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Reliability Assessment of Distribution Stations
Considering Spare Transformer Sharing

Gomaa A. Hamoud

Abstract—A reliability study has been performed recently at
Hydro One to evaluate the reliability of groups of distribution
stations involved in a spare transformer sharing policy. The groups
may include distribution utilities stations and distribution customer
own stations. The study used a probabilistic method based on
stationary Markov models and two performance criteria namely
the group availability criterion and the total cost criterion in the
evaluation. The study results demonstrate that the number of spare
transformers required for the groups involved in the spare trans-
former sharing policy will be reduced while maintaining almost
the same reliability levels of individual groups. The purpose of this
paper is to describe the study, its reliability assessment method and
to illustrate it using a sample system.

Index Terms—Distribution stations, regular transformers, spare
transformers, stationary Markov models, major transformer
failures, group availability, total cost.

I. INTRODUCTION

ISTRIBUTION utilities may have different groups of
D similar power transformers and these power transformers
can vary in ratings and voltage levels. Spare transformers are
normally provided for the various groups to cover major failures
(Class I failures) to their regular power transformers. When the
sizes of some groups are small, it may be costly to provide spare
transformers for each individual group. Therefore, distribution
utilities may decide to share spare transformers with other utili-
ties in order to reduce the cost of carrying them. Also, customers
that own their distribution stations may form an alliance with one
another or with distribution utilities to share spare transformers.
The purpose of the alliance is to benefit its members in terms of
reducing the cost of carrying the spare transformers.

Spare transformers have been used by distribution utilities
for a long time to improve the reliability of supply to their
customers. Probabilistic methods and models were introduced to
determine the number of spare transformers required for a group
of similar power transformers [1], [2], [3], [4], [5], [6], [7], [8],
[91,[10],[11],[12], [13], [14]. These probabilistic methods used
the binomial distribution, Poisson distribution, Markov models
and Monte Carlo simulation techniques in determining, under
different criteria, the required number of spare units.

At Hydro One, a number of spare reliability studies has been
performed. In these studies, two performance criteria namely
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the group availability criterion and the system minimum total
cost criterion were used in determining the required number of
spare units. The first criterion assumes that a pre-determined
level of group availability is given and the spare units are added
to the population, one at a time, until the required level of group
availability is reached. The second criterion is based on the
minimization of the total system cost (cost of carrying spares
and outage costs resulting from unit failures). The required
number of spare units (optimal number) is determined when
the total system cost is minimum. Reference [11] presented a
probabilistic method based on Markov models for determining
the number of spare transformers (regular units and mobile units)
required for a group of similar distribution transformers. The
method used the two mentioned performance criteria in deter-
mining the required number of spare units. The version of the
Markov model that handled only the regular spare transformers
is used in this paper. Reference [15] described a reliability model
for estimating the number of spare parts required for a group
of similar parts in order to meet a pre-determined level of the
group availability. The model was based on a stationary Markov
process and accounted for a number of factors that affect the
number of spare parts such as the group size, bundle size, part
failure rate, part replacement time, part installation rate and any
redundancy in the bundles. A modified version of that model is
used in this paper.

The subject of sharing spare transformers among different
distribution utilities may be new. Sharing spare transformers will
provide economic benefits to all utilities involved in the spare
transformer sharing policy. It seems, after searching the available
literature that no technical work on the subject has been reported.
This paper may be first of its type in addressing the subject of
sharing spare transformers in distribution stations. The sharing
spare transformer policy could be between distribution utilities,
distribution customers that own their stations or a combination
of both.

A reliability study has been performed recently at Hydro One
to evaluate the reliability of distribution stations involved in the
spare transformer sharing policy. This paper describes the study
and its findings.

The main contributions of the paper are:

- Presenting a probabilistic method for evaluating the re-
liability of distribution stations with spare transformer
sharing.

- Ilustrating the proposed assessment method using a sam-
ple from the Hydro One’s distribution system.
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Fig. 1. Markov model for a group of m regular transformers with two spare
transformers.

II. METHOD OF RELIABILITY EVALUATION

There are two performance criteria normally utilized in esti-
mating the number of spare units for a group of similar distribu-
tion power transformers. The two criteria are the group availabil-
ity criterion and the total cost criterion. The two criteria require
the calculations of transformer failure probabilities. In addition,
the total cost criterion requires the assessment of transformer
failure consequences. In this study, both criteria are used in the
spare assessment of the groups involved in spare transformer
sharing. The number of groups can be two or more and each
group can have one transformer or more.

It should be mentioned that the proposed reliability assess-
ment method can also be applied to power transformers used
in high voltage load stations (or customer delivery systems).
A customer delivery system is part of the bulk transmission
system and is defined as the component of the bulk transmission
system which delivers power from the bulk transmission system
to large municipalities, large industrial customers and the retail
(distribution) system. A customer delivery system can have one
transformer or more. On the other hand, the application of the
proposed method to high voltage auto-transformer stations in
bulk transmission systems is unlikely since it may be hard
to combine the transmission network systems of the groups
involved in the spare transformer sharing policy.

The following assumptions have been made in the study:

1) The number of transformers in each group can be small or

large.

2) Each station in each group has only one transformer.

3) The loss of one transformer will constitute a group failure.

4) Transformers in various groups can have different major

failure rates.

5) Spare transformers, if available, are installed first before

any repairs or replacements to failed transformers.

6) Regular and spare transformers have the same failure rates.

7) There are no load transfers between stations in case of

transformer failures.

Itis worth mentioning that the proposed method of assessment
can also be extended to handle changes in some of the above
assumptions such as the number of transformers per station
and load transfers between stations. In those cases, assessment
methods similar to those presented in [13] and [14] can be
developed to address the issues of redundancy and load transfers
between the stations for each individual group. When the groups
are combined, Markov models similar to those in Figs. 2-3 can
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Fig.2. Markov model for the combined group with different failure rates —no
spare transformers.

be used in the assessment. The issues of redundancy and load
transfers are beyond the scope of this paper.

For illustration purposes only, it is assumed that spare trans-
formers are shared by two groups, Group 1 and Group 2. Two
cases are assessed in this study: one assumes that all transformers
in the two groups have the same failure rate and the other assumes
that the transformers in the two groups have different failure
rates. The two cases are now discussed in detail.

A. Case 1: All Transformers Have the Same Failure Rate

The Markov model introduced in [11] for analyzing Class I
transformer failures of power transformers is used in this study.
Fig. 1 shows a Markov model for a group of m regular transform-
ers with two spare transformers. The main input parameters to
the model are the group size (m), transformer major failure rate
(a), spare transformer installation rate (c) and the transformer
major repair rate (b). In addition to the installation time, the time
required to move a spare transformer from a storage to a trouble
station can also be included in the assessment. In this case,
the installation rate will be equal to the reciprocal of the sum
of the installation time and the transportation time. The repair
rate used in the model is the reciprocal the time required either
to repair a failed unit or to purchase a new unit. Therefore, the
parameters, ¢ and b can be chosen to suit the transformer group
under consideration.

Referring to Fig. 1 and based on the group failure criterion,
States 1, 2 and 3 are success states while the remaining states
are failure states. The group availability for the system shown
in Fig. 1 is equal to the sum of probabilities of States 1, 2 and 3.

In general, the group reliability indices such as the group
availability index and the group unsupplied energy index depend
on the number of spare transformers. A Markov model would
be required for a given number of spare transformers and the
associated Markov states can be classified into success and
failure states.

The reliability evaluation process involves the following steps
when the group availability criterion is utilized:

a) Apply the Markov model to Groups 1 and 2 to obtain the

group availability as a function of the number of spare
transformers for each group.
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Fig. 3. Markov model for the combined group with two different failure rates — one spare transformer.

b) Apply the Markov model to the combined group (Groups
1 and 2) to obtain the group availability as a function of
the number of spare transformers.

c) Select the group availability level to be utilized. A par-
ticular level can be chosen or the level when the group
availability saturates can be used.

d) Use the results in Steps a and b and the selected level of
the group availability in Step ¢ to determine the required
number of spare transformers for each group.

It should be mentioned that the number of spare transformers
determined for the combined group must be less than the sum
of spare transformers determined for both groups in order to
support the spare transformer sharing policy.

B. Case 2: Transformers in the Two Groups Have Different
Failure Rates

One may ask that can Markov models of [11] still be used
when the failure rates of transformers in the two groups are
different. The answer to this question is yes and, in this case,
the unit failure rate to be used in the assessment should be the
weighted average of the two group failure rates. The proof of
the answer is provided as follows:

The required Markov models for the case can be modified
versions of those described in [15] for the case with two groups
of bundles with different bundle sizes. The only differences
between the original Markov models and the modified ones are
that the two groups of bundles have different failure rates and
the size of each bundle is assumed to be one. Fig. 2 shows the
modified Markov model for the combined group with no spare
transformers. The group availability for the case with no spare
transformers is equal to the probability of being in State 1.

Fig. 3 shows the modified Markov model for the combined
group with one spare transformer. The group availability in this
case is equal to the sum of probabilities of States 1 and 2.
The number of Markov states increases by 6 each time a spare
transformer is added to the group.

It should be mentioned that a modified Markov model will be
required for a given number of spare transformers.

It was found and also as shown in the illustrating example
that the modified versions of Markov models of [15] and those
of [11] produce the same results when the weighted average
unit failure rate of the transformers involved is used in Markov
models of [11].

When the total cost criterion is used in the evaluation, the
total cost includes the cost of carrying spare transformers and
the failure cost resulting from transformer failures. The number
of spare transformers required is determined when the total cost
is minimum.

The evaluation process involves the following steps:

1) Estimate the capital cost of a spare transformer.

2) Select the outage level to be used in the Markov model

(normally 2).

3) Add spare transformers to the group, one at a time, and use
the associated Markov model to calculate for each case,
the probabilities of various outage levels.

4) Calculate the annual interruption cost for cases without
and with spare transformers using the following equation:

AIC = POL,T TR CIC +POL,T 2 TR CIC $/year

ey
where:
AIC Annual interruption cost in dollars.
POL; Probability of outage level 1
POL, Probability of outage level 2
TR Transformer rating in MW
CIC Customer interruption cost in $ per MWh
T Number of hours in a year (8760 hours assumed).

The first term on the right hand side of (1) represents the
outage cost due to single transformer outages while the second
term represents the outage cost due to double transformer
outages.
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5) Calculate, for each case, the annual cost of carrying spare
transformers using the following formula:

ACC=CXADR $/year 2)
where:
ACC  Annual carrying cost in dollars
X Number of spare transformers
C Cost of one spare transformer in dollars
ADR  Annual discount rate in per unit.

6) Calculate, for each case, the annual total cost which is the
sum of AIC and ACC.

7) Use the results in Step 6 to determine the optimal number
of spare units (the number corresponding to the minimum
annual total cost).

It should be mentioned that, for the purpose of illustration
only, a simple method is used to calculate the annual carrying
cost of spare transformers and is given by (2).

The costs considered in the total cost criterion include only
the cost of spare transformers and the customer interruption
cost. Other costs such the cost of maintaining and storing the
spare units, the cost of transporting the spare units, etc. are
normally much smaller than the capital cost and the outage cost
and can also be included in the assessment. Each additional cost
component should be expressed on a yearly basis and be added
to the right hand side of (2).

The above assessment process should be applied to Group 1,
Group 2 and the combined group.

The parameters POL1 and POL2 in (1) for the case with two
spare transformers, see Fig. 1, are given by:

POL1 = Sum of probabilities of States 4, 5 and 6.
POL2 = Sum of probabilities of States 7, 8 and 9.

It should be mentioned that the proposed assessment method
is general and can handle many groups with the same unit failure
rate or different unit failure rates.

In addition, the issue of the cost sharing of spare transformers
among the participating members was not addressed in this
paper. The cost sharing scheme can be simple or complicated
and may depend on a number of factors such as the size of each
group, ages of its elements, its failure rate, condition of each
element, etc. A simple and fair scheme may account for the
size of each group and its failure rate. To illustrate, suppose that
there are two groups of sizes nl and n2 and their annual failure
rates are A1 and A2. The cost of spare transformers may be split
between the two groups as follows:

Group 1 share =nl Al/(nl A1 + n2 A2)
Group 2 share = n2 A2/(nl A1 + n2 A2).

III. AN ILLUSTRATING EXAMPLE

Two small groups of distribution power transformers were
used to illustrate the proposed method of assessment. Group
1 has 13 transformers and Group 2 has 7 transformers. The
following data based on Hydro One’s distribution system was
used for the illustration purposes only:
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TABLE I
GROUP AVAILABILITY-CASE WITH A LOW TRANSFORMER FAILURE RATE

Annual Transformer Number of Group Availability
Failure Rate Spare Markov Modified

Transformers | Model of Markov Model

[11] () of [15]

0.00372 for both 0 0.89484 0.89484
groups 1 0.98824 0.988254

2 0.99403 0.994042

3 0.99427 0.994278
0.00372 for Group 1 0 0.86010 0.86105
0.00744 for Group 2 1 0.98157 0.98162
*) 2 0.99169 0.99171

3 0.99225 0.99227

(*) — Transformer failure rate in Group 2 is twice that of Group 1.
(**) — A weighted average transformer failure rate of .005022 was used
[(13x.00372+7 x 2 x .00372)/20 =.005022].

TABLE II
GROUP AVAILABILITY-CASE WITH A HIGH TRANSFORMER FAILURE RATE

Annual Transformer Number of Group Availability
Failure Rate Spare Markov Modified
Transformers | Model of [11] | Markov
(**) Model of [15]
0.010 for both groups | 0 0.74474 0.74474
1 0.94657 0.94673
2 0.98055 0.98061
3 0.98428 0.98434
0.010 for Group 1 0 0.67435 0.67458
0.020 for Group 2 1 0.91510 0.91554
*) 2 0.97005 0.97021
3 0.97821 0.97833

(*) — Transformer failure rate in Group 2 is twice that of Group 1.
(**) — A weighted average transformer failure rate of .0135 was used [13 x
01 +7x 2 x.01)/20 = .0135].

Transformer rating = 7.5 MW

Transformer failure rate = 0.00372 or .010 outages/unit/year

Transformer repair time or lead time = 1.5 years

Spare transformer installation time = 4 weeks

Cost of one spare transformer = $ 800000.00

Annual discount rate = 5%

Average customer interruption cost = $ 5.00 /kwh (based on
Hydro One’s old surveys).

Two transformer failure rates, one low and one high were
used in the study to see their impacts on the number of spare
transformers required for the groups involved.

In this example, the reliability assessment was performed for
a period of one year. On the other hand, the assessment can be
done on a yearly basis during a planning period of more than one
year when the sizes of the groups involved change from year to
another.

A comparison of the group availability results obtained by
Markov models of [11] and modified versions of Markov models
of [15] are shown in Tables I-II for the low transformer failure
rate and the high transformer failure rates respectively.

One can see from the group availability figures in Tables I-
II that the Markov model of [11] and the modified version of
Markov models of [15] produce the same results. Therefore,
the Markov model of [11] can be used in handling cases with
different transformer failure rates.

A summary of the group availability results is shown in
Table III for the case with a low transformer failure rate.
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TABLE III
SUMMARY OF THE GROUP AVAILABILITY-CASE WITH A LOW TRANSFORMER
FAILURE RATE

Number of Group Availability

Spare

Transformers Group 1 Group 2 Both Groups

0 0.9302597 0.9618031 0.8948418

1 0.9936636 0.9972236 0.9882395

2 0.9962122 0.9979866 0.9940344

3 0.9962797 0.9979974 0.994271

4 0.9962811 0.9979975 0.9942785
TABLE IV

SUMMARY OF THE GROUP AVAILABILITY-CASE WITH A HIGH TRANSFORMER
FAILURE RATE

IEEE TRANSACTIONS ON POWER SYSTEMS, VOL. 39, NO. 1, JANUARY 2024

TABLE V
SUMMARY OF THE GROUP TOTAL ANNUAL COST-CASE WITH A LOW
TRANSFORMER FAILURE RATE

Number of Total Annual Cost in $k

Spare

Transformers Group 1 Group 2 Both Groups

0 23,651.86 12,754.28 36,283.47

1 2,163.34 9724 4,007.60

2 1,360.91 774.57 2,084.36

3 1,394.31 826.99 2,060.22

4 1,449.84 882.95 2,113.67
TABLE VI

SUMMARY OF THE GROUP TOTAL ANNUAL COST-CASE WITH A HIGH
TRANSFORMER FAILURE RATE

The following observations can be made regarding the group
availability figures in Table III:

-Each group availability increases with the increase in the num-
ber of spare transformers.

-Each group availability saturates at a certain number of spare
transformers (i.e., no significant changes in the group avail-
ability as the number of spare transformers increases).

-Group availability decreases as the group size increases.

If the saturation level of the group availability is used as a
criterion (no changes in 3 digits after the decimal place) for
estimating the required number of spare transformers, Group 1 or
Group 2 requires 2 spare transformers while the combined group
requires 3 spare transformers. Therefore, one spare transformer
can be saved when the two groups are combined.

One should notice that the combined group availability is
slightly lower than the individual group availability. Adding
more spare transformers will not bring up the combined group
availability to the level of the individual group availability. On
the other hand, mobile unit transformers can be used to bring it
up to the same level or even better.

Table IV provides the group availability results for the case
with a high transformer failure rate. One can see from Table IV
that the results follow the same trend as those in Table I1I. With a
high transformer failure rate, the number of spare transformers
will increase for each group. Group 1 requires 3 spare trans-
formers, Group 2 requires 2 while the combined group requires
3 spare transformers. Therefore, 2 spare transformers can be
saved when the two groups are combined.

The detailed assessment of the system cost criterion for the
case with a low transformer failure rate is provided in the

Number Total Annual Cost in $k
Number of Group Availability of Spare
Spare = 1 < - — Transformers Group 1 Group 2 Both Groups
t

Transformers | ~O1P o o oups 0 62.337.92 33.87941 94311.49
0 0.8247083 0.9011242 0.7447403 1 9,425.38 3,639.74 18,933.99
1 0.9727001 0.9892943 0.9465647 2 3,843.42 1,955.42 6,681.73
2 0.9887953 0.9944184 0.9805491 3 3,503.15 1.943.57 541083

) ) ) 4 3,537.27 1,999.62 5,354.15
3 0.9899416 0.9946137 0.9842849 5 3,592.26 5,402.15
4 0.9900054 0.9946195 0.9846059 6 5.457.66
5 0.9900084 0.9846289

appendix. The summaries of the system cost results as a function
of the number of spare transformers are given in Tables V-VI for
the two transformer failure cases. One can see from Tables V-VI
that the optimal numbers of spare transformers for Groups 1 and
2 and for both groups are almost the same as those obtained by
the group availability criterion.

In summary, the two performance criteria produce very sim-
ilar results in terms of the numbers of the spare transformers.

IV. CONCLUSION

This paper describes the reliability study performed recently
for evaluating the reliability of distribution stations that are
involved in spare transformer sharing. The study used stationary
Markov models and two station performance criteria, namely the
group availability criterion and the group total cost criterion, in
the reliability evaluation.

The study results of the sample system demonstrate that the
groups involved in the spare transformer sharing policy benefit
in terms of reducing the required number of spare transformers
while maintaining almost the same level of reliability. The results
also show that the two performance criteria produce almost the
same results and should complement one another when doing
this type of the spare assessment.

APPENDIX

All probability figures in the tables below were produced by
Markov models of [11]. The probabilities of levels 0, 1 and 2
are the probabilities of having all units in service, one unit out
of service and two units out of service.

All annual cost figures in the tables below were computed
using (1) and (2) in Section II and all costs are in thousands of
dollars.
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The results for the sample system using a low transformer
failure rate of 0.0372 outages/transformer/year are provided

below.

A. Group IResults

Outage Level Probability
0 spares 1 spare 2 spares 3 spares 4 spares
Level 0 (no outages) 0.9302597 0.9936636 0.9962122 0.9962797 0.9962811
Level 1 (single outages) 0.0674810 0.0062577 0.0037737 0.0037076 0.0037062
Level 2 (double outages) 0.00225927 7.8656E-05 1.4093E-05 1.275E-05 1.2727E-05
Cost Item Annual Costin $ k
0 spares 1 spare 2 spares 3 spares 4 spares
Annual cost of unsupplied energy with one transformer out 22167.52 2055.66 1239.66 1217.93 1217.48
Annual cost of unsupplied energy with two transformers out 1484.34 51.68 9.26 8.38 8.36
Total annual cost of unsupplied energy 23651.86 2107.34 124891 122631 1225.84
Annual cost of carrying charge 0.00 56.00 112.00 168.00 224.00
Total annual cost 23,651.86 2,163.34 | 1,360.91 1,394.31 1,449.84
B. Group 2 Results
Outage Level Probability
0 spares 1 spare 2 spares 3 spares 4 spares
Level 0 (no outages) 0.9618031 0.9972236 0.9979866 0.9979974 0.9979975
Level 1 (single outages) 0.0375680 0.0027631 0.0020099 0.0019992 0.0019991
Level 2 (double outages) 0.000628889 1.329E-05 3.542E-06 3.433E-06 4323E-06
Cost Item Annual Cost in $ k
0 spares 1 spare 2 spares 3 spares 4 spares
Annual cost of unsupplied energy with one transformer out 12341.10 907.67 660.25 656.73 656.69
Annual cost of unsupplied energy with two transformers out 413.18 8.73 233 226 225
Total annual cost of unsupplied energy 12754.28 916.40 662.57 658.99 658.95
Annual cost of carrying charge 0.00 56.00 112.00 168.00 224.00
Total annual cost 12,754.28 972.40 774.57 826.99 882.95
C. Groups I and 2 Results
Outage Level Probability
0 spare 1 spare 2 spares 3 spares 4 spares
Level 0 (no outages) 0.8948418 0.9882395 0.9940344 0.9942710 0.9942785
Level 1 (single outages) 0.0998643 0.0114918 0.0059271 0.0056979 0.0056905
Level 2 (double outages) 0.0052938 0.0002687 3.8537E-05 3.114E-05 3.0943E-05
Cost Item Annual Cost in $ k
0 spares 1 spare 2 spares 3 Spares 4 spares
Annual cost of unsupplied energy with one transformer out 32805.44 3775.05 1947.04 1871.76 1869.34
Annual cost of unsupplied energy with two transformers out 3478.03 176.55 2532 20.46 20.33
Total annual cost of unsupplied energy 36283.47 3951.60 1972.36 1892.22 1889.67
Annual cost of carrying charge 0.00 56.00 112.00 168.00 224.00
Total annual cost 36,283.47 4,007.60 | 2,084.36 | 2,060.22 2,113.67

2269

Authorized licensed use limited to: Universitaetsbibliothek Regensburg. Downloaded on March 17,2025 at 08:56:17 UTC from IEEE Xplore. Restrictions apply.



2270

(1]

(2]

(3]

(4]

[3]

(6]

(7]

(8]

(91

REFERENCES

W. Li, E. Vaahedi, and Y. Mansour, “Determining number and timing of
substation spare transformers using a probabilistic cost analysis approach,”
IEEE Trans. Power Del., vol. 14, no. 3, pp. 934-939, Jul. 1999.

J. M. Nahman and M. R. Tanaskovic, “Probability models for optimal
sparing of distribution network transformers,” IEEE Trans. Power Del.,
vol. 24, no. 2, pp. 758-763, Apr. 2009.

A. A. Chowdhury and D. O. Koval, “Development of probabilistic models
for computing optimal distribution substation spare transformers,” IEEE
Trans. Ind. Appl., vol. 41, no. 6, pp. 1493-1498, Nov./Dec. 2005.

A. M. L. da Silva, J. G. de Carvalho Costa, and A. A. Chowdhury, “Prob-
abilistic methodologies for determining the optimal number of substation
spare transformers,” IEEE Trans. Power Syst., vol. 25, no. 1, pp. 68-77,
Feb. 2010.

A. M. Leite da Silva, J. G. de Carvalho Costa, K. G. Machado, L.
L. de Souza, and R. A. Gonzalez-Fernandez, “Probabilistic method for
optimizing the number and timing of substation spare transformers,” IEEE
Trans. Power Syst., vol. 30, no. 4, pp. 2004-2012, Jul. 2015.

J. G. C. Costa and A. M. L. da Silva, “Monte Carlo simulation to assess
the optimum number of distribution spare transformers,” in Proc. 10th Int.
Conf. Probability Methods Appl. Power Syst., 2008, pp. 1-6.

J. G. D. C. Costa, A. M. L. da Silva, I. M. Pureza, and N. S. Neto,
“Evaluation of spare transformer requirements for distribution substations
via chronological Monte Carlo simulation,” in Proc. IEEE Manchester
Power Tech., 2017, pp. 1-6.

J. G. de Carvalho Costa, A. M. L. da Silva, G. A. Hamoud, I. M. Pureza, and
N. S. Neto, “Probabilistic evaluation of distribution power transformers
reliability indices considering load transfers and mobile unit substations,”
Elect. Power Syst. Res. J., vol. 187, Oct. 2020, Art. no. 106501.

V. L. Kogan, C. J. Roeger, and D. E. Tipton, “Substation distribution
transformer failures and spares,” IEEE Trans. Power Syst., vol. 11, no. 4,
pp. 1906-1912, Nov. 1996.

IEEE TRANSACTIONS ON POWER SYSTEMS, VOL. 39, NO. 1, JANUARY 2024

[10] G. A. Hamoud, “Assessment of spare transformer requirements for dis-
tribution stations,” IEEE Trans. Power Syst., vol. 26, no. 1, pp. 174-180,
Feb. 2011.

G. A. Hamoud, “Use of Markov models in assessing spare transformer
requirements for distribution stations,” IEEE Trans. Power Syst., vol. 27,
no. 2, pp. 1098-1105, May 2012.

G. A. Hamoud and C. Yiu, “One Markov model for spare analysis of
distribution power transformers,” IEEE Trans. Power Syst., vol. 31, no. 2,
pp. 1643-1648, Mar. 2016.

G. Hamoud, “Reliability assessment of distribution power transformers
considering load transfer capability,” IEEE Trans. Power Syst., early
access, doi: 10.1109/TPWRS.2022.3171693.

G. A. Hamoud and S. O. Faried, “Spare assessment of distribution power
transformers considering the issues of redundancy and MUS capability,”
1IEEE Trans. Rel., vol. 69, no. 3, pp. 925-936, Sep. 2020.

G. Hamoud and C. Yiu, “Assessment of spare parts for system compo-
nents using a Markov model,” IEEE Trans. Power Syst., vol. 35, no. 4,
pp- 3114-3121, Jul. 2020.

[11]

[12]

[13]

[14]

[15]

Gomaa A. Hamoud (Senior Member, IEEE) received the B.Sc. degrees in
electrical engineering and applied mathematics from Cairo University, Giza,
Egypt, in 1970 and 1972, respectively, the M.Sc. degree in applied mathematics
from the University of Saskatchewan, Saskatoon, SK, Canada, in 1976, and
the M.Sc. and the Ph.D. degrees in electrical engineering from the University
of Saskatchewan, Saskatoon, SK, Canada, in 1978 and 1981, respectively.
In 1981, he joined Hydro One (formerly Ontario Hydro). He is currently
a Senior Network Management Engineer with Special Studies Department,
System Planning Division. His research interests include reliability modeling
and evaluation of power systems, transfer capability assessment, risk assessment,
asset management and power system planning. He is a member of the Ontario
Association of Professional Engineers.

Authorized licensed use limited to: Universitaetsbibliothek Regensburg. Downloaded on March 17,2025 at 08:56:17 UTC from IEEE Xplore. Restrictions apply.


https://dx.doi.org/10.1109/TPWRS.2022.3171693


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


