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Introduction

The energy industry plays a crucial role in the social,
economic, and technological development of countries.
Any effort that leads to the development of reliability
and availability in power and energy production
systems has a significant impact on the economic and
social stability.

Many measures have been taken in the field of repair
methods in power production and energy distribution
networks based on adopting an optimal repair strategy
and increasing system reliability and availability.
The most important of these is reliability centered
maintenance (RCM). Many studies have been carried
out in the field of improving reliability and availability
indicators. Shi et al. investigated the reliability of gas
turbine power generation systems in power plants [1].
In power plants, the most important challenge facing
the operators is the failure of the power generation
equipment, which poses a serious problem to the
availability of the supply network. OREDA and Tenver
et al carried out a root cause analysis (RCA) of the rate
of failure in equipment [2, 3].

The Markov method is used for repairable systems,
but it has limitations for repairable equipment. The
method becomes complicated, and it is impossible to
solve the Markov differential equations by introducing
a time-dependent repair rate and failure rate. In such a
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situation, it is useful to use the Monte Carlo simulation
method. Borgonovo et al. developed Monte Carlo
simulation to evaluate repair scenarios [4]. Monte
Carlo simulation was used for availability assessment
in energy-conversion systems by Behbahaninia et
al. [5]. Despite the development of new methods
for repair and maintenance, since equipment repairs
in power generation systems are subject to many,
often qualitative, factors, it is difficult to determine
equipment repair time. For this reason, adopting
an effective decision on equipment repair time to
accurately estimate the amount of time required for
repair has been a major challenge for operators. Fuzzy
logic is a suitable solution for obtaining equipment
repair time and covers the uncertainties in repair time
estimation by introducing human experience. Some
studies were done regarding the introduction of fuzzy
logic in the field of repair and reliability indicators. A
study was conducted on critical component realization
by Dehghanian et al. [6]. ANFIS is an effective method
that uses inference systems to characterize complex
nonlinear systems such as repair time estimation, which
has the ability to predict complex nonlinear systems
and to learn and train an input-output structure based
on human knowledge. While previous studies used
fuzzy logic and ANFIS for fault detection, the present
study used fuzzy logic to draw on human knowledge



in explaining repair factors to calculate the equipment
repair time. Previous studies lack calculation of the
time-dependent repair rate, and there are not sufficient
studies involving the repair factors affecting the final
estimate of the equipment repair time. Considering
that repair factors are qualitative, linguistic functions
in fuzzy logic are the best model to account for all
the factors involved in equipment repair and for
the related uncertainties. Given that all previous
studies assumed a constant equipment repair rate and
calculated equipment availability from steady state
without considering equipment lifetime, there is a lack
of research regarding the calculation of repair time
considering the different conditions of repair factors,
estimation of time-dependent repair rate, and annual
availability as a function of equipment operational
time. This study is an attempt to fill this gap. One of the
salient points of this study is the introduction of human
experience for estimating the repair time, examining
the repair behavior and predicting the repair time using
a neural-fuzzy system or ANFIS. This system provides
the possibility of predicting the time-dependent repair
rate and realistic annual availability of equipment during
its operational life using the Monte Carlo simulation
method. This study also provides the possibility of
planning and reducing repair time and financial costs
for operators and maintenance teams by calculating
and predicting availability and optimum preventive
maintenance time using Monte Carlo simulation. In
fact, some of the important achievements of this article
are the prediction of downtime, equipment repair time
and annual time-dependent availability, which were
possible as a result of using fuzzy systems and Monte
Carlo simulation.
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Materials and Methods

Since the main repair factors are often qualitative, lan-
guage functions in fuzzy logic have the ability to enter
these factors in the final calculation of equipment re-
pair time. These factors are shown in Figure 1 [7].

In fact, repair time calculations can be done based on
repair factors, which, according to Figure 1, include
realization time, diagnosis time, access time, spare
parts and replacement time, procurement time, check-
out time, and alignment time. Not only do repairs
have complex behavior, but also it is very difficult to
predict the time needed for them because they depend
on various factors and have nonlinear and unstable
random behavior. It is of particular importance to
choose the right type and range of membership
functions in order to define linguistic functions and
fuzzify the repair variables. The Gauss membership
function is used in the fuzzification of repair factors due
to the smooth and gentle changes of the Gauss function
and its similarity to the normal distribution function,
according to Equation 1 [8] . Mamdani’s minimum
implication has been used to verify and evaluate fuzzy
rules. Generally, these systems are known as Mamdani
fuzzy systems, if Mamdani requirement is used in the
fuzzy systems. Therefore, a Mamdani fuzzy system is
used to obtain the repair time.

Gaussian MF (x, m,)ez%(x_sm)2 (M
The Gaussian membership function is specified
in Equation 1 by two factors, where m expresses
the average value or the center of the membership
function, and & indicates the variance or the width of
the Gaussian membership function. As noted earlier, a
fuzzy system consists of four stages (Figure 2).
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Fig. 1 The main factors of repair that an equipment faces in different proportions during the repair time from the moment of

failure to the time to repair and return to operation.



Petroleum Research, 2023(December-January ), Vol. 32, No. 126

Fuzzi Inference System (FIS)
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Fig. 2 The fuzzy logic system, also known as the fuzzy inference engine.

Logical propositions, also known as fuzzy rules, consist
of two parts: an "antecedent" and a "consequent",
which are defined by logical operators as follows:

IF< Antecedent > Then < Consequent >

The "antecedent" is a set of membership functions of
equipment repair factors which are defined by logical
operators, and the "consequent" is the result of these
factors and expresses the time status of the repair.
The degree of accuracy of this relationship or rule
is determined by Mamdani's implication. The inputs
include seven repair factors which have a fundamental
role in estimating the equipment repair time. The input

and output fuzzy sets are presented in Tables 1 and 2,
which express the specifications of the membership
functions and linguistic expressions related to the
repair factors. For example, the realization time of
fault is expressed by the terms “on time”, “delayed”
and “late”. The linguistic phrase of “on time” expresses
the quick detection of equipment failure and does not
have a significant effect on the equipment repair time.
“Late” means spending more time and has a significant
effect on estimating the overall time of equipment
repair. The specifications of the fuzzy output linguistic
functions are listed in Table 2.

Table 1 Specification of input linguistic variables for main repair factors.

Inputs Variables Name linguistic term MF Type Implication
On time Gaussian
Realization Time Delay Gaussian Mamdani
Late Gaussian
On time Gaussian
Diagnosis Time Delay Gaussian Mamdani
Late Gaussian
On time Gaussian
Access Time Delay Gaussian Mamdani
Late Gaussian
On time Gaussian
Spare part and Replacement Time purchase Gaussian Mamdani
purchase order Gaussian
Toolbox Gaussian
Spare Procurement Cannibalization Gaussian Mamdani
Other identical part Gaussian
Normal Gaussian
Checkout Time Medium Gaussian Mamdani
Time-consuming Gaussian
Normal Gaussian
Alignment Time Medium Gaussian Mamdani
Time-consuming Gaussian
Table 2 Specification of output linguistic variables.
Output Variables Name | linguistic term MF Type Aggregation Defuzzification Method
Normal Gaussian
. Mediume Gaussian .
Repair Time (day) - Sum Bisector
Long Gaussian
Very Long Gaussian




Adaptive Neuro-fuzzy Inference Systems (ANFIS)
and Monte Carlo Simulation

An algorithm is very efficient for training the data
obtained from a fuzzy inference system to predict the
equipment repair time in the future based on the data
obtained from the repair time and repair factors. An
algorithm can simulate the repair time and adapt to
various scenarios of equipment failure and repair, in
addition to having the advantages of a fuzzy system.
In this system, the equipment repair time can be easily
obtained by entering the numerical data of the repair
factors by simulating the behavior of the equipment
repair time and the adaptive neuro-fuzzy inference sys-
tem (ANFIS), Figure 3 shows the main framework of
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the training process and repair time prediction in this
study. Finally, the ANFIS output represents the simu-
lated values of the repair time behavior.

Figure 4 shows the main framework of the ANFIS,
which includes 5 layers: the fuzzify layer, the product
layer, the normalized layer, the de-fuzzifier layer,
and the total output layer. This system is used to
simulate and predict the repair time of the power plant
equipment. The time predicted by the ANFIS is used
in the next section to predict equipment annual time-
dependent availability by Monte Carlo simulation and
related availability factors. Actually, the ANFIS is a
fuzzy system training algorithm. Figure 5 shows the
structure of the ANFIS for a two-input mode.
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Fig. 3 The main framework of using the fuzzy system and ANFIS in the simulation of equipment repair time.
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Fig. 4 The way an ANFIS works.
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Fig. 5 Lubrication pump annual availability and repair rate.
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The Monte Carlo simulation method is used to obtain
equipment availability based on equipment failure
and repair time. Solving these equations can become
very difficult or impossible due to their analytical
complexity when the unsteady states of these equations
are used, which are a function of failure and repair
time. Therefore, using the Monte Carlo method in such
cases is much easier, and the results are very close to
the real values. The annual availability is calculated
with Equation 2 according to the failure data and the
repair time corresponding to the failure data obtained
from the Monte Carlo simulation method. In this
equation, A (t) is availability in year m, n is the
number of iterations in the Monte Carlo model, and
2 TR is the sum of time to repair (TTR) values or
unavailability in year m.

nx365X TR
A (t)z=—— m 2)

m n

Equipment downtime may occur many times during its
lifetime, and during such periods, the equipment will
be out of service. The time required for the equipment
to return to service (uptime) depends on repair factors
shown in Figure 1. Based on ISO-14224, the periods
when the equipment has been in service, as well as
the time required to return the equipment to service
can be identified (i.e., the time from failure to repair).
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These time values are indicators of availability and are
introduced by the mean time to failure (MTTF), mean
time to repair (MTTR) and mean time between failures
(MTBF). MTTF is the mean time between failures and
measures the mean time it takes for one equipment
in service to fail (time to failure (TTF)), and MTTR
(mean time to repair) is the average time it takes to
repair a system and return it to service again (TTR).
Equation 3 presents the relationship between these
three indicators [9].

MTBF=MTTF+MTTR 3)
The Monte Carlo simulation method is used to obtain
availability indicators. The indicators of the average
time to repair and the average time between equipment
failures can be calculated with Equations 4 and 5,
respectively.

MTR “
MTTR = 20 Rm
Z(r)n number of fialures (m)
MTBE, = mx365 )

Z(r)nnumber of fialures (m)

According to Figure 6, although the equipment repair
time increased with the age of the equipment, the
average operating period of the equipment became
longer, which led to an increase in the mean time
between failures (MTBF).
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Fig. 6 Availability indicators of each pump during the operating period.

Conclusions

This study, while identifying the factors affecting
repair time, used fuzzy logic to calculate the equip-
ment repair time in different failure conditions. This
calculation, due to its qualitative nature, is not pos-
sible using mathematical and numerical methods. In
our study, the use of fuzzy logic, linguistic functions
and logical rules made it possible to involve the ex-
perience of maintenance personnel in the form of lin-
guistic functions and fuzzy if-then rules. One of the
outstanding characteristics of this study is the direct
involvement of human experience in the calculation
of repair time. Afterwards, the adaptive neuro-fuzzy
inference system (ANFIS) was used to simulate and
predict the behavior of equipment repair in the future,

and the equipment repair time was estimated for the
coming years. Finally, the equipment annual availabil-
ity and availability indicators were calculated using
the Monte Carlo simulation method, which allowed us
to determine the equipment repair rate. The duration of
equipment operation without the need for preventive
repairs was also obtained using the relevant indicators.
This issue is essential to schedule repairs for operators,
and it increases system reliability and deceases related
maintenance cost and outage due to random failures.
For future study, an economic analysis for increasing
availability and reliability is proposed. Critical equip-
ment identification based on its annual availability for
power generation systems is achievable in future re-
search.
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