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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.

Keywords: Power Cables, system effectiveness, profit analysis, semi-Markov processes, regenerative point technigue.

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 1D
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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e Mean Time to System Failure

e The Steady State Availability Analysis

e Busy period of the repairman for Inspection, repair and replacements of the power cable at t = 0
e Expected number of visits by the Repairmanat t =0

e Expected number of replacements

e Expected profit incurred to the system

2. SYMBOLS AND NOTATIONS

o
»

M=Loc > 00

Jnmomom
3 c

B

X T oMM

B
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h(t), H(t)
h,(t), H,(t)
w(t), W (t)
q; (1), Q; (1)

Pjj
M; ()

0000

Operative state of the power cable
Cold standby unit of the power cable

Constant failure rate of the operative power cable
Probability of failure (repairable) of the unit

Probability of replacement (irreparable) of the unit
Probability of the unit found Ok

Unit is under inspection in case of failure

Unit is under repair in case of major failure

Unit is under replacement

Continuation of inspection of failure from its previous state.
Continuation of repair of failure from its previous state.
Continuation of replacement from its previous state.

Failed unit waiting for inspection

Constant rate of inspection

Constant rate of repairable failure
Constant rate of replacement failure

p.d.f. and c.d.f. of repair time of unit having major failure

p.d.f. and c.d.f. of replacement time of unit having major failure
p.d.f. and c.d.f. of inspection time of unit having failure

p.d.f. and c.d.f. of waiting time of a failed unit

p.d.f. and c.d.f. of first passage time from a regenerative state i to ] or to a failed state j without

visiting any other regenerative state in (0, t]

Transition probability from regenerative state | to regenerative state J

Probability that system up initially in regenerative state i is up at time twithout passing through any

other regenerative state

Contribution to mean sojourn time in regenerative state i before transiting to regenerative state |

without visiting to any other state
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

Revenue per unit up time

Represent cost per unit up time for which the repairman is busy for repair
Cost per unit up time for which the repairman is busy for replacement
Cost per unit up time for which the repairman is busy for inspection

Cost per visit of the repairman

Cost per unit replacement

Steady state availability of the system
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B, Busy period of the repairman for repairat t =0

BR, Busy period of the repairman for replacementat t =0
BR,, Busy period of the repairman for inspectionat t = 0
V, Repairman expected number of visitsat t = 0

Ro Expected number of replacements

3. DATA SUMMARY

The following values have been obtained from the collected data:
e  Estimated value of failure rate (1) =.000015 per hour

e  Estimated value of repair rate (o) =.067per hour

e  Estimated value of replacement rate (/) =.002 per hour
o  Estimated value of inspection rate () =1 per hour

e Probability of repairable failure (p) =.69

e Probability of replaceable failure (q) =.16

e Probability of unit found ok (r)=.15

e Expected cost of Revenue up time (C,) = 30000
e  Expected cost of repairman during repair (Cl) = 3000
e Expected cost of repairman during replacement (C2) =250

o Expected cost of repairman per visit during inspection (C3) = 600 per hour
e Expected cost of repairman per visit (C 4) =500 per hour

o  Expected cost of cable replacement (C; ) = 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) Ifone 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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Figure-1: State Transition Diagram

6. TRANSITION PROBABILITIES AND MEAN SOJOURN TIMES
The steady-state transition probabilities are
dQ,, (t) = e *dt,
dQy, (t) = w(t)dt,
dQ,, (t) = re *h,(t)dt,
dQ,, (t) = pe~*h, (t)ct,
dQ,, (t) = ge ™, (t)ct,
dQ,. (t) = Ae ™™ H, (t)dt,
dQ3, (t) = (le“©nh, (t)dt,
dQ (1) = p(l—e *)h, (t)dt,
dQy (t) = a—e ")h, (t)dt,
dQy (t) =e "g(t)dt,
dQ,, (t) = Ae ™ G(t)dt,
dQS, (1) = (26 “©Dg(t)dt,
dQ,, (t) = e *h(t)dt,

dQ,, (t) = le* H (t)dt,
dQL (1) = (Ze " ©Dh(t)dt,
dQBZ (t) =g (t)dt.

ngz (t) = h(t)dt
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The non-zero elements p;; = Iingq; (S) can be obtained as
S

Por =1,

P =1,

Pyp = rhl* (A),

Pas = phl* (1),

Poy = th* (A),

P2, = rlL-h ()],
Py =[1- h; (D1
P2 = PIL-h"(2)],
P2 =l (2)],
Pz =[1-9; (A,

p30 = g*(ﬂ)!
Pss :[1_9*(/1)],
Pa = h*(/I):

pZz =[1- h*(/ﬂt)]’
P =[1-h"(A)],
Pe =1,
Pg, =1.
From the above steady-state transition probabilities, it can be verified that
Por = Pz = Pgz = Py =1,
Pao + Pas + Pas + Pas = Pao + Pas + Pag + Poz + P + P =1,
P3o + Psg = P + p??z = Pao+ Paz = Pao + pZz =1

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

1
o=7

1-h' (1)
= ﬂl '

L, = j tw(t)dt.
0

_1-9°(4)

3 ﬂ« !
1-h*(4

Hy = /1( )’

uy = [tg(t)dt,
0

g = j th(t)dt,
0
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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

m; = [dQ; (t) = -a; (0). ©)
0

Thus,

Moy = Ho»

My, = My,

My + Moz + My +Myg = L4y,

Mgy + Myg = LL3,

Mgy + me?z =Mg, = Uy,

My +Myy =My + My, = Mg, = 4,

My + Mg + My, + M3, + M + M3y = &, (6)
Where,

K, = T H, (t)dt :Tthl(t)dt,
L, = Tv(/ (t)dt =Ttw(t)dt,
L = TG(t)dt =Ttg (t)dt,

Ly = T H (t)dt =Tth(t)dt.

7. MEASURES OF SYSTEM EFFECTIVENESS

7.1. Mean Time to System Failure (MTSF). Taking failed state of the system as absorbing state, Let ¢, (t), be the

cumulative distribution function of first passage time from i" 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 ¢. ()

gy (t) = Qpy (1) ® ¢, (1),

& t)= Qu tH® 9, (t),

P, (t) = Qu3(t) ® ¢y (1) + Quy (1) ® G, () + Qy (1) ® By (1) + Qs (V).

5 (1) = Qa0 () ® ¢y (t) + Qg5 (V).

P, (1) = Qo () ® ¢4 (1) + Qy (1). (7

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

77 (5) = o

D, (5)

The mean time to system failure (MTSF) for the present system starts from the state ‘0’ is
. 1-¢7 (s D,(0)- N, (0 N

MTSF = lim =% ) _ D@ =N,(0) _ N
50§ D, (0) D

, &, (S) represents the Laplace-Stieltjes Transform of ¢, (S).

Where,
N = gty + fy + pty + Poshls + Pogtly,

D=1- P2 = P23 P3p = P2s Pao- (8)
© 2018, IJMA. All Rights Reserved 13
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7.2. Availability Analysis

Let A (t) be the probability that the system is working at instant timet, given that the system entered regenerative
state i at t =0. Then,

A, () =M, (t) + g, (DO A, (1),

A1 (t) =0, (t)© Az (t),

A (1) = M, (1) + 05 (O A () + A (O A (1) + 0, (NO A, () + A2, (O A, (1) + 05 (O A,

+ 05 (O A (1),

A, (1) = M, (1) + 03, ()OO A, (t) + 04 (1)© Ay (1),

A, (1) = M, (1) + 9, (DO A, (1) + 0, (O A (1),

As (t) = (g, (t)©A2 (t),

Ay (t) = Gg (O A, (1) ©)
Where,

M, (t) = e, M, (t) = H,(t), M,(t) = e G(t), M, (t) =e “ H(t).

Taking Laplace transforms of above equations and solving them for Ag (s), we get

ANLAC)
RO =5

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

A lims M) _N.©O) N,
0" Dy(s) Dj(0) D,

Where,
N, = 2o (L— Pys — pe?z P2 — Poy pZz) iy + P+ 1Py

(10)
Dy = (1o + #5)(Pao + Pag Pas + Pag Pas) + Ky + g (Pos + pgs) + 1o (Poy + pgg)-

7.3. Busy Period Analysis of Repairman (Repair only)

The total fraction of the time B; (s) for which the system is under repair of the repairman, is calculated by the
following recursive relation

B, 1) = Jox 1o B, (t),
B, (1) = 0, (© B, (1),
B, (1) = Uz ()O By () + s (YO By (t) + G () O B, (1) + Az, (DO B, (1) + U (DO By (1)
+ qgg (OB, (1),
B, (1) =W, (1) + 43, (DO B, (t) + Gy (YO By (1),
B, (t) = 0, (1)© B, (t) + q,, (1)© B, (1),
Bg (t) =W, (t) + g, (1)© B, (1),
Bg (t) =0y (t)© Bz (t)’ (11)
Where,
W, () = G(1), Wy (t) = G(D).
Taking Laplace transforms of above equations and solving them for B; (s), we get
- N, (s)
B3 = D)
© 2018, IJMA. All Rights Reserved 14
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In steady-state, the busy period of the repairman is given by,

_ 1 sy Ny
BO - ISILTO] S'Bo (S) - Hl’
Where,
N, = 225 (Poy P12 Pos + Pog Prz pgs)a (12)

and D, (s) is already calculated.

7.4. Busy Period Analysis of Repairman (Replacement only)

BR, t)= Qo1 o BR, (t),

BR, t= S I o BR, ®,

BR, (t) = 00 (/O BR, (1) + U5 ()© BR; (1) + 0 (O BR, (1) + 5, (YO BR, (1) + 05 (VO BR, (1)

+ 03 (OBR, (1),

BR, (1) = 5 (DOBR, (t) + 05 (O BR (1),

BR, (1) =W, (t) + A, (DO BR, (t) + 4, (VO BR, (1),

BR, (t)= Qg2 o BR, (t),

BRy (t) =W, (t) + gg, (1)© BR, (1), (13)
Where,

W, (t) = H (), W, (t) = H (t).

Taking Laplace transforms of above equations and solving them for BR; (s), we get
N (s)
D, (s)

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

- * N
BR, = |SILT01 s.BR,(s) = E"'

1

BR; (5) =

Where,
N3 = (P2 + P36 )(Por Proks) (14)
and D, (s) is already specified.

7.5. Busy Period Analysis of Repairman (Inspection time only)

BRio t) = Qo1 1o BRil (t),
BR;, )= Q12 t)© BR;, (t),
BR,, (t) =W, (1) + Gy ()© BRg (1) + G5 () © BRy, (1) + 0, (DO BR, (1) + G, (DO BR , (1)
+ 025 (DOBR 5 (1) + 035 (NOBR 5 (1),
BR;; (1) = 3, (/O BR, (t) + G5 (VO BR,, (1),
BR,, (t) = 4 (VO BR , (1) + 0, ()© BR;, (1),
BRis )= Os2 0o BR;, ®),
BRig )= Qo2 1o BRiz ®). (15)
Where,
W, () = H, 0).
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Taking Laplace transforms of above equations and solving them for BR; (s), we get
N, (s)
D, (s)

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

. « N
BR;, = IsLng $.BR;,(s) = 341

1

BRiy (s) =

Where,
N, = &P Pz (16)
and D, (s) is already specified.

7.6. Expected Number of Visits by the Repairman

Vo (t)= Qo H® [1+V1 ],
2 ®= Q. ) ®V, ®,
V, ®= Qg ®) ®V, )+ Qa4 (t) ®V, O+ ng (t) ®V, 0+ Q258 ®) @V, t)
+ Qs (1) ®V, (1) + Q, (1) ®Vy (1),
V,(t) = Qg (1)) ®V, (1) + Qg (1) @V, (1),
V, (1) = Qg (1) ®V, (1) + Q, (1) ®V, (1),
Ve )= ng ®) ®V, (t),
Vq t) = Qs (t) ®V, (t). (17)

Taking Laplace-Stieltjes Transforms (L.S.T.) of above equations on both the sides and solving them forVO** (s), we
get

N5 (s)
D, (s)

Voﬂ (5) =

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

*k N
V, =limsV, (s) =—,
o = limsVs’(s) =
Where,
5 5 5 6 7
N5 = p01(p92 P29 — Pgz Pas + (1_ pzz) — Pa3Ps = P p42)v
and D, (S) is already specified. (18)

7.7. Expected Number of Replacements.

Ro t)= Qo1 H® R, (t),
R, )= Quw H® R, ®,
R, (t) = Q5 (1) ® Ry (1) + Qp (1) ® [L+ R, (1)]+ Q5 (1) ® R, (1) + Q5 (1) ® Ry (1)
+Qu (1) ®[1+ Ry (1)] + Qq (1) ® Ry (1),
Ry (t) = Qg (1) ® R, (1) + Qyy (1) ® Ry (1),
R, (t) = Qs (1) ® R, (t) + Q,q (1) ® R, (1),
Re ) = Qs H® R, (t),
R9 t) = Q92 (1% R, (t). (19)
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Taking Laplace-Stieltjes Transforms (L.S.T.) of above equations on both the sides and solving them for Rg* (s), we
get

Ry (5) = o)

In steady-state, the expected number of replacements is given by,
*k N
R, =lims.R; (s) = —%,
o =limsR (6) =}
Where,
Ng = (Pos + P2) Pos Prz» (20)

and D, (S) is already specified.
8. PROFIT ANALYSIS

At steady state, the expected profit P can be calculated by expected total revenue in (O,t] minus expected total costs
of repair, replacement and inspection in (O,I] minus expected cost of visits by repairman in (O,t]minus the cost of

number of replacements in (0, t]. Hence, the overall profit in (0, t] is given by
P=CyA —C,B, —-C,BR, —C;BR;, —C,V, -CsR,, (21)

9. PARTICULAR CASE

For the particular case, the inspection, repair and replacement rate are assumed to be exponentially distributed, let us

take g(t) = e h(t) = fe 7 h,(t) = o

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 A, : .9999760

Expected busy period of the repairman for repairable failure B, : .0001545
Expected busy period of the repairman for replaceable failure BR,: .001200
Expected busy period of the repairman for inspection of a failure BR;, : .000155
Expected number of visits by the repairmanV,, : .000015

Expected number of replacement R, : .0000024

The Graphical Analysis

© 2018, IJMA. All Rights Reserved 17
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MTSF Versus Failure Rate
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Figure-2: MTSF versus Failure rate
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Figure-4: Profit (P) Versus Failure rate A for different values of the revenue per unit up time (Cy)
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Profit versus Failure Rate for different values of Repair Rate o
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Figure-5: Profit (P) versus Failure rate A for different values of Repair Rate ((x)
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Figure-6: Profit (P) versus Failure rate A for different values of Replacement Rate (f)
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Figure-7: Profit (P) versus Failure rate A for different values of Inspection Rate ()
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Figure-9: Profit (P) versus Revenue per unit up time for different values of cost (C4)

The following interpretations have been made from the graphs.
i Figure 2 depicts the decrease of MTSF with respect to the increase of failure rate A .
ii. Figure 3 displays the Availability of the system decreases with increase in the failure rate A .

iii. Figure 4, 5, 6, 7 showcases that the profit decreases with increase in the failure rate A , repair rate/ revenue per
unit up time (Cy)/replacement rate/inspection rate.

iv. Figure 8 shows that the profit increases when the availability of the system increases.

V. Figure 9 reveals that the profit increases with respect to increase in the revenue per unit up time (Cy) for
different values of cost per visit of the repairman (C,) and decreases with increase in (C,).

CONCLUSION

To make the system effectively dependable and near failure-proof, variant measures have been thoughtfully considered
and accordingly the calculations made to compute system mean time failure, predict reliability and availability in the
concerned system. Graphical representations have also been made for mark-up of cut-off points. This will directly
result in modifying the system with a view to achieve greater profitability and concurrently minimize the losses. This
present study will fortify our efforts in target optimization of the existing system.
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