatever small failure
rates may exist for these functionsg to some degree, tend to
balance out, |

26 The standby systems are subject to the same constant failure
rate from meteoroids as the operating systems throughout the
entire mission life., The reliability of one unit with respect
to meteoroids is .96 for the mission life, corresponding to a
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failure rate of .04O8 per 10,000 hours (L4.08 x 10'6 per hr).
Vacuum, temperature, radiation, and other space environments are
assumed to have no effect on the reliability or longevity of
’ » nonoperating systems. (Any effects would be considerably less
) than those resulting from meteoroids, and can be considered to
be included in the .0LO8 standby failure rate.)

3. The 10,06®”ho&r functional reliability for any single system is
.8333 from the time that the particular system starts, nct from
the start of the mission. That is, the functional failure rate
for an individual EGS is .182); per 10,000 hours (18.2L x 10_6
per hour) commencing from the start of that unit's functional
operation. Thus, the total operational reliability, which is
the product of the meteoroid reliability x the functicnal
reliability, = .800,

he Subjection to launch environments does not affect the standby

v failure rate. Launch dynamics result in an increase in the
operating random failure rate from some lower level to 18.2L4 x 10‘=6
per hour. This assumption, although a simplification of actual
phenomena, is valid because a random failure rate is the result

of sudden stress accumulationé occurring randomly. The relation-
ship of these stresses to the 'strength' of the system determines
the system failure rate. The effects of launch dynamics are to
lower the sysﬁem"'strength' and increase the probability of ran-
dom-stress accumulation exceeding system capability during

fungtidﬁal operation,

Se All systems are assumed to operate within their design lives
after debugging and before wearout. The calculations are based
on a constant failure rate (exponential religbility function,
R=e M for a single EGS unit,
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Failure of one unit will not affect the reliability or
longevity of any of the other units, either operating or non-

£k
(8
[ ]

operating. AThat'is, there are no interactions between redundant
units. It is assumed that, even in an active-parallel system,
the amount of derating resulting from additional units sharing
the load is not enough to significantly affect the failure rate
of an individual unit. |

Te The mission will not be affected by the startup time required
; to attain electrical power output. Either auxiliary power will
be available, or, in the case of SNAP-2, the mission will be

capable of proceeding for short durations at reduced power levels.

8. Redundancy is accomplished by switching in a complete EGS,
rather than by redundancy of selected subsystems. No component
of a failed system will be used in another system. (Not
necessarily the'pest‘approach.)

V. CALCULATIONS

A, ACTIVE-PARALLEL SYSTEM

The Binomial expansion is applicable = (R + Q)"
where R = reliability of one unit |

Q = probability of failure of ore unit = 1-R

n = number of units in parallel
Caypn=2.2
(R + Q" = 5" + an-IQ + n(n—l%? Q

b 2DEARTC,

- v o

1lst term is probability of O failures

2nd term is probability of exactly 1 failure
3rd term is probability of exactly 2 failures,
etc, '
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System reliability, Rs’ is‘theAsum of the first k + 1 terms where k
is the allowable number of failures. That is, Rs = probability of O failures +
probability of 1 failure + probability of 2 failures + . . . probability of k
failures,

For example; if there are 8 units in the system and 3 failures are per-
mitted, n =8, k =3, k+1 =}

R, = P(0 failures) + P(1 failure) + P(2 failures) + P(3 failures)

AT ————— e

R for 1 unit = |80

Q for 1 unit l~-R=,2

1. 35 kw Unit (1 Unit is Required to Provide 35 kw)

n=2 R =.82 +2(.8)(.2)

= 640 + ,320 = ,960
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2,

PR O

3 kw Unit (12 Units are Required to Provide 36 kw)

a, n =15

) 2. 12 3
Rs = 8"+ 15(a)%(2) + IS(M')CZB)?CZ) - 15000982

1l

.0352 + (319 + ,2309 + .250| = 648

b, n =16

Rs = g'°+ 16(8) (2)+|§_ﬂsm)‘tzf |6(|5)(|4) az'a(g.) 1605 mﬂaaxﬁz@"'

= ,028| * .26 +. .2l + ,2463 + ,200| = J98
c. n=17

Rs - ‘sl'?_'; |7(,8)I6(Z) + 71 2§ l‘sg 2)7—+|Z£|62$‘5)(R)' ioZZ +Mﬁ§¥!é}§.8)'3§§
17016 lsmi)ga\g %2y
+ 1T(e)e '

= 0225 +,0756 +.19|2 +.239] +, 2092 +.1340 = .B94-

de n =18
~ VE.o2 , i
H.S = 5‘84— IB(B)‘ 4).5._&!.‘]%&1.4. ‘E.(LZZ“ZXG Eﬁi.,dﬂlﬂ_é‘gzégﬁi
1BUN0eYIMX. %2 | 1BUDI6XEXI4XINA'HA®
+ T jzo + 270
= ,0|80 +,08[| +,]723 + .229 7 +.2153 + 1507 +.08/14¢ = .350
= n =19

_ . 8 mas)(a)"(a)z' qgg_gn 8)'%L2P . 130 gmnaezca)'sgg)
Re = 8"+ (8% + +

+ 1908)I7N16)9)8)' L 2° ]%lgﬂz_\(lé)_(ﬁ)(ﬁ)(-&ia(&)+ DGR a2y
120 720

= ,0l44 +,0685 + ,I540+ 2182 + .2I182.+ 1637 + 0955 +.0443 = _9T7
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3¢ 5 kw Unit (7 Units are required to provide 35 kw)

a. n=9
Rs = g7 + acea + HEuTLa"
: = .1343 + 3022 + .3022 = .739
! b n=10
Rs = .8 + j0(e)%2) + Lo@ie’car mﬂ@mfﬂkﬁa
= ,1074 + .2684 + .3020 + ,2013 =
c. n=11

- 1L (108 (. 2)* 218.2)° 10)Q)®)(8Y.a)"
Rs = 8"+ we%2) + - +l|§|01(3‘!(8) Cay . 1o ?)’%ﬂzgsz(g)

. 0859 + .zzé2. + ,2953 + .z2I5+ ,107 = ,950

il

d. n =12

WY 2 F ! “M!Q‘(E)qﬁaa 12a0aoxa) (882t
RS P '8|2_+,2(J9)-".‘Z) + 2.(1 (-? - a( 6 . -+ 24-18 ‘

| + 2ANQ)E)8YE.2)
t {20

= .0687 + ,2062 +,2835 +,2362.+ ,i1329 +.0532 = = =1
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B. SEQUENTIAL SYSTEM - NO STANDBY FAILURE RATE

The Poisson distribution is abplicable (e . X = 1),

p'e
since e =1 +x +

-X x -X x2 3 xh
e . =x (1l+x+ 5T + 37 + T +...)

Let x = At = average number of failures in time t. This results in
the equation:

\2 3 L
M [1ene s G4 UGB 08 by (2)
YN o
where R =e = the probability of O failures
Ql = At ( At) = the probability of exactly 1 failure
Q, = the probability of exactly 2 failures
Q3 = the probability of exactly 3 failures
etc,

Lgain, system reliability is the sum of the first k + 1 terms where k
is the allowable number of failures:

R, = probability of O failures + probability of 1 failure + . . .

probability of k failures

The failure rate, At, however, is the failure rate of the operating
system, not the failure rate of an individual unit. If there are m units operating,
and each unit has a failure rate Aut, the system failure rate At =m Aut.

R for 1 unit = ,80; At = ,223

1. 35 kw Unit; One Unit 18 Required to Provide 35 kw

n=2, R_=e?? (1+,223) = .97
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2, gJw Unit (12 Units are Required to Provide 36 kw)

a, n =168

. P ‘ 3
Rs - 2'2'677](1*'2..6777"' 2..5277 + ggﬁ_ém__)

; ' = ,0e872 (I1+ 2.6777 +3.5850 +3,|1198) = -’llj——

b. n=16

~2.6777 6777% . 2.67773 74
Rs = o (|+2.6777 +'g—§_ + £ A +z"€;1'—g )

=..06872 (1+26777 + 3.5850 +3.1998 + 2.1420) = 866
Ce n= 17
2 3 -4
= -2.67 . . .
Re = %977 (1 + 26777+ 24300+ 247207 26777%, 2.6777%)
= .06872 (1+2.6777 +3,5850 +3,1998 +2.1420 +1,|47}) = ,945
d. n =18

>
i
i

ST v 26777 1_;,(,;-72",. é%zz?,.zeézz“,_ 2:6171° g._’e7;76 )

osa—rz.(u-z 6177 + 3,5850 -r3 1998 +2 mzomﬂh- sn9)  =_.,980

i

B :

3. 5 kw Unit (7 Units are Required to Provide 35 kw)

‘ac. n=9

Re = 27"%6%0 (| + 15620 + 12622 )
' = 20972 (i + 115620 + 1.2200) = 793
b, n =10
| Re = g 5689 (I"i"' ).5620 + "r‘;zz°2_+ L2207 )
= .20972 (|. + 1.5620 + 1.2200 + ,6352) = 826
c. n=11
Re = 27"%2%(); | 56p0 + 15522 “r LE‘Z‘ZLB*' —‘4—"52204)
= ,20972(1 + 1.5620+ 1.2200 +,6352 + ,2480) =978
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C. SEQUENTIAL SYSTEM - OPERATIONAL FAILURE RATE = llt, STANDBY
FAILURE RATE = lzt

The reliability of a system with one unit in operation and a second

unit on standby is given by:

R =eMb [1+ 1(:L-- "‘t)] (3)

When the number df units exceeds 2, the exact formula becomes quite
complex; and the following approximation, which is accurate to three decimal places,

may be used:

R
L 3

R, = reliability'of 2 unit sequential system with no
standby failure rate. (From Equation 2)

R, = rellability of 2 unit sequential system with standby
failure rate (From Equation 3)

3 reliability of 2 unit active-parallel sysﬁem (From
‘ Equation 1)

=)
i

R, = reliability of n unit sequential system with no standby
failure rate. (From Equation 2) . .

RS = reliability of n unit active-parallel system (From
Equation 1)

R6 = reliability of n unit séquential system with standby

failure rate = A2t. (This is the unknown quantity)

As long as K2t (standby FR) it less than Alt (operational FR), R, will be between

2

R1 and R3, and R6 will be between Rh and RS.
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24

35 kw unit; one unit is required to provide 35 kw

= ,800 (At = .233)

Roperating 1

Rstandby = .960 (k2t = .0408)

_ ¥ .223
R = .800 |1+ 2B (1. .960)]

.800 :1 + .219] = 975

3 kw unit; 12 units are required to provide 36 kw (from Equation
4, for n = 18)

R, = 979
R, = .975
Ry = 4960
R, = .980
Rg = .9L8

=)
it

'15" -
y .9L8 + 015 (.032) 97

5 kw unit; 7 units are required to provide 36 kw (from Equation -

4 for n =11)

R, = .979

R, = .975

Ry = .960

R, = .978

By = 950 |

Ry = .950 + 302 (,028) = 972
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