
International Journal of Mathematical Archive-9(5), 2018, 8-21 

Available online through www.ijma.info ISSN 2229 – 5046 

International Journal of Mathematical Archive- 9(5), May-2018                                                                                                                     8 

 
STOCHASTIC ANALYSIS OF RELIABILITY OF POWER CABLES  

USED AS A TWO UNIT COLD STANDBY SYSTEM IN METRO RAILWAYS 
 

RANU PANDEY*a, B. PARASHARb, A. K. GUPTAc AND NITIN BHARDWAJd 

 

a, bJSS Academy of Technical Education, Noida, 201301, India. 
 

cBhagwant Institute of Technology, Muzzafarnagar, 251315,  India. 
 

dHAU, Hisar, Haryana, 125001, India. 
 

(Received On: 23-03-18; Revised & Accepted On: 18-04-18) 
 
 

ABSTRACT 
Today’s mass-rapid-transportation in the cities around the world centres dependable and failure-resistant metro 
network which uses power cables for energising the metro system substations to further feed motor drives etc.. The 
present study of the metro network system necessitates carrying out reliability and profit analysis of this power 
energizing system through power cables. These cables are laid in loops for feeding supply to substations from each 
station. Initially, one cable is in operation and the other cable of same voltage capacity is kept as cold standby. If one 
cable fails then the other cable is made operative with very short time delay. Inspection has been carried out at each 
failure to check whether the system is repairable or irreparable. The data depicting the real failure situations have 
been collected and various measures of system effectiveness are obtained using semi-Markov processes and 
regenerative point technique. The Graphical analysis has also been made for several cases which enable to draw 
various important conclusions with respect to profit analysis of the present system. 
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1. INTRODUCTION 
 
Predominantly reliability study results in taking recourse for effective utilization and timely maintenance of different 
industrial engineering systems. A lot of work on reliability and profit analysis has been carried out on different types of 
standby redundant systems by various researchers including [1-4]. B. Parashar and G. Taneja [5] analyzed a PLC 
system based upon real data collected from industry. Z. Zhang et al. [6] and G. Taneja [8] discussed aspects of 
maintenance and variation in demand of different systems. B. Parashar & A. Naithani [7&10] studied a system of ID 
fans in a thermal plant wherein different conditions making the system work at full/reduced capacity discussed. 
Electricity is heart-throb of modern day human life. Flow of Electrical Energy is through medium namely conductors. 
Cables are insulation covered conductors, thus, become energy transportation nerves and to maintain the system to 
work round the clock efficiently, it becomes imperative that the failure whether due to cable manufacturing defects or 
some system malfunctioning, gets reduced to lowest level [9]. However, to assess and predict the failure or breakdown, 
mathematical modelling tools come handy. The probability analysis is thought of to critically delve into the problem of 
“FAILURE” and achieve near reality solution. The reduction in break-downs to a minimum level contributes to higher 
availability of the Electrical System in considered Metro trains and transportation becomes smooth and public at large 
gets motivated with better confidence. Consequently, the time loss in reworking and maintaining the system to bring 
back to life is monetarily rewarded. 
 
In the metros network, various power cables with rated capacities of 220, 132, 66, 33, 25 KV are used in supplying 
power for the functioning of the system. The failure data of eight years have been collected for the power cable with the 
capacity of 33KV. These cables are laid in loops for feeding supply to substation at each station. So to avoid the 
damage of cables due to various factors that include manufacturing defects, external defects etc., maintenance of the 
power cables are of prime concern as it has direct impact on the functioning of the metro railways system. The aim is to 
analyse the reliability of the system by considering a two unit cold standby identical parallel power cable of 33KV 
capacity. The following measures of the system effectiveness are analyzed by making use of semi-Markov processes 
and regenerative point technique: 
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• Mean Time to System Failure 
• The Steady State Availability Analysis 
• Busy period of the repairman for Inspection, repair and replacements of the power cable at 0=t  
• Expected number of visits by the Repairman at 0=t  
• Expected number of replacements 
• Expected profit incurred to the system 

 
2. SYMBOLS AND NOTATIONS 
 
O   Operative state of the power cable 

csO   Cold standby unit of the power cable 

λ   Constant failure rate of the operative power cable 
p   Probability of failure (repairable) of the unit 
q   Probability of replacement (irreparable) of the unit 
 r   Probability of the unit found Ok  

uiF   Unit is under inspection in case of failure 

rF   Unit is under repair in case of major failure 

rpF   Unit is under replacement 

UiF   Continuation of inspection of failure from its previous state. 

RF   Continuation of repair of failure from its previous state. 

RPF   Continuation of replacement from its previous state. 

wiF   Failed unit waiting for inspection 
γ   Constant rate of inspection 
α   Constant rate of repairable failure 
β   Constant rate of replacement failure 

)(),( tGtg  p.d.f. and c.d.f. of repair time of unit having major failure 
)(),( tHth  p.d.f. and c.d.f. of replacement time of unit having major failure 

)(),( 11 tHth  p.d.f. and c.d.f. of inspection time of unit having failure 
)(),( tWtw  p.d.f. and c.d.f. of waiting time of a failed unit 

)(),( tQtq ijij  p.d.f. and c.d.f. of first passage time from a regenerative state i  to j  or to a failed state j  without 

                             visiting any other regenerative state in ],0( t  
ijp

  
Transition probability from regenerative state i  to regenerative state j  

)(tM i   Probability that system up initially in regenerative state i  is up at time t without passing through any              
               other regenerative state 

ijm                Contribution to mean sojourn time in regenerative state i  before transiting to regenerative state j  

                            without   visiting to any other state  
)(tiµ                Mean sojourn time in regenerative state before transiting to any other state 

©, ⊗   Symbols for Laplace and Laplace Stieltje’s convolution  
*, *  Symbols for Laplace and Laplace Stieltje’s transforms 

0C                        Revenue per unit up time 

1C                Represent cost per unit up time for which the repairman is busy for repair 

2C   Cost per unit up time for which the repairman is busy for replacement 

3C   Cost per unit up time for which the repairman is busy for inspection 

4C   Cost per visit of the repairman 

5C   Cost per unit replacement 

0A   Steady state availability of the system  
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0B   Busy period of the repairman for repair at 0=t  

0BR   Busy period of the repairman for replacement at 0=t  

0iBR   Busy period of the repairman for inspection at 0=t  

0V   Repairman expected number of visits at 0=t  

0R   Expected number of replacements 
                  

3. DATA SUMMARY 
 

                      The following values have been obtained from the collected data: 
• Estimated value of failure rate )(λ =.000015 per hour 
• Estimated value of repair rate )(α =.067per hour 
• Estimated value of replacement rate )(β =.002 per hour 
• Estimated value of inspection rate )(γ =1 per hour 
• Probability of repairable failure )( p =.69 
• Probability of replaceable failure )(q =.16 
• Probability of unit found ok )(r =.15 

• Expected cost of Revenue up time )( 0C = 30000 

• Expected cost of repairman during repair )( 1C = 3000 

• Expected cost of repairman during replacement )( 2C = 250 

• Expected cost of repairman per visit during inspection )( 3C = 600 per hour 

• Expected cost of repairman per visit )( 4C = 500 per hour 

• Expected cost of cable replacement )( 5C = 150000 
              (All costs are in INR) 
 
4. MODEL DESCRIPTION AND ASSUMPTIONS  
 
The following assumptions have been used in probabilistic model: 

1) Initially the system is operative at full capacity with two  power cables, one is operative and other one is used 
as cold standby 

2) The two power cables are identical and constitute a parallel system. 
3) If one unit is failed, standby unit takes some time to become operative. 
4) As the unit fails, it is undertaken for inspection. 
5) The failure rate of cold standby unit is same as that of operative unit. 
6) Failure, repair and inspection times are assumed to follow an exponential and general time distribution 

respectively. 
7) The repairman is available for inspection and is common for repair as well as for replacement. 
8) The repaired unit works as good as new one. 
9) The system will be in the failed state when both units are not working. 
10) All the random variables are independent. 

 
5. TRANSITION DIAGRAM 
 
A state transition diagram showing all the possible states of the system under consideration as shown in the Fig.1. The 
epochs of entry into states 0, 1, 2, 3, 4, 8, 9 are regeneration points and thus these are called regenerative states. The 
states 0, 2, 3, 4 are up states where as 5, 6, 7, 8, 9 are failed states. State 1 is down state. 
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•  Regeneration Point 

 
           Down State 
 
           Operative State for the system 
 
  Failed State for the system 

Figure-1: State Transition Diagram 
 

6. TRANSITION PROBABILITIES AND MEAN SOJOURN TIMES 
 
The steady-state transition probabilities are 

=)(01 tdQ dte tλλ − , 

,)()(12 dttwtdQ =  

,)()( 120 dtthretdQ tλ−=  

,)()( 123 dtthpetdQ tλ−=  

,)()( 124 dtthqetdQ tλ−=  

,)()( 125 dttHetdQ t
−

−= λλ  

,)(r)h©()( 1
5
22 dttetdQ tλλ −=  

,)()h1()( 1
5
28 dtteptdQ tλ−−=  

,)()1()( 1
5
29 dttheqtdQ tλ−−=  

,)(g)(30 dttetdQ tλ−=  

,)()(36 dttGetdQ t
−

−= λλ  

,)()1©()(6
32 dttgetdQ tλλ −=  

,)()(40 dtthetdQ tλ−=  

,)()(47 dttHetdQ t
−

−= λλ  

,)(©1)h()(7
42 dttetdQ tλλ −=  

,)()(82 dttgtdQ =  

dtthtdQ )()(92 =                                                                              (1) 
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The non-zero elements )(lim *

0
sqp ijsij →

=  can be obtained as 

,101 =p  

,112 =p  

),(120 λ∗= rhp  

),(123 λ∗= php  

),(124 λ∗= qhp  

)],(1[ *
1

5
22 λhrp −=  

)],(1[ *
125 λhp −=  

)],(1[ *5
28 λhpp −=  

)],(1[ *
1

5
29 λhqp −=  

)],(1[ *
1

6
32 λgp −=  

),(30 λ∗= gp  

)],(1[36 λ∗−= gp  

),(40 λ∗= hp  

)],(1[7
42 λ∗−= hp  

)],(1[47 λ∗−= hp  

,182 =p  

.192 =p                          (2) 
 
From the above steady-state transition probabilities, it can be verified that 

,192821201 ==== pppp  

,15
29

5
28

5
2224232025242320 =+++++=+++ pppppppppp  

6 7
30 36 30 32 40 47 40 42 1.p p p p p p p p+ = + = + = + =                                                                                   (3) 

 
The mean sojourn time ( )iµ  in the regenerative state ‘i’ is 

,1
0 λ

µ =  

,)(1 1
1 λ

λ
µ

∗−
=

h
 

∫
∞

=
0

2 .)( dtttwµ  

,)(1
3 λ

λµ
∗−

=
g

 

,)(1
4 λ

λµ
∗−

=
h

 

∫
∞

=
0

8 ,)( dtttgµ     

∫
∞

=
0

9 ,)( dttthµ                                                                                                                       (4) 
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The unconditional mean time taken by the system to transit for any regenerative state j when it is counted from the 
epoch of entrance into state i is mathematically stated as 

∫
∞

−==
0

'* ).0()( ijijij qttdQm                                                                   (5) 

Thus, 
,001 µ=m  

,212 µ=m  

,425242320 µ=+++ mmmm     

,33630 µ=+ mm                     

,882
6
3230 µ==+ mmm      

,992
7
42404740 µ==+=+ mmmmm      

 .1
5
29

5
28

5
22242320 κ=+++++ mmmmmm                                                                                                (6)        

Where, 

∫∫
∞∞ −

==
0

1
0

11 ,)()( dttthdttHκ  

∫∫
∞∞ −

==
00

2 ,)()( dtttwdttWµ  

∫∫
∞∞ −

==
00

8 ,)()( dtttgdttGµ  

∫∫
∞∞ −

==
00

9 .)()( dttthdttHµ  

 
7. MEASURES OF SYSTEM EFFECTIVENESS 
 
7.1. Mean Time to System Failure (MTSF). Taking failed state of the system as absorbing state, Let ),(tiφ be the 

cumulative distribution function of first passage time from thi state to a failed state where i =0,1,2,3,4,5,6. MTSF of 
the system can be determined by the following recursive relations for )(tiφ  

),()()( 1010 ttQt φφ ⊗=  

),()()( 2121 ttQt φφ ⊗=                    

).()()()()()()()( 250204243232 tQttQttQttQt +⊗+⊗+⊗= φφφφ  

).()()()( 360303 tQttQt +⊗= φφ  

).()()()( 470404 tQttQt +⊗= φφ                                                               (7)
             

Taking Laplace-Stieltjes Transform (L.S.T.) of the above relations given by (7) on both the sides and solving them for 
),(**

0 sφ we obtain 

,
)(
)(

)(
0

0**
0 sD

sN
s =φ )(**

0 sφ  represents the Laplace-Stieltjes Transform of )(0 sφ . 

 
The mean time to system failure (MTSF) for the present system starts from the state ‘0’ is 

,
)0(

)0()0()(1
lim

0

'
0

'
0

**
0

0 D
N

D
ND

s
s

MTSF
s

=
−

=
−

=
→

φ
 

Where, 
,924323420 µµµµµ ppN ++++=  

.1 4024302320 pppppD −−−=                                                                                                  (8) 
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7.2. Availability Analysis 
 
Let )(tAi  be the probability that the system is working at instant time t , given that the system entered regenerative 

state i  at 0=t . Then, 
),(©)()()( 10100 tAtqtMtA +=  

),(©)()( 2121 tAtqtA =                                       

),(A©)(

A(t)©)(A©)()(A©)()(©)()(A©)()()(

9
5
29

8
5
282

5
2242432302022

ttq
qttqttqtAtqttqtMtA

+

+++++=

),(©)()(A©)()()( 0302
6
3233 tAtqttqtMtA ++=  

),(©)()(A©)()()( 0402
7
4244 tAtqttqtMtA ++=   

),(A©)()( 2828 ttqtA =  

).(A©)()( 2929 ttqtA =                                     (9)  
Where, 

).()(),()(),()(,)( 43120 tHetMtGetMtHetMetM tttt
−

−
−

−
−

−− ==== λλλλ  
 
Taking Laplace transforms of above equations and solving them for ),(*

0 sA we get 

,
)(
)()(

1

1*
0 sD

sNsA =  

 
The availability 0A  in steady-state of the present system is define as 

,
)0(
)0(

)(
)(.lim

1

1
'
1

1

1

1

00 D
N

D
N

sD
sNsA

s
===

→
 

Where, 

).()())((

,)1(
5
29249

5
2823812440233020201

2442331
7
422423

6
322501

pppppppppD
pppppppN

++++++++=

+++−−−=

µµκµµ

µµµµ
             (10) 

 
7.3. Busy Period Analysis of Repairman (Repair only) 
 
The total fraction of the time )(*

0 sB  for which the system is under repair of the repairman, is calculated by the 
following recursive relation 

),(©)()( 1010 tBtqtB =  

),(©)()( 2121 tBtqtB =                    

),(B©)(

)(B(t)©)(B©)()(©)()(©)()(©)()(

9
5
29

8
5
282

5
224243230202

ttq
tqttqtBtqtBtqtBtqtB

+

++++=
 

),(©)()(B©)()()( 0302
6
3233 tBtqttqtWtB ++=  

),(©)()(B©)()( 0402
7
424 tBtqttqtB +=  

),(©)()()( 28288 tBtqtWtB +=  

),(©)()( 2929 tBtqtB =                                                                 (11) 
Where, 

).()(),()( 83 tGtWtGtW
−−

==  

Taking Laplace transforms of above equations and solving them for )(*
0 sB , we get 

,
)(
)()(

1

2*
0 sD

sNsB =  
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In steady-state, the busy period of the repairman is given by, 

* 2
0 00

1

lim . ( ) ,
s

NB s B s
D→

= =  

Where, 
),( 5

28120123120182 ppppppN += µ                                                            (12) 

and        )(1 sD is already calculated. 
 
7.4. Busy Period Analysis of Repairman (Replacement only) 

),(©)()( 1010 tBRtqtBR =  

),(©)()( 2121 tBRtqtBR =  

),(BR©)(

)(BR(t)©)(BR©)()(©)()(©)()(©)()(

9
5
29

8
5
282

5
224243230202

ttq
tqttqtBRtqtBRtqtBRtqtBR

+

++++=

),(©)()(BR©)()( 0302
6
323 tBRtqttqtBR +=  

),(©)()(BR©)()()( 0402
7
4244 tBRtqttqtWtBR ++=  

),(©)()( 2828 tBRtqtBR =  

),(©)()()( 29299 tBRtqtWtBR +=                                                             (13) 
Where, 

).()(),()( 94 tHtWtHtW
−−

==  
 
Taking Laplace transforms of above equations and solving them for )(*

0 sBR , we get 

,
)(
)(

)(
1

3*
0 sD

sN
sBR =  

 
In steady-state, the busy period of the repairman is given by, 

,)(.lim
1

3*
000 D

NsBRsBR
s

==
→

 

Where, 
))(( 91201

5
29243 µppppN += ,                                                                                                (14) 

and        )(1 sD is already specified. 
 
7.5. Busy Period Analysis of Repairman (Inspection time only) 
 

),(©)()( 1010 tBRtqtBR ii =  

),(©)()( 2121 tBRtqtBR ii =  

),(BR©)()(BR(t)©

)(BR©)()(©)()(©)()(©)()()(

i9
5
29i8

5
28

i2
5
2242432302022

ttqtq
ttqtBRtqtBRtqtBRtqtWtBR iiii

++

++++=
 

),(©)()(BR©)()( 030i2
6
323 tBRtqttqtBR ii +=  

),(©)()(BR©)()( 040i2
7
424 tBRtqttqtBR ii +=  

),(©)()( 2828 tBRtqtBR ii =  

).(©)()( 2929 tBRtqtBR ii =                                                             (15) 
Where, 

).()( 12 tHtW
−

=   
 
 
 



Ranu Pandey*a, B. Parasharb, A.K. Guptac and Nitin Bhardwajd /  
Stochastic Analysis of Reliability of Power Cables Used as a Two Unit Cold Standby System… / IJMA- 9(5), May-2018. 

© 2018, IJMA. All Rights Reserved                                                                                                                                                                         16  

 
Taking Laplace transforms of above equations and solving them for )(*

0 sBR , we get 

,
)(
)()(

1

4*
0 sD

sNsBRi =  

 
In steady-state, the busy period of the repairman is given by, 

,)(.lim
1

4*
000 D

NsBRsBR isi ==
→

 

Where, 

120114 ppN κ= ,                                                                                           (16) 

and        )(1 sD is already specified. 
 
7.6. Expected Number of Visits by the Repairman 
 

)],(1[)()( 1010 tVtQtV +⊗=  

),()()( 2121 tVtQtV ⊗=               

),()()()(

)()()()()()()()()(

0209
5
29

8
5
282

5
224243232

tVtQtVtQ
tVtQtVtQtVtQtVtQtV

⊗+⊗+

⊗+⊗+⊗+⊗=
 

),()()()()( 0302
6
323 tVtQtVtQtV ⊗+⊗=  

),()()()()( 0402
7
424 tVtQtVtQtV ⊗+⊗=  

),()()( 2828 tVtQtV ⊗=  

).()()( 2929 tVtQtV ⊗=                                                                                        (17) 
 
Taking Laplace-Stieltjes Transforms (L.S.T.) of above equations on both the sides and solving them for )(**

0 sV , we 
get 

,
)(
)(

)(
1

5**
0 sD

sN
sV =  

 
In steady-state, the expected number of visits per unit time by the repairman is given by, 

,)(.lim
1

5**
000 D

N
sVsV

s
==

→
 

Where, 
),)1(( 7

4224
6
3223

5
22

5
2882

5
2992015 ppppppppppN −−−+−=                                                             

 and      )(1 sD is already specified.                 (18) 
 
7.7. Expected Number of Replacements. 
 

),()()( 1010 tRtQtR ⊗=  

),()()( 2121 tRtQtR ⊗=                               

),()()](1[)(

)()()()()](1[)()()()(

0209
5
29

8
5
282

5
224243232

tRtQtRtQ
tRtQtRtQtRtQtRtQtR

⊗++⊗+

⊗+⊗++⊗+⊗=
 

),()()()()( 0302
6
323 tRtQtRtQtR ⊗+⊗=  

),()()()()( 0402
7
424 tRtQtRtQtR ⊗+⊗=  

),()()( 2828 tRtQtR ⊗=  

).()()( 2929 tRtQtR ⊗=                                  (19) 
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Taking Laplace-Stieltjes Transforms (L.S.T.) of above equations on both the sides and solving them for )(**

0 sR , we 
get 

,
)(
)(

)(
1

6**
0 sD

sN
sR =  

 
In steady-state, the expected number of replacements is given by, 

,)(.lim
1

6**
000 D

N
sRsR

s
==

→
 

Where, 
,)( 1201

5
29246 ppppN +=                                                                                             (20) 

and       )(1 sD is already specified. 
 
8. PROFIT ANALYSIS 
 
At steady state, the expected profit P can be calculated by expected total revenue in ( ]t,0   minus expected total costs 

of repair, replacement and inspection in ( ]t,0  minus expected cost of visits by repairman in ( ]t,0 minus the cost of 

number of replacements in ( ]t,0 . Hence, the overall profit in ( ]t,0  is given by 

050403020100 RCVCBRCBRCBCACP i −−−−−= ,                                                  (21) 
 
9. PARTICULAR CASE 
 
For the particular case, the inspection, repair and replacement rate are assumed to be exponentially distributed, let us 
take ttt ethethetg γβα γβα −−− === )(;)(;)( 1  
 
Using the values, as estimated in section 3, of various probabilities and repairable/replaceable rates the following 
measures of system effectiveness are obtained as: 
 
Mean Time to System Failure: 49433849.5338 hours 
Availability of the system 0A : .9999760 

Expected busy period of the repairman for repairable failure 0B : .0001545 

Expected busy period of the repairman for replaceable failure 0BR : .001200 

Expected busy period of the repairman for inspection of a failure 0iBR : .000155 

Expected number of visits by the repairman 0V : .000015 

Expected number of replacement 0R : .0000024 
 
The Graphical Analysis 
 
 



Ranu Pandey*a, B. Parasharb, A.K. Guptac and Nitin Bhardwajd /  
Stochastic Analysis of Reliability of Power Cables Used as a Two Unit Cold Standby System… / IJMA- 9(5), May-2018. 

© 2018, IJMA. All Rights Reserved                                                                                                                                                                         18  

 
Figure-2: MTSF versus Failure rate 

 

 
Figure-3: Availability versus Failure rate 

 

 
Figure-4: Profit (P) Versus Failure rate λ for different values of the revenue per unit up time (C0) 
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Figure-5: Profit (P) versus Failure rate λ for different values of Repair Rate ( )α  

 

 
Figure-6:   Profit (P) versus Failure rate λ for different values of Replacement Rate (β) 

 

 
Figure-7:   Profit (P) versus Failure rate λ for different values of Inspection Rate ( γ ) 
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Figure-8: Profit (P) versus Availability (A0) 

 

 
Figure-9: Profit (P) versus Revenue per unit up time for different values of cost (C4) 
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i. Figure 2 depicts the decrease of MTSF with respect to the increase of failure rateλ . 
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CONCLUSION 
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