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Abstract: In this paper, a new model has been presented to determine the number of spare
transformers and their locations for distribution stations. The number of spare transformers
must be so that they need minimum investment. Furthermore, they must be sufficient for
replacing with transformers that have been damaged. For this reason, in this paper a new
purpose function has been presented to maximize profit in distribution company’s
budgeting and planning. For determining the number of spares that must be available in a
stock room, this paper considers the number of spares and transformer’s fault at the same
time. The number of spare transformers is determined so that at least one spare transformer
will be available for replacing with the failed transformers. This paper considers time
required for purchasing or repairing a failed transformer to determine the number of
required spare transformers. Furthermore, whatever the number of spare equipment are
increased, cost of maintenance will be increased, so an economic comparison must be done
between reduced costs from reducing of outage time and increased costs from spare

transformers existence.
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1 Introduction

In the power systems, transformers have a critical role
in reliability and availability and need a huge
investment. Moreover, the risk involved in running the
system without proper attention to assets integrity in
service is quite high. Additionally, the probability of
losing any equipment vital to the transmission and
distribution system, such as power and distribution
transformers, is increasing especially with the aging of
power system’s assets [1]. Therefore, investment risk
and reliability of this equipment must be considered
efficiently. Maintenance, repairing, replacement are
some of the options that are used in the asset
management for increasing reliability and investment.
Moreover, most of the distribution substations are
operated radially, and their transformer failures cause
outages. Transformer’s failures and fatigues have an
important role in customer outages, because, repairing,
purchasing and installation time of this equipment are
long. For this reason, for reducing of customer outage
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time, having a stock room for storing an appropriate
number of spare transformers are necessary. For
reducing access time to spare equipment and
minimizing of transportation cost and reducing outage
time, stock room’s location must be close to where the
density of transformer’s failure is high.

On the other hand, failure of transformers in
distribution substations causes customer’s outages and
cost. Recent cost depends on customer type and outage
duration. In this situation, time for recovering of failed
unit, by repairing and purchasing a new unit may last
several months that it depends on the type of failure.
Outage durations may be reduced considerably by using
of spare transformers. So the number of spare
transformers must be selected to supply sufficient
transformers in the stock room with high reliability. If
the numbers of spare transformers are increased
excessively, cost of purchasing and maintenance will
increase. On the other hand, whatever, number of spares
are increased, total cost will increase and if the number
of spares be less than a critical value, we must pay much
costs for customer’s outages.

Researches and papers are presented in designing,
planning and reliability of distribution systems [2]. Ref.
[3] presented a probabilistic method based on binomial
distribution for determining number of and timing of the
spare unit in distribution substations. Ref. [4] presented
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probabilistic models based on Poisson distribution and
total cost concept (cost of spares and cost of outages)
for determining spare transformer of distribution
substations. Ref. [5] presented a probabilistic model
based on binomial distribution with considering repair
time or replacement time for a one distribution
transformer and total cost concept for determining
optimum number of spare transformers. Mobile
transformers have not been considered in references [3,
5]. Ref. [6] presented two probabilistic methods for
determining the optimal number of spare transformers.
First method used a simple Markov model and second
one used Monte Carlo simulation model for determining
optimum number of spare transformers. The presented
model given in [6] has considered only critical failures
and has not considered required time for installation of a
spare transformer. Furthermore, Ref. [6] have not used
mobile transformers. Ref. [7] used a probabilistic model
based on Markov model for determining optimal
number of required spare transformers for high-voltage
substation so that acceptable level of reliability and the
lowest cost are obtained. Ref. [8] has applied a
cost/benefit analysis based on Markov model to
determine optimal number of spare transformers for
high voltage auto-transformers. Ref. [9] used a
probabilistic model based on Markov model to
determine benefit of using mobile unit substation in
high voltage substation. Ref. [6] also used three
methods to determine optimum number of spare
transformers. First and second method are based on
reliability and third method is based on minimum cost.
In the first method, system performing states have been
described using Markov process. In the second method,
Monte Carlo simulation model was used to assess
system reliability. Ref. [10] described a probabilistic
model to determine number of spare transformers and
mobile unit substations for a group of distribution
transformers with a target of achieve a desired level of
availability. Ref. [11] presented a probabilistic method
using Markov model to assess the number of spare
transformers and movable units for a group of
distribution transformers.

Ref. [12] proposed evaluation approaches to multi-
item base-stock inventory policies where unidirectional
substitutions are allowed. The problems in this paper are
in the context of spare parts management and identifies
two substation cases: substation upon demand arrivals
and substation upon order deliveries. Ref. [13] have
given an overview of the research, models and literature
about optimization approaches to the problem of
optimally locating one or more new facilities in an
environment where competing facilities are already
established. Ref. [14] is devoted to the establishment of
reasonable levels of critical power equipment inventory
using available historical data and strict legal
requirements for reliable electrical power supply.
Several models, including an Extreme Value Theory
and a Homogeneous Poisson model, are used with

results compared to provide a probabilistic formulation
of suggested inventory. Ref. [15] presented a decision
support system based on a multi-attribute p-median
model. And in their paper back-up transformer locations
have been indicated and analyzed.

Ref. [16] presented a brief description of the
elements of general asset management model in the
context of an electric utility and the implementation of
the intelligent system for detection and diagnosis as well
as the failure rate estimation model exemplified using
data of measurements performed in real power
transformers. A robust anomaly detection module using
prediction models based on artificial intelligence
techniques developed for top oil temperature monitoring
and the use of decision trees as classifiers for the
assessment of FRA2 measurements is also illustrated.
For failure rate estimation, the use of a model based on
hidden Markov chains presented using data of dissolved
gas analysis tests.

Ref. [17] suggested a procedure for determining an
optimal combination of activities and measures to
minimize the expected total costs during the planned
exploitation  period of power transformers.
Combinations of different types of preventive
maintenance, spare parts keeping and installation of
Condition monitoring systems of power transformer
individual components have been taken into
consideration in [17].

Ref. [18] suggested a method for evaluation of
justification of certain activities and measures aimed at
improving power transformer availability and reducing
expected cost during a planned exploitation period. The
model in [18] is based on the assumption that the failure
renewal time is not a deterministic parameter, but is
generally distributed. All calculations in [18] were made
for the case when failure renewal time is Weibull
distributed.

In reference [19], a new probabilistic method based
on Monte Carlo simulation for determining the optimum
number of spare transformers has been presented. With
the method presented in that paper, modeling of aging
process and load growth are allowed whereas these are
impossible via traditional methods like poison and
Markov processes. Combination of suggested method in
Ref. [19] with a heuristic algorithm, the optimum
number of spare transformers are determined over a pre-
established planning horizon.

The innovation that there is in this paper than
another papers is that the optimal number of spare
transformers is determined so that there is at least a
spare transformer in the stock room for replacing with
damaged transformer. With this method, the customer
would not get long outages and customer’s cost will be
minimized. Furthermore, the optimal location of the
spare transformer is considered and it is determined
with Genetic algorithm so that the distance between
spare transformer and failed locations is minimized.
With this method replacing of failed equipment are done
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with faster acceleration and also most of parameters like
installation time, installation cost and other parameters
that are effective in having spare equipment have been
considered. Moreover, mobile transformers are
considered so that customer outage time is decreased.
Additionally, asset management activities like spare
transformer maintenance, repairing and replacements of
failed transformers are considered.

In this paper, section 2 has presented a new model to
find the number and location of spare transformers with
considering effective factors on cost function and
relations between them. In section 3 numerical analysis
on inputs and outputs and sensitivity analysis are
performed.

2 Proposed Model for Finding the Optimal
Number and Location of Spare Transformers

Transformer failures in distribution systems are not
preventable. For this reason, distribution system must be
planned, maintained and operated so that failures of
such equipment will be minimized. The issue that how
many number of spare transformers and mobile
transformers in a distribution network should be used
and also how their location should be determined so that
reliability will be in an acceptable rating are the matters
discussed in this paper. This issue focused on
determining the number of spare transformers that must
be used. For achieving this goal the number of
transformer failures that can be repaired and cannot be
repaired and required time for repairing and purchasing
of transformers are considered.

Locating of equipment is an issue that it has been
improved for equipment that they have a low mobility.
Determining the best location of the spare transformer is
an example of these problems.

In proposed model, spare transformer’s location is
obtained by means of the lowest distance from failed
transformer. Technically, it is a function of distances
between substations or population. Indeed, if the
population of area is more, distances between
substations will be less and their failures will be more.
If spare transformer location be near to failed
transformer location, transportation cost, outage cost
and not distributed energy will be less. These issues that
how many number of spare transformers and where they
must be located are the main purposes of the proposed
model.

In assessment of spare equipment, two factors can be
considered:

1. Achieving to an acceptable level of reliability.

2. Achieving to the lowest cost (such as not
distributed energy and cost of spare
transformers and etc.).

Each two above cases can be considered in the
following main function:

F = INV + IMC (1)

In the Eq. (1), ‘F’ is the inserted cost to the system.
Technically, that is the purpose function of the proposed

model. Furthermore, Eq. (1) includes ‘INV’ investment
cost & ‘IMC’ Imposed cost. If the system reliability is
reduced less than a predetermined level, costs or
penalties will be increased. Moreover, optimal number
and the best location of the spare transformer should
minimize the inserted costs (F).

In the proposed model, it is assumed that mobile
transformer is used when a transformer is failed. With
this method, outage duration will be decreased. The
mobile transformer remains instead of the failed
transformer until the spare transformer arrives at the
location of failure. And because they are in the circuit
for a short time, they are completely reliable, and failure
rate of this equipment can be assumed zero.
Transformer replacement is done when the mobile
transformer is in the circuit, therefore spare transformer
installation time does not have an effect on outage
duration. With assuming that there are enough spare
transformers in the stock room for replacing with failed
transformers, numbers of mobile transformers are
selected so that they support the maximum number of
failures in a month. With this method minimum outage
duration is achieved. Otherwise, for preventing from
purchasing and maintenance costs, number of them are
selected so that each of them can be used in one month.
In this situation, numbers of them may not be equal to
maximum number of failures that occur in one month,
because in that specific month, enough spare
transformers may not exist for replacing with failed
transformers. Therefore, finding optimum number of
spare transformers is crucial for providing high
reliability with minimum costs.

2.1 INV Model
INV comprises the following costs as Eq. (2).
INV = Cr + Crpy + Cs + Cys + Cyspr + Crp 2
where
Cr = nCrc 3
Crm = %121 NiCryc + nCrpy 4
Cs = nCsc + kCyssr ®)
Cus = kCysr (6)
Cusm = kCysurT )
12 m;+Ag.
Crr = XiZ1 Xy ((Dj(Crrc + Cusr1) +
(Crrv + Cus1))/1000) (8)
2.2 IMC Model
IMC = Cg + Cy + Crp + Gy, 9)
Cg = (ENS X Mcgs:)/1000 (10)

Cg is revenue that has been lost for energy that has
not been supplied. If the outage did not occur, the
distribution company could earn these revenues.

ENS = 212, S 2 Ly (11)

ENS is the total energy not supplied in a year in
kWh and r;; is the j" outage duration in i month in
minute and L, is the lost load at j™ outage in i"™ month

in KW.
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Cy=1rXCh%x3G (12)

Cy is the total annual cost of repairing groups. In
above equation r is total outage duration in minute in a
year that is calculated with (13):

m;+A
r= Y12 z 9iy (13)
CTD = (m Ag)cm + Ay X Cr¢ (14)
(m + Ag)Cpne + 1 X Cpre (15)
m= Zz 1 m; (16)
Ay = Y12 Ay, 17)

Fig. 1 illustrates Eqgs. 9-17.

2.3 Outage Duration Model
rij =Tf+DinTm+ra (18)

T = Sy O rpr, = S Dy X 1 1) (19)

Equations (18), (19) can be modeled as spare
transformer replacement process durations that is shown
in Fig. 2. In Fig. 2 system base speed is equal to

management operation time.

2.4 NST Model
A spare transformer replacement process in i'" month
includes below procedure:
Firstly, the number of failed and fatigued
transformers are determined and then these information
are given to the stock room management. Stock room

inputs
m;
A e q IMC
S-17
Lgj;
e

Fig. 1 Summarized relations between IMC’s inputs.

System base speed System base speed
Tm Ta ¥
Y Y
™ ’ T
T, ..
4 eq.19 1y eq.18 i,
Dj ——

Fig. 2 Outage duration model.

management determines the number of transformers that
must be repaired, purchased and allocated to the
network. And this process must be repeated every
month. In other words, number of spare transformers
that are available in stock room in each month, is
determined with the number of total spare transformers,
number of failed and fatigued transformers in each
month and their repair or purchase time span. Flowchart
of this process has been shown in Fig. 3.

<
.

Number of failed and
fatigued transformers

v

Stock room management

!

BY; =a;.
MT, =m_,

.

Allocation of m; + a;
transformers to network

s

.
Niyy =N; = (m; +a;) + MT; + BY;
v
i=i+1l

Fig. 3 Spare transformer replacement process.
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Fig. 4 Number of failed transformer that can be repaired.
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Fig. 5 Number of failed transformers that cannot be repaired.

For example, if n=1,r, =2 then N;=n |,
Ny=n—-m;—a;, N3=n—m, —a, —a,, for i=
4,5,6,789,10,11,12, N; =n—m;_; — a;_1 — G;_,.

3 Numerical Studies
3.1 System Inputs

Numbers of failed transformers that can be repaired
and cannot be repaired are assumed as shown in Figs. 4
and 5.

Failed transformer repairing duration is assumed 2
months and spare transformer purchasing duration is
assumed 4 months. In other words 7. =2,n, = 4.
Number of reparable transformers and non-reparable
transformers, transformers that must be repaired and
purchased and number of transformers that will be
available in the stock room and are pertained to stock
room management could be obtained easily.

Other inputs are: Cost of a transformer is 5 thousand
dollars, cost of maintenance and service of each spare
transformer is 0.05 ($1000), cost of annual spare
transformer repairing is 0.2 ($1000), cost of spare
transformer maintenance location is 1 ($1000), cost of
mobile transformer maintenance location is 2 ($1000),
cost of each mobile transformer is 10 ($1000), cost of
maintenance and service of each mobile transformer in
each service period is 0.1 ($1000), number of mobile
transformer service is 4 in one year, cost of carrying of
spare transformer in one kilometer is 25 ($), cost of
loading and depletion and installation of spare
transformer is 150 ($), cost of carrying each mobile
transformer in one kilometer is 20 ($), cost of mobile
transformer installation is 100 (3$).

The locations of failed transformers in coordinate
plane are assumed according to Fig. 6.

Number of below of each point shows the number of
failures and number of above of each point shows lost
load in each outage in kilowatt. Other inputs assumed as
following:

1, = 20,7, = 10,77 = 30, MCyis, = 0.3
Che =1,G = 3,Cqc = 0.5, Cpec = 0.075, (18)
Cone =1,Tn =2,T, =4

3.2 Outputs (Simulation Results)

s 1S the optimum location of the spare transformer
that is obtained with optimum toolbox in MATLAB
software. In this toolbox, the objective function for
finding the spare transformer’s location is defined so
that, the total distances among spare transformer’s
location and failed transformer’s locations gets
minimum. Some of the main GA parameters and
settings for optimization are as follows: Population
size=20, selection function: Stochastic uniform,
Mutation function: Constraint dependent, Migration
direction: Forward, Migration fraction=0.2, Migration
interval=20, and other required parameters like
Mutation function, Crossover function, ... are assumed
default.

Ly =[3.93 5.53] (19)

3 4 56 78 910

01

Fig. 6 Location of failed transformers.
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Fig. 7 Cost curve at number of spare transformers
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Table 1 outputs of the proposed model.

Crr = 21.6084 ;=100

Cp= 1.05 C, = 40.4667
Crp = 75.500 C,pn = 393.89
Cry=10 C,=40

Cost curve at number of spare transformers obtained
as Fig. 7. As it can be seen from Fig. 7, with 20 spare
transformer, the objective function will be the lowest.
So, the optimum number of spare transformer for
optimizing the objective function is 20. In the following
figures "n" is the number of spare transformer.

Then optimal number of spare transformers is 20.
For this number of spare transformers other outputs are:
r=4.49x 103
Nmin =20 (20)
ENS = 3.43e+003

Different costs has been depicted in Table 1. It is
observed that penalty cost is bigger than the other costs
and the lost revenue because of not distributed energy is
the lowest. And the minimum of the invested and
imposed costs are F,,,;,,=784.43.

If the number of spare transformers be so that the
stock room gets empty, and therefore the spare
transformer is not existence for replacement with failed
transformer, in this situation customers get a long-time
outage and cost of outage will be extremely high.

For more clearness, for states that customers get a
long-time outage, cost curve is according to Fig. 8. It is
observed that if even one transformer be less than the
required number, total cost will be 6871 million dollars.

3.3 Sensitivity Analysis
3.3.1 Sensitivity to System Speed
If the required time for repairing has been reduced
one month and the required time for purchasing has
been reduced to two months, in this situation, number of
required spare transformers will be reduced and cost of
spare transformers and maintenance will be reduced.

xX19
\ Y: 6871
! | L I Eﬁ?‘l J
0 2 4 6 8 10 12 14 16 18 20

Fig. 8 Cost curve for state that customers get long time outage.

But repairing is done faster, for this reason its cost
will be increased. Furthermore, Crpc, Cr. are increased
and Cr, Cry, Cs are decreased and other parameters are
not changed. In this state, the cost curve will be
according to Fig. 9.

For more clearness, in a state that the number of
spare transformer be so that customers get a long outage
duration, cost curve will be such as Fig. 10.

As it is observed from Figs. 9 and 10, total cost for
these situations will decrease.

If repairing and purchasing times are increased, for
example, repairing time is increased to 3 months and
purchasing time is increased to 6 months, in this state,
output will be according to Fig. 11.

For more clearness, in a state that the number of
spare transformer be so that customers get a long outage
duration, cost curve will be such as Fig. 12.

As it is observed from Figs. 11 and 12, total cost for
these situations will increase.

If the required time for purchasing transformers be
two months and be assumed fixed, but the required time
for repairing changes from one to five months, number
of required spare transformers will be according to Fig.
13. So, for different repairing time, different number of
spare transformers will be needed.
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Fig. 10 Cost curve for state that customers get a long time
outage duration withr,. = 1,1, = 2.

324 Iranian Journal of Electrical & Electronic Engineering, Vol. 11, No. 4, Dec. 2015



2000 T T T T

1800+ 1
1600 1

1400+ 1

1200 + B
0 | X2 J
2 1 Y831

-

800 1
600 - 1
400 1

2001 1

[] 1 | 1 1 | 1 |
20 30 40 50 60 70 80 90 100

n

Fig. 11 Cost curve for state . = 3,1, = 6.

INC
)

X 27
¥ 3709

0 | | | | I u |
0 5 10 15 20 25 30

n

Fig. 12 Cost curve for state that customers get a long time
outage duration withr,, = 3,7, = 6.
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Fig. 13 Number of required spare transformers at 7.

3.3.2 Sensitivity to Costs Sensitivity of INC to
Transformer Cost
For considered example with . =2, r, =4 and
other inputs are similar to first simulation, if cost of
transformers change from 3 to 7 thousand dollars, cost
curves will be according to Fig. 14.

3000

2500+

Ctm=7

2000

£ 1500

1000

500

Fig. 14 Cost curve sensitivity to price of transformer.

In Fig.14, curves have different slopes because INC
for n > 20 has a direct relationship with n. Outage
duration cost for state n < 20 is very high, for this
reason, it is also observed that transformer’s price does
not have a certain effect in this state.

4 Discussion

It has been observed that with the considered
assumption, the penalty cost is bigger than the other
costs and the lost revenue because of not distributed
energy is the lowest. If the number of spare transformers
be so that the stock room gets empty, and therefore the
spare transformer is not existence for replacement with
failed transformer, in this situation customers get a
long-time outage and cost of outage will be extremely
high.

From the sensitivity analysis of INC curves, it can
be deduced that with decreasing of required time for
repairing and purchasing, we will need fewer spare
transformers and their maintenance costs will decrease.
For different price of transformers, INC curves will
have different slopes. If the number of spare
transformers available in the stock room be so that
customers do not get a very long outage duration, or r
be constant, in this situation INC curves for different
Cpec Will be parallel together. Otherwise, INC curves
will have different slopes and are not parallel with
together. Also, for different repairing time, different
number of spare transformers will be needed.

5 Conclusion

In this paper, a comprehensive illustration asset
management  activities in relation with spare
transformers have been presented and number and
location of spare transformers have been optimized
using with data of failed transformers. In the presented
model for decreasing of outage time due to failed
transformers, mobile transformers are used. Many of the
required parameters for assessment of spare
transformers, for example number of failed transformers
and fatigued transformers in each month, cost of each
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spare transformer and cost of mobile transformers,
location cost of maintenance, transportation cost,
required time for repairing and purchasing have been
considered. Transformers have a critical role in
reliability and need a huge investment, and
maintenance, repairing, replacement are some of the
options that are used in the asset management for
increasing reliability and investment so for decreasing
the number of required spare transformers and their
maintenance cost, we must decrease repairing and
purchasing times; These actions in turn increase cost.
With the method that has been presented in this paper,
some asset management activities that are required for
determining the optimal number of spare transformers
are considered and it is the advantage of this method
rather than other methods.

Nomenclature
Ay, Number of obsolete transformers in i month.
a; Number of fatigued transformers in i month
and must be bought.
BY; Number of transformers that have been
bought in i"" month.
Cg Lost revenue because of not distributed
energy ($ 1000).
Cy Cost of maintenance groups ($ 1000).
Cne  Cost of a serviceman ($/minute).
Cys  Total mobile transformers cost ($ 1000).
Cys;  Installation cost of a mobile transformer ($).
Cysy  Total mobile transformer maintenance cost ($
1000).
Cysur  Cost of a mobile transformer maintenance and
service ($ 1000/month).
Cussr  Mobile transformer location cost ($ 1000).
Cusr  Capital cost of a mobile transformer ($ 1000).
Cusr1 ~ Cost of carrying a mobile transformer
($/kilometer).
Cpn Fine of outages ($ 1000).

Cpnc  Fine of each additional outage ($ 1000).
Cpec  Fine of each additional outage duration ($
1000)
Cs location cost of spare transformers and mobile
transformers ($ 1000).
Csc Cost of location of a spare transformer ($
1000).

Cr Total cost of spare transformers (S 1000).

Crc  Capital cost of each spare transformer ($
1000).

Crp Cost of repairing and replacing of failed
transformers ($ 1000).

Crpc  Cost of each transformer repairing ($ 1000).

Cry  Total  maintenance  cost and  spare
transformers service ($ 1000).

Crpn Annually repairing cost of a spare transformer
($ 1000).

Crr carrying and installation costs of mobile
transformers and spare transformers ($ 1000).

Crr¢  Cost of carrying each spare transformer
($/kilometer).
Crry  Cost of loading, depletion and installation of a
spare transformer (3$).
Distance of a spare transformer location to j™
failed transformer in i'"" month (km).
ENS  Energy not distributed (kwh).
G Number of 3 serviceman groups.
IMC  Imposed Costs.
INC  Inserted Costs ($ 1000).
INV Investment cost.
k Number of mobile transformers.
Lg,  Lostload in " outage in i" month (kw).
Mcy;, Revenue of distribution company from each
kilowatt-hour (3).
m; Number of failed transformers in i month
and must be repaired.
MT; Number of transformers that have been
repaired in i™ month.
N; Number of available transformer in the stock
room in i" month.

ij

n Total number of spare transformer.

T Total outage durations (min).

7, Mobile transformer installation durations
(min).

T Spare transformer purchasing durations
(month).

Ts durations of failed transformer locating (min).
r; " Outage durations in j" month (min).

Tm mobile  transformer  carrying  durations
(min/km).

T Failed transformer Repairing durations
(month).

Trr Carrying and installation of mobile
transformer durations (minute).

T Number of mobile transformer servicing in
each year.
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