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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 Introduction1 
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: 
ܨ ൌ ܸܰܫ ൅  (1)                                                          ܥܯܫ

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

model. Furthermore, Eq. (1) includes ‘ܸܰܫ’ investment 
cost & ‘ܥܯܫ’ 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 
 .comprises the following costs as Eq. (2) ܸܰܫ

ܸܰܫ ൌ ்ܥ ൅ ெ்ܥ ൅ ௌܥ ൅ ெௌܥ ൅ ெௌெܥ ൅  (2)             ்்ܥ
where 
்ܥ ൌ  ஼                                                                    (3)்ܥ݊
ெ்ܥ ൌ ∑ ௝்ܰܥெ஼ ൅ ௉ெ்ܥ݊

ଵଶ
௝ୀଵ                                      (4) 

ௌܥ ൌ ௌ஼ܥ݊ ൅  ெௌௌ்                                                    (5)ܥ݇
ெௌܥ ൌ  ெௌ்                                                                (6)ܥ݇
ெௌெܥ ൌ  ெௌெ்ܶ                                                        (7)ܥ݇
்்ܥ ൌ ∑ ∑ ሺሺܦ௝ሺ்்ܥ஼ ൅ ெௌ்ଵሻܥ ൅

௠೔ା஺೒೔
௝ୀଵ

ଵଶ
௜ୀଵ

ሺ்்ܥ௏ ൅  ெௌூሻሻ/1000ሻ                                                (8)ܥ
 

2.2  IMC Model 
ܥܯܫ ൌ ாܥ ൅ ுܥ ൅ ஽்ܥ ൅  ௣௡                                      (9)ܥ
ாܥ ൌ ሺܵܰܧ ൈ  ௗ௜௦௧ሻ/1000                                     (10)ܿܯ

 ா is revenue that has been lost for energy that hasܥ
not been supplied. If the outage did not occur, the 
distribution company could earn these revenues. 
ܵܰܧ ൌ ∑ ∑ ௥೔ೕ

଺଴
ா௜௝ܮ

௠೔ା஺௚೔
௝ୀଵ

ଵଶ
௜ୀଵ                                       (11) 

 is the total energy not supplied in a year in ܵܰܧ
kWh and ݎ௜௝ is the jth outage duration in ith month in 
minute and ܮா೔ೕ is the lost load at jth outage in ith month 
in kW. 



322               

ுܥ ൌ ݎ ൈ ௛ܥ
ு is theܥ

above equati
year that is c
ݎ ൌ  ∑ ∑

௠
௝

ଵଶ
௜ୀଵ

஽்ܥ ൌ ൫݉ െ
௣௡ܥ ൌ ൫݉ ൅
݉ ൌ ∑ ݉ଵଶ

௜ୀଵ
௚ܣ ൌ ∑ ௚ܣ

ଵଶ
௜ୀଵ

Fig. 1 illu
 

௜௝ݎ ൌ ௙ݎ ൅ ௜ܦ

ݎ் ் ൌ ∑௠ା஺೒
௝ୀଵ

Equation
transformer r
in Fig. 2. I
management
 

A spare tr
includes belo

Firstly, 
transformers 
are given to 
 
 

Fig. 1 Summa
 
 

Fig. 2 Outage 
 

                     

௖ ൈ            ܩ3
e total annual
ion ݎ is total o
alculated with

௜௝ݎ
௠೔ା஺೒೔
௝ୀଵ         

஽஼்ܥ௚൯ܣ ൅ ܣ
௣௡௖ܥ௚൯ܣ ൅ ݎ

௜                     
௚೔                   
ustrates Eqs. 9

2.3  Outage 
௜௝ ൈ ௠ݎ ൅    ௔ݎ

ݎ் ்ೕ
೒  ൌ ∑ଵଶ

௜ୀଵ

s (18), (19) 
replacement p
In Fig. 2 sys
t operation tim

2.4  N
ransformer rep
ow procedure:

the number
are determin
the stock ro

arized relations 

duration model

                   Ir

                     
l cost of repa
outage duratio
h (13): 
                      

௚ܣ ൈ         ஼்ܥ
ൈ            ௣௧௖ܥ
                     
                      

9-17. 

Duration Mo
                      
∑ ሺܦ௜௝

௠೔ା஺೒೔
௝ୀଵଵ

can be mo
process duratio
stem base sp

me. 

NST Model 
placement pro
: 
r of failed

ned and then t
om managem

between ܥܯܫ’s

l. 

ranian Journa

                    (
airing groups
on in minute i

                   (
                    (
                    (
                    (
                   (

odel 
                    (

ൈ ௠ݎ ൅ )  ௔ሻݎ
odeled as sp
ons that is sho
peed is equal

ocess in ith mo

d and fatig
these informat

ment. Stock ro

s inputs. 

al of Electrica

12) 
. In 
in a 

13) 
14) 
(15) 
16) 
17) 

(18) 

19) 
pare 
own 
l to 

onth 

gued 
tion 
oom 

 

 

ma
mu
net
mo
tha
det
num
mo
of 
 
 

Fig
 
 

Fig

l & Electronic

anagement det
ust be repair
twork. And 
onth. In other
at are availab
termined with
mber of faile
onth and their 
this process h

g. 3 Spare transf

g. 4 Number of 

c Engineering

termines the n
red, purchase
this process 
r words, num
ble in stock 
h the number o
ed and fatigu
repair or purc

has been show

former replacem

failed transform

g, Vol. 11, No.

number of tran
ed and alloc

must be re
mber of spare 

room in eac
of total spare 
ued transform
chase time spa

wn in Fig. 3. 

ment process. 

mer that can be 

 4, Dec. 2015

nsformers that
cated to the
peated every
transformers

ch month, is
transformers,

mers in each
an. Flowchart

repaired. 

5 

t 
e 
y 
s 
s 
, 

h 
t 

 



Sedaghati & 

Fig. 5 Number
 
 

For exam
ଶܰ ൌ ݊ െ ݉ଵ

4,5,6,7,8,9,1
 
3 Numeric

Numbers
and cannot b
and 5. 

Failed tra
months and 
assumed 4 
Number of 
transformers
purchased a
available in 
room manage

Other inp
dollars, cost 
transformer 
transformer 
transformer m
mobile trans
cost of each 
maintenance 
each service
transformer s
spare transfo
loading and
transformer 
transformer 
transformer i

The loca
plane are ass

Number o
failures and 
load in each 
following: 
௔ݎ ൌ 20 , ௠ݎ
௛௖ܥ ൌ 1, ܩ ൌ
௣௡௖ܥ ൌ 1, ௠ܶ
 
 

Dashti: A Ne

r of failed trans

mple, if ݎ௥
ଵ െ ܽଵ, ଷܰ ൌ
0,11,12, ௜ܰ ൌ

cal Studies 
3.1  Sys

 of failed tran
be repaired are

ansformer rep
spare transfo
months. In 
reparable tra
, transformer

and number o
the stock roo
ement could b

puts are: Cost 
of maintenan
is 0.05 ($1
repairing is 

maintenance 
sformer maint

mobile trans
and service o

 period is 0.
service is 4 in
ormer in one 
d depletion 
is 150 ($), c
in one kilom
installation is 
ations of faile
sumed accordi
of below of ea
number of ab
outage in kilo

ൌ 10 , ௙ݎ ൌ 3
ൌ 3, ௧ௗ௖ܥ ൌ 0.5
௠ ൌ 2, ௕ܶ ൌ 4 

ew Model for A

sformers that ca

ൌ 1 , ௕ݎ ൌ 2 
ൌ ݊ െ ݉ଶ െ ܽଵ
ൌ ݊ െ ݉௜ିଵ െ

stem Inputs 
nsformers that
e assumed as 

pairing durati
ormer purcha
other words

ansformers an
rs that must 
of transforme
om and are pe
be obtained ea
of a transform

nce and servi
000), cost o
0.2 ($1000)

location is 1 
tenance locati
sformer is 10 
of each mobi
1 ($1000), nu
n one year, co

kilometer is
and install

cost of carryi
eter is 20 ($)
100 ($). 

ed transforme
ing to Fig. 6. 
ach point show
bove of each 
owatt. Other in

0, ௗ௜௦௧ܥܯ ൌ 0
5, ௣௧௖ܥ ൌ 0.07

Assessment an

annot be repaire

then ଵܰ ൌ ݊
ଵ െ ܽଶ, ݂ݎ݋  

ܽ௜ିଵ െ ܽ௜ିଶ.

t can be repai
shown in Fig

on is assume
asing duration
s ݎ௥ ൌ 2 , ௕ݎ ൌ
nd non-repara
be repaired 

ers that will 
ertained to st

asily. 
mer is 5 thous
ce of each sp
of annual sp
), cost of sp
($1000), cost

ion is 2 ($100
($1000), cost
le transforme
umber of mob
ost of carrying
s 25 ($), cost
ation of sp
ing each mob
), cost of mob

ers in coordin

ws the numbe
point shows 
nputs assumed

0.3 
75,                (

nd Optimizatio

 
ed. 

݊ , 
݅ ൌ

ired 
gs. 4 

ed 2 
n is 
ൌ 4. 
able 
and 
be 

tock 

sand 
pare 
pare 
pare 
t of 
00), 
t of 
r in 
bile 
g of 
t of 
pare 
bile 
bile 

nate 

er of 
lost 
d as 

18) 

tha
sof
fin
tha
loc
min
set
siz
Mu
dir
int
Mu
def
௦ܮ
 
 

Fig
 

Fig
 
 

on of Number 

3.2  O
௦ is the optܮ

at is obtained
ftware. In th

nding the spar
at, the total 
cation and 
nimum. Som
ttings for op
ze=20, selec
utation funct
rection: Forw
erval=20, an
utation functio
fault. 
ൌ ሾ 3.93  5.5

g. 6 Location of

g. 7 Cost curve 

of Spare Tran

Outputs (Simu
timum locatio
d with optimu
is toolbox, t
re transforme
distances am
failed trans

me of the m
timization ar

ction functio
ion: Constra
ard, Migratio
nd other re
on, Crossover

3ሿ                   

f failed transfor

at number of sp

nsformers …  

ulation Resul
on of the spar
um toolbox i
the objective 
er’s location 
mong spare 
sformer’s lo

main GA par
re as follows
on: Stochast
aint dependen
on fraction=0
equired para
r function, …

                      

rmers. 

pare transforme

               323

lts) 
re transformer
in MATLAB
function for

is defined so
transformer’s
cations gets
rameters and
s: Population
tic uniform,
nt, Migration
.2, Migration
ameters like

… are assumed

              (19)

ers 

 

r 
B 
r 
o 
s 
s 
d 
n 
, 
n 
n 
e 
d 

 



324               

Table 1 outpu

 
 

Cost curv
as Fig. 7. As
transformer, 
So, the opt
optimizing th
figures "݊" is

Then opt
For this num
r = 4.49 ൈ 1
ܰ௠௜௡ = 20    
ENS = 3.43e+

Different
observed tha
and the lost r
the lowest. 
imposed cost

If the nu
stock room 
transformer i
transformer, 
outage and c

For more
long-time ou
observed tha
required num
 

3.3
If the req

one month a
been reduced
required spar
spare transfo
 
 

Fig. 8 Cost cu

  = ்்ܥ
   = ாܥ
 = ஽்ܥ
ெ=1்ܥ

                     

uts of the propos

ve at number o
s it can be se
the objective

timum numb
he objective fu
s the number o
timal number

mber of spare tr
0ଷ 
                      
+003 
t costs has be
at penalty cost
revenue becau
And the mi

ts are ܨ௠௜௡=78
umber of spar

gets empty
is not existenc
in this situati
ost of outage 
e clearness, fo
utage, cost cur
at if even one
mber, total cos

3.3  Sensit
3.1  Sensitivit
quired time fo
and the requ
d to two month
re transformer

ormers and ma

urve for state tha

  21.6084
1.05 
 75.500 

10 

                   Ir

sed model. 

of spare trans
en from Fig. 

e function wi
er of spare 

function is 20.
of spare transf
r of spare tra
ransformers o

                     

een depicted 
t is bigger tha
use of not dist
inimum of th
84.43. 
re transformer
y, and there
ce for replace
ion customers
will be extrem
or states that 
rve is accordin
e transformer 
st will be 6871

tivity Analysi
ty to System 
or repairing h

uired time for
hs, in this situ
rs will be red

aintenance wil

at customers ge

 100=்ܥ
௛ =  40ܥ
௣௡ = 39ܥ
 ௦=40ܥ

ranian Journa

formers obtai
7, with 20 sp
ll be the low
transformer 

 In the follow
former. 

ansformers is 
other outputs a

                    (

in Table 1. I
an the other co
tributed energ
he invested 

rs be so that 
efore the sp
ement with fa
s get a long-t
mely high. 

customers ge
ng to Fig. 8. I
be less than 

1 million dolla

is 
Speed 

has been redu
r purchasing 
uation, numbe
duced and cos
ll be reduced.

et long time out

0.4667 
93.89 

al of Electrica

ined 
pare 

west. 
for 

wing 

20. 
are: 

20) 

It is 
osts 

gy is 
and 

the 
pare 
iled 
ime 

et a 
It is 
the 

ars. 

uced 
has 

er of 
st of 

 
age. 

wil
and
not
acc

spa
dur

the

exa
pur
out

spa
dur

the

two
for
of 
13
spa
 
 

Fig
 
 

Fig
out

l & Electronic

But repairing
ll be increase
d ்ܥ, ,ெ்ܥ ௦ܥ
t changed. I
cording to Fig

For more cl
are transforme
ration, cost cu
As it is obse

ese situations w
If repairing 

ample, repairi
rchasing time
tput will be ac
For more cl

are transforme
ration, cost cu
As it is obse

ese situations w
If the requir

o months and 
r repairing cha
required spar
. So, for diffe
are transforme

g. 9 Cost curve 

g. 10 Cost curv
tage duration w

c Engineering

g is done fast
ed. Furthermor

are decreased
In this state,
g. 9. 
learness, in a
er be so that c
urve will be su
erved from Fig
will decrease.
and purchasin
ing time is in

e is increased 
ccording to Fi
learness, in a
er be so that c
urve will be su
rved from Fig
will increase. 
red time for p

be assumed f
anges from on

re transformer
erent repairing
ers will be nee

for state ݎ௥ ൌ 1

ve for state tha
with ݎ௥ ൌ 1, ௕ݎ ൌ

g, Vol. 11, No.

ter, for this re
re, ்ܥ஽஼,  ௖்ܥ
d and other p
 the cost cu

a state that th
customers get 
uch as Fig. 10
gs. 9 and 10, 
 

ng times are i
ncreased to 3
to 6 months,

ig. 11. 
a state that th
customers get 
uch as Fig. 12
gs. 11 and 12,

purchasing tra
fixed, but the 
ne to five mo
rs will be acco
g time, differe
eded. 

1, ௕ݎ ൌ 2. 

at customers g
ൌ 2. 

 4, Dec. 2015

eason its cost
are increased
arameters are
urve will be

he number of
a long outage
. 
total cost for

increased, for
3 months and
, in this state,

he number of
a long outage
. 
, total cost for

ansformers be
required time

onths, number
ording to Fig.
ent number of

get a long time

5 

t 
d 
e 
e 

f 
e 

r 

r 
d 
, 

f 
e 

r 

e 
e 
r 
. 
f 

 

 
e 



Sedaghati & 

Fig. 11 Cost c
 
 

Fig. 12 Cost 
outage duratio
 
 

Fig. 13 Numb
 
 

3.3.2  Se

For cons
other inputs 
transformers 
curves will b

Dashti: A Ne

urve for state ݎ௥

curve for state
on with ݎ௥ ൌ 3, ݎ

er of required s

nsitivity to C
Transfo

sidered examp
are similar t
change from

be according to

ew Model for A

௥ݎ ൌ 3, ௕ݎ ൌ 6. 

e that customer
௕ݎ ൌ 6. 

spare transform

Costs Sensitivi
ormer Cost 
ple with ݎ௥ ൌ
to first simul

m 3 to 7 thous
o Fig. 14. 

Assessment an

rs get a long t

ers at ݎ௥. 

ity of ࡯ࡺࡵ to 

ൌ ௕ݎ ,2 ൌ 4
lation, if cost
sand dollars, c

nd Optimizatio

 

 
time 

 

and 
t of 
cost 

Fig
 
 

for
dur
rea
not
 
4

ass
cos
ene
be 
spa
fai
lon
hig

be
rep
tran
Fo
hav
tran
cus
be 
௣௧ܥ
wil
tog
num
 
5

ma
tran
loc
usi
mo
tran
req
tran
and

1

1

2

2

3

IN
C

on of Number 

g. 14 Cost curve

In Fig.14, cu
r ݊ ൒ 20 has
ration cost fo
ason, it is also
t have a certai

Discussion
It has been

sumption, the
sts and the lo
ergy is the low
so that the st

are transforme
led transform

ng-time outag
gh. 

From the sen
deduced that

pairing and p
nsformers and
r different pr
ve different 
nsformers av
stomers do no
constant, in 

௧௖ will be pa
ll have diffe
gether. Also, 
mber of spare

Conclusion
In this pape

anagement a
nsformers ha

cation of spa
ing with data 
odel for decr
nsformers, mo

quired param
nsformers, for
d fatigued tra

10 20 30
0

500

000

500

2000

2500

3000

 

X: 20
Y: 784.4

of Spare Tran

e sensitivity to p

urves have dif
s a direct rel
or state ݊ ൑
o observed tha
in effect in thi

n observed t
e penalty cost
ost revenue b
west. If the nu
tock room get
er is not exist

mer, in this s
ge and cost of

nsitivity analy
t with decrea
purchasing, w
d their mainte
rice of transf

slopes. If 
vailable in th
ot get a very 
this situation

arallel togethe
rent slopes a
for different

e transformers 

er, a compre
activities in
ave been pre
are transform
of failed tran

reasing of ou
obile transform
meters for 
r example num

ansformers in 

0 40 50

nsformers …  

price of transfo

fferent slopes 
lationship wit
20 is very h
at transformer
is state. 

that with th
t is bigger th
because of no

umber of spare
ts empty, and 
tence for repl
situation cust
f outage will 

ysis of ܥܰܫ c
asing of requ
we will need 
enance costs w
formers, ܥܰܫ

the numbe
he stock room

long outage d
n ܥܰܫ curves 
er. Otherwise
and are not 
t repairing ti
will be neede

ehensive illus
n relation 
esented and 

mers have bee
nsformers. In 
utage time d
mers are used

assessment 
mber of failed
each month,

60 70
n

Ctm=4

Ctm=6

Ctm

Ctm=3

               325

ormer. 

because ܥܰܫ
th ݊. Outage
high, for this
r’s price does

e considered
han the other
ot distributed
e transformers

therefore the
lacement with
tomers get a
be extremely

curves, it can
uired time for

fewer spare
will decrease.

curves will ܥ
er of spare
m be so that
duration, or ݎ

for different
curves ܥܰܫ ,
parallel with
me, different

ed. 

stration asset
with spare
number and

en optimized
the presented

due to failed
d. Many of the

of spare
d transformers
 cost of each

80 90 100

 

Ctm=5

m=7

5 

 

 ܥ
e 
s 
s 

d 
r 
d 
s 
e 
h 
a 
y 

n 
r 
e 
. 
l 
e 
t 

 ݎ
t  
s 
h 
t 

t 
e 
d 
d 
d 
d 
e 
e 
s 
h 



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

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 

 .௚೔ Number of obsolete transformers in ith monthܣ
ܽ௜ Number of fatigued transformers in ith month 

and must be bought. 
ܤ ௜ܻ  Number of transformers that have been 

bought in ith month. 
 ாܥ Lost revenue because of not distributed 

energy ($ 1000). 
 ுܥ Cost of maintenance groups ($ 1000). 
 ௛௖ܥ Cost of a serviceman ($/minute). 
 ெௌܥ Total mobile transformers cost ($ 1000). 
 ெௌூܥ Installation cost of a mobile transformer ($). 
 ெௌெܥ Total mobile transformer  maintenance cost ($ 

1000). 
 ெௌெ்ܥ Cost of a mobile transformer maintenance and 

service ($ 1000/month). 
 ெௌௌ்ܥ Mobile transformer location cost ($ 1000). 
 ெௌ்ܥ Capital cost of a mobile transformer ($ 1000). 
 ெௌ்ଵܥ Cost of carrying a mobile transformer 

($/kilometer). 
 ௣௡ܥ Fine of outages ($ 1000). 
 ௣௡௖ܥ Fine of each additional outage ($ 1000). 
 ௣௧௖ܥ Fine of each additional outage duration ($ 

1000) 
 ௌܥ location cost of spare transformers and mobile 

transformers ($ 1000). 
 ௌ஼ܥ Cost of location of a spare transformer ($ 

1000). 
 ்ܥ Total cost of spare transformers (S 1000). 
 ஼்ܥ Capital cost of each spare transformer ($ 

1000). 
 ஽்ܥ Cost of repairing and replacing of failed 

transformers ($ 1000). 
 ஽஼்ܥ Cost of each transformer repairing ($ 1000). 
 ெ்ܥ Total maintenance cost and spare 

transformers service ($ 1000). 
 ௉ெ்ܥ Annually repairing cost of a spare transformer 

($ 1000). 
 ்்ܥ carrying and installation costs of mobile 

transformers and spare transformers ($ 1000). 

஼்்ܥ Cost of carrying each spare transformer 
($/kilometer). 

௏்்ܥ Cost of loading, depletion and installation of a 
spare transformer ($). 

௜௝ܦ Distance of a spare transformer location to jth 
failed transformer in ith month (km). 

ܵܰܧ Energy not distributed (kWh). 
ܩ Number of 3 serviceman groups. 

ܥܯܫ Imposed Costs. 
ܥܰܫ Inserted Costs ($ 1000). 
ܸܰܫ Investment cost. 

݇ Number of mobile transformers. 
ா೔ೕܮ Lost load in jth outage in ith month (kW). 

ௗ௜௦௧ܿܯ Revenue of distribution company from each 
kilowatt-hour ($). 

݉௜ Number of failed transformers in ith month 
and must be repaired. 

ܯ ௜ܶ Number of transformers that have been 
repaired in ith month. 

௜ܰ Number of available transformer in the stock 
room in ith month. 

݊ Total number of spare transformer. 
ݎ Total outage durations (min). 
௔ݎ Mobile transformer installation durations 

(min). 
௕ݎ Spare transformer purchasing durations 

(month). 
௙ݎ durations of failed transformer locating (min). 
௜௝ݎ jth Outage durations in jth month (min). 
௠ݎ mobile transformer carrying durations 

(min/km). 
௥ݎ Failed transformer Repairing durations 

(month). 
ݎ் ் Carrying and installation of mobile 

transformer durations (minute). 
ܶ Number of mobile transformer servicing in 

each year. 
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