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Abstract

Power transformers play an important role in the efficient delivery of power to
consumers. Their failure leads to significantly higher losses and maintenance costs.
Therefore, it is essential to have an optimal maintenance strategy in place for the
transformers. However, to design an effective maintenance strategy, real failure data
of the transformers need to be collected and studied to identify the failure patterns. To
facilitate the analysis presented in this paper, five years of real failure data of a
transformer system is collected from a power distribution company. The best-fit
distribution for the failure times data of the system is found using AIC, BIC, and LKV
values. Useful reliability parameters of the system are evaluated using the Maximum
Likelihood Estimation and Rank Regression Method. Life data analysis is performed
to estimate the reliable life, mean time to failure, and remaining lifetime of the entire
system and its subsystems.

Keywords: Best-fit distribution, Maximum likelihood estimation, Rank regression,
reliability, Transformer.

Acronym

AIC — Akaike Information Criterion.

BIC — Bayesian Information Criterion.
LKV — Likelihood Value.

MLE — Maximum Likelihood Estimation.
RRM — Rank Regression Method.
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MTBF — Mean Time Between Failures.
MTTR — Mean Time to Repair.

SD — Standard Deviation.

CB — Confidence Bounds.

LRB — Likelihood Ratio Confidence Bounds.
FM — Fisher Matrix Confidence Bounds.
MED — Median Rank.

I. Introduction

In this fast-developing world, the demand for electricity is increasing daily. To
meet the growing demand for electricity, the electrical systems need to be kept in
continuous operation mode. Continuous operation of these systems gradually reduces
their performance and results in occurrences of failure among various components.
Power transformers are the most critical components of power distribution systems.
Failures in transformers (repair, replacement, etc.) result in loss of power and can cause
a high cost of maintenance due to their complexity in nature. Therefore, it is important
to study the performance of power transformers with a reliability perspective.

Extensive studies have been carried out in reliability analysis for different complex
industrial systems. Nabila Al Balushi [X] presented a literature review of various
studies dealing with reliability analysis for different types of complex industrial
systems. Mirzai et al. [XII] performed reliability analysis for power transformers
operating in lIran. Seyedi et al. [XV] developed a reliability model to determine the
optimum routine test and self-checking intervals for power transformer protection
systems. Taj and Rizwan [XVII] studied the reliability of a complex industrial system
using best-fit distribution for repair/restoration times. Singla et al. [XV1] used a genetic
algorithm to optimize the reliability of a degraded system under preventive
maintenance. Oliveira Neto et al. [XII] developed a probabilistic model for power
transformers fitting the failure times sample and obtained the model parameters
employing the Method of Least Squares (MLS) and Maximum Likelihood Estimation
(MLE). Vahidi and Tenbohlen [XX] presented a detailed statistical analysis of
European substation transformers. Tang et al. [XIX] discussed a reliability model for
power transformers with maintenance outage dividing the transformers into two groups
of components described by different Markov space state models. The performance of
power transformers in Egypt at different voltage levels was discussed by El-Bassiouny
et al. [IV]. In this study, the remaining lifetime of power transformers in different
subsystems was estimated using different probability distributions, and the results were
compared to see the best-fitted distribution. Jagtap et al. [\V] performed RAM analysis
for a water circulation system used in a thermal power plant employing three
approaches namely reliability block diagram, fault tree analysis, and Markov birth-
death probabilistic approach. Kumar et al. [V1] analyzed the performance of a computer
system under hardware repair, software upgrade, and load recovery using Weibull
distribution with different scale and standard shape parameters. Maihulla et al. [VII]
proposed Reliability, Awvailability, Maintainability, and Dependability (RAMD)
analysis to estimate the three parameters of Weibull distribution using Maple software.
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Cheng et al. [I11] considered censoring and truncation problems while proposing a deep
learning-based model to evaluate Weibull parameters for power transformers. Wei et
al. [XXI] assessed the reliability of a transformer insulating oil using accelerated life
testing. Reliability analysis of different industrial systems has been performed by
different authors (Padma et al. [XIII]; Taj et al. [XVIII]; Yaqoob Al Rahbi et al.
[XXI1).

In this paper, a probabilistic analysis of power transformers is presented considering
the failure times data to be right censored. The paper consists of five sections. The
introduction is given in the first section. The methodology and material used for the
study are discussed in section two. The third section sheds light on the basic concepts
of reliability analysis, possible probability distributions for the failure data, and
methods of selecting the best-fit distribution. The fourth section presents the results of
reliability analysis, distribution fitting, and life data analysis. Section five concludes
the paper.

I1. Materials and Methods

The materials used in this paper correspond to the failure data of power
transformers collected from a power distribution company located in the Dhofar region
of Oman. The company distributes electricity across Dhofar through 44 power
substations consisting of 88 power transformers. The distribution network is divided
into four zones. Zone 1A is the biggest zone as it covers the central area of Salalah
which is the most crowded region in Dhofar. Zone 1B covers the industrial area, while
zones 2 and 3 cover the mountain, desert, and coastal regions. In October 2020, zone
1A experienced a sharp rise in temperature leading to a considerable increase in the
number of transformer faults. Table 1 provides the number of transformers and the total
number of faults in each zone from January 2017 to February 2021.

Table 1: Zone-wise Number of Transformer Faults

Table 2 shows the distribution of transformers according to the year of manufacturing.
More than 60% of the transformers have a life expectancy of less than 10 years.
Whereas 10 transformers are seen to have a life expectancy of more than 20 years.

Table 2: Age of Transformers
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The methodology adopted in this paper follows the given sequence of steps:
Step 1: Collect real failure data of transformers from a power distribution company.

Step 2: Apply possible probabilistic models to the data considering it to be right
censored.

Step 3: Estimate model parameters using MLE and RRM.

Step 5: Graphically interpret the probability density function, likelihood surface plot,
and reliability function.

Step 6: Summarize the life data analysis.

Step 7: Find the reliable life of transformers at each level of reliability.
I11. Theoretical Background

I11i. Likelihood Value Test (LKV)

LKV computes the value of the log-likelihood function given the parameters
of the distribution (Myung [IX]). Suppose we have a random sample Ty, T,, Ts,.. T, for
which the probability density function of each T is f(t;; 6). Then L(0 ) is known as the
maximum likelihood function of the parameter.

L(8) = f(ty; 6) = f(tz; 6) * f(ts; 0) * ... x f(ty; 0) 1)
where 0 is the parameter of the probability density function.
I11.ii. Akaike Information Criterion (AIC)

AIC is a Mathematical method used to compare different models and determine the
best fit for the data (Akaike [I]). The lower the AIC, the better the model is.

AIC = 2k — In(L) 2)
where, k is the number of estimated parameters and L is the likelihood function of the
model.

I11.iii. Bayesian Information Criterion (BIC)

BIC works similarly to AIC, but it places more penalty on the model with more
parameters (Schwarz [XIV]).

BIC = kIn(n) — 2In(L) (3)
where, k is the number of estimated parameters and L is the maximum likelihood
function for the model.

I1lLiv. Maximum Likelihood Estimation (MLE)

Maximum likelihood estimation is a technique used to estimate the value of the
parameter that maximizes the likelihood function (Myung [1X]). Let T represent the
time to failure that follows an exponential distribution. For complete data, the log-
likelihood function for the exponential distribution is given as:

L(A\ty, tp,..ty) = [1iL, f(t5; 1) (4)
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where; X is the parameter to be estimated.

Taking the natural log of the function, the log-likelihood has the form:

In(L) = Y ._ f(t; D) (5)
Taking the derivative concerning A and setting it equal to zero, gives:
aIn(L)
7 =5 ket =0 (6)
Solving for %, we get:
> n
A= Ton (7

For data sets containing suspended data or right censored data, the process of estimation
is different. The likelihood function includes an additional term for suspensions.

L(A\ty, ta,.. tn) = [TiLq £(t; ) . T2, (1 — F(sj;5)) ®)

where, m is the number of suspended data points, s; is the j™" suspension and F(s;; X) is
the cumulative distribution function.

Rank Regression Method (RRM)

The rank regression method involves applying the rank transformation to the response
and predictor variables and then fitting a linear model to the rank using the least squares
method (Chen et al. [I1]).

IV. Results and Discussions

This section presents the results obtained following the methodology discussed
in section 3. The power distribution company under study has a total of 88 transformers
divided into four zones (1A, 1B, 2, 3).

Tables 3 and 4 present year-wise and zone-wise summary of the system performance
respectively. A yearly increase in the system availability can be observed, being highest
in the year 2021, whereas the failure rate decreases every year. It can also be observed
that zone 2 has the lowest availability with the least operating time of 416 hours,
whereas all zones have almost the same reliability of about 99%.

Table 3: Yearly MTBF, MTTR, Availability, and Reliability of the Transformers
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Table 4: Zonal MTBF, MTTR, Availability, and Reliability of the Transformers

The collected data are fitted to 11 possible distributions and ranked according to the
lowest value of LKV, AIC, and BIC. The results of the distribution fitting are displayed
in Table 5. It clearly shows that the best-fitted distribution for the given failure data is
an exponential distribution with 2 parameters.

Table 5: Results of Distribution Fitting (all)

The parameter values are estimated using MLE and RRM. Both methods reveal that
there is no significant difference in the parameter estimate. The summary of the
analysis after fitting the exponential model is presented in Table 6. The estimated
parameter values for the model are 2=1.5862-06 and y=43800 hours. This shows that
the failures occur after 43800 hours of operation with a failure rate of 1.5862-06 per
hour.

Table 6: Analysis of Distribution Fitting (exponential-2P)
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Fig. 1. presents the probability density function of the data over time which allows us
to visualize the distribution of the data set.
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Fig. 1. Probability density function

Fig. 2. shows the reliability values over time capturing the behavior of system failure
The data points are seen clustered above the reliability of 0.8, except for two

observations with reliability between 0.6 and 0.8. These two observations could be
considered outliers and excluded from the analysis.
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A surface plot of the likelihood function against possible values of the parameters is
shown in Fig. 3. It can be seen that the maximum values of the likelihood function
occur at the estimated values of parameters displayed in Table 6.

Fig. 3. Likelihood surface plot

Table 7 presents a summary of life data analysis for the power transformer system. The
following can be interpreted from Table 7:

e There is a 98% chance of successful system operation after 55000 hours of
working. There is only a 0.0317% chance that the system will fail after 200 hours
given that the system was already in operation for 50000 hours.

e The average expected time of system operation before failure is 56536 hours.

e The mean remaining lifetime for the power transformers is 630417 hours. The 95%
confidence bound is (449143.10, 884855.55).

e There is a 10% chance that the transformers will fail before 110221.16 hours of
operation.

Nabila Al Balushi et al.

151



J. Mech. Cont.& Math. Sci., Vol.-19, No.-11, November (2024) pp 144-156
Table 7: Life Data Analysis

From Table 8, it can be observed that the best-fitted distribution for all zones is
exponential except for the largest zone 1A for which the best-fitted distribution is
normal with a mean of 200995.21 hours and SD of 51596.32. Also, zone 3 has the
highest failure rate and zone 1B has the lowest failure rate.

Table 8: Best Fit Distribution (Zone wise)

The reliable life of the system, both overall and zonal, is evaluated at different levels
of reliability. The results are shown in Table 9. It is observed that an overall system
reliability of 95% can be attained if all maintenance tasks are completed before
76136.21 hours.
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Table 9: Reliable Life of the System

In Table 10, zone wise reliability at different time intervals is presented. The results
show that zone 2 has the lowest reliability at various time intervals, making it the most
critical zone, this is also supported by the results previously shown in Table 4. As a
result, the maintenance team must take significant steps to improve the reliability of
zone 2.

Table 10: Reliability at Different Time Intervals

V. Conclusion and Future Work

The methodology of identifying the best probabilistic model which fits the
failure times data of power transformers is discussed in this paper. Significant emphasis
is also laid on the estimation of various reliability parameters for the transformers.

The exponential distribution with two parameters is found to be the best-fitted
distribution for the failure times data of transformers. The parameters of the model are
estimated using the Maximum Likelihood Estimation and Rank Regression Method.
The scale and shape parameters are estimated to be 1.5862-06 and 43800 hours
respectively. This indicates that the failures started to occur after 43800 hours of
operation with a failure rate of 1.5862-06 per hour. The study supports the maintenance
team in identifying the optimum time for performing various maintenance tasks. The
results reveal that the mean system operating time before failure is 653157.9 hours with
a reliability of 98% after 55000 hours of working and a reliable life of 76136.21 hours
with 95% reliability. The outcomes of this paper are well supported by the deductions
made in Nabila Al Balushi et al. [XI] where the reliability analysis of power
transformers was conducted using Markovian and regenerative processes. However,
the zonal and yearly performance of the system was not evaluated by the authors. Thus,
in this paper, the yearly and zonal performance of the transformers is also considered.
The results reveal that zone 2, which has only 6 transformers is the most critical one.
The system availability at zone 2 is the lowest, making the maintenance of transformers
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in this zone mandatory before 45382.25 hours. Zone 3, which covers the mountainous
and coastal regions is found to have the highest failure rate as compared to other zones.
Comparing the yearly system availability, it is noted to be highest in the year 2021. The
results reveal generally high values of system reliability, this can be credited to the
ongoing practice of keeping backup transformers in each substation which facilitates
load shifting and thus prevents interruptions.

Power transformers in the Dhofar region of Oman are distributed into four zones, 1A
and 1B cover the highly populated region, and 2 and 3 cover the mountains, desert, and
coastal region.

The Dhofar region is known to have a diverse atmosphere. Thus, it is highly
recommended to note the weather conditions whenever a fault occurs, this will help in
understanding the effect of weather on the power distribution system. If so, it will be
possible to conduct a detailed statistical analysis to see the effect of environmental
factors on the performance of transformers in each zone.

During the Khareef season (June to September), Dhofar witnesses rainy and humid
conditions, and a huge number of tourists visit the region leading to a significant
increase in load on the transformers. Hence, as a future direction, a study can be
conducted to examine the performance of transformers exclusively during the Khareef
season.

Further, integration of deep learning into transformer fault detection may be explored,
possibly leading to a paradigm shift offering higher accuracy, real-time processing, and
adaptability to various data types.
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