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Abstract: The article deals with simulation tests on the reliability of the equipment of the wind farm
WF in the operation process. The improvement, modernization, and introduction of new solutions
that change the reliability, as well as the quality and conditions of use and operation of wind farm
equipment, require testing. Based on these tests, it is possible to continuously evaluate the reliability
of the equipment of WF. The issue of reliability assessment of wind farm equipment, for which
intelligent systems, diagnostic systems DIAG, and Wind Power Plant Expert System (WPPES) are
used to modernize the operation process, can only be tested in a simulative way. The topic of testing
the reliability of complex technical objects is constantly developing in the literature. In this paper, it is
assumed that the operation of wind farm equipment is described and modeled based on Markov
processes. The adoption of this assumption justified the use of the Kolmogorov–Chapman equations
to describe the developed model. Based on this equation, an analytically developed model of the wind
farm operation process was described. The simulation analysis determines the reliability of the wind
farm in terms of the availability factor Kg(t). The simulation tests are performed in two phases using
the computer program LabView. In the first stage, the reliability value in the form of the readiness
factor Kg(t) as a function of changes in the mean repair time value ranging {from 0.3 to 1.0} was
investigated. In the second stage, the reliability value of WF devices was examined as a function of
changes in the value of the average time between successive failures, ranging from 1000 to 3000 (h)}.

Keywords: reliability; servicing process; intelligent systems; wind farm device; diagnostic process;
expert system; knowledge base; neural networks; diagnostic information

1. Introduction

Wind farm power equipment (wind power plant, unit transformers, etc.) in wind farms
are technical facilities subject to the process of their continuous use or that remain ready
for operation. Maintaining the technical condition of these devices to a good level of their
operational properties requires an application of a specific operational policy (strategy).
The idea of this wind farm equipment renewal strategy consists in minimizing the costs of
the repair process or restoration of operational features and reducing the duration of the
regeneration process of these devices. Developing an appropriate policy for the operation
of wind farm equipment is a costly and difficult task. The authors’ team has created a SERV
expert program with the goal of assisting in the organization of the process of regeneration
of operational features of wind farm equipment in the defined maintenance system. The
SERV system is a large expert computer program that builds the structure of a system
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that regenerates wind farm equipment based on diagnostic data from these devices. The
SERV program determines the functional pieces of the wind farm equipment that need to
be regenerated concerning their technical state in the first step. The SERV program then
allocates specified sets (collections) of technical (regenerating) tasks to selected pieces of
wind farm equipment at the following level. The SERV system optimizes the costs and the
regeneration time of the wind farm equipment in the maintenance system. Understanding
the quality of the operation process of the WF Wind Farm equipment, and thus learning
about the reliability of the WF wind farm equipment, is the main research objective set out
in this article.

The article presents the issues of simulation testing of the reliability of the WF Wind
Farm equipment in its operation process. The problem of studying the operation process
of complex technical facilities, including wind farm equipment with wind power plant
WPP, and electrical subsystems (the power substation) is an important cognitive issue.
This problem is of particular importance to the owners and users of WFs. They should
explain how to handle organizational and technical operations in the WF device technical
maintenance system. Only a well-organized WF renewal system will allow these facilities
to be used to their full potential. The creation of dependable and suitable procedures and
policies for the functioning of WF devices is the consequence of this sort of research work.
The aforementioned difficulties have not been addressed in such a thorough manner in
the literature.

The article covers the problem of simulation testing of the quality of the operation
process: regeneration of the operational properties that improve the reliability of WF Wind
Farm equipment. The issues presented in the article will be solved as follows. The second
part of the article will present the methodology used for testing the reliability of the WF
Wind Farm equipment based on the quality assessment of the regeneration process. The
third part of the article will cover the issues related to the understanding and description of
the operation (i.e., use and maintenance) of Wind Farm equipment. To organize simulation
studies, the article presents and describes a model of the operation process of Wind Farm
equipment where the intelligent SERV program was used. Another issue discussed in this
part of the article will be related to an assessment of the reliability of WF devices after
the use of intelligent regeneration systems. Presentation of those issues that improve the
reliability of WF Wind Farm equipment constitutes an essential part of this section of the
article. This problem is the main research goal of the article. The fourth section of the article
is the main research part. The research conducted, which is covered in the article, concerns
two issues:

Testing and evaluation of the reliability of Wind Farm devices in the operation process
in relation to a reduction of the value of the repair time.

Testing and evaluation of the reliability of Wind Farm devices in the operation process
in relation to changes in the value of the time required between the successive failures of
Wind Farm devices.

The fourth section will cover the results and their analysis in the aspect of testing the
quality of the operation process: regeneration of the operational features that increase the
reliability of Wind Farm WF equipment.

Complex technical objects used in the exploitation process lose their functional prop-
erties. Their ability to perform the required function (their tasks as intended) is diminished.
In literature [1–9], the problem related to determining the utility is called a functional
resource. The decrease in the operational capacity is also directly related to the decrease in
the reliability of technical facilities, including the wind farm equipment WF. The decrease
in the reliability of technical objects results mainly from aging changes and the unfavor-
able influence of external factors. Therefore, there arises the problem of measuring and
determining the current reliability of Wind Farm WF devices and restoration of functional
properties of complex technical devices. The problem is quite complicated for technical
devices that perform their tasks continuously, such as wind farm devices, medical devices,
and others.



Energies 2022, 15, 3860 3 of 22

The designed system of an automatic regeneration of the functional properties of
objects forms the bases for optimization of costs connected with prevention activities. This
system fully minimizes the costs connected with the organization of the maintenance system
of an object. The regeneration of the object takes place at the time when it is required. This
is ensured by an intelligent diagnostic system of the object which is constructed based on an
artificial neural network, especially such a network which reliably and credibly recognizes
the states of the object for which prevention activities need to be performed [10–20]. There
are no losses: no costs connected with ineffective use of the object, which may occur during
operation when the object is not fit or it is in the state of incomplete fitness. This system
eliminates the costs connected with the regeneration of those elements of the object which
do not require it and are in the state of fitness. The designed intelligent maintenance system
(including the intelligent diagnostic system) of the object ensures the regeneration of those
internal (constructional) elements which require this, are in the state of incomplete fitness
{1} or unfitness {0}.

The study by Kacalak et al., and others [21–24], provides an overview of an effective
measuring track, which is a key component of a diagnostic system’s structure. Furthermore,
theoretical foundations for developing a measuring system using a computer measuring
card were presented, with the goal of creating a measuring database for the diagnostic
system. The study’s findings were backed up by an example of information measuring
database for the item in question. The studies address challenges connected to the automa-
tion of technical processes and the application of human knowledge in the development of
intelligent systems for the purposes of diagnostic testing of technical items [25–27].

Technical diagnostics of technical devices is another essential problem that forms the
basis of the organization of technical operations. The diagnostic examinations of devices
are oriented towards the examination and identification of the technical state of the object
examined. In the diagnostics of technical devices, the recognition of states in bivalent and
trivalent logic is used. In the organization of the operation process, which renews the
technical object, diagnoses determined by the diagnostician using trivalent logic are of the
greatest practical significance. The studies by Zurada and Duer [28,29] constitute the canon
of achievements in this area.

In the paper [30], the authors presented, inter alia, the essence, and methodology of
developing models of the operation process of complex technical objects. In this work, the
authors present the problem of a qualitative assessment of a maintenance process organized
in this manner is the objective of this article. For this purpose, a program of simulation
investigations was presented in the article. The research program consists of a description
of the models of the operation processes of technical objects, determination of the input
data to the investigations, which are the quantities of the operation time of a technical object
being the summary duration time of the regeneration (repairs) and the use of objects and the
determination of the indexes of a qualitative assessment of the regeneration of an object in
the operation process. The results of the study were justified with an example of simulation
investigations concerning the effects of the operation process with the regeneration of a
technical object in an intelligent system with an artificial neural network.

The study by Dyduch and Siergiejczyk et al. includes a description of reliability–
exploitation analysis is vital [31–33]. Electromagnetic compatibility of applied electrical
and electronic devices [34] is equally relevant, but this aspect is not scrutinized in this article.
Yet one must not ignore the influence of electromagnetic interference on the functioning of
electronic devices [35–45].

As in reliability research it is important to model the technical object itself and its op-
eration process. There is an important research issue in determining the reliability of wind
farm equipment. The issues of graphical and analytical modeling to assess the reliability
of technical objects are presented in the works of Siergiejczyk and others [34–36,38–40].
Models of the operation process of technical objects based on the theory of Markov pro-
cesses are particularly important in the theory and practice of reliability of technical objects.
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The Kolmogorov–Chapman equation is used in the non-reliability assessment of technical
objects in these models. This type of research approach is also presented in this article.

Another direction of reliability testing in the operation process of technical objects and
systems is the use of Chapman–Kolmogorov equations in them. This is particularly evident
in the works by Siergieczyk and others [35,36,38–40]. This article describes the issues related
to the analysis of reliability–exploitation of power supply systems in transport telematics
systems PSSs in TTDs. This paper characterizes solutions, which are applied in supply
systems and describes a PSS in a TTD from the main source and a standby one. This enables
determining the dependencies denoting the probabilities of the system staying in full ability
state, safety threat state, and safety unreliability state. Quality analysis of the PSS in TTD
was conducted, and the indicator value of the supply continuity quality was evaluated.
This indicator allows the demonstration of continuity quality of power supply CQoPS
dependency on many quality dimensions, not just reliability. An example demonstrates the
calculation of the CQoPS factor for both the main and the standby power supply employing
three observations each influencing the quality. The presented considerations in the field
of quality and reliability–exploitation modeling of PSS can be applied as well in other
public utility facilities (including those classified as critical infrastructure). The character of
functions performed by critical infrastructure.

The issues of the modeling of the operation process of technical objects are presented
in the following publications by Nakagawa and others [41–44]. The author’s research is
also significant. In these articles, a mathematical approach to simulating this process is
offered. In the operation process, the author interprets the states of the object and the
essence of changes (transitions) between them. A presentation (use) of an approach to the
organization of the object’s renewal process in the maintenance system is an important
element in the modeling of the object’s operation process. The use of the current state of the
object in the structure of the operation process, also known as the operation of the object
according to its state, is a new approach created in the author’s investigations.

Issues regarding the use and operation of electrical equipment in wind farms and
wind farms are presented by Badrzadeh et al., Pogaku et al., and others [5,7,42–45]. The
works on the construction, functioning, and modeling of electrical devices located in wind
farms are well developed in these works.

An essential element in the modeling of the operation process for the complex technical
object is the development of a model of the renewal process for an intelligent maintenance
system. These issues are presented in publications including those by Buchannan et al.,
Duer [11,13]. In his studies, the author presents issues related to the determination of the
systems maintenance models. For this purpose, the form (dimension) of the matrix of the
object’s structure is accepted. It is transformed into the form of the object’s maintenance
matrix. Elements in the maintenance matrix are assigned to the primary elements of the
object. The elements of the object’s maintenance matrix describe explicitly the subsets of
those technical and technological activities which must be performed upon a given element
of the object for its renewal. The process of assigning the elements of the object’s structure
to adequate renewing activities with the use of appropriate materials and resources is a
complicated task. These issues are continuously being developed and improved in the
author’s studies.

The current research work supporting the development of expert and advisory systems
is focused on the issues related to the improvement of methods of acquiring specialist
knowledge of a person, with the wide participation of modern solutions such as artificial
intelligence and intelligent systems. This issue is presented in the works [16,17]. The issues
of testing the reliability of wind farm equipment in its operation process are presented
graphically in Figure 1.
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- X(ei, j) is the diagnostic signal in the j-th element of the i-th set,
- X(w)(ei, j) is a model signal for X(ei,j) signal,
- FC is min. or max. value of the function of the use of the object,
- W(ε(ei, j) = {3, 2, 1, 0}) is the diagnostic information-value of state assessment logics

for element ”j” within ”i” module of the object.

Getting to know the current level of reliability of the devices used by the Wind Farm
WF and other complex technical facilities is possible through their diagnosis. Diagnosis
using inference (state recognition) in multi-valued logic is particularly useful [25]. At
present, there is widespread progress in the development of specialized diagnostic devices.
The issues are presented in the works [26,27]. It is particularly visible in the diagnostics
of medical devices, energy technology, etc. However, these are diagnostic devices with
an individual application for the selected device under test. There is no diagnostic device
on the market with a wide (general) spectrum of practical diagnostic use. The works by
Duer and others show that diagnostic devices represent a common and uniform technical
solution. It is a modular solution with the following functional elements: measurement,
diagnostic, and diagnostic knowledge base. For each diagnosed device or technical or
technological process, only the measurement knowledge base and the measurement system,
acquisition, etc., are relevant.

It is essential to comprehend the structure and principles of operation of technological
devices and inaccurately diagnose them. Concerns relating to the operation of wind farm
equipment are discussed in the following works [16].

In the work by Duer [45], he presented research on the reliability of Wind Farm equip-
ment based on analytical models using reliability dependencies. However, the obtained
results indicate that this approach is quite difficult to implement in simulation studies. The
article presents the organization, implementation, and analysis of the simulations carried
out for the evaluation of the quality of the maintenance system of wind farm equipment
WF. The important aspect for the reader is to present models of wind farm equipment
WF operation processes. The reader will find the issues of building and organizing the
operation process of complex technical objects in [4]. Three models of wind farm equipment
operation processes WF were used for the simulations. The model is Model A, an operation
process of a wind power plant that uses an intelligent maintenance system with an artificial
neural network. The second model is Model B, an operation process of the object which uses
information in bivalent logic, a model with a maintenance system organized by planning its
optimal prevention activities. The third is Model C, an operation process of a wind power
plant with a maintenance system that is organized classically without any examination of
the state in the assessment process: a strategy for object’s maintenance is based on manual
planning of prevention activities and arbitrary operator’s selection of its scope.

The issues related to the description and testing of the individual elements that
describe the operation process of technical facilities are well presented in publications.
However, there are no studies that present the challenges of research into and organization
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of the operation process of complex technical facilities in a comprehensive manner. As
a result, the article aims to model the reliability of WF Wind Farm equipment during its
operation. This task will require solving the research problems presented below. The first
issue is related to understanding and describing the problems of the diagnostics of WF
devices. Another problem is understanding and describing the operation process (i.e., the
use and maintenance) of Wind Farm devices. An important issue presented in the article is
understanding and description of the organization of the technical maintenance system in
the process of the operation of the facility tested.

The research on the reliability of wind farm technical devices with the use of intelligent
systems was presented methodologically. For the WF operation process described in
this way, its model was developed, and analytical relationships were determined on the
basis of which the tested reliability values are determined in the form of the availability
function (Kg(t)).

The article deals with the problem of testing the reliability of WF depending on the
influence of one of the parameters on this value, i.e., the average time between successive
failures. The application of this research parameter to the reliability of WF in such a way
has not yet been undertaken in publications. The novelty of this article is also its use
as a research tool in the form of the LabView computer program. The obtained results
from the simulation tests are interesting and were not presented in the publications in the
form presented in this article. The task of understanding the reliability of the Wind Farm
equipment has become the main research goal presented in this article.

2. Methodology for Testing the Reliability of the Wind Farm Equipment in the
Operation Process

Each study of any technical object, and even more so a simulation study, requires
input data characterizing the actual operation process of the selected object class and its
simulation models (Figure 2). The study of the actual operation of the facility is the basis
for obtaining data for the simulation study of process models.

The required input data for the tests are the following quantities:

- the time of use of the object T is the time the object is in a fit condition,
- the time of removing the Ta object inoperability,
- time of performing preventive repair of Tp,
- period of projected (optimal) prevention θ*,
- period of planned prophylaxis θ.

The source of the above data may be the observation of actual operation processes
and a properly prepared and implemented simulation experiment. The results concerning
the study of the actual operation process of various classes of technical objects are pre-
sented, among others, in the study. The simulation experiment consists of the following
components (Figure 2):

- Model of the tested facility operation process,
- Test program,
- Research tools—the use of a computer in research,
- Analyze the obtained data.
- The study of the models of the object operation processes was carried out using the

same test criteria test conditions, such as:
- Functions describing the object operation process and the inputs consumed,
- Input data characterizing the operation process of complex objects.

To determine the appropriate measure characterizing the quality of the facility opera-
tion process, other quantities describing the efficiency of wind farm equipment used in the
operation process should be analyzed.
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Figure 2. Algorithm of simulation investigations concerning the quality of the assessment of the
operation process of the technical object.

The methodology of testing the reliability of the wind farm equipment operation
process is an activity of research, analysis, and evaluation in this area. In order to bet-
ter understand the research activities in the field of reliability assessment of the wind
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farm equipment operation process, a graphical diagram of this operation was developed
(Figure 2). The essential points in this algorithm are as follows:

1. Understanding and describing the operation process (use and renovation) of wind
farm equipment.

2. Development of models of the operation process of wind farm equipment.
3. Adoption of the quantity (function) characterizing the reliability test of the wind farm

equipment operation process. For reliability tests, a reliability value known in the liter-
ature [2,38] was proposed, which is the function and the availability coefficient (Kg(t)):

Kg (t) = P[S(t)] (1)

where the following stand for: P[S(t)] is the probability that the technical object is in a
fit condition.

1. Reliability simulation tests of the wind farm equipment operation process are carried
out using the same computer program.

2. The same input data is used in the reliability simulation tests of the wind farm
equipment operation process.

3. The results obtained from the simulation tests concerning the reliability of the opera-
tion process of wind farm equipment are presented graphically on common charts
that present the quantities studied.

3. The Four-State Model of the Operation Process of Wind Farm Equipment

The analysis (Figure 1) shows that the wind farm equipment that is implemented
(switched on) into operation is effectively used. When the wind farm devices are effectively
used and the wind farm performs its functions as intended, then it is in the reliability state
shown in Figure 2, which is called the effective SO usage state. With the time of use of a wind
farm WF, its functional resource continues to decrease (reliability decreases). Measurement
of the WF reliability level (value) is measured on an ongoing basis by diagnosing by the
DIAG system. The DIAG system is an autonomous diagnostic device. The developed
intelligent diagnostic system is a set of specialized technical devices along with a diagnostic
card. The work of the DIAG program was verified on the basis of the diagnosis of functional
devices of the Wind Farm. Problems of this type are quite modest in the literature [4].

Diagnostic information about the WF reliability level is assessed by the user on an
ongoing basis. If the reliability of a wind farm drops below the acceptable level, the user
(owner) of a wind farm decides on sending for renewal in an intelligent system. Therefore,
such an event, when the WF cannot effectively carry out its tasks, is transferred to the
reliability state in Figure 3, which is called the state of ineffective use–repair, restoration of
utility properties S10. In Figure 1, the intelligent renewal (maintenance) system SERV is
built by two subsystems: the subsystem of the expert maintenance knowledge base and
the maintenance subsystem. The SERV system is an extensive expert system (computer
program). The SERV system is responsible for determining the maintenance information on
the basis of the diagnostic information obtained from the DIAG program. The developed
SERV program is made on the basis of the presented stepwise algorithms for the process
of renewing the functional properties of the wind farm. The developed solution of the
SERV service system was subjected to practical action in the scope of determining the set of
maintenance information for the renewal of the devices of the Wind Power Plant and other
wind farms. Based on this information, the WF is renewed in the handling system. The
renewed WF devices are returned to their use in the operation process (Figure 3).

During their operation, the WF devices require periodic and cyclical repair technical
and technological works, such as inspections, and tests of wind power plant safety devices
such as evacuation, crane, fire protection, and other devices. In a situation where the WF
devices are subjected to repair and technological works, such a reliability state is called
preventive shutdown (planned repair works) S1. During their effective use, WF devices are
subject to constant supervision in the field of their safe use. One of the developed technical
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solutions that support the concept of a decision by the WF operator is the Wind Power
Plant Expert system WPPEs expert program [4]. In situations threatening the safe operation
of WF devices, the operator temporarily excludes WF from its use. Such a reliable state of
WF presented in Figure 3 is called the state of ineffective use marked as S01.
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Figure 3. Diagram of the operation process of a Wind Equipment Farm not equipped with any
intelligent expert systems SERV.

The problem related to the description of this type of exploitation process model was
presented in the studies. The graphic form of this model is shown in Figure 3.

The analysis of the model of the operation process of the Wind Farm equipment
presented in Figure 3 demonstrates that the facility may be in one of the following states:

- S0—effective use of the facility,
- S1—scheduled maintenance-preventive NP,
- S01—unscheduled maintenance,
- S10—ineffective use of the facility.

The transitions between the states in the model mean the following:

- λ—has an interpretation of the intensity of the system’s transition from state S0 to
state S1,

- µ—has an interpretation of the system’s transition from state S1 to state S0,
- λ1

λ1+λ2
λ1—has an interpretation of the intensity of the transition of the system from

the state S0 to state S01,
- µ1—has an interpretation of the intensity of the transition of the system from the state

S01 to state S0,
- λ2

λ1+λ2
λ2—has an interpretation of the intensity of the transition of the system from

the state S0 to state S10,
- µ2—has an interpretation of the intensity of the transition of the system from state S10

to state S0.

A technical facility used without the SERV expert system is damaged, and it modifies
its place in the operating process. The object moves with intensity λ2

λ1+λ2
λ2 from state S0 to

the state of ineffective use S10. The time of the technical object remaining in the state of
ineffective use S10 is determined by the random variable τNA. The value of the useful life
of an ineffective technical facility results from the wind farm operating conditions or from
changes in weather conditions. The technical object, once the unfitness has been located
and removed that determines the cause of its ineffective use, is again transferred to the S0
use state with an intensity of µ1. To identify the probability of the system remaining in the
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particular states, the network of crossings presented in Figure 4 shall be described with the
following equations:

−λ·P0 + µ·P1 − λ1· λ1
λ1+λ2

·P0 + µ1·P01 − λ2· λ2
λ1+λ2

·P0 + µ2·P10 = 0
λ·P0 − µ·P1 = 0
λ1· λ1

λ1+λ2
·P0 + µ1·P01 = 0

λ2· λ2
λ1+λ2

·P0 + µ2·P10 = 0

(2)

In the matrix notation, Relationship (2) can be presented as follows:
−
(

λ + λ1
λ1+λ2

·λ1 +
λ2

λ1+λ2
·λ2

)
µ µ1 µ2

λ −µ 0 0
λ1

λ1+λ2
·λ1 0 −µ1 0

λ2
λ1+λ2

·λ2 0 0 −µ2

·


P0
P1
P01
P10

 =


0
0
0
0

 (3)

By transforming Equation (3), the following relationships were obtained:

P1 = λ
µ ·P0

P01 = λ1
λ1+λ2

· λ1
µ1
·P0

P10 = λ2
λ1+λ2

· λ2
µ2
·P0

(4)

Obviously enough, it is known that the relationship is correct:

P0 + P1 + P01 + P10 = 1 (5)

Therefore:

P0·
(

1 +
λ

µ
+

λ1

λ1 + λ2
·λ1

µ1
+

λ2

λ1 + λ2
·λ2

µ2

)
= 1 (6)

Kg7 = K0 =
1(

1 + λ
µ + λ1

λ1+λ2
· λ1
µ1

+ λ2
λ1+λ2

· λ2
µ2

) (7)

Kg7 = K0 =
(λ1 + λ2)·µ·µ1·µ2

(λ1 + λ2)·µ·µ1·µ2 + λ(λ1 + λ2)·µ1·µ2 + λ2
1·µ·µ2 + λ2

2·µ·µ1
(8)
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Energies 2022, 15, 3860 11 of 22

Using Expression (8), it is possible to determine the values that are of interest and
related to the probabilities of a wind farm system remaining in its various operating states.
If the assumption is made that the modeling of the operation process consists in determining
the probabilities of a wind farm system remaining in individual states {S0, S1, S01, S10}, then
the following values need to be determined:

- the likelihood function of the system being in a state S0,
- the likelihood function of the system being in a state S1,
- the likelihood function of the system being in a state S01,
- the likelihood function of the system being in a state S10.

4. Results
4.1. Indices That Characterize the Process of Operating a Technical Facility

From the set illustrated in the literature [2,6,8,23,36] of these indicators characterizing
the process of the operation of a technical object, the value best reflecting the operation
process is the availability indicator Kg and the accessibility function Kg(t). The process for
calculating the availability feature Kg(t) is generally simplified when calculated for a limit
value at (t→ ∞). The size is closely related to the stationary characteristics of the damage
and maintenance process. Due to this, the availability rate of Kg is the most appropriate
measure to set out the efficiency of the operation process, which links both the utility and
economic characteristics of the facility. The accessibility factor Kg of the object is the likeli-
hood of the event that the object is operational after a sufficiently long period of operation
(t→ ∞). The accessibility factor Kg determines the average proportion of the technical
object’s service life in the total service life, as represented by the following relationship:

Kg = lim
t→∞

Kg(t) = lim
t→∞

Kgsr(t) (9)

where: Kg(t) is the medium value of the accessibility factor Kg.

4.2. Testing and Evaluation of the Reliability of Wind Farm Devices in the Operation Process Due
to the Decrease in the Value of the Repair Time

The organization of the wind farm equipment operation process is subject to contin-
uous improvement and improving it in terms of its technical implementation as well as
the methods and forms of its organization. One of the important aspects in the moderniza-
tion and modernization of the renewal process of wind farm equipment is the use of the
intelligent SERV system in it. The SERV system is a large computer expert program that
generates a set of maintenance instructions based on the input diagnostic information about
the tested object and the existing expert knowledge base in the SERV system’s memory.
The SERV system’s established service knowledge base serves as the foundation for the
development and implementation of a smart system for the renewal and implementation
of the process of restoring functional qualities. The functional qualities of wind farm
devices decline with use as a result of the implementation of tasks envisaged for them.
The current level of ownership of the functional characteristics of wind farm devices is
examined and determined during the diagnosis process. Hence, the diagnostic information
determined during the diagnosis is presented in the form of a “WF devices status table”.
This information set, named the “Diagnostic Knowledge Base for WF Devices” DKB, is the
input set for the SERV program. The SERV system develops a maintenance information set
called the “Expert Knowledge Base for WF Equipment” EKB. The structure of EKB of WF
devices is determined by the following sets of information:

• The service structure of the object is a set of information describing the internal
structure of the object, which was determined on the basis of its functional model
and the set of service information, adapted to the needs of the service. The service
structure is determined by those basic elements of the facility that are in an incomplete
or unfit condition and require renewal. The basic elements that require updating are
called control elements. These elements are arranged in the facility’s maintenance
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structure, which is defined by the i-th service levels, and each of the i-th levels by the
j-th service layers;

• Methods of classifying (grouping) elements in the object’s service structure, is a set
of information describing the object’s service structure due to the nature and tasks
of the element, which was determined based on its functional model and the set of
service information and others. The specialist assigns one s-th class from the set of
classes to each operating element, where: s = {I to VIII}. Assigning a specific class to
an element in a service structure is assigning an element to a specific group of devices,
eg a class: mechanical, electrical, etc. The object’s service structure adapted in this
way is to adapt the nature of maintenance activities that are specific only to devices
of a given group. This structure has a dimension like that of the operating structure,
the elements describing this set of information are described through the i-th service
levels, and each of the i-th levels is described by j-th service layers;

• Structures for renewing (servicing) maintenance elements is a set of maintenance
information concerning the maintenance activities that must be performed in the
process of renewing the maintenance elements of the facility. It is determined on the
basis of assigning to each element of the maintenance structure a specific subset of
maintenance activities, such as tuning, adjustment, maintenance, replacement, etc.,
selection of maintenance activities or their sets for individual operating elements are
adapted to the current state, in which the structural elements of the facility are located;
performing the required maintenance activities or their sets on individual maintenance
elements will result in their transition to the state of suitability;

• Structure of service rules, this specialized set of object service information having the
dimension of the internal structure of the object (levels × layers). This specialized
maintenance knowledge base concerns the description of dependencies, rules, and
relations in the scope of determining the information set of the object maintenance task,
including structures: comparing the states of the object’s elements, object maintenance,
object maintenance activities, classifying object elements. The handling rules provide
the user of the object with answers, on how and how to effectively organize the process
of handling the object. The set of facility maintenance rules is the basis, apart from the
algorithm, for designing an appropriate computer program that supports the effective
restoration of the facility’s operating features [4,45].

The renewal process of WF devices is organized on the basis of the set of maintenance
information developed by the SERV system. The use of the SERV system in the process of
refurbishing WF devices makes this type of refurbishment of this facility a modern solution,
and at the same time innovative and effective. The issue of a refurbishment of wind farm
devices is subject to continuous development to ensure that the restored usable resources of
service elements have the character of a complete renovation, i.e., the same as the elements
in the structure of a new facility (just implemented for use).

The problem of testing and assessing the reliability of wind farm devices in the
operation process is a difficult task due to the decreasing value of the repair time. There
is no description of this type of research in the literature. The article presents the thesis
“Renewal of WF devices on the basis of information developed in the SERV system in a
general manner and directly affects the reduction of the time of restoring the resource of
functional properties (the object’s presence in the maintenance system), and thus reducing
the repair time” (Figure 1). The whole average duration of the renewal procedure (the
object’s stay in the handling system) is referred to as the average repair time. The article’s
research premise concerning the prospect of reducing the time it takes to repair wind farm
devices stems from the essence of the facility renovation system, which is made possible by
the usage of an intelligent SERV system. The intelligent SERV system used in the process
of refurbishment of WF devices develops an effective “Knowledge base for servicing WF
devices”. In this set of maintenance information, the SERV system optimizes the service
structure of WF equipment. The SERV system defines a set of operating elements of WF
devices that have {3} states—the states of availability and do not require the need to restore
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the resource of operational properties. The size of the average repair time of WF devices is
also influenced by the organization of the renewal process based on information from the
SERV system.

On the basis of information from the SERV system, the service elements are renewed
for the appropriate level based on their current state from the {3, 2, 1, 0} set. Then, the
implementation of the renewal process (implementation of technical and technological
activities) is also optimal. Only those technological activities (renewing service elements)
are performed that are required (developed by the SERV system) to fully renew the elements
of the WF devices. Therefore, the presented problems of organization and implementation
of the wind farm equipment renewal process will result in reducing the repair time. The
results obtained from the testing and evaluation of the reliability of wind farm devices in
the operation process due to the decrease in the value of the repair time are presented in
Table 1 and Figures 4–7.

The analysis of the test results presented in Table 1 and in Figures 4–7 shows that for
the value of the mean repair time equal to (0.3), the reliability value determined in the
study in the form of the readiness factor Kg (1) is 0.999793711044.
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The assumed value of the average repair time of (0.3) means that in the maintenance
system based on information from the SERV system, the renewal time of WF devices was
reduced to 70% concerning the average value of the renewal time of wind farm devices
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implemented in the maintenance system organized traditionally (classic) [40,41]. The
research verified (tested) the impact of the average repair time equal to the test value (1.0)
appropriate for the renewal of wind farm devices in the maintenance system organized
classically (without support from the use of intelligent systems). For the mean repair
time value equal to (1.0), the determined reliability of wind farm devices renewed in the
maintenance process in the form of the availability factor Kg (2) is 0.99943517 (Figure 8).
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Table 1. Max. value readiness factor Kg.

Average Repair Time Value Max. Readiness Factor Kg
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The analysis of the Kg (1) and Kg (2) readiness factor values allows for determining the
possible increase in the value in the form of the readiness factor ∆Kg on the basis of the rela-
tionship: ∆Kg = Kg (1)−Kg (2), hence the value ∆Kg = 0.000358. The analysis of the research
results presented in (Figure 1) allows for the formulation of the following conclusions.

1. Renewal of wind farm devices in the maintenance system organized on the basis
of information developed in intelligent systems, including: diagnostic (DIAG) and
maintenance (SERV) significantly increases the reliability of the renovated facility.

2. The use of innovative intelligent systems in the renewal process of wind farm devices
brings an increase in the reliability of the renewable wind farm devices in the form of
the readiness factor value is ∆Kg = 0.000358.

3. The intelligent SERV system is a good computer tool that effectively supports the con-
struction and organization of maintenance systems renewing the wind farm equipment.

4.3. Testing and Evaluation of the Reliability of Wind Farm Devices in the Operation Process Due
to Changes in the Value of Time between Successive Failures of Wind Farm Devices

It is important to test and evaluate the reliability of wind farm devices in the operation
process due to changes in the value of time between successive failures of wind farm
devices and a research aspect that is difficult to implement. The average value of the time
between successive failures of wind farm devices in the operation process is one of the
basic indicators in assessing its reliability in (Table 2) and (Figures 9–13). The average value
of the time between successive failures of WF devices is directly related to the quality and
accuracy of the device renewal, the method and strategy used in the renovation process,
the full use of service information about the device, and other factors, and can be used
to assess the reliability of WF devices refurbished in an intelligent maintenance system.
As a result, the influence of the average value of time between successive failures on the
reliability quality of wind farm equipment was evaluated in the next simulation study.

Table 2. Max. value readiness factor Kg.

Mean Time between Successive Failures (h) Value of Max. Readiness Factor Kg

1000 0.999427552702

1200 0.989498551118

1300 0.979567543594

1500 0.969612736465

1800 0.959688899662

2000 0.959728217231

2500 0.949782318116

3000 0.949815173253

The study assumed the range of changes in the mean value of the time between
successive lesions in the range of {1000 ÷ 3000} [h]. The results obtained from testing the
average value of the time between successive failures of wind farm devices for the reliability
of wind farm devices in the operation process are presented in Table 2 and Figures 9–12.

The analysis of the test results presented in Table 2 and Figures 9–13 shows that for the
value of the mean time between successive failures amounting to 1000 [h], the reliability
value determined in the test in the form of the readiness factor Kg (1) is 0.999815173. The
adopted value of the average time between successive failures amounting to 3000 [h] means
that the WF devices are fully refurbished and have the property of use at the level of a
new facility.
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time between successive failures.

The impact of the average time between successive failures on the quality of the service
process, as well as the impact on the level of reliability of WF devices, was examined for
this value in the interval {1000 ÷ 3000 [h]} (Figure 13).

The study assumes that the value of the average time between successive failures
amounting to 1000 [h] is appropriate for the reliability level of wind farm equipment
obtained as a result of the renewal carried out in the maintenance system organized in a
traditional (classic) manner [40,41].

The research verified (tested) the flow of the average time between successive failures,
amounting to (1000 [h]), appropriate for the renewal of wind farm devices in the mainte-
nance system organized classically (without support from the use of intelligent systems).
In the meantime between successive failures of (3000 [h]), the reliability determined in the
simulation test in the form of the readiness factor Kg (2) of wind farm devices renewed in
the service process is 0.99942755.
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The analysis of the Kg (1) and Kg (2) readiness factor values allows for determining the
possible increase in the value in the form of the readiness factor ∆Kg based on the relation-
ship: ∆Kg = Kg (1)−Kg (2), hence the value ∆Kg = 0.0003876. The analysis of the research
results presented in (Figure 1) allows for the formulation of the following conclusions.

1. Research on the reliability of wind farm devices for the meantime between successive
failures confirms that the renewal of wind farm devices in a maintenance system
organized on the basis of information developed in intelligent systems, including
diagnostic DIAG and maintenance SERV significantly increases the reliability of the
renovated facility.

2. The use of efficient and modern intelligent systems for renewing wind farm devices
brings a significant increase in the reliability of the renewable wind farm devices in
the form of the readiness factor value is ∆Kg = 0.0003876.

3. The developed intelligent SERV system is a good computer tool that effectively
supports the design and organization of systems for renewing wind farm devices.

5. Discussion

The problems presented in this paper in reliability studies of the exploitation process
of the WF wind farm equipment are particularly well presented in the publication [4]. This
paper presents a study of wind farm equipment in the aspect of reliability testing in the
aspect of the application of an intelligent expert system to support decision-making by the
system operator in the safe supervision of its use. In this work, the following three models
of the operation process were developed:

- Model A, reporting the operation process of wind power installations equipped with
intelligent systems supporting decision-making regarding the safety in use,

- Model B, describing the process of operating wind farm equipment not equipped with
any smart support schemes and without the WPPES system,

- Model C, reporting a simple (conceptual) process of operating wind farm facilities.

For the analytical description of the developed models of the WF equipment operation
process, the Kolmogorov–Chapman equations were adopted, which are widely presented
in the literature [24]—Nakagawa, T. Maintenance Theory of Reliability; Springer: London,
UK, 2005. In the simulation analysis of the reliability of the Wind Farm equipment, the basic
reliability quantity of the WF understudy will be determined in the form of the readiness
factor Kg(t).

The novelty of this paper about other publications on the reliability of technical devices
is the subject of research.

Only in this work, among other publications, was the study of the reliability of wind
farm equipment undertaken in the aspect:

1. Testing and evaluation of the reliability of wind farm devices in the operation process
due to the decrease in the value of the repair time.

2. Testing and evaluation of the reliability of wind farm devices in the operation process
due to changes in the value of time between successive failures of wind farm devices.

The subject matter in the first point of the research is extremely important and of great
practical significance. Such research problems as those presented in points 1 and 2 were not
presented in publications. The research topic undertaken in pt. 1. concerns modernization
of the process of renewing wind farm equipment used in the process of its exploitation. The
paper presents that the modernization of the renewal process of the WF is performed by
using an intelligent SERV renewal system. Based on information from the SERV system, the
service elements are renewed for the appropriate level based on their current state from the
{3, 2, 1, 0} set. Then, the implementation of the renewal process (implementation of technical
and technological activities) is also optimal. Only those technological activities (renewing
service elements) are performed that are required (developed by the SERV system) to fully
renew the elements of the WF devices. Therefore, the presented problems of organization
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and implementation of the wind farm equipment renewal process will result in reducing
the repair time.

Having applied the SERV system in the operation process of WF equipment, the task
of a simulation study of its effectiveness was undertaken. For the simulation study, it was
assumed that decreasing the duration of the process of renewal Todn of WF devices will be
studied for the interval {0.2 to 1.00} hour. For such an interval of possible changes in the
duration of the process of renewal Todn of WF devices, an increase in the tested value of
the readiness factor ∆Kg = 0.045 was obtained. On this basis, it can be concluded that the
improvement (modernization) of the process of renewal Todn of WF devices is an important
task and affects the increase in the reliability of WF devices.

Another research problem presented in the second point of the research concerned
the influence of the value of time between Tmu in the operation process of PE equip-
ment on its reliability. It is research that is new in publications on PE topics. In many
publications [7,16,27–39] the time between failures Tmu in the process of technical equip-
ment operation is identified with the reliability index of these devices. On this basis, it
can be said that the greater the value of the time between failures Tmu in the process of
technical equipment operation, this equipment has higher reliability. In this paper, the task
was undertaken to check in practice in research how the value of time between failures
Tmu in the process of WF equipment operation affects the increase of its reliability. In the
conducted research it was assumed that the value of time between failures Tmu in the
process of operation of WF equipment will vary in the range {from 1000 to 3000} hours.
The results obtained from the tests show that the possible growth of the studied magnitude
of the readiness factor ∆Kg = 0.07. The value of this reliability measure in the form of a
readiness factor Kg is significant. Therefore, it can be concluded that the pursuit, in the
process of WF equipment operation, to increase the value of time between failures Tmu in
the operation process of PE equipment is an important direction for increasing reliability.

6. Conclusions

The problem of testing the reliability properties of wind farm equipment during its
operation, as presented in the article, is a difficult organizational and technical task. The
difficulty of this result is also due to the acquisition of input data for the research. Numerical
data describing the operation process of the Wind Farm equipment was obtained through
research carried out over a long period of time. It was assumed that the observation time
(measurement of downtime and useful life, etc.) would be sufficient for one year. On the
other hand, the reliability tests of the Wind Farm devices will be carried out as a simulation
test. This type of research requires the knowledge and description of the actual operation
process of the Wind Farm equipment and the determination of reliable input data for the
research. At the core of each research is a good research plan (how and how to test) for
the wind farm equipment. The basis for the simulation study of the operation process of
the Wind Farm equipment is the developed model of the organization of the operation
process. Hence, a model of the wind farm equipment operation process was developed,
which in the literature is called the four-stage model. The following reliability values were
investigated in the simulation tests to determine the reliability of the Wind Farm device in
the process of operation with changes:

- the value of the average repair time equal to (0.3) [h], the reliability value in the form
of the Kg (1) readiness coefficient determined in the test is the highest and amounts
to 0.99979371,

- the value of the mean time between successive failures (3000 [h]), the reliability
determined in the simulation test in the form of the readiness factor Kg (2) of wind
farm devices renewed in the service process is the highest and amounts to 0.99942755.
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Abbreviation

Symbols
X(ei,j) diagnostic signal in jth element of ith set
X(w)(ei,j) model signal for X(ei,j) signal
FC max max. value of the function of the use of the object
W(ε(ei,j)) = {2, 1, 0}) valued of state assessment logics for jth element within ith module

(from the set of the accepted three-value logic of states’ assessment)
Kg(t) or Kg the average value of availability function or factor Kg
Fc the quality function of the object’s operation process
Fch function of the object exploitation process
λ damage intensity
To simulation test time of the object
µ repair intensity
λ1 intensity of type I inspections
µ1 type I operational maintenance intensity
λ2 intensity of type II inspections
µ2 type II operational maintenance intensity
P0 probability of the system being in state S0
P1 probability of the system being in state S1
P01 probability of the system being in state S01
P10 probability of the system being in state S10
S0 effective use of the object
S1 scheduled maintenance–preventive NP
S01 unscheduled maintenance
S10 repair, restoration of utility properties ineffective use of the object
Acronyms
WPPES Wind Power Plant Expert System
SERV intelligent operating system
DIAG intelligent diagnostic system
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