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Abstract

The way of operation cost analysis of the compéhnical system at the variable operation conditiand

its application to the evaluation of the cost befand after the exemplary system operation process
optimization is presented. The methods of correctand preventive maintenance policy maximizing
availability and minimizing renovation cost of tbemplex technical systems in variable operatiordit@mns

are presented and applied to the exemplary system.

12. The exemplary system operation cost
analysis

12.1. The exemplary system operation cost
analysis beforeand after its operation
process optimization

In Section 3 [2], it is fixed that the exemplary
system is composed afi =14 components and
that the numbers of the system components

operating in various operation stateg,,
b= 1234, are different. Namely, there are

operating 6 system components at the operation
states z, 8 system components at the operation

states z, and 14 system components at the
operation states z, and z, . According to the

arbitrary assumption, the approximate mean
operation cost of the single basic component of the
considered exemplary system that is used during
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the operation timef = 1 year, independently of
the operation state, b= 1234, amounts

¢ (1b) =100PLN, b= 1234, i =12,...14,

whereas, the cost of each system singular basic
component that is not used is equal to 0.

In the case when the exemplary system is repaired
after exceeding the critical reliability state=2

and its renewal time is ignored, we assume that the
approximate cost of the system singular renovation

is ¢, =1000PLN. Similarly, in the case when the

exemplary system is repaired after exceeding the
critical reliability stater =2 and its renewal time

is not ignored, we assume that the approximate
cost of the system singular renovation is

C,y =1500PLN.

First, we will analyze the system operatiostco
before its operation process optimization.
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Thus, under the assumptions, the total operation Proceeding similarly as before, the total operation
cost of the non-failed exemplary system during the cost of the non-failed exemplary system during the
operation timeéd = 1 year, according to (13.2) operation timeéd = 1 year, according to (13.7)
from [1] and after considering (17) [3], is given by ~ from [1] and after considering (90) [4] , is given

C(1) C 0.214[100[6 + 0.038[100(8 C(1) 00.341[100(6 + 0.105[100(8
+0.293[100[14 + 0.455[100[14 +0.245(100[14 + 0.309[(100[14
= 1206 PLN. (279) = 1064.2 PLN. (282)

In the case when the exemplary system is repaired |n the case when the exemplary system is repaired
after exceeding the critical reliability state=2 after exceeding the critical reliability state= 2

and its renewal time is ignored, from (76) [3], we and its renewal time is ignored, from (108) [4], we
know that the mean value of the number of know that the mean value of the number of
exceeding by the system the critical reliabilitgtet  exceeding by the system the critical reliabilitstst

during the operation timé = 1 year is during the operation timé = 1 year is
H@2) = 1 500028 - 1
357.68 H@2) = 21020 [10.0024

Thus, the total ope_ratipn cost of the re_pairgble Thus, the total operation cost of the repairable
exgmplary system W't_h ignored its renovatlpn time exemplary system with ignored its renovation time
during the operation timé = 1 year, according to gy ring the operation timé = 1 year, according to

(13.3) from [1], amounts (13.8) from [1], amounts
C, (1) [1206+1000C0.0028 C, (1) 010642 +1000D.0024
= 1206 + 2.8 = 1208.8 PLN. (280) =1064.2 + 2.4 = 1066.6 PLN. (283)

In the case when the exemplary system is repaired |, yhe case when the exemplary system is repaired
after exceeding the critical reliability state= 2 after exceeding the critical reliability state= 2

and its renewal time is non-ignored, from (77) [3l, 54 its renewal time is not ignored, from (109) [4]

we know that th(_e mean value of th(_e number o_f_the we know that the mean value of the number of the
system renovations after exceeding the critical gy g0 renovations after exceeding the critical

reliability state during the operation tim@ = 1 reliability state during the operation timé = 1
year is given by year are is given by

1 1

= = 0.0027 = 1 1
- - H12) 0 - = 0.0024
357.68+1C  367.68 @) 0 e r10” 22020

H (12) O

Thus, the total operation cost of the renewed Thus, the total operation cost of the renewed

exe_mplary SVStem Wit.h ignored its renovati'on time exemplary system with ignored its renovation time
during the operation timé = 1 year, according to during the operation timé = 1 year, according to

(13.5) from [1], amounts (13.10) from [1], amounts

Chy O 11206+15000D.0027 C., (6) 010642 +150000.0024

=1206 + 4.05 = 1210.05 PLN. (281) - 1064.2 + 3.6 = 1067.8 PLN. (284)

Now, we will analyze the system operation cost
after its operation process optimization.
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The comparison of the results (279)-(281) with the
results (282)-(284) justifies the sensibility ofeth
system operation process optimization.

12.2. Operation cost analysis of the impoved
exemplary system

As in Section 12.1 we fixed that the exemplary
system is composed ofi=14 components and
that the numbers of the system components
operating in various operation stateg,
b= 1234, are different. Namely, there are
operating 6 system components at the operation
states z ,8 system components at the operation

states z, and 14 system components at the
operation states z, and z, . According to the

arbitrary assumption, the approximate mean
operation cost of the single basic, reserve and
improved components of the considered exemplary
system that are used during the operation tthe
1000 days, independently of the operation sigte
b= 1234, amount:

- the operation costs of basic components of the
system with non-improved components in the
operation statez,, b= 12.34, during the system

operation timed
c/?(100Qb) =1000 PLN, i =12,...14,

- the operation costs of basic and reserve
components of the system with a hot single
reservation of components in the operation state
z,, b=12,...,v, during the system operation time
6

c®(100Qb) =1000 PLN, i = 12,...14,
- the operation costs of basic components of the

system with a cold single reservation of
components in the operation statg b= 12 .34,

during the system operation tinge
¢?(100Qb) =1000 PLN, i =12,...14,

and the operation costs of reserve components of
this system in the operation statg, b= 12 .34,

during the system operation tinge
€ (100Qb) =500 PLN, i =12,...14,

- the operation costs of basic system components
of the system with improved components by
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reduction their rates of departures from the
reliability state subsets in the operation staje

b= 1234, during the system operation tinée
c®(100Q p(2),b) =1500 PLN, i = 12,...14,

whereas, the cost of each system singular basic
component that is not used is equal to 0.

In the case when the exemplary system is repaired
after exceeding the critical reliability state=2

and its renewal time is ignored, we assume that the
approximate cost of the system singular renovation
are:

- the cost of the singular renovation of the
repairable system with ignored renovation time
with non-improved components is

¢ =50 PLN,

- the cost of the singular renovation of the
repairable system with ignored renovation time
with a hot single reservation of components is

c® =100 PLN,

- the cost of the singular renovation of the
repairable system with ignored renovation time
with a cold single reservation of components is

¢ =75 PLN,

- the cost of the singular renovation of the
repairable system with ignored renovation time
with improved components by reduction the rates
of departures from the reliability state subsets

¢ =150 PLN.

Similarly, in the case when the exemplary system
is repaired after exceeding the critical reliapilit
stater =2 and its renewal time is not ignored, we
assume that the approximate cost of the system
singular renovation are:

- the cost of the singular renovation of the
repairable system with non-ignored renovation
time with non-improved components is

(]
Cnig

=500 PLN,

- the cost of the singular renovation of the
repairable system with non-ignored renovation
time with a hot single reservation of components is
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@ —
Cnig -

1000 PLN,

- the cost of the singular renovation of the
repairable system with non-ignored renovation
time with a cold single reservation of components
is

2 —
Cnig -

750 PLN,

- the cost of the singular renovation of the
repairable system with non-ignored renovation
time with improved components by reduction the
rates of departures from the reliability state stbs

cgfg’ =150 PLN.
First, we will analyze the system operation cost
before its operation process optimization.
Thus, under the assumptions, the total operation
cost of the non-failed exemplary system during the
operation time § = 1000 days, according to
(13.17), (13.18), (13.19) or (13.20) froifi],
respectively amount:
- the total operation cost of the non-repairable
system with non-improved components

C© (1000 [0.214[1000[6

+ 0.038[1000[8 + 0.293[1000[14
+0.455[1000(14= 12 060 PLN, (285)
- the total operation cost of the non-repairable
system with a hot single reservation of
components is

C% (1000 02[0.214[1000[6

+0.038[1000[8 + 0.293[1000(14
+ 0.455[1000[14]= 24 120 PLN, (286)
- the total operation cost of the non-repairable
system with a cold single reservation of
components is

C® (1000 0 0.214[(1000+500) (6

+0.038[(1000+ 500) [8

+0.293[(1000+ 500) [14
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+0.455[(1000+500) [14 = 18 090 PLN, (287)

- the total operation cost of the non-repairable
system with improved components by reduction
their rates of departures from the reliability stat
subsets is

C® (1000 0 0.214[1500(6

+0.038[1500[8 + 0.293[1500(14

+ 0.455[1500014= 18 090 PLN. (287

In the case when the exemplary system is repaired
after exceeding the critical reliability state= 2

and its renewal time is ignored, the total operatio
cost of the repairable exemplary system with
ignored its renovation time during the operation
time @ = 1000 days, according to (13.27), (13.29),
(13.31) or (13.33) from [1], respectively amount:

- the total operation cost of the repairable system
with ignored renovation time with non-improved
components

C (1000 012 060 + 502.80

=12 060 +140 = 12 200 PLN (288)
as according to (76) [3]

1000
357.68

H ©(10002) = 00 280,

- the total operation cost of the repairable system
with ignored renovation time with a hot single
reservation of components is

C& (1000 024 120 + 1001.40

=24 120 +140 = 24 260 PLN (289)

as according to (273) [5]

1000

0140,
712.01

H % (10002) =

- the total operation cost of the repairable system
with ignored renovation time with a cold single
reservation of components is

C (1000 018 090 + 751.02
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=18 090 +76.5 = 18 166.5 PLN (290) 1000

H ©(10002) = ———— 139,
_ 712.01+10
as according to (274) [5]
- the total operation cost of the repairable system
H ®(10002) = 1000 102 with non-ignored renovation time with a cold

971.87 single reservation of components

- the total operation cost of the repairable system Cn(fg) (6) 018 090 + 7501.01
with ignored renovation time with components

improved by reduction their rates of departures is ~— 18 090 + 7575 = 184750 PLN

; (12.17)
C (1000 18 090 + 1502.47

as according to (11.167) [5]

=18 090 + 370.5 = 18 460.5 PLN 291)
= 1000
2) —
as according to (275) [5] H 7 (10002) = 977.87+10 D101
H ©(10002) = 1000 00247 - the total operation cost of the repairable system
.89 with non-ignored renovation time with improved

components by reduction the rates of departures in

In the case when the exemplary system is repaired the reliability state subsets
after exceeding the critical reliability state= 2
and its renewal time is non-ignored and has the C& (1000 p(2)) 018 090 + 15002.41
distribution function with the mean value
MU, (2) =10, the total operation cost of the renewed
exemplary system with non-ignored its renovation
time during the operation timé& = 1000 days, as according to (278) [5]
according to (13.42), (13.44), (13.46) or (13.48)
from [1], respectively amount: — 1000

- the total operation cost of the repairable eyst H ©(10002) = 20489+10 0241,
with non-ignored renovation time with non- '
improved components

=18 090 + 3615 = 21 705 PLN (296)

Now, we will analyze the improved exemplary
system operation cost after its operation process

C{0 (1000 012 060 + 5002.72 optimization.
Proceeding similarly as before, the total operation
=12 060 +1360 = 13 420 PLN (292) cost of the non-failed exemplary system during the
operation time & = 1000 days, according to
as according to (77) [3] (13.52), (13.53), (13.54) or (13.55) frofi],
respectively amount:
=0 _ 1000 - the total operation cost of the non-repairable
H ©(10002) = 357.68+10 b2z system with non-improved components

- the total operation cost of the repairable system C (1000 00.341[1000(6
with non-ignored renovation time with a hot single

reservation of components +0.105[1000[8 + 0.245[1000(14
Ciy(6) O 24 120 + 10001.39 +0.309[1000(14 = 10 642 PLN, (297)
= 24120 +1390 = 25 510 PLN, (293) - the total operation cost of the non-repairable
system with a hot single reservation of
as according to (276) [5] components is

C“ (1000 02[0.341[1000[6

439
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+0.105[1000[8 + 0.245[1000(14

+ 0.309[(1000[14]= 21 284 PLN, (298)

- the total operation cost of the non-repairable
system with a cold single reservation of
components is

C @ (1000 [ 0.341[(1000+500) [6
+0.105[(1000+ 500) [8
+0.245[(1000+ 500) [14

+0.309[(1000+500) [14 = 15 963 PLN, (299)

- the total operation cost of the non-repairable
system with improved components by reduction
their rates of departures from the reliability stat
subsets is

C® (1000 0 0.341(1500[6 + 0.105[1500(8

+0.245[1500[14 + 0.309[(1500[14

15 963 PLN. (300)

In the case when the exemplary system is repaired

after exceeding the critical reliability state=2

and its renewal time is ignored, the total operatio
cost of the repairable exemplary system with
ignored its renovation time during the operation
time @ = 1000 days, according to (13.58), (13.60),
(13.63) or (13.65) from [1], respectively amount:

- the total operation cost of the repairable system
with ignored renovation time with non-improved
components

C (1000 010 642 + 502.44

= 10642 +122 = 10 764 PLN (301)
as according to (108) [4]

1000
41C.20

H ©(10002) = 0244,

- the total operation cost of the repairable system
with ignored renovation time with a hot single
reservation of components is
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C (1000 021 284 + 1001.28

=21284 +128 = 21 412 PLN (302)

as according to (108) [4]

1000

H ®(10002) =
(10002 = 2132

0128,

- the total operation cost of the repairable system
with ignored renovation time with a cold single
reservation of components is

C (1000 015 963 + 750.93

=15963 +69.75 = 16 032.75 PLN 033

as according to (108) [4]

1000
107001

H @ (10002) = 0093

- the total operation cost of the repairable system
with ignored renovation time with components
improved by reduction their rates of departures is

C (10009 015 963 + 1502.15

= 15963 + 322.5 = 16 285.5 PLN 304)

as according to (108) [4]

1000
464.47

H ©(10002) = 0 215.

In the case when the exemplary system is repaired
after exceeding the critical reliability state=2

and its renewal time is non-ignored and has the
distribution function with the mean value
H,(2) =10, the total operation cost of the renewed

exemplary system with non-ignored its renovation
time during the operation tim& = 1000 days,
according to (13.68), (13.70), (13.72) or (13.74)
from [1], respectively amount:

- the total operation cost of the repairable esyst
with non-ignored renovation time with non-
improved components

C ()

nig

(1000 010 642 + 5002.38

=10642 +1190 = 11 832 PLN (305)
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as according to (109) [4]

H©10002) =— 2200 539
41C.20+10

- the total operation cost of the repairable system
with non-ignored renovation time with a hot single
reservation of components

C @

nig

(1000 O 21 284 + 10001.26

21 284 +1260 = 22 544 PLN, (306)

as according to (109) [4]

1000

Hi(l) 10002) = ———
(10002) 781.33+1C

126,

- the total operation cost of the repairable system
with non-ignored renovation time with a cold
single reservation of components

C @

nig

(1000 015 963 + 7500.93

=15963 + 697.5 = 16 660.50 PLN 073

as according to (109) [4]

1000

H®(10002) = — 020
(10002 =1 57c01+10

0093

- the total operation cost of the repairable system _

with non-ignored renovation time with improved

components by reduction the rates of departures in

the reliability state subsets

co

nig

(1000 p(2)) 015963 + 15002.11

= 15 963 + 3165 = 19 123 PLN (308)

as according to (109) [4]

1000

H©(10002) =090
(10002 = 6447+ 10

211

The comparison of the results (285)-(296) with the
results (297)-(308) justifies the sensibility ofeth
system operation process optimization.
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13. The exemplary system corrective and
preventive maintenance policy optimization

13.1.Maintenance policy maximizing system
availability

To optimize the exemplary system corrective and
preventive maintenance policy maximizing its
availability, we use its following reliability and
renewal parameters:

- the number of the system and components
reliability states 44 = 3),

- the system and components critical reliability
Stater = 2,

- the 2-nd coordinate of the system unconditional
reliability function R(t,[)

R(,2) = 0.2140R(t,2)]® + 0.0380R(t,2)]?

+0.293R(t,2)]® +0.455R(t,2)]®  (309)

fort=0,

where [R(t,2)]”, b= 1234, are respectively
given by (21), (28), (43), (58) [3].

- the derivative of the 2-nd coordinate of the
system unconditional reliability functioR(t, [)

R't,2) = 0.2140R'(t,2)]® + 0.038[R'(t,2)]?
+0.293R'(t,2)]© + 0.455[R'(t,2)]“ fort= 0,

the mean value of the system corrective
maintenance (renovation) time, (2) =10,

- the mean value of the system preventive
maintenance (renovation) timg (2) = 5.

Moreover, to apply the algorithm proposed in [1],
we fix:

- the measure of the method of secants accuracy
£ =0.001,

- the number of the values of the system
preventive maintenance periaogl for which we
find the values of the availability coefficient tbfe
exemplary system in the cases when there is no its
optimal valuex = 20,

- the values of the system preventive maintenance
period n for which we find the values of the
availability coefficient of the system in the cases
when there is no its optimal value

n, = (- 102u(2) = (i — 102858,
i =12,...20.

(310)
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where u(2), is given by (69) [3],
Since
1, (2) =10> 14,(2) = 5

we are looking for the optimal valug of the
preventive maintenance periggl that maximizes
the availability coefficient of the system(s,r)
given by (14.6) from [1] by determining, if it
exists, its approximate value from the equation

(14.12) from [1] by applying the method of secants
in the interval< a, b > as follows:

- we define, obtained after the transformation of
the equation (14.12) from [1], the function

F) = A(0.2) iR(t 2)dt +R(7.2)

- we fix the optimal valuesj of the preventive
maintenance periog assuming

,7=,7K+1'

As a result of the computer calculations, we
recognize that there is no optimal valgeof the
exemplary system preventive maintenance period
n that maximize the value of its availability
coefficient. The values of the system preventive
maintenance period defined by (13.2) and the

values of the availability coefficient of the
exemplary system are givenTiable 4.

Table 4. The values of the availability coefficient
of the exemplary system

Ho (2)

ARG

- A(.2) [RE2)dt +R(7,2) =2 for p=0,
0

whereR { ,2)is given by (309) and

Ag.n=-202

n A(n.2) n An.2)
0.0 0.0 716.0 0.97202
71.6 0.93036 787.6 0.97220

143.2 0.95742 859.2 0.97233
214.8 0.96501 930.8 0.97243
286.4 0.96809 10024 0.9725(
358.0 0.96961 1074.0 0.97254
429.6 0.97054 1145.6 0.97267
501.2 0.97110 1217.2 0.97265
572.8 0.97152 1288.9 0.97264
644.4 0.97180 1360.4 0.97271

R(7,2)

- we define the intervak a, b > assuminga =0
and findingb such that

f(b) >0,

- we use the recurrent formula

7, =4,
_ f ()
=n,———*—(b- 311
Mea =1k f(b)—f(nk)( ) (311)
for k =01...,K,

whereK is such that

f7ca) <€

and £ =0.001 is the measure of the method of
secants accuracy,
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13.2. Maintenance policy minimizing system
renowation cost

To optimize the exemplary system corrective and
preventive maintenance policy minimizing its cost
of renovation, we use its following reliability and
operation cost parameters:

- the system and components critical reliability
stater = 2,

- the 2-nd coordinate of the system unconditional
reliability function R(t,[)

R(,2) = 0.214[JR(t,2)]® + 0.038R(t,2)]?

+0.293R(t,2)]© + 0.455[R(t,2)] (312)
fort=0,

where [R(t,2)]”, b= 1234, are respectively

given by (21), (28), (43), (58) [3].

- the derivative of the 2-nd coordinate of the
system unconditional reliability functioR(t,[)
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R'(,2) = 0.214R'(t,2)]® +0.0380R'(t,2)]?
+0.293[R'(t,2)]© + 0.455[JR'(t,2)] > fort= 0,

- the mean value of the cost of the exemplary
system corrective maintenance (renovation)
C, (1) =1000PLN,
- the mean value of the cost of the exemplary
system preventive maintenance (renovation)
¢, (1) =800 PLN,

(= —Tt R (t,2

_< (2
L(¢.2) =t MR

s 1-R(¢.2)

—@mmiRth
- 1-R(¢.2)

- we define the intervak a, b > assuminga =0
and findingb such that

- the measure of the method of secants accuracy () >0,

£ =0.00},
- the number of the values of the system agr

which we find the values of the system renovation
cost in the cases when there is no its optimalevalu
Kk =20,

- the values of the system agefor which we find

the values of the system renovation cost in the
cases when there is no optimal value

¢, =i02u(2) =i 20858 i =12,...20. (313)

where u(2), is given by (69) [3],

After fixing the above system reliability and
operation cost input parameters, we use the
procedure described in Section 14.2.2 of [1].

Since

¢, (2) =1000> ¢, (2) = 800,

we are looking for the optimal valué of the
system age¢ at which the system preventive

renovation is performed that minimizes the system
renovation cost per unit tim&(¢,2) given by
(14.20) from [1] by determining, if it exists, its
approximate value from the equation (14.23) from
[1] by applying the method of secants in the
interval < a, b > as follows:

- we define, obtained after the transformation of
the equation (14.23) from [1], the function

() =R*(¢.2) ~¢R (¢.2) R(¢.2)

_ SR -, AR (5.2L(5.2
Co (2) -G (2)

for ¢ =0,

where R (,2) is given by (312) and
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- we use the recurrent formula

¢ =a,
wn,)

w1 =6 T (b-¢,

BT A

fork=01...,K,

whereK is such that

w(CKﬂ) <&

and &£ is the measure of the method of secants
accuracy,
- we fix the optimal valug; of the system age

assuming
¢ =Gk

As a result of the computer calculations, we
recognize that there is no optimal valgeof the

exemplary system age at which the system
preventive renovation is performed that minimize

the system renovation cost. The exemplary values
of the system age¢ at which the system
preventive renovation is performed defined by

(313) and the values of the renovation cost of the
exemplary system are givenTiable 5.

Table 5. The values of the renovation cost of the
exemplary system

¢ C(c) ¢ C(ch)
71.6 11.53 787.6| 2.92
143.2 6.27 859.2| 2.90
214.8 4.68 930.8| 2.87
286.4 3.96 1002.4| 2.86
358.0 3.58 1074.0f 2.84
429.6 3.34 1145.6] 2.83
501.2 3.19 1217.2] 2.83
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572.8 3.09 1288.8| 2.82

644.4 3.02 1360.4| 2.81

716.0 2.96 1432.0f 2.81
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