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Abstract

Availability of the system is essential for the effective operation and main- tenance of repairable systems,
especially in critical infrastructure such as Hydro- Electric Power Systems. The objective of this study is to
apply the Markov Process Technique to a repairable system consisting of five components connected in par-
allel and evaluate the Mean Time Between Failures (MTBF), Mean Time To Repair (MTTR) and hence to
calculate the Availability of the system. Finally the study ex- tends to analyse the Availability of Hydro-
Generator Power System for the period of thirty years.

Keywords — Mean time between failures (MTBF), Mean time to repair (MTTR), Availability of the system.

Introduction
A Repairable system with five parallel components is a form of system that improves re- liability by allowing

ongoing operation even if one or more components fail. In a parallel configuration, the system continues to work
as long as at least one component is operational. This redundancy makes the system more durable and reduces
full failure, which is especially important in applications that require continuous operation, such as power supply
systems, communication networks, and safety-critical systems. The fundamental metrics for repairable systems
is MTBF, MTTR and Availability of the System.

1 Repairable Systems
A Repairable system has a finite operational lifetime which can be restored to its original working condition.

The availability of the system insuch conditions typically increases over time due to maintenance or repairs.
Strategies like preventive maintenance aim toreduce the

frequency of failures, while corrective maintenance addresses issues as they arise. Inthis pa-
per, the MTBF, MTTR and the Availability of the System have been derived for a repairable system with five

parallel connected components.
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Notations and Descriptions
The notations and descriptions used in this paper are as follows:

Notations |Descriptions

A Failure rate of five components, i=1,2,3,4,5

L Repair rate of five components , i=1,2,3,4,5

P; (t) Probability of working of the system, at time 't’, in ihstate,  i=1,2,3, .., 22
T; Expected time to failure for state i, , i=1,2,3,...,21

MTBF Mean Time Between Failure

MTTR Mean Time to Repair

A(t) Steady State Availability of the system

Transition Probability
Applying the Birth and Death process with A failure rate and u repair, we get the following Transition
probability equation:

P; (t + Af) = (1 - (Al + uj )At)Pj (t) + ﬂj+1Ai’P]‘+1(t) + )Lj_lAtP]‘_l(t)
Markov modelling uses state transition diagram to determine state sequences for the cal-
culation of the probability of the system being in a particular state.
The transition state diagram and Transition Probability Matrix representing all states is

outlined as follows:

Figure 1: State Transition Diagram for Five Components
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From the above Transition Probability Matrix we write the Probability Equation of the system
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in first state at t + At as follows:

Py(t+At) = (1=(A+ Ao+ A3+ A4 +A5) AL) Py (F) + 11 ALP () + o AtP3 (1) + s AtPy (1) + 14 AtP5()+1sAtPe(£)
Pl(t"'At)—Pl(i’) = —()L1+)L2+A3+A4+A5)Atpl(t)+ﬂ1AtP2(t)+/12Atp3(t)+ﬂ3AtP4(t)+ﬂ4AtP5(t)+ﬂ5AtP6(t) Takmg

Limit At — 0, we get the following differential equation:

dPy(t

S W As)P1(t) + uaP(t) + uaPs(t) + uPa(t) + uaPs(t) + usPe(t)
Integratintg’ and applying the boundary conditions, Py(f) =1, Py(tf) =0, P3(t) =0, ..., Py1(t) = 0, Px(t)
=1

1=-M+ A+ A3+ Ay + A5) Ty + w1 To + woT3+ uzTy + pugTs + psTe
Probability of the system in the second state:

Py(t + At) = MAtP(t) + (1 = (Ap + uq))AtPy(t) + upAtPy(t) Taking Limit At — 0 and
solving the differential equation, we get

0=MT1 - Ao+ u1)To+ usTy

L= M ne 2 T (1)
(A2 + u1) (A2 + 1)

Similarly from the probability of the system in state 3, 4, 5, ... 21 we derive the following equations:

T3 = A Tp + s

(A3 + 1) AR )) Ts @
T,= P T+ M

(A + us) ——— Matus——r, 3)
Ts = Ag T, + M5 Tio 4)
(As + ua) T (st )

Te= n+ Ty ©)
(M + us) N (M +us5)

I7= : T+ " T12 (6)
(A3 + 1) N (A3 +712)

Tg= 7 T+ M

(Ag + u3) N Ay + u13) T3 @)
To= 4 Ty + H5

(A5 + ug) (A5 + 1ta) Tha ®)
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Probability of the system in 22nd state is

(M1 + us)
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Ts+ H1
(A + us)
T6 +

(A2 +717)
T7 +

(Ag +13)
Tg +

(As + 1ta)
25|
T9 +

©)

(10)

(11)

(12)

(13)

(14)

(15)

(16)

(17)

(18)

(19)

(20)

Poo(t + At) = Poo(t) + AsAtP17(t) + AAtP1g(F) + AAtP19(t) + A3AtPo(t) + AgAtPy (1) Integrating and

applying the boundary conditions (1), we get,
1=2A5T17 +MT1g +AoT19 + A3Tog + A4 T

Solving the above equations, we get

MA3AgAs + A Agdspin + AMAspionis + A piotiztiy

3

%2}\37\47\5 + ]\3)\47\3#1 + AgAspuqpin + Aspqpious + ppopsis

_ AoAaAshy + Aodshius + Aodiuziis + Aopaieaiis
A Xihshy + Aadshupi + Ashypioia + Ayfiopiain + piopiapiapss

(21)

5120



J. Electrical Systems 20-11s (2024): 5116-5126

_ AsAsMAp + AghAouy + Ashouants + Azuapisin ’
%Msr?q?\z + Ashidous - Ardopapia + Aopiapbapis + papiaisps T

_ 4 AahiAoAg + Aghodsus + Aadsuspin + Aausuaiin :
ATiAoAs + Midohauta + Aodaptapis + Daptauspin * ptapispinita Ty

_ 5 AsAoAsAy + AshaAaun + AsAapapin + Aspapions :
AoAsha + AoAshaus # Aahgusins + Apispn + sz~ T

6 .
Ao(Aahs + uapis + Asuis) MAAAs + M Agdspin + MAspops + Mpousiiy

Aalods £ Audsiin + Asitoiin + toiiziis AoAsAaAs + AsAadspin + Aaspiapin + Asppiops + papiopiaiis Ty
AoA, + AxA + AxA +A
As(shy + piaues + Aita) AoAgAsAs + AoAsAiug + Apdiapis + Aoptspigiis .

%4%57\1.““ AsAy s+ Ayliatis + lailails AsAghsAy + AgAshpn + Ashuops + Mpiopais + uopatiails Ty
A3AsAAo + AgAqdpug + Azhougpis + Aguauisin .
Ag(MAg + psuq + Apus) o

3&"5%1]\2,+ Ndoits + Aotiatie + Latleid AaAsMAo + Ashdous + MAousiis + Aoppistiapts + ustiafisitn o

I §= ' As(AoAs + o + Aspir) h AaMAoAz + Aghodsus + Aghapusiir + Aapispia o

MAA3 + AoAsus + Agusig + pspqiin AsAMAoAz + MAoAspig + ApAsugus + Aspigusiny + papisipin
M (Ashg + tops + Agiio) Ashodghy + Ashahapin + Ashapaun + Asuapious Ty

AoAalG +Aadan + Agpispin + pypious— MAodsha+ Aodahaus + Ashauspn + Aapisitapin + sitipioits

As(As + pg)  F2lads + uaua + Asus)
XMS + Mgz + u3liy 1 A3Ags + AgAsuo + Aspops + uouziiy

MAsA4As + MAsAs1p + MAstiops + Apiopaiiy

AoA3AgAs + AsAgAsiiy + AgAspqpin + Aspqpiops + pqiiopisiiy T:
13 MMy + us) A3(AsAy + ugps + Mitg)
Tshy + Mgy + paaus B AgAshy + Ashyus + Muspeg + uspiaus

AoAgAsA + AoAshus + AoAuspig + Apusiisins
A3AgAsAy + AgAsAun + AsAquous + AMuopiaiig + uopaiigps

14
As(hy + uy)  Maada + asin + dosts)

LAZ + Aspts + psiq N AsAidg + Moy + Aptigus + pgusin

AsAshidg + Ashdous + Ashoptasts + Aspaptsit

AaAshAg + Ashdous + MAousia + Apuisiiapts + uatiafisitn Ty
15 Mg +wp)  AsWds + uaps + Asp)

leg + AMpq + Usitn - MA2A3 + AoAsus + Azusuy + uspiin

AMAoAs + Aghodaus + Aghspisiin + Agptsiiain

AshAoAs + MAoAaua + AoAsuapis + Aauapisiin + palisiapio Ty
16 Mo(hg + ug)  MMasha ¥ sotis + Aapo)

%]\4 + Aoptn + uqits N AoAsAy + Ashguy + Aguusun + ppops
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AsAoAzAy + AsAaAguiy + AsAguqun + Asuqpous

MAAZA + AoAsAqus + AgAguspey + Aguspiqun + psuqpops Ty
T = M Aa(hs + ) Ao(Aahs + uspia + Aspts)

As + 1y Aahs + Agpiz + papta A3hghs + Aghsup + Aspious + uouiziny
MAsA4As + MAsAs1p + MAstiops + Apiopaiis .
AoAsAgAs + AsAgAspg + AgAsuqpen + Aspqpious + pypousiey T:
T = M A +us) A3(Ash + pguis + Muy)

M+ us Ashy + Agpta + papts Aghshy + Ashyus + Mpapg + usugis

AoAaAsA + AoAshiug + Aphpisiey + Aopuzpiapts .
A3AaAshy + Aadshipin + Ashpous + Mpopisieg + uousiiaits Ty

T o= M A5+ ) Ay + usuq + Aouis)
Ao+ g MAz+ Aspis + pispin Ashidp + Mdogeg + Appapts + paptsii

AsAshAo + Ashidosts + A3hopiapts + Asuguisi

AgAsMAn + AshAous + MApusiig + Appapigis + paiapisity T:
T 0. M2 s +uw) As(AoAs + pypp + Aguq)
A3+ 1 MoAg + My + psptn MAoAs + Apdaus + Agusuy + pspin

AaMA2As + AgAoAzus + AgAsusin + Agusiiin
AsMAoAz + MAoAsug + AoAsuuguis + Aspiguisiin + patisiiin

T1
21
T b 0 ) My + upus + Agup)
Ag+ us Ashg+ Aopio + papts Aodghy + Ashapq + Agpuspen + papiopus
AshoAghy + AsAshaun + Ashapiasin + Aspiapious
MAASAL + AoAsAqus + AgAguspig + Aguuspqpo + uspipous T:

Substituting the values of T17, T1g, T19, T2, T>1 in equation (22) we get,

5 A3(As + ug) Ao(Aghs + uaug + Asus)
. A5 Aahs + Aaptz + papta Aghads + Aadsuo + Asuops + uopiaus
Uy 5
MAsA4As + MAahsup + MAstiops + Apiopaiis .
AoA3AgAs + AAgAsiig + AgAspqpin + Aspqpiops + pqiiopiziiy Ty
s M A+ ) A3(AsAy + pgpts + Aiey)
* s | Ash1+ Agpig + papts  Aghshy + Ashyug + Muspg + patiapts

AoAaAsAy + AoXshug + ApAquatis + Aopziiaits
AAgAsA + AgAshyun + AsAquous + AMuopiaiis + topiaiiais

, Myt As(Ay + 1)
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MA+ Asps + uspy - Ag(MAg + wspg + dous)
Ashdy + MAguy +
Aoplais + Uastsiiy
AsAsMAg + AsAdoug + Asouaps + Azpgusiy
AgAsAAg + Ashdous + MApuspeg + Appapigus + patapisioy

A
ABA2A3N4 + ABA3N4ul +
ASA4plp2 + A5ulp2u3 5 2 1
+A A2A3 NIA2A3M4 + A2A3M4p5 + p
+u2 A3N4p5Spl + MpSplp2 +
usulp2u3 523 1234
AL(A3 +u2) n iy
A2A3 + A1pul + ubu2 T1
O . 2345
AS(A2N3 + plp2 +A3ul) o A
3451
NIA2A3 + A2A3p5 + .M L A3(A5+p4)
A3p5ul + pdplp2 .. 4.5 12
A2(AANS+pu3pd
MAIA2A3 + AMA2N3p5 + +\5p3) . 5123
MA3pu5ul + Mps5plp2
ASNIA2A3 + N1IN2A3pd + [11-1 12 3 4.0
N2A3pudp5 + A3pdpsul +
ndpus5ulp2 ool ool
Tl 5 A5+ud
MA5+Nu3+p
+\ A3 M 3.4 N+p5  ASAT+Mpd+pdps
+u3 ASNAA5+A4A5p A
2+N5u2u3+u2u3ud
A2(M + u3) MASAT+ASALu3+A1p3pd+p3udps
A3SAL + A2u2 + ulp3 0ol
oog
ANL(A3N4 + pu2u3 + Mp2) 1 3
[ AANA 0ot
A2A\3M\4 + A\3M\dul +
AMp5p2 + ulp2u3 45 14 2MASAT+FA2ASAT u3+A2A 1 3 pd +A2u3pdp’
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ASAAASNT+AAASATu2+A5N

1p2u3+A1p2p3pd+u2u3pn

4ub

T1=0000

A2+ul
ANIA2+N5u5+u5

ul

ASAIA2+NIA2u4+A2p4pu5

+udpsul

oooo

3ASNIN2+A3NIN2p4+A3N2
n4pu5+A3udpusul

ANSATA2+ASATIA2u3+ATA
2u3ud+A2u3pdpus5+ududn

5ul

.0ooooo

A3+u2
A2A3+A1ul+u5
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state 21
ANA2A3+A2A3u5+A3ubul MTBF=T1 + T2+ T3+ T4+ T5+T6 + T7 + T8 + T9 + T10 + T11 + T12 + T13 +
+u5plp2 T14 + T15 + T16 + T17 + T18 +
T19 + T20 + T21
oot Let us assume that the system have equal failure rate and repair rate.
AM=X2=N3=M=N5=Nand pl=p2=p3=pd=ps5=pn

0ooo 21M + 11A3p + 11A2u2 + 11Ap3 + pd

ANIN2A3+N4A2N3u5+MN\ MT BF =

3ubul+Aus5ulp2
ASAIA2A3+ATA2A3pud+A2
A3udpu5+A3udubpl+udp
5ulp2 5\5
. Doool MTTR is the average time required to repair a component which is under
failure condition.
+\4 1
[ MTTR=pl +p2+u3+pud+pus5
A3
M+p3 For equal repair rate,
A2(M4+u3)
1
N3AAHAA2u2+p1p3 MTTR =5p
The Availability of the system after some period of time is
A1(A3A4+p2u3
+\4p2)

A2N3NAHASNAPT+AAp5p2 A(t) =

+ulp2p3

oog MTBF MTBF+MTTR=

u.21A4 + 1IN3p + 11IA2u2 + 11Ap3 + pdx
MTBF is the sum of the u .21A4 + 11A3u + 11A2u2 + 11Au3 + udx + A5
expected time for

failure from state 1 to
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Power systems of Hydro Generator
Hydro-Generators are important components of Hydro-Electric Power Plants that trans- form

the kinetic energy of flowing or falling water into electricity. They work by forcing water through
turbines, which spin a rotor within the generator, creating an electromagnetic field that produces
electric energy. This technique is highly efficient, transforming up to 90 percent- age of water’s energy

intopower.

In this study, a power plant consisting of five Hydro Generators have been illustrated. We look at
the performance of Hydro-Generators over the period of 30 years. The failure and repair rates
of all five generators are assumed to be equal. These rates are analyzed at 3-year intervals, resulting
in ten sets of data. For each 3-year period, metrics like Mean Time Between Failures (MTBF), Mean
Time to Repair (MTTR), and System Availability have been calculated. Finally, the Availability of

Hydro-Generator Power Systems after 30 years isestimated.

Failure Repair Availability
S.No. Rate A [Rate U MTBF MTTR A(t—> 00)
1 0.20 0.20 55.00000 [1.00000 0.98214
2 0.22 0.18 39.85141 1.11111 (0.97287
3 0.24 0.16 30.56584 [1.25000 0.96071
4 0.26 0.14 24.54910 1.42857 0.94501
5 0.28 0.12 20.45308 1.66667 0.92465
6 0.30 0.10 17.53909 2.00000 0.89764
7 0.32 0.08 15.38330 2.50000 0.86020
8 0.34 0.06 13.73244 (3.33333 |0.80467
9 0.36 0.04 12.42959 5.00000 0.71313
10 0.38 0.02 11.37422 [10.0000 0.53214

Table 1: MTBF, MTTR and System Availability of Hydro-Generators

0.9

o
o

o
N

System Availability

0.6

0.5
1 2 3 4 5 6 7 8 9 10

Time Period per 3 year

Figure 2: Availability of the System 5125



J. Electrical Systems 20-11s (2024): 5116-5126

From the above Figure, we can observe that the Mean Time Between Failures (MTBF) has been
decreasing, while the Mean Time to Repair (MTTR) is increasing. Moreover, during the initial period,
the system’s availability was 98 percentage, but as the years progress, the avail- ability gradually
decreases. After thirty years, the system’s availability declines to 53 per- centage. This study
provides valuable insights into the probability of the Hydrogenerator’s efficiency over a 30-year

period.

Conclusion
The Availability analysis of a Repairable system with five parallel components, using Markov

processes, provided important information about the system’s performance, includ- ing critical
characteristics such as Mean Time Between Failures (MTBF), Mean Time to Repair (MTTR) and
System Availability. These measures emphasize the system’s dependability and serve as a foundation
for optimizing maintenance efforts. Furthermore, the application of these technologies to a Hydro-
Electric Generating Power System demonstrates their importance to essential infrastructure, ensuring

long-term and efficient functioning.
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