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Abstract

The present paper deals with the reliability and profit analysis of an automatic power factor controller (APFC)
system with three stages of working with respect to variation in power factor. Power factor may vary and result
into three categories: controlled, partially controlled and uncontrolled power factor. Due to poor power factor
system, many industries have to face many problems like electric loads, energy loads and fuse replacement like.
So, there is need to accurate/ appropriate these problems. Study of APFC system, therefore, is of great
importance. In the present study, the system is initially operative with controlled factor, then it may transit to the
mode where the power factor is partially controlled and vice versa. Also, from the partially controlled power
factor mode, the system may transit to a mode of uncontrolled power factor and vice versa. If the system fails,
there is need to detect the type of failure by inspection. The type of failure may be 'Fuse blown off or
"Transformer burnt' or 'Programme problem' or 'output relay faulty'. After repair/replacement on failure, the
system goes back to the same controlling mode as was existing at the time of failure. Various measures of
system effectiveness have been obtained by making use of regenerative point technique. Graphs have been
plotted to draw interesting conclusions related to the revenue per unit up time, loss per unit time during which
the power factor remains uncontrolled/partially controlled.

Keywords:- Automatic Power Factor Control (APFC) System, Controlled/Partial Controlled/Uncontrolled
Power factor, Measures of System effectiveness, Regenerative point technique.

Introduction

In this present era, the main objective of the industries is the optimization of available resources to obtain the
maximum profit. Reliability modeling can be of great use for fulfilling this objective. A large number of
researchers including [1-6] have widely studied the concept the Reliability for one or more units systems
considering variety of situations. Bhatia et al [4] discussed the probabilistic analysis of an automatic power
factor controller (APFC). Some typical examples of such modern systems include transformers, fluorescent
lighting. AC induction motors. Are/induction furnaces etc, which draw not only active power (KW) from the
supply but also inductive reactive power (KV Ar). Also, apparent power (KVA) is combination of active and
reactive power. Power factor is the ratio of active power to apparent power. The low power factor is highly
undesirable as it causes an increase in current, resulting in additional losses of active power in all the element of
power system. The power factor should be as close to unity as possible which may otherwise lead to energy
losses and big penalty.

Bhatia et al. [ ] discussed the model with variation in power factor considering two stages of working i.e.
one with power factor controlled and the other with power factor uncontrolled. But, the situation may be there
with three stages of working i.e. power factor controlled, power factor partial controlled, and power factor
uncontrolled. Normally, if the power factor of APFC is >0.9 then the system is said to be working with power
factor controlled whereas if it lies between 0.85-0.9, then the system is said to work with power factor partial
controlled and if it is <0.8 then it is the stage of power factor uncontrolled.

Keeping the above three stages of working, we, in the present paper develop a reliability model on
Automatic power factor controller (APFC) panel because the problem of power factor correction/ maintenance
of electrical loads is a basic problem which is common to all industrial companies using the information
collected by [4]. The system is initially operative with controlled factor, then it may transit to the mode where
the power factor is partially controlled and vice versa. Also, from the partially controlled power factor mode, the
system may transit to a mode of uncontrolled power factor and vice versa. If the system fails, there is need to
detect the type of failure by inspection. The type of failure may be 'Fuse blown off' or 'Transformer burnt' or
'Programme problem' or 'output relay faulty'. After repair/replacement on failure, the system goes back to the
same controlling mode as was existing at the time of failure.

The system is analyzed by making use of regenerative point techniques. Various measures of system
effectiveness are obtained such as mean time to system failure (MTSF), availability when power factor is
controlled, availability when power factor is partial controlled, availability when power factor is not controlled,
busy period of type 1 repair, busy period of type II repair, busy period of type III repair, busy period of type IV
repair, expected number of visits of the repairman, expected number of fuse replacement, expected number of
transformer replacement. The profit incurred to the system is also evaluated and graphical study is also done.
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Graphs have been plotted to draw interesting conclusions related to the revenue per unit up time, loss per unit
time during which the power factor remains uncontrolled/partially controlled.

From the data/information gathered from an industry, used from [4] and assumed (near to actual one) if
not provided by any source; the estimates of rates, costs and probabilities are obtains as :

> Estimated value of failure rate (ﬂ) =0.001 per hour

> Estimated value of rate with which power factor changes from controlled mode to partial
controlled mode qu):0,0IS per hours

> Estimated value of rate with power factor changes from partial controlled mode to controlled
mode (ﬂlz) =0.2

> Estimated value of rate with power factor changes from partial controlled mode to

uncontrolled mode (y;;)=0.005

> Estimated value of rate with power factor changes from uncontrolled mode to partial
controlled mode (y,)=0.3
> Probability of failure of type I (p,) = 0.3
> Probability of failure of type II (p,) = 0.2
> Probability of failure of type III (p3) = 0.4
> Probability of failure of type IV (ps) = 0.1
> Expected cost of fuse replacement (C,) = 50 INR
> Expected cost of transformer replacement (C,) = 150 INR
> Expected cost of visit of repairman (Cs) = 1000 INR
Nomenclature
A Constant rate of failure
Bi Rate with which power factor changes from controlled mode to partial controlled mode
B2 Rate with which power factor changes from partial controlled mode to controlled mode
Vi1 Rate with which power factor changes from partial controlled mode to uncontrolled mode
Y12 Rate with which power factor changes from uncontrolled mode to partial controlled mode
fi (1), 1 (t) p.d.f. and c.d.f. of inspection time
p1 probability of failure of type I (Fuse blown off)
P2 probability of failure of type II (Transform burnt)
P3 probability of failure of type III (Programming Problem)
Pa probability of failure of type IV (output relay faulty)
f1(t),F(t) p.d.f. and c.d.f. of failure of type I with controlled power factor
£(t),Fa(t) p.d.fand c.d.f. of failure of type II controlled power factor
f3(t),F3(t) p.d.f. and c.d.f. of failure of type III controlled power factor
f4(t),F4(t) p.d.f. and c.d.f. of failure of type IV controlled power factor Laplance convolution
hy,(t),Hya(t) p.d.f. and c.d.f. of the time which includes repair of type I failure as well as conversion of
power factor from uncontrolled mode.
hy,(t),Hao(t) p.d.f. and c.d.f. of the time which includes repair of type II failure as well as conversion of
power factor from uncontrolled mode.
h3,(t),Hs,(t) p.d.f. and c.d.f. of the time which includes repair of type III failure as well as conversion of
power factor from uncontrolled mode.
hy(t),Hyo(t) p.d.f. and c.d.f. of the time which includes repair of type IV failure as well as conversion of
power factor from uncontrolled mode to controlled mode.
212(1),G (1) p.d.f. and c.d.f. of the time which includes repair of type I failure as well as conversion of
power factor from partial controlled mode.
220(1),Goa(t) p.d.f. and c.d.f. of the time which includes repair of type II failure as well as conversion of
power factor from partial controlled mode
232(1),G3,(t) p.d.f. and c.d.f. of the time which includes repair of type III failure as well as conversion of
power factor from partial controlled mode
242(1),Gya(t) p.d.f. and c.d.f. of the time which includes repair of type IV failure as well as conversion of
power factor from partial controlled mode
Op the unit is operative

power factor controlled

power factor partial controlled
power factor not controlled

unit is under inspection on failure
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the main unit is under repair in case of type I (fuse blown off)

the main unit is under repair in case of type II (transformer burnt)

the main unit is under repair in case of type III (programming problem)

the main unit is under repair in case of type IV (output relay faulty)

revenue per unit up time

cost per unit up time for which the repairman is busy for repairing the unit having failure of
type |

cost per unit time for which the repairman is busy for repairing the unit having failure of type II
cost per unit up time for which the repairman is busy for repairing the unit having failure of
type 11

cost per unit up time for which the repairman is busy for repairing the unit failure of type IV
cost per fuse replacement

cost per transformer replacement

cost per visit of the repairman

Loss per unit time when power factor is partial controlled

Loss per unit time when power factor is not controlled
Steady state availability — this is the probability that the system is in up state when power factor

is not controlled
Steady state availability — this is the probability that the system is in up state when power factor

is partial controlled
probability that the repairman is busy for the repair of type-I failure at instant t; given that the
system entered regenerative state i at t=0

probability that the repairman is busy for the repair of type-II failure at instant t; given
that the system entered regenerative state i at t=0
probability that the repairman is busy for the repair of type-IlI failure at instant t; given that
the system entered regenerative state i at t=0
probability that the repairman is busy for the repair of type-IV failure at instant t; given that the
system entered regenerative state i at t=0
expected number of visits of the repairman in (0,t]; given that the system entered regenerative
state i at t=0
expected number of fuse replacements at instant t;given that the system started from the
regenerative state i at t=0
expected number of transformer replacements;given that the system started from the
regenerative state i at t=0
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State Transition Diagram
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Fig. 1
Model Description & Assumptions
1. Initially the system is operative with controlled power factor.
2. Mode of Power factor may get changed from controlled to partial controlled, partially controlled to
uncontrolled and vice-versa.
3. Failure times are assumed to follow an exponential distribution, whereas the others follow arbitrary
distributions.
4. After repair, the system becomes as good as new.

hd

All the random variables area independent.

Transition Probability and Mean Sojourn Time
The transition diagram showing various states of transition of system are shown in Fig 1 the entry into the states
0,1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16&17 are regenerative state to regenerative state are given below:

dQ, (t) = Pue “P) ) dt dQpY =ne P

dQy“=Bre *P, 7, dt dQ,; V=ne®™ P, )" dt

dQug =y, ™ P, dt dQg, V=716 dt

dQg ;s "=ne ™7 dt dQsy= £,

dQ40(0: fz(t) « dQso(O: f3(t) &«

dQGO(t): f4(1.) dt ngz(t): glz(t) dt

dQ 10,2(1):g22(0 « dQ, 1,2(‘):g32(° «

dQ 12,2(1):g42(0 « dQ 14,8(1):h12(0 «

dle,s(t):hzz(o « dQ16,8(t):h32(0 «

dQ,75"=hy," « dQ;¥ = p; i(t) dt=dQye(t)=dQ3 14(t)
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dQ.,“=p i(t) dt=dQ7,10()=dQ3,15(t) dQs“=ps i(t) dt=dQ7,11()=dQ3,1(t)

Q16" = p4 i(t) d=dQ7,12(t)=dQy3,17(1)
The non zero element p;; can be obtained by P, = lim ;i 1s) such tha
! s—0

Portpo2 =1

P13 tP1atPistpis =1

Pa0tP2rtpas = 1

P30t Pao-TPso-tpso = 1

Po2tPi02t P12t P22 = 1

PiagtPisstPiestpizs = 1

ProtP710tP711 P72 = 1

Pi31atPi31stPI3 16t P1317 = 1

The mean sojourn times (1;) in the regenerative state i is defined as the time to stay in that state before

transition to any other state.

If T denotes the stay time in the regenerative state , then:
w = E(T) =P(T>y)

1 1

yo=m /JI:J;z i()dt =pu, = u,, ﬂz—m ,u3=_[t £,(t)dt
- _°° _w 1 _m d

o= fo tan me= [ Ode =l f0de u= o = [ g (0de
0 0 0 REPAP! 0

Hig = .[t g, (1)dt 4y = Jt g5 ()dt u,,= ,..t gp(0)dt u,, = .[t by, ()de #15:It ho, (1)dt
0 0 0 0 0

Mg = Tt ho, (1)dt ﬂ.7=Tt hy,(0)de

The unconditional mean time taken by the system to transit to any regenerative state i when time is
counted from the epoch of entrance into state is mathematical stated as :

r Also
m,=[t do,(1)=-q,,(0)

Moy + Mgy =Ho>my+ my +mg+mg= > Myg+ Moy +Myg = y> My, = [y
My = Hy> Mgy = fsoMgy = Hg>mog+ Mg g+, +m, =0, Mgy, + Mg 3 = [
m g, = Moo My, =HHo>my,=Myo>m,, = [, My, =M,

Myzpy t My s+ M50t M5 = Hy3oMyyg = Hyomys, = fis2mg, =

Measures of System Effectiveness

Considering the failed state as absorbing state and using the probabilistic arguments used for regenerative
process, we obtained the recursive relation for mean time to system failure (MTSF), availability when power
factor is controlled, availability when power factor is partial controlled, availability when power factor is not
controlled, busy period for repair of type I, type II, type 111, and type IV failure, expected number of visits of the
repairman, expected number of fuse replacements, expected number of transformer replacements. Then
employing Laplace/Laplace Stieltj’s Transforms of these recursive relations, the steady state solution for the
above mentioned measures of system effectiveness are obtained as under:

Mean time to system failure = N/D

Availability when power factor controlled (ACy) = N,/D;

Availability when power factor partial controlled (A@‘o) =N,/D,
Availability when power factor uncontrolled ( 4C, ) = No/D;

Busy Period of type — I repair (BF,) = Ny/D,

Busy Period of type — II repair (BT,) = Ns/D,

Busy Period of type — III repair (BPy) = N¢/D;

Busy Period of type — IV repair (BOy) = N4/D,

Expected Number of Visits of Repair man (V,) = Ng/D;
Expected Number of Fuse Replacement (FR,)) = No/D;
Expected Number of Transformer Replacement (PR,) = N;¢/D;
where

N= [o+ poid1 » D =1-po1 pio

N1 =pg2 ps2 Mo,

Dy = pyo Ps2 o + Ps2 P20 M1 T Po2 Ps2 M2 + Por P13 Ps2 P20 U3 + Poi Pia Ps2 P20 Ha T Po1 Pis Ps2 P20 Ms  Por Pis Ps2 Pao

72



Journal of Energy Technologies and Policy www.iiste.org
ISSN 2224-3232 (Paper) ISSN 2225-0573 (Online) J NN}

- ISTE

K6 T Po2 P27 Ps2 M7 + Po2 Pas s T Po2 P27 Ps2 P79 Mo + Po2 P27 P7,10 Ps2 Ko T Po2 P27 P7.11 Ps2 K11 + Po2 P7,12 Ps2 K12 + Poz
P28 Ps,13 M13 + Po2 P2s Ps,13 P13,14 H1a + Po2 Pas Ps,13 P13,15 His T Po2 P2s Ps,13 P13,16 Mis T Po2 P28 Ps,13 P13,17 K17

N3 = po2 Ps2 M2, N3 = Po2 Pag Ms,

N4 = Po1 P13 P20 M8+ Po2 P27 P79 Ps2 Ko + Pag P8.13 P13,14 Hiss

N5 = Po1 P14 P20 Ps2 M4 T Po2 P27 P7,10 Ps2 Hio T Pas P13 P13,15 Mis,

Ns = Po1 Pis P20 Ps2 U5 + Po2 P27 P7,11 Ps2 M1t + Pas P13 P13,16 Mies

N7 = Po1 P16 P20 Ps2 M5 + Poz2 P27 P7,12 Ps2 M2 + Pas P13 P13,17 M7,

Ns = po1 P20 Po2 (P27 Ps2 + Pas)s

No = Po1 P13 P20 + Po2 [P27 P79 Ps2 + Pas Ps.13 P13,14],

Nio = Po1 P24 Ps2 + Poz [P27 P7,10Ps2 + Pas Ps.13 P13.15]

Profit Analysis
At steady state, the expected total profit (P) per unit time incurred to the system is given by:

Profit (P3) = CO(ACO + A@o) - Cy1 BF - C BT- Cy3 BPy - C4 BOg - C FRy - G, PR - C3 Vo - (L&) (4E) -

(zc) (4acy)
Particular Case;

SO =ae s f,(t)=a,et > fi({t)=aet > fi(t)=a,e ™t > g, (t)= Bre P2t 5 g, (1) = fy,e P2t
2 (1) = Bre "t g (1) = Boe =t 2 hy(0)= Ve 72t 5 hyy (1) = yy0e 700

his (1) = yape 700 0 hyp (D) = 7€ gy = [0

Using the values of the parameters as mentioned under the heading of Introduction in this paper as

p:1=0.3, p=0.2, ps=0.4, p,=0.1, gt ®B=2:0,=6:0 =10, 4,=0.015.5,=02.8,=25. ,=1.75,

Bn=4 B,=65, a,=0005 ,=03, a,=25, @,=025,q,=2,0;,=3,0=06,1=0001,

LC=500, LC=300, q:ﬂ), C2 =250 > C3 =1000, C21 =100 » C22=150 5 C23 =50, C24 =175,

The following values of various measures of system effectiveness are obtained:
1. Mean Time To System Failure (MTSF)=1002.669Hours

Availability when Power Factor is controlled(AC,)=0.908497

Availability when Power Factor is partial controlled( 4 £! ()=0.048723

Availability when Power Factor is not controlled(AC,)=0.000792

Busy Period of Type I repair(BF;)=0.000077445

Busy Period of Type II repair(BT)=0.000101

Busy Period of Type III repair(BPy)=0.00006825

Busy Period of Type IV repair(BO,)=0.0000103

9. Expected number of Visits of repairman(vy)=0.00124

10. Expected number of Fuse Replacement(FR()=0.0003

11. Expected number of Transformer Replacement(TR,)=0.0002

12. Profit incurred to the system(P)=941.668

S A

Graphical Interpretation (Conclusion)

Various graphs have been plotted but all the graphs have not been shown here to avoid wastage of space and to
avoid repetition of similar interpretation. However, the users of such systems may plot any other suitable graph
as per their requirement and on the basis of the data available to them and may draw important conclusion and as
a result may take important decision regarding profitability of the system. some of the plotted graphs are shown
as follows:

Fig. 2 depicts the behaviour of MTSF with different values of A. MTSF decreases with increases the value of .
Fig. 3 depicts the behaviour of profit(P) with respect to loss(LC) due to partial controlled power factor for
different values of the rate (f;,) with which power factor changes from partial controlled mode to controlled
mode. It can be concluded that the profit (P) decreases with increases the value of (LC) and higher values for
higher value of B,. It can also be noticed that if ;,=0.2 then P>or=o0r<0 according as LC >or=0r<326.7.So, for
the model to be beneficial, LC should be <325 if B;,=0.2.

Similarly, for B;,=0.3and ;,=0.4,the values for LC should be lesser than 420.31and 504.47 respectively.

Fig. 4 shows the behaviour of profit(P) with respect to cost (C,) per replacement of the transformer for different
values of cost (C;) per visit of repairman. It is obvious from the graph that the profit decreases with the increase
in the values of cost (C,). It can also be noticed that if C;=2100 then P>or=or<0Oaccording as C, <or >4378.89.
So, for the model to be beneficial, C, should be < 4378.89 if C;=2100. Similarly, for C;=2140and C;=2180, the
values for C, should be lesser than 4002.44 and 3507.97, respectively.
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