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Abstract
A flexible model which is based on a Triangular intuitionistic flexibility ranking and aggregating (TIFRA)
operator is proposed for failure detection and reliability management in a Wind Turbine system. The model
which is employed when there are limited research data and valid source of information, uses expert-based
knowledge/opinion for failure detection and reliabilitymanagement. The results from the study concludes that,
the most important area affected by failure with respect to the failure criteria used, includes; oil level sensor tilt
sensors for tower installation and accelerometers for tower sway (A2), Pressure sensor for blade monitoring
(A3), and the Pitch actuator (A4). The main advantage of the proposed method is that it provides advanced
information about faults that identifies the intensity of the system behavior also; the method provides a more
complete view of the reliability management and root cause of failure in theWind Turbine (WT) system using
the flexibility parameter in the model.
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1. Introduction
Wind Turbine technology which is an alternative source of power formation, is a
sophisticated and complex system with high automation processes [1]. The increasing
technological advancement of today’s wind power source and its high rate of used in modern
Towns and Cities have increased the concerns of its component maintenance repairing.
Healthy reliability management study and failure detection which is a requirement for a
reliable continuous operations and maintenance of machines systems [2,3] and for wind
turbines on the remote access [4]. Can be described as one of the fundamentals in today’s
Modern industrial wind turbine (WT) systems and a pre-requisite to ensuring a sustainable
failure prediction maintenance [5]. Furthermore, the idea of failure diagnosis in mechanical
systems like WT is to detect the exact faults location, as well as to determine its extent in the
systems [6].
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Since mechanical system is a group of interacting, interrelated, or interdependent
components that form a complex and unified whole [7]. Detecting faults in such system have
proven a difficult task [8], due to the dependency of its components on each other [9]. Faults in
WT can occur in a number of components, like sensors or actuators parts, however, early
detection of unexpected changes in the system, could save the WT from unforeseen hazards
and improve its performance [10,11] and reliability management.

Failure detection and estimation in mechanical system, is part of a decision-making
process in many fields of discipline including engineering. Failure estimation provides the
advanced information about faults that identifies the intensity of the system behavior. In the
reliability study of wind turbine technology, different approaches and methods have been
used, depending on the availability of data.

Some of the methods include; the use of a combined adaptive and parameter estimation
schemes that assumes a set of possible faults affecting the dynamics of the wind turbine by
Witczak et al. [12]. Odofin et al. [13] apply an eigenstructure assignment and genetic
algorithm (GA) optimization method for robust fault estimation in wind turbine systems.
Simani&Farsoni [14], presents a robust fault diagnosis and fault-tolerant control schemes for
WindTurbines systemby applying a data-driven andmodel-based approach, which is able to
cope with unknown nonlinear systems and noisy measurements. Awedni & Krichen [15],
proposed a method for enhancing the rapidity and accuracy performance of fault estimation
by using an adaptive fault diagnosis observer method for a DFIG based wind turbine system.
Michos et al. [16], proposed a probabilistic safety assessment method which is based on
Event-tree approach and Markov procedure for reliability and safety assessment of WT
systems. Akwasi & Due~nas-Osorio [17], proposed a closed-form method (Monte Carlo
simulation) for evaluating reliability in WT system and associated failure consequences.
Su & Hu [18], applied data mining techniques for analyzing the reliability characteristics of
WT system.

Cristobal [19], applied a multi-criteria decision making (MCDM) model for renewable
energy problems, which includes renewable energy planning, solar energy project, wind farm
project, etc. Kahramen et al. [20] presents a comparative analysis usingMCDMwhich is based
on fuzzy Axiomatic design and fuzzy analytic hierarchy model for renewable energy
alternative. Laska [21], presents various discussions on methods of multi-criteria analysis
(MAUT, AHP, DEMATEL, ELECTRE, PROMETHEE and Borda ranking methods) and
their rules of proceeding for accounting for decisions regarding the selection of wind farm
location in NEPoland. Lee et al. [22], proposed a newmulti-criterion decision-making (MCDM)
model, based on the analytic hierarchy process (AHP) associated with benefits, opportunities,
costs and risks (BOCR), for selection of a suitable wind farm project. Chen et al. [23] proposed
a hybrid MCDM model which includes; decision-making trial and evaluation laboratory
(DEMATEL) and DEMATEL-based analytic network process (DANP) based on
geographical information systems (GIS) for improving the performance of solar farms.
Bose and Chatteriee [24] presents a hybrid approach based on Fuzzy multiple MCDM
techniques (Fuzzy Additive Ratio Assessment, Fuzzy Multi-Objective Optimization on the
basis of Ratio Analysis and Group Decision-making method) with tactical viewpoint for
supporting the recruitment process of wind turbine service technicians. A comprehensive
detail of the methods are presented in Table 1.

The work and methods presented in [1,12–18] for fault diagnosis in wind turbine, are all
based on the availability of research data (i.e. the acquisition of valid source information
about the relevant selection of key characteristics and behaviours). While the MCDM
methods ([19–24]), weremostly used for the selection andmaking of decisions for wind farms.
However, in the event that there are limited research data or limited valid source of
information for the failure detention assessment in the wind turbine system and if flexibility
is required in the decision-making process, the above methods and approaches will
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automatically become invalid and ineffective. Hence, a new model which is based on a
Triangular intuitionistic flexibility ranking and aggregating (TIFRA) model is proposed. The
TIFRA which consist of an Induced triangular intuitionistic hybrid fuzzy weighted geometric
(I-TIHFWG) operator, and a Flexibility ranking score function is used for failure detection and
reliabilitymanagement of theWTsystem. Themain advantage of this newmodel is that it takes
into account the flexibility concerns of the group of experts associated with the reliability
management and prediction. As well as, reduces the complexity and uncertainty in using an
expert assessment method by representing adequately all such complexity and uncertainty in a
holisticmanner usingTriangular intuitionistic fuzzy number (TIFN)which is amore generalized
platform for expressing imprecise, incomplete and inconsistent information [25]. Furthermore, a
ranking sensitivity analysis of the attitudinal score function with respect to the attitudinal
parameter is provided to address the ranking problem associated with the TIFN(s) [26].

In ranking TIFN, Li [27] introduced the score and accuracy function which to date is the
most widely used method, and for converting TIFN into representative crisp value and for
performing their comparison. These functions, however, cannot handle or account for the
flexibility concerns of experts, since it assumes the flexibility concerns of each expert as
neutral. Hence, it is unable to capture holistically all the information contained and associated
with the TIFN.

The rest of this paper is organized as follows. In Section 2, themethodologywhich consists
of the TIFN and the flexibility ranking score function, TIFNs aggregation operators and the
TIFN in multi-criteria group decision-making (MCGDM) is presented. While in Section 3, a
numerical case study of the wind Turbine is presented to demonstrate the effectiveness of the
model. Finally, in Section 4 some concluding remarks are given.

2. Methodology
2.1 TIFN and the flexibility ranking score function
To define the fuzzy nature and complexity of the real world more comprehensively,
Atanassov [28] introduced IFS, which is an extension of the traditional fuzzy set.

Authors Methods for reliability assessment of WT systems

Witczak et al. [12] Combined adaptive and parameter estimation schemes
Odofin et al. [13] Eigenstructure assignment and genetic algorithm (GA) optimization method
Simani & Farsoni [14] Data-driven and model-based approach
Awedni & Krichen [15] Adaptive fault diagnosis observer method
Michos et al. [16] Event-tree approach and Markov procedure
Akwasi & Due~nas-
Osorio [17]

A closed-form method (Monte Carlo simulation)

Su & Hu [18] Data mining techniques are applied to analyze the reliability characteristics of
wind turbines

Cristobal [19] Multi-criteria decision making (MCDM) model
Kahramen et al. [20] Fuzzy Axiomatic design and fuzzy analytic hierarchy model
Laska [21] Integrated model of MAUT, AHP, DEMATEL, ELECTRE, PROMETHEE and

Borda ranking methods
Lee et al. [22] Analytic hierarchy process (AHP) and Benefits, opportunities, costs and risks

(BOCR) model
Chen et al. [23] Decision-making trial and evaluation laboratory (DEMATEL) and DEMATEL-

based analytic network process (DANP) based on geographical information
systems (GIS)

Bose and Chatteriee [24] Fuzzy Additive Ratio Assessment, FuzzyMulti-Objective Optimization on basis of
Ratio Analysis and Group Decision-making method

Table 1.
Methods for reliability

assessment of WT
systems.
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Definition 1. If the IFS A in X ¼ fxg is defined in the form [28],

A ¼ fhx; μAðxÞ; vAðxÞijx∈Xg (1)

where μA : X → ½0; 1�, is the membership function and vA : X → ½0; 1� the non-membership
function, with the condition 0≤ μAðxÞ þ vAðxÞ≤ 1; μAðxÞ;vAðxÞ∈ ½0; 1�; ∀x∈X

For eachA in X, we can compute the intuitionistic index of the element x in the setA, which
is defined as follows:

πAðxÞ ¼ 1� ðμAðxÞ þ vAðxÞÞ (2)

Definition 2. If the IFS A in X ¼ fxg is defined fully in the form A ¼ fhx; μAðxÞ;
vAðxÞ; πAðxÞijx∈Xg, where μA : X → ½0; 1�, vA : X → ½0; 1� and πA : X → ½0; 1�. The different
relations and operations for the IFS are [29,30];

(1) A $B ¼ fhx; μAðxÞ$ μBðxÞ; vAðxÞ þ vBðxÞ− vAðxÞ $ vBðxÞijx∈Xg;
(2) A þ B ¼ fhx; μAðxÞ þ μBðxÞ− μAðxÞ$μBðxÞ; vAðxÞ $ vBðxÞi jx ∈Xg;
(3) λA ¼ fhx; 1− ð1− μAðxÞÞλ; ðvAðxÞÞλi jx ∈Xg; λ > 0;

(4) Aλ ¼ fhx; ðμAðxÞÞλ; 1− ð1− vAðxÞÞλi jx∈ Xg; λ > 0 ;

(5) A ¼ B if and only if μAðxÞ ¼ μBðxÞ and vAðxÞ ¼ vBðxÞ for all x∈X;

(6) A≤B if and only if μAðxÞ≤ μBðxÞ and vAðxÞ≤ vBðxÞ for all x∈X.

Recently, the IFSs have been extended to the Triangular Intuitionistic Fuzzy Sets (TIFSs),
with the characteristic membership and non-membership values represented with the TIFN
[27]. The TIFN is therefore denoted as α0 ¼ hð½a; b; c�; μαÞ; ð½a; b; c�; vαÞi, when μα ¼ 1, and
vα ¼ 0; α0, will change into the traditional triangular fuzzy number (TFN). Generally the
TIFN α0 is defined as α0 ¼ ð½a; b; c�; μα; vαÞ for conveniences, with the membership function
represented as:

μαðxÞ ¼

8>>>>>>><
>>>>>>>:

ðx�aÞμα
ðb�aÞ ða≤ x < bÞ;

μα ðx ¼ bÞ
ðc�xÞμα
c�b

ðb < x≤ cÞ;
0 otherwise

(3)

and the non-membership function as;

vαðxÞ ¼

8>>>>>>>><
>>>>>>>>:

ðb�xþ vαðx�a0ÞÞ
ðb�a0Þ ða0 ≤ x < bÞ;

vα ðx ¼ bÞ
ðx�bþvαðc0�xÞÞ

c0�b
ðb < x≤ c0Þ;

0 otherwise

(4)

where 0≤ μα ≤ 1; 0≤ vα ≤ 1; 0≤ μα þ vα ≤ 1; a; b; c; a0; c0 ∈R:
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Definition 3. Let and α1 ¼ ð½a1; b1; c1�; μα1; vα1Þ and α2 ¼ ð½a2; b2; c2�; μα2; vα2Þ be two
TIFN and λ ≤ 0 then. The operational results for the two TIFNs are given in the
theorem [31,32].

1. α1 þ α2 ¼ α2 þ α1

2. α1 ⊗ α2 ¼ α2 ⊗ α1

3. λðα1 þ α2Þ ¼ λα1 þ λα2 λ≥ 0,

4. λ1α þ λ2α ¼ ðλ1 þ λ2Þαλ1 λ2 ≥ 0

5. αλ1 ⊗ αλ2 ¼ αλ1þλ2λ1 λ2 ≥ 0

6. αλ1 ⊗ αλ2 ¼ ðα1 ⊗ α2Þλ λ≥ 0

Definition 4. Let α1 ¼ ð½a1; b1; c1�; μα1; vα1Þand α2 ¼ ð½a2; b2; c2�; μα2; vα2Þbe two TIFN, the
Hamming distance between α1 and α2 is given as [33];

dðα1; α2Þ ¼ 1

6

����1þ μα1 � vα1
�
a1 �

�
1þ μα2 � vα2

�
a2
��þ ���1þ μα1 � vα1

�
b1

� �1þ μα2 � vα2
�
b2
��þ ���1þ μα1 � vα1

�
c1 �

�
1þ μα2 � vα2

�
c2
��� (5)

To rank the TIFN, Li [27] introduced the score and accuracy function which has become the
most widely used method for ranking TIFNs, for converting TIFN into representative crisp
value and for performing their comparison.

Definition 5. Let α01 ¼ ð½a; b; c�; μα; vαÞ be a TIFN. If the membership and non-membership
functions are represented by the score function Sðα0Þand accuracy functionHðα0Þ respectively,
then α0 can be defined as follow [27];

Sðα0Þ ¼ ðaþ 2bþ cÞμα
4

(6)

Hðα0Þ ¼ ðaþ 2bþ cÞð1� vαÞ
4

(7)

Let α01 and α02 be two TIFN. If Sðα0iÞ ¼
ðαiþ2biþciÞμαi

4 and Hðα0Þ ¼ ðαiþ2biþciÞð1− vαiÞ
4 are the

membership and non-membership functions of α0 then;

(1) If Sðα01Þ < Sðα02Þ then α01 < α02
(2) If Sðα01Þ ¼ Sðα02Þ and Hðα01Þ ¼ Hðα02Þ, then α01 ¼ α02
(3) If Sðα01Þ ¼ Sðα02Þ and Hðα01Þ < Hðα02Þ, then α01 < α02

Although the above score and accuracy functions are effective in converting TIFN into
representative crisp value and for performing their comparison, however, they are unable to take
into account the design stakeholder’s and reliability experts flexibility concerns which is critical
in the evaluation and prediction of failure in an engineering. To overcome this shortcoming, the
flexibility ranking functions are developed from the traditional Li’s score and accuracy functions.

Definition 6. Let α0 ¼ ð½a; b; c�; μα; vαÞbe a TIFN. If themembership and non-membership
functions are represented by the flexibility score function ASðα0Þ and flexibility accuracy
function AHðα0Þ respectively, and then α0 can be defined as follow;
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ASðα0Þ ¼ ðλÞ
�
aþ 2bþ cþ eλ * μλα

�
4

(8)

AHðα0Þ ¼ ðλÞ ðaþ 2bþ cÞð1� vαÞ
4

(9)

where λ is the flexibility parameter of the ranking function.

Example 1. Let α0 ¼ ð½0:2; 0:3; 0:5�; 0:3; 0:45Þ. and α01 ¼ ð½0:25; 0:3 ; 0:45�; 0:4; 0:5Þbe two
triangular intuitionistic fuzzy set for two alternatives, then we select the desirable alternative
in accordance with the flexibility score and accuracy function, when the flexibility parameter
value λ50.5.

Using Eqs. (8) and (9), ASðα0Þ ¼ 0:275, AHðα0Þ ¼ 0:036 while ASðα01Þ ¼ 0:293,
AHðα01Þ ¼ 0:033, clearly from the ranking order depending on the expert’s flexibility
concerns and the operational properties in Definition 5, it follows that; α0 < α01. Hence, the
study can conclude that the flexibility ranking functions are able to characterize
quantitatively the relations between the aggregated arguments.

2.2 TIFNs aggregation operators
Based on the flexibility ranking function of TIFNs, we present the TIHFWG operator and the
induced TIHFWG (I-TIHFWG) operator. The definition of TIHFWG operator is given as
follows;

Definition 7. Let αi ¼ ð½ai; bi; ci�; μασi; vασiÞ for all ði ¼ 1; 2; 3; :::; nÞ be a collection of
Triangular Intuitionistic Fuzzy Numbers on X. The triangular intuitionistic hybrid fuzzy
weighted geometric (TIHFWG) operator of dimension n is amappingTIHFWG:Ωn

→Ω , and
associated with the weighting vector ω ¼ ðω1;ω2;ω3; � � � ;ωnÞT to it, such that ωi ∈ ½0; 1�;Pn

i¼1ωi ¼ 1; and is defined to aggregate a collection of intuitionistic fuzzy values
ðα1; α2; α3; � � � ; αnÞ, [32,34].

TIHFWGωðα1; α2; α3; � � � ; αnÞ ¼ ω1ðασ1Þ⊗ω2ðασ2Þ⊗ω3ðασ3Þ . . . ⊗ωnðασnÞ

¼
 "Yn

i¼1

ðaσiÞωi ;
Yn
i¼1

ðbσiÞωi ;
Yn
i¼1

ðcσiÞωi

#
;
Yn
i¼1

ðμασiÞωi ; 1�
Yn
i¼1

ð1� vασiÞωi

!
(10)

where aσi is the ith largest of the of αi. Especially, ω ¼ �1
n
; 1
n
; 1=n

�
T ; then the TIHFWG

operator is reduced to the IHFWG operator.
The TIHFWG operator which is able to weights the intuitionistic fuzzy values, however,

fails in weighing the induced ordering positions of the intuitionistic fuzzy values, in order to
overcome this limitation, we develop the I-TIHFWG operator which is able to weights both
the given intuitionistic fuzzy value and its induced ordering position.

Definition 8. An induced triangular intuitionistic hybrid fuzzy weighted geometric
(I-TIHFWG) operator is defined as follows;

I � TIHFWGω;W ðhx1; α1i; hx2; α2i; hx3; α3i; � � � ; hxn; αniÞ
¼ ω1ðασ1Þ⊗ω2ðασ2Þ⊗ω3ðασ3Þ . . . ⊗ωnðασnÞ

¼
 "Yn

i¼1

ðaσiÞωi ;
Yn
i¼1

ðbσiÞωi ;
Yn
i¼1

ðcσiÞωi

#
;
Yn
i¼1

�
μασi
�ωi ; 1�

Yn
i¼1

�
1� vααi

�ωi

!
(11)
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where aσi is the weighted intuitionistic fuzzy value αiðαi ¼ nwiαi; j ¼ 1; 2; 3; . . . ; nÞÞ of the
TIHFWG pair hx1; α1i having the ith largest xiðxi ∈ ½0; 1�Þ, and xi in hx1; α1i is referred to as
the order inducing variable and αi is the intuitionistic fuzzy argument variable.

w ¼ ðw1; w2; w3; . . . ;wnÞT is the weighting vector such that wi ∈ ½0; 1�;Pn
i¼1wi ¼ 1;

i ¼ 1; 2; 3; . . . ; n; ω ¼ ðω1; ω2; ω3; . . . ;ωnÞT is the weighting vector associated with the I-
TIHFWG operator with ωi ∈ ½0; 1�; Pn

i¼1ωi ¼ 1:

2.3 TIFNs in multi-criteria group decision-making (MCGDM)
Consider a MCGDM problem with a set of alternatives A ¼ fA1; A2; A3; . . . ; Amg, and
criteria C ¼ fC1; C2; C3; . . . ; Cmg. If the characteristics of the alternatives Ai are assessed
with respect to a criterion Cj using a TIFN, then themembership and non-membership degree
of the alternatives are represented as Ai ∈Awhile criteria with Cj ∈C. In using TIFNs in the
multi-criteria decision-making, the study intends to select the best alternative according to
the intuitionistic fuzzy decision matrix RkðαijÞðk ¼ 1; 2; 3; . . . ; lÞ when the attribute
weights are known. The proposed steps for solving the MCGDM problems when the values
are expressed in TIFN are given below.

Step 1: Organize a group of experts DMkðk ¼ 1; 2; 3; . . . ; lÞwith sufficient knowledge
of the WT system to express their individual evaluation or preference to the set of
alternatives A ¼ fA1; A2; A3; . . . ; Amg ði ¼ 1; 2; . . . ; mÞ with respect to the failure
criteria C ¼ fC1; C2; C3; . . . ; Cmg ðj ¼ 1; 2; . . . ; nÞ using the information in Table 2, to
obtain the intuitionistic fuzzy decision matrix Rk ¼ ðrki Þm3n.

Rk ¼

ð½x11; y11; z11�; μ11; v11Þ � � � � � � ð½x1n; y1n; z1n�; μ1n; v1nÞ
ð½x21; y21; z21�; μ21; v21Þ � � � � � � ð½x2n; y2n; z2n�; μ2n; v2nÞ

..

. ..
.

1 ..
.

..

. ..
.

1 ..
.

ð½xm1; ym1; zm1�; μm1; vm1Þ � � � � � � ð½xmn; ymn; zmn�; μmn; vmnÞ

2
6666664

3
7777775

Step 2: With the information given in the matrix Rk, the TIHFWG operator is used to
aggregate all the decisionmatricesRkðk ¼ 1; 2; 3; . . . ; lÞ into a collective decisionmatrix
R ¼ ðaijÞm3n.

R ¼
��

aki ; a
k
i ; a

k
i

�
; μrk

i
; vrk

i

�
¼ TIHFWGωðα1; α2; α3; . . . ; αnÞ

¼
 "Yn

i¼1

ðaki
�wi ;

Yn
i¼1

�
aki
�wi ;

Yn
i¼1

�
aki
�wi

#
;
Yn
i¼1

ðμrk
i
Þ
wi

; 1�
Yn
i¼1

�
1� vrk

i

�wi

!

where w ¼ ðw1; w2; w3; . . . ; wnÞT is the weighting vector of the DMk.

Linguistic terms TIFNs

Bad (L) ([0.10, 0.90, 0.2]; 0.4, 0.4)
Unimportant (UI) ([0.20, 0.80, 0.2]; 0.4, 0.1)
Good (G) ([0.30, 0.60, 0.1]; 0.4, 0.3)
Very Good (VG) ([0.60, 0.30, 0.1]; 0.5, 0.2)
Very Important (VI) ([0.80, 0.10, 0.1]; 0.6, 0.1)
Highly Important (HI) ([0.90, 0.10, 0.2]; 0.7, 0.1)

Table 2.
TIFNs linguistic scale.
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Step 3: Using the information in Step 2, ðR ¼ ðaijÞm3nÞ; the I-TIHFWG operator is used
to derive the overall preference values ri ði ¼ 1; 2; 3; . . . ; lÞ, which is referred to as the
collective comprehensive value ri of the alternatives Ai:

ri ¼
��

rki ; r
k
i ; r

k
i

�
; μrk

i
; vrk

i

�
¼ I � TIHFWGwðhx1; α1i; hx2; α2i; . . . ; hxn; αniÞ

¼
 "Yn

i¼1

ðrki
�wi

;
Yn
i¼1

�
rki
�wi

;
Yn
i¼1

�
rki
�wi

#
;
Yn
i¼1

�
μrk

i

�wi

; 1�
Yn
i¼1

�
1� vrk

i

�wi

!

where w ¼ ðw1;w2;w3; . . . ;wnÞT is the weighting vector of the attributes.

Step 4: Calculate the flexibility scores function ASðriÞði ¼ 1; 2; . . . ; nÞ and flexibility
accuracy function AHðriÞði ¼ 1; 2; . . . ; nÞ for the membership and non-membership
functions.

ASðα0Þ ¼ ðλÞ
�
aþ 2bþ cþ eλ * μλα

�
4

AHðα0Þ ¼ ðλÞ ðaþ 2bþ cÞð1� vαÞ
4

Step 5:Rank the alternatives by the value. Make a sensitivity analysis with respect to the
flexibility concerns.

Step 6: End

3. Application of the proposed model for reliability management in the WT
system
In this section, the proposed model is applied for failure detention and for reliability
management of a WT System.

Numerical Case Study: Faults in WT can occur in a number of components, like
sensors and in the actuator parts, however, early detection of unexpected changes in the
system, could save theWT from unforeseen hazards and improve its performance [10,11] and
reliability management.

Criteria to evaluate the faults or root cause of failure in the different components of the Case
WT system have been investigated and obtained through extended consultation from a group

of experts (E1,E2,E3, andE4) with theweight vectorw ¼ ð0:2; 0:3; 0:35; 0:15ÞT respectively, the
experts are chosen based on their expertise in reliability management ofWT systems, this is in
line with work in literatures [35–37]. They were asked to rate the relevance, accuracy and
adequacy of the criteria and to confirm ‘content validity’ with regards to the operation of the
WT system. The failure criterion includes Chance of failure (O), Non-detection of Failures (D),
Severity (S) maintainability (M) and Economic cost (EC) and they have been assigned the

following weight vector ω ¼ ð0:1848; 0:2217; 0:1617; 0:2100; 0:2217ÞT, respectively.
The operational component parts of the sensors and actuator that have investigated in

this study includes; the Vibration sensor for gear box monitoring (A1), oil level sensor tilt
sensors for tower installation and accelerometers for tower sway (A2), Pressure sensor for
blademonitoring (A3), and Pitch actuator (A4). Using the assessment report from the group of
experts, the root cause of failure and the area where the failure is most likely to affect with
respect to the failures criteria is evaluated and detected using the proposed model. Details of
the evaluation steps are given below, staring with the rating of theWT system by the experts
(E1, E2, E3, and E4) as shown in Tables 3–6.
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Following the algorithm of the proposed approach in Section 4, the failure mode
alternatives are evaluated with respect to the criteria. Using the TIHFWG operator, the
Expert’s preference judgmentsRkðk ¼ 1; 2; 3; . . . ; lÞare aggregated to form the aggregated
expert’s decision matrix R ¼ ðrijÞm3n, the result of the aggregation is shown in Table 7.

Ai C1 C2 C3 C4 C5

A1 ([0.26,0.50,0.73];
0.5,0.4)

([0.36,0.54,0.77];
0.6,0.4)

([0.24,0.41,0.56];
0.6,0.2)

([0.37,0.55,0.76];
0.4,0.5)

([0.32,0.48,0.66];
0.5,0.3)

A2 ([0.33,0.50,0.83];
0.7,0.1)

([0.31,0.48,0.77];
0.5,0.3)

([0.42,0.54,0.73];
0.7,0.3)

([0.39,0.59,0.86];
0.3,0.5)

([0.28,0.44,0.63];
0.4,0.6)

A3 ([0.26,0.41,0.62];
0.5,0.3)

([0.31,0.48,0.69];
0.6,0.3)

([0.48,0.61,0.81];
0.4,0.3)

([0.28,0.39,0.81];
0.4,0.2)

([0.32,0.48,0.71];
0.5,0.2)

A4 ([0.40,0.58,0.93];
0.6,0.2)

([0.36,0.48,0.77];
0.7,0.2)

([0.30,0.41,0.56];
0.8,0.1)

([0.24,0.44,0.60];
0.6,0.3)

([0.47,0.59,0.78];
0.7,0.2)

Ai C1 C2 C3 C4 C5

A1 ([0.23,0.43,0.71];
0.7,0.1)

([0.32,0.42,0.68];
0.8,0.2)

([0.25,0.55,0.91];
0.5,0.4)

([0.32,0.45,0.57];
0.5,0.4)

([0.17,0.31,0.52];
0.6,0.3)

A2 ([0.35,0.50,0.80];
0.5,0.3)

([0.26,0.48,0.68];
0.7,0.2)

([0.25,0.44,1.00];
0.6,0.3)

([0.45,0.53,0.61];
0.4,0.3)

([0.36,0.54,0.70];
0.8,0.1)

A3 ([0.29,0.50,0.71];
0.6,0.2)

([0.37,0.54,0.76];
0.5,0.3)

([0.33,0.55,0.91];
0.7,0.2)

([0.43,0.52,0.63];
0.6,0.2)

([0.44,0.54,0.71];
0.6,0.4)

A4 ([0.41,0.57,0.80];
0.8,0.2)

([0.42,0.54,0.76];
0.6,0.1)

([0.25,0.44,0.76];
0.5,0.3)

([0.43,0.49,0.63];
0.5,0.1)

([0.46,0.57,0.71];
0.5,0.3)

Ai C1 C2 C3 C4 C5

A1 ([0.30,0.42,0.75];
0.7,0.2)

([0.35,0.50,0.79];
0.4,0.4)

([0.29,0.45,0.69];
0.7,0.2)

([0.39,0.48,0.64];
0.3,0.4)

([0.44,0.53,0.65];
0.7,0.1)

A2 ([0.36,0.63,0.94];
0.5,0.4)

([0.29,0.50,0.99];
0.7,0.3)

([0.37,0.62,0.92];
0.6,0.3)

([0.34,0.42,0.59];
0.6,0.3)

([0.39,0.51,0.65];
0.5,0.3)

A3 ([0.36,0.49,0.75];
0.6,0.3)

([0.23,0.43,0.69];
0.5,0.2)

([0.37,0.53,0.81];
0.6,0.2)

([0.47,0.60,0.74];
0.5,0.3)

([0.35,0.48,0.64];
0.6,0.3)

A4 ([0.24,0.42,0.66];
0.6,0.2)

([0.29,0.57,0.89];
0.8,0.1)

([0.22,0.36,0.69];
0.5,0.4)

([0.30,0.48,0.65];
0.4,0.3)

([0.38,0.47,0.62];
0.5,0.5)

Ai C1 C2 C3 C4 C5

A1 ([0.35,0.51,0.94];
0.6,0.3)

([0.28,0.53,0.80];
0.5,0.3)

([0.32,0.42,0.68];
0.6,0.2)

([0.48,0.56,0.68];
0.7,0.2)

([0.39,0.55,0.76];
0.6,0.3)

A2 ([0.23,0.37,0.56];
0.5,0.2)

([0.33,0.47,0.71];
0.5,0.4)

([0.26,0.48,0.68];
0.7,0.2)

([0.32,0.42,0.54];
0.5,0.3)

([0.33,0.51,0.73];
0.9,0.1)

A3 ([0.35,0.59,0.94];
0.4,0.5)

([0.22,0.47,0.80];
0.7,0.1)

([0.37,0.54,0.76];
0.8,0.1)

([0.42,0.52,0.64];
0.4,0.5)

([0.35,0.53,0.79];
0.5,0.2)

A4 ([0.29,0.51,0.75];
0.5,0.1)

([0.39,0.53,0.89];
0.6,0.3)

([0.42,0.54,0.76];
0.5,0.3)

([0.38,0.49,0.61];
0.6,0.1)

([0.29,0.39,0.62];
0.7,0.2)

Table 3.
TIFN decision matrix

by E1.

Table 4.
TIFN decision matrix

by E2.

Table 5.
TIFN decision matrix

by E3.

Table 6.
TIFN decision matrix

by E4.
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Using the I-TIHFWGA operator, when the weight vector associated with the criteria is
given as; ω ¼ ð0:1848; 0:2217; 0:1617; 0:2100; 0:2217ÞT. The comprehensive evaluation for
the four failure mode alternatives is achieved as shown in Table 8. For the different values of
the parameter λwhich is used to represent and express the flexibility concerns of the experts
when evaluating and managing the reliability of the WT system has be given in Table 9.

Discussion of Result: From the ranking result of the four failuremodes assessment, the
study can conclude therefore that the most important area affected by failure with respect to
the failure criteria used, includes; oil level sensor tilt sensors for tower installation and
accelerometers for tower sway (A2), Pressure sensor for blade monitoring (A3), and Pitch
actuator (A4).

Ai C1 C2 C3 C4 C5

A1 ([0.28,0.45,0.76];
0.64,0.23)

([0.33,0.49,0.75];
0.55,0.33)

([0.27,0.46,0.70];
0.60,0.27)

([0.38,0.50,0.65];
0.42,0.40)

([0.31,0.44,0.62];
0.61,0.24)

A2 ([0.33,0.52,0.81];
0.53,0.29)

([0.29,0.49,0.80];
0.62,0.29)

([0.32,0.52,0.86];
0.63,0.30)

([0.38,0.48,0.63];
0.45,0.35)

([0.35,0.50,0.67];
0.60,0.30)

A3 ([0.31,0.49,0.73];
0.54,0.31)

([0.28,0.48,0.73];
0.55,0.24)

([0.38,0.55,0.83];
0.61,0.21)

([0.41,0.52,0.70];
0.49,0.29)

([0.37,0.53,0.70];
0.56,0.30)

A4 ([0.32,0.51,0.76];
0.64,0.19)

([0.35,0.54,0.82];
0.68,0.15)

([0.27,0.42,0.69];
0.55,0.30)

([0.33,0.48,0.63];
0.49,0.22)

([0.40,0.51,0.68];
0.56,0.35)

F Comprehensive value

A1 ([0.313, 0.468, 0.693]; 0.555, 0.298)
A2 ([0.332, 0.501, 0.743]; 0.563, 0.305)
A3 ([0.345, 0.510, 0.732]; 0.546, 0.271)
A4 ([0.337, 0.491, 0.714]; 0.582, 0.244)

λ
A1 A2 A3 A4

Ranking FAS AH AS AH AS AH AS AH

0.1 0.075 0.034 0.078 0.036 0.078 0.038 0.077 0.038 A3 > A2 > A4 > A1 A3

0.2 0.151 0.068 0.158 0.072 0.159 0.076 0.156 0.077 A3 > A2 > A4 > A1 A3

0.3 0.231 0.102 0.241 0.108 0.242 0.115 0.239 0.115 A3 > A2 > A4 > A1 A3

0.4 0.312 0.136 0.326 0.144 0.327 0.153 0.323 0.154 A3 > A2 > A4 > A1 A3

0.5 0.396 0.171 0.414 0.180 0.414 0.191 0.411 0.192 A3 > A2 > A4 > A1 A3

0.6 0.483 0.205 0.505 0.216 0.504 0.229 0.502 0.231 A2 > A3 > A4 > A1 A2

0.7 0.573 0.239 0.599 0.253 0.597 0.267 0.597 0.269 A2 > A4 > A3 > A1 A2

0.8 0.667 0.273 0.696 0.289 0.693 0.306 0.695 0.307 A2 > A4 > A1 > A3 A2

0.9 0.763 0.307 0.797 0.325 0.792 0.344 0.797 0.346 A4 > A2 > A3 > A1 A4

Table 7.
Aggregated experts
reliability information
for the system.

Table 8.
The comprehensive
value for the failure
modes (F).

Table 9.
The ranking of all the
failure modes with
respect to the
Flexibility parameter.
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These components have the highest risk factors depending on the flexibility concerns of
the evaluating experts. The main advantage of the result presented using the proposed
approach is that the flexibility concerns of the experts are fully accounted for. Also the result
proves that the flexibility concerns of the evaluating experts can indeed affect the final
reliability decisions and result. Furthermore, the result obtained from the proposed have
proved that even when there are limited primary research data and valid source of
information, expert-based knowledge/opinion can be used for failure detection and reliability
management in WT systems as well as in other mechanical systems.

Comparison of Result: To prove the effectiveness of the model it is compared with the
MCGDM approach which is based on the triangular intuitionistic fuzzy aggregation operator
originally proposed by Li (2010) as shown in Tables 10 and 11.

From the comparison analysis, the study can conclude that the proposed approach is
effective, feasible and rational. Since the results of the triangular intuitionistic fuzzy
aggregation operator proposed by Li (2010) is in agreement with the results of the proposed
model as shown in Table 12.

λ ¼ 0:1 λ ¼ 0:2 λ ¼ 0:3 λ ¼ 0:4 λ ¼ 0:5

A1 ZðS1; 0:1Þ ¼ 0:035 ZðS1; 0:2Þ ¼ 0:071 ZðS1; 0:3Þ ¼ 0:108 ZðS1; 0:4Þ ¼ 0:147 ZðS1; 0:5Þ ¼ 0:188
A2 ZðS1; 0:1Þ ¼ 0:039 ZðS1; 0:2Þ ¼ 0:080 ZðS1; 0:3Þ ¼ 0:123 ZðS1; 0:4Þ ¼ 0:168 ZðS1; 0:5Þ ¼ 0:215
A3 ZðS1; 0:1Þ ¼ 0:042 ZðS1; 0:2Þ ¼ 0:086 ZðS1; 0:3Þ ¼ 0:132 ZðS1; 0:4Þ ¼ 0:180 ZðS1; 0:5Þ ¼ 0:232
A4 ZðS1; 0:1Þ ¼ 0:040 ZðS1; 0:2Þ ¼ 0:081 ZðS1; 0:3Þ ¼ 0:125 ZðS1; 0:4Þ ¼ 0:171 ZðS1; 0:5Þ ¼ 0:219

λ Ranking F

0.1 A3 > A4 > A2 > A1 A3

0.2 A3 > A4 > A2 > A1 A3

0.3 A3 > A4 > A2 > A1 A3

0.4 A3 > A4 > A2 > A1 A3c
0.5 A3 > A4 > A2 > A1 A3

λ
Proposed Model Model by Li (2010)
Ranking F Ranking F

0.1 A3 > A4 > A2 > A1 A3 A3 > A4 > A2 > A1 A3

0.2 A3 > A4 > A2 > A1 A3 A3 > A4 > A2 > A1 A3

0.3 A3 > A4 > A2 > A1 A3 A3 > A4 > A2 > A1 A3

0.4 A3 > A4 > A2 > A1 A3 A3 > A4 > A2 > A1 A3

0.5 A3 > A4 > A2 > A1 A3 A3 > A4 > A2 > A1 A3

Table 10.
The DMs preference
information with the

alternating the
parameter.

Table 11.
The ranking of all the

failure modes with
respect to the

Flexibility parameter.

Table 12.
The ranking of all the

failure modes with
respect to the

Flexibility parameter.
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4. Conclusion
In this paper, a Triangular intuitionistic flexibility ranking and aggregating (TIARA) model
which is based on an Induced triangular intuitionistic hybrid fuzzy weighted geometric
(I-TIHFWG) operator and an flexibility rank score function has been proposed for failure
detection and reliability management of WT systems. The advantages of this model include;
its ability to account for the flexibility concerns the experts associated with the evaluation
and management of the reliability of the WT system. It helps in reducing the complexity in
using expert assessment method by representing holistically all the complexity and
uncertainty using the Triangular intuitionistic fuzzy number (TIFN) which is a more
generalized platform for expressing imprecise and inconsistent information and finally. It
provides an opportunity for carrying out a sensitivity analysis using the flexibility score
function (flexibility parameter), thereby addressing the ranking problem normally associated
with the TIFN(s).

To demonstrate the effectiveness, feasibility, and rationality of the proposed model, it has
been compared with the similar computational model in literature. In the future, I will
continue working on the application of the proposed model in other domain.
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