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ABSTRACT

FMEA is a widely used risk assessment tool for defining, identifying, and
eliminating potential failures in a product, process, design, and services. Previous
research efforts have focused on FMEA of Horizontal Axis Wind Turbines but not
on the Failure Analysis of Vertical Axis Wind Turbines. This research aims at
enhancement of reliability of vertical axis wind turbines using Failure Mode and
Effect Analysis (FMEA) method. A total of 12 probable failure modes have been
identified, quantified and prioritized based on FMEA. The list of failure modes are
ranked according to the assigned Risk Priority Number (RPN), where the higher the
RPN value indicates the higher rank of criticality for the related failure mode.
Furthermore, based on the obtained results, a disposition and type of required
maintenance activity is suggested for critical failure modes. For analysing,
evaluating, and prioritizing of failure modes in vertical axis wind turbine, two main
approaches of FMEA (i.e. traditional Risk Priority Number (RPN) approach, Fuzzy
Logic (FL), and Dempster-Shafer (D-S) theory), the DS theory has been applied to
accommodate the diversity of opinions and taking into account the effects of
uncertainty in decision making, and the criticality of the components of system is
compared using the aforementioned approaches. In traditional RPN, the risk factors
of the system failure modes, Severity (S), Occurrence (O), and Detection (D) are
scored and by multiplying of S, O, and D, the RPN value is determined. The crisp
RPN approach has been criticised to have several deficiencies and for overcoming of
shortcomings, the if-then rules of fuzzy logic have been developed for the system
expressed in trapezoidal and triangular fuzzy membership functions; and to account

for the uncertainty level of the system evaluation and analysis, D-S theory based on



three experts’ opinions (multi-criteria decision making) has been applied to the
system as well, and finally the obtained results in every approach are compared
together. The proposed method accounts for the uncertainty, and the lack of

knowledge and experience of the FMEA team.

Keywords: Vertical Axis Wind Turbine, Failure mode and effects analysis,

Dempster-Shafer theory, Fuzzy rule.
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FMEA, {iriin, siire¢, tasarimlar ve hizmetlerdeki olas1 arizalar1 tanimlamak ve ortadan
kaldirmak i¢in yaygin olarak kullanilan bir risk degerlendirme aracidir. Son
arastirmalar, Yatay Eksen Riizgar Tiirbinleri FMEA'ya odaklanmistir, ancak Dik
Eksen Riizgar Tiirbinlerinin Ariza Analizine géz ardi edilmistir. Dikey eksenli riizgar
tiirbininin giivenilirligini arttirmay1 amaclayan bu aragtirmada, Ariza Modu ve Etki
Analizi (FMEA) yontemi kullanilmigtir. Toplam 12 olas1 ariza modu belirlenmis ve
FMEA'ya gore oncelik verilmistir. Ariza modlarmin listesi, atanan Risk Onceligi
Numarasina (RPN) gore siralanir; burada RPN degeri, ilgili ariza modu ig¢in
kritikligin st sirasini belirtir. Ayrica, elde edilen sonuglara dayanarak, her ariza
modu i¢in bir bakim ve gerekli bakim faaliyeti tiirii 6nerilmektedir. Dikey eksenli
rlizgar tirbini ariza modlarimin  analiz  edilmesi, degerlendirilmesi ve
onceliklendirilmesi i¢in, FMEA'nm iki temel yaklasimi (yani, Geleneksel Risk
Oncelik Numarasi (RPN) yaklagimi, Bulanik Mantik (FL) ve Dempster-Shafer (DS)
teorisi) uygulanmistir Sisteme bagimsiz olarak ve enerji sisteminin giivenilirlik
seviyesiyle baglantili yaklagim giicliniin degerlendirilmesi i¢in sistemin kritik
bilesenleri karsilastirilmistir. Geleneksel RPN'de sistem hatast modlarmin, Siddet
(S), Olus (O) ve Tespit (D) risk faktorleri atilir ve S, O ve D garpilarak RPN degeri
belirlenir. Keskin RPN yaklagimi, ¢esitli eksikliklere sahip oldugu i¢in elestirildi ve
eksikliklerin iistesinden gelmek i¢in, bulanik mantik kurallari, yamuk veya iicgen
bulanik {iyelik islevleri olarak ifade edilen sistem i¢in gelistirildi; Sistem
degerlendirilmesi ve analizinin belirsizlik diizeyini hesaba katmak icin sisteme (¢

uzman goriisiine (¢ok kriterli karar verme) dayanan D-S teorisi uygulanmis ve



sonucta her yaklasimda elde edilen sonuglar birlikte karsilastirilmistir. Onerilen

yontem belirsizligi ve FMEA ekibinin bilgi ve deneyim eksikligini agiklar.

Anahtar Kelimeler: Dik Eksenli Riizgar Tiirbinleri, Ariza modu ve etkileri analizi,

Dempster-Shafer teorisi, Bulanik kural.
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Chapter 1

INTRODUCTION

A Wind turbine is the system that produces electricity from the kinetic energy of the
wind. For small electricity production, small wind turbines where manufactured,
which has different size than the typical large wind turbine and produces lower
outputs. Furthermore, Micro wind turbines have many utilizes as spare electricity

generator on a boat, big travel vehicles, houses roof tops, etc...

Recently, wind power has grown impressively throughout the world. The global
installed capacity was about 318 GW at the end of 2013, which was at the end of the
2000 around 18 GW [1]. In 2013 around 35 GW of new wind capacity were added,
the lowest growth since 2008, after 44 GW in 2012. Wind’s center of growth has
been moving from North America and Europe to Asia in the last few years, which

emerged as the global leader.

Worldwide, a substantial share has been reached by the contribution of wind power
to the energy supply. By the end of 2013 all wind turbines installed around the globe
could have potentially saved a total of 640 TW/H electricity supply for the whole the
globe, around 4% of the global electricity demand. For electricity generation, around

103 countries used wind energy in the year 2013 [2].

By 2020, European Wind Energy Association (EWEA) estimates that 192 GW of

wind power capacity will be installed in the EU, producing 442 TWh of power,
1



meeting 15% of the EU’s electricity demand (2.9% from offshore). Wind provides
34% of electricity in Denmark, while Portugal and Spain get around 20% of
electricity from wind power, followed by Ireland (16%), Germany (9%) and Italy

(5%).

Based on the current growth rates, the global capacity was expected to increase up to
450°000 MW in 2016. Furthermore, at least 700’000 MW are expected to be

installed globally to World by the end of 2020 [3].

Recently, the development of small wind turbines, quiet and specified for urban use,
it is possible to harness wind power for on-site energy generation or domestic

production or agricultural districts.

These turbines, reaching a maximum of 20 kW of power, can also find space in
gardens or on rooftops, they have the ability to produce energy even from modest
wind flows and they have relatively little visual impact. Moreover, in contrast to
large wind turbines, such plants do not require major infrastructures for electricity
transmission from utilities and lend themselves to distributed generation of
electricity. Small wind systems can be utilized both as grid connected systems and as
stand-alone systems, in addition to that both can be joint with other energy

conversion systems, such as photovoltaics.

A cumulative total of 806.000 small wind turbines were installed worldwide (except
Italy and India) by the end of 2012, 76’000 of which were newly erected [4]. The
number of installed small wind turbines grew by 10% during 2012. China continues

to overshadow all other major markets, including the USA and the UK, with its



cumulative installed units of over 570’000, which represents 70% of the world
market in terms of total as well as new installed units. According to estimations,
around half of the turbines continue to produce electricity in China given that this

market started already in the early 1980s [2].

By the end of 2012, more than 678 MW has been reached by the globally installed
small wind capacity. The USA accounts for 31 % and China for 37% of this capacity
[4]. In 2012 the new small wind capacity were added was more than 100 MW, a

global capacity increase of 18%.
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Figure 1 : Global Installed Power Generation Capacity by Renewable Source [5]

As a renewable energy resource, wind power application is growing dramatically and
there are several aims to reach until the beginning of 2050 [6] as shown in figure 1.
In the present and near future these aims will face many effects and obstacles on their
planning and operation. And one of the most important effects is the reliability, so
the requirement for productive device to distinguish and after that alleviate danger of

failure is of growing significance.



This research will focus on the FMEA of a proposed micro wind turbine concept for
low speed wind conditions in North Cyprus. The probable failure modes for the
proposed design will be identified, analyzed and prioritized. Risk priority number

(RPN) will be utilized to decide the hazard need request of failure modes [65-84].

Failure Mode and Effects Analysis has been widely utilized by wind turbine
producers to prioritize the failure modes which have highest potential after
investigating and assessing [7]. FMEA is an organized, base up approach that begins
with the failure modes which are known or potential at one level and researches the

impact on the following sub-framework level [8].

From the base of the hierarchy to the top an entire FMEA investigation of a

framework frequently traverses every one of the levels (Fig.2).

WT System

Aerodynamic Electrical

Turbine rotor Pitch controller Generator startor Utility grid

Figure 2 : Hierarchical Structure of a Typical Wind Turbine System

The failure modes are generally distinguished through visual examination, online
condition checking systems; for example, ultrasonic testing and oil investigation [9],
and time-based preventive upkeep activities. For each distinguished failure mode,
their definitive impacts should be dictated by a cross-useful group which is normally

framed by authorities from different capacities (outline, operation and upkeep, and

4



power creation). The basic RPN is not enough when a few specialists give diverse
evaluations of risks to a single failure mode, which might be uncertain and imprecise.
For quantitating the uncertainty and the imprecision in failure analysing and

reliability the theory of Dempster-Shafer has been utilized [86-90].

In this study, the Dempster—Shafer has been embraced to accumulate the distinctive
assessment data by considering various specialists’ assessment conclusions, failure
modes and hazard figures individually. The results of D-S method have been

compared with the Fuzzy Logic method results [91-106].

In Chapter 2, a review on all wind turbine types and most important differences
between vertical and horizontal axis wind turbine. In Chapter 3, previous researches
in the field of applying FMEA method to wind turbine components are surveyed. In
Chapter 4, the FMEA process and its approaches are introduced with explanation of

Dempster-Shafer theory and fuzzy logic.

In Chapter 5, application of two FMEA approaches (Dempster-Shafer FMEA and
Fuzzy RPN based on 10 membership) to Vertical Axis Wind Turbine are compared

and according to taken results.



Chapter 2

LITTERATURE REVIEW

2.1 Background on Wind Turbines

There are several ideas to depict the sort of wind machines utilized. Most of the wind
machines fall into two sorts relying upon if the turbine rotates horizontally or
vertically.

2.1.1 The Horizontal Axis Wind Turbines

The wind machines that belong to this class have the greatest hypothetical power
coefficient Cp of roughly 0.45 [7]. The principle favorable position of this machine is

its powerful coefficient contrasted with alternate types.

Rotor blades

Generator
|

Wind speed and

,direction monitor
| e-.e &

p-

ﬁ‘m «—— Nacelle

Gear box |

* Yaw mechanism

| l

Figure 3 : Key Parts of Horizontal Axis Wind Turbines [10]
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2.1.2 Vertical Axis Wind Turbines

This kind of wind machine is central to this study. The rotor of this wind machine
swings in columnar direction to the course of the wind. It has a couple of advantages
and disadvantages over the HAWT listed in the table at this end of this chapter.
Commonly VAWTS can be isolated into three essential sorts:

1. Darrieus rotor or D-rotor

2. Savonius rotor or S-rotor

3. Combined rotor amongst S and D

This kind of machine (Fig 4, Fig 5) can deliver the highest power coefficient while

comparing that got from the Savonius.

Figure 4 : C-shaped VAWTSs [11]



Figure 5 : Straight blade VAWTSs [12]




The Savonius rotor contains two half chambers dislodged with the goal that one
bended face and one indented face is focused to the wind (Fig 6, Fig 7). The
refinement in delay two sides creates a torque for most, yet not total, acquaintances
with the wind. This type is the slightest complex sort of vertical center point wind
machines. It delivers a considerable beginning torque, and it is saving for the little
power essentials, in the other hand it has a lower control coefficient [7]. In this way,
not lesser than two rotors at different edges are required to promise self-beginning.
Despite the way that they are anything but difficult to manufacture. They are
considerable and overpowering differentiated and other contort turbines of relative

power yield.

F,

Figure 6 : Savonius wind turbine for pumping water



Figure 7 : Savonius Wind Turbine [13]

For dealing with the issue of small beginning torque on Darrieus wind machine
Combined rotor is one of the various ways. In spite of the way that the D-rotor has a
higher power coefficient than the S-rotor, but it is advantageous that the last has self-
starting at low tip velocity ratio and considerable accelerating torque. So, it is quite
possible to get the help of a Savonius for starting the Darrieus.

2.2 Review on Wind Energy with Emphasis on VAWTSs

Gathering wind vitality started years prior. In the beginnings mariners utilized the
force of wind to transport substantial merchandise. The primary known windmill

outline was made in the first century BC by Hero of Alexandria under the name

10



Pneumatics [14]. A picture of this innovation can be found in Figure 8. It is uncertain
whether this hardware really existed, but rather from the schematic the motivation
behind crushing corn turns out to be clear. Another early idea was produced in 900
AD by Persians [15]. This windmill was drag driven and the first to turn around its
vertical axis. A picture of the windmill is shown in Figure 9. These days, such a

design is known as Savonius rotor.

Figure 8 : Hero’s Windmill [14]
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In Europe, the windmills showed up in the twelfth century [14]. While the motivation
behind pounding corn and pumping water remained, the plan had changed a great
deal. The windmill was mounted on a house and confronted the wind course. The
rotor configuration comprised of 4 sails turning around a horizontal axis, in this way
transmitting the movement to the pound stones. Before the modern upheaval,
windmills were one of the real vitality sources [17]. Up to the eighteenth century the
European windmills were created assist by having sails as blades and being
somewhat twisted; an impression can be found in Figure 10. In the interim, an
alternate arrangement built up in the United States, a multi-bladed windmill, alluded
to as fan factories [14]. This wind factory was utilized mostly to pump water, which
is the birthplace of its moniker Pumping Jack. A case is given in Figure 11. Until the

nineteenth century more than 6 million fan mills were inherent the US [17].

12



Figure 10 : Dutch Windmill [14]

Figure 11 : American Fan Mills [14]
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In 1887 started the time of power in wind energy in Great Britain and the United
States, where the primary wind turbines, equipped for delivering power, were
exhibited [18]. The standard of all current HAWT arrangements is the Danish Design
by LeCour, who directed his study in 1890 [15]. The advancement of a more
proficient generator helped the wind vitality segment as well. In 1931, G. Darrieus
[19] proposed a plan that utilizations lift to produce torque around a columnar axis.
Lift achieves more prominent qualities than drag while encountering a similar speed
and will have a more noteworthy productivity [15]. Darrieus licensed his rotor shape
additionally known under the name Troposkien (Figure 12) and turned into the

beginning stage of VAWTSs. Conversationally this shape is alluded to as eggbeater.

Figure 12 : Darrieus Concept [13]

14



Around the 1980s escalated inquire about tasks were begun in Sandia National
Laboratory (SNL) with a 17 m high Darrieus molded turbine [20]. Flowind
purchased the plan and made it prevalent through putting a large number of turbines
in the United States (Figure 13). Subsequently Flowind turned into the best VAWT

producer.

iR

Figure 13 : Flowind Turbine along the Tehachapi Pass [21]

Beside the Darrieus shape, another shape began to show up. Dr. Peter Musgrove
suggesteda VAWT with rectum blades, otherwise called H-rotor [21], which Mc
Donnellused to build up a 40 kW H-rotor [22]. This sort of rotor did not have the
disadvantage of being secured by Darrieus patent, through the distinction in rotor
shapes. At the same time the idea of VAWTSs began to be popular in Europe. Risg
built theirown H-rotor which was equipped for creating 15 kW (Figure 14, [21]).
VESTAS also tried their own idea of a VAWT which had an expanded solidness

coming about out of the bi-plane Darrieus (Figure 15).

15



Figure 14 : Risg 15 kW Design [21]

Figure 15 : VESTAS bi-plane Darrieus [21]

16



As of now around then the possibility of Multi-Megawatt turbine emerged as
observed on the 'Eole (Figure 16) which had a rater force of 3.5 MW. It just worked
from 1987 to 1993, due to the way that bearings and upkeep were too exorbitant [23].
Not exclusively is 'Eole the largest VAWT, it can likewise be viewed as the last
breakthrough of the early era. When the oil-prizes came back to a typical level, the
enthusiasm for renewable vitality declined and as a result the VAWT studies ceased,
while the advancement of HAWTSs continued. At the start of the 21st century
renewable energies came more into center to counter the quick environmental change
[24]. In 1991 in Vindeby (Denmark) the main turbine was placed offshore [18],

instating another innovation part 2.

Figure 16 : 3.5 MW " Eole in Canada [21]

17



2.3 Wind Turbine Applications

As a power creation source, substantial number of wind turbines has been used.
Regardless, some decentralized uses on the immediate usage of mechanical shaft
control from a wind machine may be simpler and more proficient as: Circulating
consumable wastewater, Desalinating saline, warming water by fluid turbulence,

circulating air through water, water pumping
2.4 Micro-Wind Turbines

These days, there are many available models of Vertical axis wind turbines, with
various measurements and qualities as per the utilization (see Table 1). The power
ranges from 200 W to 10 kW with an energy that surpasses 17,000 kWh/year as the
yearly mean wind speed is around 12 m/s. The most generally utilized material for
their fabricate is aluminum, since both the Savonius turbines and the Darrieus utilize
blades with fixed chord geometry, that are appropriate to printing or expulsion
generation forms. blades of Darrieus and Gorlov turbines frequently utilize glass
fiber and carbon filaments.

2.4.1 Darrieus and Gorlov Turbines

Darrieus turbines, and their improvement, Gorlov turbines, constitute the best answer
for get most extreme energy generation. They are the main turbines to achieve 10 kW
control generators, despite the fact that with post mounted models which are
powerful just for housetop introduced BAWT arrangements (UGE 9M, Kessler
Spinwind). With a similar generator control, yields are for the most part higher than
customary Savonius solutions(a UGE Vision Air 5 with 3.2 kW of force guarantees
4000 kWh/year of power creation at a mean speed of 5.5 m/s, while a tantamount
Savonius display, Helix Wind S594, does not achieve 3,000 kWh/year even with a

higher normal speed - 7 m/s - and an all the more capable generator — 4.5 kW).

18



Vitality yields in the request of 14 MWh/year are gotten with a mean wind velocity
of 5.5 m/s. Their structure is characteristically more delicate than the Savonius, and
they require stopping mechanisms if there should be an occurrence of unreasonably
quick winds (models like the Kessler Spinwind do not work with wind velocity
more than 16 m/s).

2.4.2 Savonius Turbines

The Savonius turbines, constructing their operation in light of wind drag more than
wind lift, they are constrained by the tangential speed of the blades, which regardless
can't surpass the speed of the wind pushing them. Despite the fact that they are
snappier to begin than the Darrieus or Gorlov (items like Turbine Energy as of now
deliver power with winds of 1.5 m/s), they require higher velocity to perform taking
care of business, figuring out how to keep up efficiency even with winds surpassing
30 m/s (with a yearly normal rate of 18.5 m/s a Venger Wind V2 Turbo produces
23,400 kWh/year). More propelled models with settled stators notwithstanding the
traditional rotors help to locally quicken the air to build execution: a Turbina Energy
4 kKW with stators has a yearly yield which is more than twofold contrasted with a
routine Helix Wind S594 at a similar normal speed, and the Venger WindV2 Turbo
produces 70% more than a similar model without stators (17,600 kWh/year against
10,900, with a normal speed of 12 m/s). These qualities make them reasonable for
establishment in air directs inside the building or holding fast to the rooftop and
exteriors, where they can withstand turbulences superior to the Darrieus
turbines.Other VAWT models accessible available, incorporate the Aeroturbines
(Fig. 17), delivered by Aerotecture, which can likewise be mounted evenly, basically
getting to be HAWT, as in the establishment on the top of the Mercy Housing

Lakefront in Chicago by Murphy/Jahn Architects. There, eight turbines exploit the

19



overall winds from North-East and from South-South West without breaking the
strict neighborhood stature limits for structures, which would have kept the

conventional vertical mounting.

Then again, the TR Innovative iWind is a combined sort VAWT turbine, with a
Savonius rotor inside and Darrieus H formed blades outside. Because of their little
size (1.5 m high and 1.0 m in distance across) and not heavy (carbon fiber cutting

edges) they guarantee simple establishment and in addition brilliant execution

(hypothetically 10,000 kWh/year with a speed of 4 m/s and a 6 kW generator).

-

oy

p icago [25]

Figure 17 : Aerotecture turbines on Mercy Housing Lakefront roofto
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Table 1 : Characteristics and Performance of Main VAWT Turbines Available on the
Market (FIG. 18-FIG.26)

Producer Model Power Capacity | Height | Swept | Minimum | Material
kw kWh/year | m area production
(mfs) (mfs) m? speed m/s
Gorlov Turbines
UGE Hoyi 0,2 (12) | n.d. 1,3 0,84 2,5 Glass Fiber
UGE Vision 1,0(14) | 770(5.5) |32 5,76 4,0 Glass Fiber
Air3
UGE 4KGT |4,0(12) | 10.000(7) | 4,6 13,8 3,5 Carbon Fiber
UGE Vision 3,2(14) 4.000 5,2 16,60 | 4,0 Glass Fiber
Air5 (5,5)
UGE M 10,0 (12) | 14.000 9,6 61,40 | 3,5 Glass Fiber and
(5,0) Steel
Darrieus Turbines
Venger V300 0,3(14) | 661 (8) 1,0 1,0 3,5 Vetronite and
Wind steel
Ragosolar SL30 3,0(12) | 10.000(8) | 3,5 10,5 3,0 Carbon Fiber
Kessler Spinwin | 10,0 (12) | n.d. 14,2 40,0 3,0 Aluminum
d
FreeTree FreeTre | 1,2(14) | n.d. 19 3,5 34 Composites and
e Aluminum
Savonius Turbines
Helixwind S594 4,5(7) 3.000 6,0 5,88 5,0 Aluminum
turbine (7,0)
Helixwind S322 2,0(7) 1.500 33 3,19 5,0 Aluminum
turbine (7,0)
Venger Vi 2,0 5.400 (12) | 3,6 3,4 4,0 Aluminum
Wind (18,5)
Venger V2 4,5 10.900 5,7 6,2 4,0 Aluminum
Wind (20,5) (12)
Venger V2 45 17.600 57 6,2 40 Aluminum
Wind turbo (15,2) (12)
Kliux Zebra 1,8(nd) | 3.717(7) |31 7,3 3 Expanded
polyurethane
Turbina 1kw 1,0(14) |1820(7) |19 2,0 1,5 Aluminum and
Energy Steel
Turbina 4kw 4,0(14) |8130(7) |32 6,7 15 Aluminum and
Energy Steel
Sauer Wind 2,0 n.d. 1,8 1,68 5,0 Composites
Energy Charger | (11,1) polymer
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Figure 18 : UGE Hoyi Figure 19 : UGE 4K GT

Figure 20 : UGE 9M Figure 21 : Venger Wind V300
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Figure 24 : Venger Wind V1 Figure 25 : Venger Wind V2 Turbo
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Figure 26 : Turbina Energy 1kW

2.4.3: Consideration on the productivity of VAWT wind turbines

As vastly mentioned, VAWT wind turbine advancement is as of now grew enough to
allow greater scale use in urban concentrations and on structures particularly. The
data used for the examination is taken from details given by the producers. The
examination between the two turbines sorts indicates how the Darrieus display
constantly introduce a higher generation of power per control unit for any wind speed
contrasted with the Savonius show, even in the event of high deviations of the
normal yearly wind speed contrasted with the base and most extreme normal.
However regarding created energy cost for normal yearly wind velocities surpassing
12 m/s the Savonius is more advantageous. The creation of electrical vitality of
Darrieus turbines stays in actuality consistent more than 9 m/s, while the generation

of the Savonius ascends with the ascent of the twist speed without working limits [2].
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2.4.4 Wind Turbine Diagnostics

Wind energy is accessible with no restrictions. Saddling this energy utilizing wind
control advancements takes into account the potential extraction of a huge amount of
megawatts around the world. While focusing on extracting this energy in an effective
way when pay back periods and power production are to be met, for such

technologies, reliability is critical.

In the course of recent years, wind control innovations have encountered fast
mechanical headway in power electronics, aerodynamics and basic dynamics. For
improving the extraction of energy by incorporating each of these innovations, it is
foremost in the accomplishment of wind turbine outline and execution. It is
accounted that by the foundation of more wind observing stations, enhanced upkeep
methods and condition checking, the yearly power yield of wind turbines can be
expanded [26]. For keep up framework reliability, and focusing on Fault Detection
Systems and growing new Condition Monitoring Systems for applying on wind
turbines researches has been carried out. The Scientific Measurements and
Evaluation Program proved the requirement for such a framework in which field
tests demonstrated that from an aggregate number of 5500 repair activities, 25%
were created by failure, wear and untightened parts. Detecting the parts errors can be
accomplished prematurely, repair activities can be arranged along these lines
dispensing with the requirement for responsive sort upkeep. Utilizing this procedure,
machine downtime can be minimized impressively which supposedly has immense
cost suggestions especially on seaward applications [27]. For analyzing the condition
of components, CMS are currently generally utilized and can be utilized for prescient
blame discovery and preventive support. The way of wind turbine deficiencies

supposedly varies extensively between various machines which are because of the
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distinctions in outline and framework intricacy. While considering the basic
segments that make up a wind turbine framework, to be specific rotor gathering,
transmission and gadgets plainly such parts are regular to any wind control
innovation. Figure 27 shows the % distribution of number of failures for wind

turbines in Sweden.

Hub

’ Entire unit, 2.7
3 Structure, 1.5

Mechanical
Brakes, 1.2

Drive train, 1.1

Figure 27 : Distribution of Wind Turbine Failures in Sweden [28]
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2.5 Difference between HAWT and VAWT

Here, the H-rotor, Darrieus and HAWTs are the considered wind machines
Particularly, a comparison of the aforementioned wind turbines considering critical
operation factors such as basic transient and steady state characteristics, control
frameworks, maintainability, producing and electrical equipment. Table 2 shows a
summary and give primary contrasts, while discussion follows in the accompanying
pages. In addition, the similar characteristics of the H-rotor and the Darrieus turbine
permit their consideration in most VAWTSs. Using different criteria, H-rotor and

Darrieus turbines are looked into for similarities and distinctions [29].

Table 2 : Comparison of Technical Specifications and Summary of Critical
Differences for Several Turbines
H-rotor Darrieus HAWT
The most | Blade profile | Uncomplicated | Complex Complex
important Yaw Not required Not required Yes, required
differences mechanism
Pitch Yes, possible | Not possible Yes, possible
mechanism
Tower Present Absent Present
Guy wires Optional Yes No
Noise Little Modest Much
Blade area Modest Big Little
Generator site | Ground Ground Tower top
Blade load Moderate Small Large
Self-starting No No Yes
Tower Little Little Much
interference
Foundation Modest Simple Broad
Whole Uncomplicated | Uncomplicated | Complicated
structure
Technical Rated power | 500 500 500/600
specifications | (kW)
Swept area | 850 955 1370/1520
(m2)
Rated  wind | ~13.5 125 15
speed (m/s)
No. of blades | 2 2 3
Tower height | 30 50 47/50
(m)
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Turbine 35 34 42/44
diameter (m)
Blade length | 24.3 545 18/19
(m)
Blade material | Composite Aluminum Composite
Yaw No No Yes
mechanism
Pitch or active | No No Yes
stall
mechanism
Gear box Some yes/ | Yes Yes

Some no
Guy wires No Yes No
Generator site | Tower/ ground | On ground In nacelle
Rotation speed | Some constant | Semi-variable, | Constant, 18/
(rpm) 13.6/20.4 28-38 28

/some variable
Overall Simple Moderate Complicated
structure
Mass blades | 6 - 13/15
only (t)
Mass turbine | ~24 72.2 13/15
(t)
Mass nacelle | Some Absent 20/23
® ~20/some

without nacelle
Mass tower (t) | 153/32.8 Absent 36/42
Overall weight | 197/56.8 72.2 68/80

beyond
ground

(t)

level

Performance

2.5.1 Aerodynamics

28

A power coefficient is the major factor in the wind turbine performance, which
shows the amount of the power in the wind that is consumed by the wind turbine. For
a perfect wind turbine, the Betz limit is known as hypothetical greatest power
coefficient and is 0.59 [30].The power coefficient in horizontal wind turbine varies in

a range from 0.40 to 0.50 [31]. In VAWT the expression of the correct estimation of




power coefficient is hard while the operation of a couple turbines. Estimations of

power coefficient are hence in light of hypothetical reviews and on test come about

because of various reviews and are for the most part about 0.40. In 1987, Peter

expressed that broad trial and hypothetical reviews had demonstrated that VAWTS

had productivity equivalent with the best current HAWTSs [32]. Amid the most recent

two decades, the HAWT innovation has grown further, which suggests that VAWTs

could be produced in a similar manner if cash and time resources were put into

related scientific studies. For VAWT, about 20 to 30 years old are the commonly

known power coefficient. Vital advance in material and aerodynamic studies have

been made from that point forward, which should improve their efficiency. Fig. 28

shows the power curves for the various turbines.
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Figure 28 : Power Curves for Different Turbine Types [33]
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Power Control

It is fundamental that power obtained from the wind can be controlled. Additionally,
there ought to be a working ability to permit the stop of turbines at extreme wind
speeds. For the most part, HAWTSs utilize pitch control or dynamic slow down
control. This requires a sophisticated control structure and also for turn out the blades
of the wind a mechanical system will be required. Using pitch control system the
power cannot be controlled in a Darrieus. In rapid wind velocity, the ability of blades
to fold by the variable geometry invented by Peter Musgrove, One of the leading
researchers in VAWT advancement, for decreasing the probability of over speeding
of the turbine[34]. the rotational speed is kept fairly constant by the control system.
In order to decrease the power absorbed on high wind velocity, a reduction in the
ratio of tip speed will take place. Furthermore, in most cases, it is desired to employ
mechanical brakes to complement the aerodynamic or electrical brakes. In the case of

VAWT, it is possible to install mechanical brakes around the tower base.
2.5.2 Design

2.5.2.1 Structural mechanics

HAWT have blades that are subjected to inverse stress bring about by gravity around
the base of the blade; VAWT blades are devoid of this problem [35]. The
aforementioned problem is perhaps the major limitation when the sizes of HAWTSs
are to be increased [36, 32]. In addition, owing to wind shear, HAWT have blades
that are subjected to periodic loads. Such loads bring about considerable fatigue on
the blades [30]. That is, rotor blades H are subjected to high twisting moments owing
to the centripetal force [37]. The rotor H experiences larger twisting moments as
compared to the Darrieus owing to having long and straight blades. This problem

dwindles as turbine size gets larger, as the centripetal force reduces with larger
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turbine size, supposing that blade speed is constant. Generally, HAWTs possess
fairly stable torque. Conversely, VAWTSs are known to exhibit intrinsic torque
fluctuation [38]. This torque fluctuation is usually as a result of the constantly
varying direction of incidence of perceptible wind and blades. Torque fluctuations
can rapidly influence the stress life cycle of composition drive train elements and
therefore impact output power quality [39]. One can systematically alleviate the
problem of torque fluctuations by employing at least three blades rather than two
which is typically used. In addition, the issue of torque fluctuation is lessened when
the turbine is worked at a steady velocity [38].The aerodynamic forces on the sharp
edges brought on by the changing wind direction will likewise bring about cyclic
aerodynamic pressure on the cutting edges. A portion of the machines manufactured
in the 1980s experienced stress damage at the sharp edges because of repeating
aerodynamic pressure on the turning cutting edges [40]. The aluminium is the
material used to fabricate such a blades, but nowadays, the composite materials are
better to handle the properties of fatigue [40].

2.5.2.2 Construction

HAWTSs possess blades which must be capable to support it self since they are
connected just to the base. Bolster arms are used to bolster H-rotor blades. In the
other hand, more weight and structure will be added. While comparing Darrieus and
HAWT blades with H-rotor blades, the fabrication of the latter is quite simpler.
Darrieus and HAWT blades have the ability to twist, and along its whole length the
shape is different. Moreover, H-rotor blades have straight curvature distributed on
the whole length, and have a bigger area surface compared to a HAWT with the
same specified power. More materials will be utilized while making a blade with

bigger area.
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Occasionally, it is affirmed that the VAWT have no towers and are in this way
situated close to the ground with the end goal that wind is inconsistent. On the whole,
this is not usually the case. For instance, Darrieus turbine is invariably sited about
ground level and possesses an extensive form such that wind shear is quite
perceptible [41]. Conventionally, the H-rotor is positioned at the peak of a
considerably tall tower, along with the HAWT; this allows the system to experience
winds of reduced turbulence. Furthermore, it is possible to sustain turbine shafts with
Guy wires; thereby giving to it improved rigidity and robustness. Also important is
that owing to interference with the turbines, HAWTs do not possess cables which

support the whole framework.

For Darrieus turbines, Guy wires are typically employed. Conversely, Guy wires are
somewhat not compulsory in the case of H-rotors; they are beneficial in some
situations since cables are desired, but undesirable for applications including
offshore, greatly developed sites. Occasionally, owing to tower shadow, HAWTSs
experience problems related to turn interference. Fortunately, the aforementioned
issue is less severe in the counter-current turbine as compared to the downwind
turbine. The tower shadow interacts with turbine operating characteristics,

encourages power instability and amplifies noise during operation [30].

On the other hand, VAWTS are free of lattice interference given that the blades have
considerable separation from the tower. However, owing to the fact Darrieus systems
require no tower, it is possible to construct them with unelaborated foundations; this
contrasts with the other two turbines. The H-rotor must possess a modest base, while
HAWTS typically require extensive base given that much of its weight as well as the

whole drive train is situated at the tower peak.
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2.5.2.3 Yaw mechanism

The major dissimilarity of VAWTSs as against HAWTSs is that VAWTSs possess the
capability to receive wind irrespective of its direction; that is, omnidirectional.
Obviously, this comes with many gains. For example, a yaw system is not needed for
the turbine; yaw systems are also costly and occasionally collapse while in use.
Typically, yaw systems comprise control systems with drive mechanisms. Some of
the expenses attributed to this system are the purchasing expense of the equipment,
installation expense and other expenses such as for operation and maintenance.
Moreover, omnidirectional turbine operates without power loss for the period of the
time required for the turbine for the lace; it also retains this feature when there are
short wind blasts accompanied with short-term variations in wind direction. In

addition, there is zero power loss when running the yaw framework.

An omnidirectional turbine might be found where the wind is turbulent and wind
course changes as often as possible. Hence, VAWTSs have some benefits over HAWT
in considerably hilly sites, in areas where winds are exceptionally powerful and in

developed settlements.

[42] Research indicates a clear advantage in using VAWT on roofs [43]. In addition,
HAWT make more noise than VAWT, which makes the last preferred in urbanized
areas [42]. Interestingly, rooftop VAWTs are now being highly considered for
Freedom Tower's energy supply in New York [44].

2.5.2.4 Direct drive

The direct drive shows a situation where a turbine is expressly, via a pole, connected
to a generator rotor. The utilization of a direct drive generator constrains the system

such that the framework excludes a gearbox. A gearbox is frequently connected with
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breakdown and need of support [45]. Moreover, a direct drive framework is a great
deal more proficient as compared to a generator that comprises a gearbox, given that
such gearbox is an origin of problems corresponding to the problems in the generator
such as wear and tear. The general framework, while barring a gearbox, is more
straightforward and it is less demanding to introduce. Going further, directly coupled
wind turbines possess the capacity to respond quicker to variations in the wind speed
and direction. Moreover, direct drives decrease the torsional stress on drive shafts set
up as a result of eigen recurrence motions which in this way constrains the pole such
that its thinner than when an apparatus box is utilized; hence, H-rotors systems can

be set up with considerable reduction in the mass of supporting tower [46].

The direct drive system is usually enormous and relies on larger measurements as
compared to the ordinary generator; therefore exist focal points in utilizing a vertical
pivot turbine with a direct drive generator and setting the generator on the foundation
level, considering that bulkiness is not a concern. So far, HAWTSs that rely on direct
drive machines have remained quite competitive and some corporations that deal
with such include Enercon, one of the major manufacturers of turbines for wind
systems in Germany [47].

2.5.2.5 Pivot direction

The perpendicular rotating pivot of a VAWT allows for the positioning of the
generator at the tower bottom. This arrangement allows the establishment, running
and maintenance of the whole setup much less demanding.

Considering a VAWT, it is possible to construct the tower of lesser weight as the
nacelle is excluded; this lessens auxiliary burdens, including problems about erecting

the tower [37].
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It is important that the setup and generator configuration are centered around
productivity, expense and minimizing upkeep. Moreover, it is likewise possible to
situate on the ground the control framework; this setup will encourage access.

2.5.2.6 Size

An approach for wind control advancement is to expand the span of turbines. Also,
the enthusiasm for seaward wind control has expanded. Considering seaward
applications, the establishment and establishment expenses are high to the point that
it turns out to be more practical with bigger turbines [32]. Eurowind Developments
Ltd. [48] puts stock in MW (Mega-Watt) VAWTS [48, 49]; interestingly, Musgrove
had some 20 years earlier recommended the same [32]. They together argued that
HAWTS having realized its greatest range, hence financial advantage could no longer
be obtained as a function of its size [36, 32]. The purpose behind this is the
consistently turning around gravity stacks on the sharp edges, which becomes severe
for more extensive turbine estimates. Conversely, such breaking points are not found
in VAWTSs in this way VAWTSs can be decently swapped for HAWTSs since the
capacity of such turbines is required to keep growing [49,32]. Then again Riegler
reserves great admiration for small VAWTSs [42]. In addition, HAWTSs were posited
as quite prudent and surpassing their overall usefulness as compared to huge turbines
would be difficult. However, it was considered that for ranges for which HAWTSs
have low efficiency, it is possible to adopt small VAWTs. An example of the
aforementioned situation includes hilly territories or districts with a great degree of

turbulent winds, for instance rooftop tops.
2.5.3 Cost

Generally, the overall expenditure for a wind turbine comprises the costs for

construction cost, reliability analysis, location arrangement, foundation and
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maintenance [47]. When looking at the assembling expenses of VAWTs and
HAWTS, such expenses should assume that the HAWTs are manufactured in
extensive numbers and some time has elapsed after its delivery. Incorporating the
time perspective offers more astute and less expensive arrangements, since massive
number of parts produced can be delivered in masse; this setup considerably reduces
overall costs. Besides, with rapid growth in innovation, it is now conceivable to
considerably the capacity of HAWTS, significantly bringing down the cost for every
introduced KW. Presently, there are no large scale manufacturers of VAWTs. We
note that wind turbine cost is often expressed as cost for every produced useful
power; that is cost/kWh. The created usefulness of a specific turbine relies upon the
proficiency of the turbine, that is assessed using a power coefficient, CP. The
distinction in expenses amongst VAWTs and HAWTs meant for arranging,
delivering, conveying, raising a turbine and for operation and maintenance is mostly
administered based on the diverse expenses used for creating the turbine, including
the expenses for operation and maintenance, but with few exemptions. It is probably
simpler to construct a less bulky and extensive VAWT tower, and it may be less
demanding to convey the smaller HAWTSs sharp edges, though Darrieus turbine
bended cutting edges are extremely hard for conveying. Interestingly, in order to
estimate HAWTs CP, the CP for VAWTSs is usually relied upon [50]. Furthermore,
the H-rotor’s plan depends on effortless operation. When yaw frameworks and
substantial nacelles are precluded, and along with employing plain cutting edges,
generation expenses can be brought down despite the fact that the H-rotor as a rule
possess more protracted sharp edges than a HAWT. In Darrieus turbines, cutting
edges are costly to produce given that they are protracted and as well twisted and

here and there likewise turned. [51] shows that VAWTS expenses could perhaps be
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outrageous as compared to HAWTS. It is vital to lessen the expenses connected with
running and upkeep such that the aggregate cost is maintained relatively low.
Considering the seaward commerce, it turns out to be significantly more critical to
have a machine that necessities as meager upkeep as could reasonably be expected.
This gives leeway for the VAWT given that its basic setup and couple of portable
constituents need not as much of upkeep as compared to the HAWT. Besides, twist
turbines devoid of yaw framework and pitch framework, but with every single
electrical part on the ground, can for the most part be kept up from the tower bottom
such that the need for cranes or mounting is eliminated. In the case of HAWTSs, many

of the parts are required to be kept up from the tower peak.
2.5.4 Environment and noise

At the point where we employ guy wires to bolster wind turbines, extensive ground
territory is secured. In any case, space can as a rule by obtained given that wind
turbines ideally are assembled in locations of level of ground, also ensuring that
considerable distance separates the setup and structures. Moreover, safety measures
for streets and structures are imperative at any rate, particularly if icing should be
considered. In cultivated zones, this could turn into an issue. The H-rotor is required
to create a great deal less commotion as compared to a HAWT. Wind turbines
possess two primary hotspots where considerable clamour occur; streamlined
commotion attributed to the turbine's sharp edge ends and rotary commotion which
are attributed to drive prepare parts. The streamlined clamour becomes more severe
with expanding edge end and turbine speed [52]. A VAWT for the most part has a tip
speed which is roughly a large portion of the tip speed of a HAWT and it in this
manner delivers less streamlined commotion [50]. Given that VAWTS have driven

prepare segments on the ground, conceivable clamour originating from such
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constituents won't spread as effortlessly as compared to when drive prepare segments

are arranged at tower peak [38].

Generally, Darrieus turbines pivot quicker as compared to H-rotors, yet for a
particular size, it is not as quick as the HAWT. It will in this way deliver more
commotion as compared to H-rotors yet lesser clamour as compared to HAWTS. The
VAWT 260 when observed in operation was found to generate lesser noise [53]. The
H-rotor can be considered not that destructive to flying creatures, given that the
edges revolve at low speeds; the speed of the edge appears to influence the hazard for
crash incredibly [54]. Moreover, issues with frosting are seldom extreme in VAWTS
as compared to HAWTSs. Also, not much security separation is necessitated. One can
attribute this feature to the smaller revolution speed of a VAWT given that frosty
part that comes off are not able to achieve a speed focused upwards when coming off

a VAWT,; this may be the situation with frosty parts coming off a HAWT sharp edge.
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2.6 Advantages and Disadvantages of VAWTs compared to HAWTs

The relative points of interest and impediments of VAWTs and HAWTS are given

below:

Table 3 : Advantages and Disadvantages of Vertical Axis Wind Turbine

Advantages

Disadvantages

VAWT does not require positioning of the rotor toward wind
courses because it is an omni-directional machine. In this
way, the yaw component is unnecessary for VAWT which
was used as a component of typical HAWTSs. Hence, whilst
the rotor is moving in the direction of wind course power is
not lost [55].

For a similar wind velocity, HAWT has higher
performance comparing to VAWT, achieving less
power yield.

Many VAWT is situated on the ground while HAWTSs are
positioned on high area tower. Following this setup for
VAWTS, the significant transmission structure, control box,
gearbox and generator and may be assembled on the
foundation level, allowing accessibility for maintenance and
uncomplicated operation.

VAWTSs are for the most part not self-beginning
(aside from by all around outlined components).
In any case, the Savonius rotor is an exemption
yet it has genuinely low effectiveness [19].

The general structure of VAWT is shorter than HAWT
realizing less commendable visual impact on its surroundings.

VAWT is situated and assembled near the
foundation level, it is exposed to more stress and
less wind speed. In this way, HAWT has greater
power yield than VAWT with a rotor that has the
same and weight and size.

Many VAWT are easy to fabricate, for instance, Savonius
wind machine producing satisfactory torque for several
applications. In this way, VAWT must be considered. in the
uses which escape from expensive pays.

Some VAWT types need a guy cable to fix it
upright.

In HAWT are exposed to cantilever loads causing curvature
force at the base of the blade. But, centrifugal force balancing
is an initial parameter while designing a VAWT. The blades
[56].

In HAWT, the power yield and the torque are
approximately stable. In the other hand, in
VAWT, the power yield and torque produced
vacillate in a cyclic way amid every acceleration
and deceleration.
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2.7 Previous FMEA Applications on Wind Turbines

Previous researches in failure mode and effect of wind turbines had focused on

horizontal axis wind turbines, aiming to improve their quality for high electricity

production (Wind farms, Huge wind turbines, etc...) considering the number of

components. In this thesis the FMEA is utilized for analyzing the reliability of

VAWTS, which has less number of parts.

Table 4 : Previous Studies on Failure Mode and Effect Analyses of Wind Turbines

Component | Failure type | Literature HAWT | VAWT Analysis
Type Type Method
Blades Mechanical Kahrobaee et al | 3 MW Risk-Based
failure (2011) [60] FMEA
(Cyclic Dinmohammadi 5 MW Basic
fatigue) et al (2013) [58] FMEA
Hoseynabadi et al | 2MW Software
(2010) [57] Based
FMEA
Bharatbhai (2015) | 5 MW Failure
[59] modes,
effect and
criticality
analysis.
(FMECA)
Veers (1983) [62] 100 kw Fatigue
analysis
Veers(1982) [63] 100 kw Fatigue life
assesment
Tower and | Fracture and | Kahrobaee et al | 3 MW Risk-Based
structure fatigue (2011) [60] FMEA
Dinmohammadi 5 MW Basic
et al (2013) [58] FMEA
Hoseynabadi et al | 2MW Software
(2010) [57] Based
FMEA
Bharatbhai (2015) | 5 MW Failure
[59] modes,
effect and
criticality
analysis.
(FMECA)
Gearbox Fracture and | Kahrobaee et al | 3 MW Risk-Based
cyclic fatigue | (2011) [60] FMEA
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of internal Dinmohammadi 5 MW Basic
components | et al (2013) [58] FMEA
Hoseynabadi et al | 2MW Software
(2010) [57] Based
FMEA
Tavner et al | 2MW Basic
(2010) [61] FMEA
Bharatbhai (2015) | 5 MW Failure
[59] modes,
effect and
criticality
analysis.
(FMECA)
Hydraulic blockage and | Kahrobaee et al | 3 MW Risk-Based
systems thermal (2011) [60] FMEA
Hoseynabadi et al | 2MW Software
(2010) [57] Based
FMEA
Bharatbhai (2015) | 5 MW Failure
[59] modes,
effect and
criticality
analysis.
(FMECA)
Mechanical Mechanical Kahrobaee et al | 3 MW Risk-Based
Brakes failure (2011) [60] FMEA
(Cyclic Dinmohammadi 5 MW Basic
fatigue) et al (2013) [58] FMEA
Hoseynabadi et al | 2MW Software
(2010) [57] Based
FMEA
Bharatbhai (2015) | 5 MW Failure
[59] modes,
effect and
criticality
analysis.
(FMECA)
Main shaft Fracture and | Kahrobaee et al | 3 MW Risk-Based
thermal (2011) [60] FMEA
Dinmohammadi 5 MW Basic
et al (2013) [58] FMEA
Hoseynabadi et al | 2MW Software
(2010) [57] Based
FMEA
Bharatbhai (2015) | 5 MW Failure
[59] modes,
effect and
criticality
analysis.
(FMECA)
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Rotor lifetime Dinmohammadi 5 MW Basic
Bearings et al (2013) [58] FMEA
Bharatbhai (2015) | 5 MW Failure
[59] modes,
effect and
criticality
analysis.
(FMECA)
Rotor Hub Mechanical Dinmohammadi 5 MW Basic
failure et al (2013) [58] FMEA
(Cyclic Bharatbhai (2015) | 5 MW Failure
fatigue) [59] modes,
effect and
criticality
analysis.
(FMECA)
Pitch Mechanical Kahrobaee et al | 3 MW Risk-Based
Mechanism | failure (2011) [60] FMEA
(Cyclic Dinmohammadi 5 MW Basic
fatigue) et al (2013) [58] FMEA
Hoseynabadi et al | 2MW Software
(2010) [57] Based
FMEA
Bharatbhai (2015) | 5 MW Failure
[59] modes,
effect and
criticality
analysis.
(FMECA)
Generator Overheating | Kahrobaee et al | 3 MW Risk-Based
(2011) [60] FMEA
Dinmohammadi 5 MW Basic
et al (2013) [58] FMEA
Hoseynabadi et al | 2MW Software
(2010) [57] Based
FMEA
Tavner et al | 2MW Basic
(2010) [61] FMEA
Klein et al (1990) | 200 KW Basic RPN
[64]
Bharatbhai (2015) | 5 MW Failure
[59] modes,
effect and
criticality
analysis.
(FMECA)
Yaw System | Mechanical Kahrobaee et al | 3 MW Risk-Based
failure (2011) [60] FMEA
(Cyclic Dinmohammadi 5 MW Basic
fatigue) et al (2013) [58] FMEA

42




Hoseynabadi et al | 2MW Software
(2010) [57] Based
FMEA
Bharatbhai (2015) | 5 MW Failure
[59] modes,
effect and
criticality
analysis.
(FMECA)
Electrical Mechanical Kahrobaee et al | 3 MW Risk-Based
systems failure (2011) [60] FMEA
(Cyclic Dinmohammadi 5 MW Basic
fatigue) et al (2013) [58] FMEA
Hoseynabadi et al | 2MW Software
(2010) [57] Based
FMEA
Bharatbhai (2015) | 5 MW Failure
[59] modes,
effect and
criticality
analysis.
(FMECA)
Converter Overload Kahrobaee et al | 3 MW Risk-Based
(2011) [60] FMEA
Dinmohammadi 5 MW Basic
et al (2013) [58] FMEA
Hoseynabadi et al | 2MW Software
(2010) [57] Based
FMEA
Tavner et al | 2MW Basic
(2010) [61] FMEA
Bharatbhai (2015) | 5 MW Failure
[59] modes,
effect and
criticality
analysis.
(FMECA)
Main frame Mechanical Dinmohammadi 5 MW Basic
failure et al (2013) [58] FMEA
(Cyclic
fatigue)
Nacelle Mechanical Dinmohammadi 5 MW Basic
failure et al (2013) [58] FMEA
(Cyclic Hoseynabadi et al | 2MW Software
fatigue) (2010) [57] Based
FMEA
Bharatbhai (2015) | 5 MW Failure
[59] modes,
effect and

43




criticality

analysis.
(FMECA)
Screws Corrosion Dinmohammadi 5 MW Basic
et al (2013) [58] FMEA
Transformer | Short-circuit | Dinmohammadi 5 MW Basic
et al (2013) [58] FMEA
Tavner et al | 2MW Basic
(2010) [61] FMEA
Bharatbhai (2015) | 5 MW Failure
[59] modes,
effect and
criticality
analysis.
(FMECA)
Drive train Deterioration | Tavner et al | 2MW Basic
(2010) [61] FMEA
Controller Mechanical | Bharatbhai (2015) | 5 MW Failure
failure [59] modes,
(Cyclic effect and
fatigue) criticality
analysis.
(FMECA)
Kahrobaee et al | 3 MW Risk-Based
(2011) [60] FMEA

e [Hoseynabadi et al] (2010)

The core framework researched is a 2 MW wind turbine based on a Doubly Fed

Induction Generator (DFIG), which is then contrasted and a theoretical wind turbine

framework utilizing the Brushless Doubly Fed Generator (BDFG) of a similar rating.

As soon as FMEA data was created, it was adjudged during assembling such that

failure problems can be identified for the whole framework, subassemblies and parts.

This could be a valuable methodology for manufacturers to spot lapses in the WT

architecture. The outcomes demonstrated that the R80_ was more dependable than

the R80 because of the more solid generator and gearbox composition [57].
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e [ Dinmohammadi et al] (2013)
The benefits of the suggested fuzzy rule bases and grey hypothesis approach for

application to FMEA of seaward wind turbine frameworks can be abridged as below:

a. The proposed fuzzy-FMEA technique gives a sorted out system to consolidate the
subjective (specialist knowledge) and quantitative (SCADA field information)

knowledge to be utilized for FMEA analysis;

b. The suggested fuzzy-FMEA technique becomes invaluable when failure data are

inaccessible or inconsistent;

c. The utilization of semantic terms in the investigation empowers the specialists to
express their assessments all the more practically and consequently enhancing the

relevance of the FMEA method in seaward wind sites;

d. The relative impacts of hazard variables are thought about during the time spent
prioritization of failure modes such that suggested FMEA becomes more reasonable,
deployable and adaptable [58].

e [Bharatbhai] (2015)
The outcomes of failure analysis show that the general failure resistance of the 5M

wind turbine is quite low.

Besides, this examination concentrated on reliability study when the turbine was not
able to deliver any electrical power. In the event that the meaning of failure was
adapted to consider pitch and yaw framework collapse, the ruggedness and resilience

of the turbine would be considerably lessened.
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The research also recognized major constituents vulnerable to failure, for example,
the turbine cutting edges and greasing framework, and showed the requirement for
condition observing to ascertain valuable maintenance [59].

e [Kahrobaee et al] (2011)
This research presented another quantitative approach for the FMEA investigation of
the wind turbines in view of their failure modes impact on the overall failure cost.
This strategy was employed for a 3MW direct drive twist turbine as a contextual
investigation, and results show a more reasonable recognition of failure modes. The
estimations of CPN presented in the study indicate the crucial failure modes, as well
as be used for estimating of overall failure expenses of wind turbines for time periods
of concern. Intricacy of utilizing customized software was eliminated by utilizing
MS Excel spreadsheet, and accordingly, this strategy can easily be utilized for
various sorts and areas of the wind turbines [60]. Lastly, sensitivity studies were
carried out keeping in mind the end goal to observe the effect of different parameters
on AFC wind turbines.

e [Tavner et al] (2010)
This paper applied the FMEA to the design for availability of a 2MW, geared,
exemplar R80 wind turbine design used in the EUFP7 ReliaWind Consortium. The
technique was used to compare the prospective reliabilities of three versions of the
geared R80 turbine with different drive train solutions. These solutions have been
proposed to reduce overall wind turbine failure rate and raise its availability [61].

o [Klein et al] (1990)

The study showed the outcomes of FMEA experiments for the wind turbine
generators. The FMEA was carried out for the operational constituents of every

system, subsystem, or segment [89].
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The FMEA showed the requirement for various plan changes [64]:

1. Disk brakes on high speed shaft
2. Primary safety devices

a. Overspeed

b. Vibration

c. Feather pressure

d. brake pressure

e. Yaw error

f. Alternator over/reverse current
3 Redundant sensors

4 Intruder alarm

The last FMEA additionally gave project administration staffs guidelines on the level

programs for safety and risk assessment that are acceptable for this design.
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Chapter 3

METHODOLOGY

3.1 FMEA PROCESS

The emergence of a failure is a phenomenon that can make a disorder in any complex
system and result in a delay in production [65]. Therefore, for confronting the
different failures which may occur, the experts take the proper measures in different
steps like designing, manufacturing, and operation [66]. Failure Mode and Effect
Analysis (FMEA) is a risk management approach that prevents probable failures in
the system and provides the foundation for policies and remedial measures to tackle
them.

FMEA was first employed in the 1960s in aerospace companies as a risk
management tool during designing phase, and afterwards, this method is being used
in other sectors such as automotive industry [67].

Risk management is mandatory based on ISO 31000:2009 which provides generic
guidelines and frameworks to risk management processes. Using 1SO 31000:3009 is
beneficial to effectively achieve organizational objectives and utilize resources for

risk treatment by identifying opportunities and threats [68].

In FMEA process, the main objective is to distinguish the critical components of the
system, and the output of this technique is scheduled plans for performing preventive
or predictive maintenance strategies before any potential failure occurs. In other

words, the aim of FMEA is (1) to recognize the failure modes occurring during a
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definite period of system, (2) to determine the reasons for any failure occurrence, (3)
to evaluate the effects of each failure, and (4) to prioritize the failures [69]. The

flowchart of FMEA hierarchical process is shown in Figure 29.

Hierarchy Modelling of System
¥
Functional Analysis
C ; .
Failure Mode & Effect Analysis

dentify Potential Failure Modes

|
Y

Determine Failure Effects —

Y

dentify each failure cause

Y

List current controls process

Y
¥ k4
Aszsign
Assign Probability value | | Detectability value Assign Severity value
X

¢l Calculate RPN |«

Recognition of Critical Components
¥

Scheduling the Maintenance Plan
Y

Analysis of Results

Figure 29: FMEA Process Flowchart
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In general, FMEA method can be categorized in three main types [70]:
System/Concept FMEA “S/CFMEA” (Driven by System functions):

A system can be conceived of as a connected configuration of subsystems and parts
to perform various functions. FMEAs frameworks are commonly ahead of schedule,
before the determination of particular system components.

Design FMEA “DFMEA” (Driven by component functions):

A Design/Part is a unit of physical equipment that is envisioned as a solitary
replaceable part as for repair. FMEA plans are normally carried out later on in the
assembling stage when particular components are known.

Process FMEA “PFMEA” (Driven by process functions & part characteristics):

A Process is a chain of steps that are set out to deliver a product or function. A
FMEA process may include fabricating, assembling and exchanges or support.

A FMEA procedure is led in three fundamental strides:

Step 1: By dividing the system into subsystems and components, the main modules
are categorized in a bottom-up diagram (as shown in Figure 30), and upon the
occurrence of any failure in any component, the effect chain is traceable at higher

levels [71-73].

Main System
| |
¥ ] 1
Subsystem 1 Subsystem2 ... .Subsystemn
L | | | |
| | ¥ 1
Component 1.1 Component 1.2 Component2.1 Component22 Compoenetn. Componentn.2

Figure 30 : System Hierarchical Structure
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Step 2: FMEA method is evaluable both qualitatively and quantitatively. By
considering three parameters, i.e. Severity (S), Occurrence (O), and Detection (D),
and allocating a number betweenland10, Risk Priority Number (RPN) is calculated

according to the following formula [73-76].

RPN =S *x0 x D 1)

The method of allocating a number to any risk parameter is summarized in Tables 6
to 8. RPN shows the amount of potential risk in the observed failure modes of the
system. The key parameter of basic approach of FMEA process in selecting the
maintenance policy is allocation of a number between 1 and 10 to every risk factor of
failure mode and categorizing them so that the more critical failure is, the allocated
number is higher and the more periodic inspection of the related component is

required.

Table 5 : Severity Rating Criteria of a Failure in FMEA [77-82]

Rating Effect Severity of effect
10 Dangerous with no | Very high severity ranking when a probable failure
cautioning mode affects system operation without warning
9 Dangerous with Very high severity ranking when a potential failure
8 Extremely high System unusable with catastrophic failure
7 High System unusable with equipment damage
6 Moderate System unusable with minor damage
5 Low System unusable without damage
4 Extremely low System usable with considerable degradation
3 Minor System usable with little degradation of
2 Extremely minor System usable with least interference
1 None No effect
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Table 6 : Occurrence Rating Criteria of a Failure in FMEA [77-82]

Rating Probability of Occurrence | Failure Probability

10 Almost Certain >0.5

9 Very High 0.16666666

8 High 0.125

7 Moderately High 0.05

6 Moderate 0.0125

Low 0.0025

4 Very Low 0.0005

3 Remote 0.000066

2 Very Remote 0.0000066
Nearly impossible 0.00000066

Table 7 : Detection Rating Criteria of a Failure in FMEA [77-82]

Rating|Detection Likelihood of detection by control mechanism

10 [Total uncertainty |Control system cannot recognize probable reason for

9 |Extremely remote [Extremely remote prospect the control mechanism will
spot probable reason for failure mode

8 [Remote Remote prospect the control mechanism will spot
probable reason for failure mode

7 |[Verylow Extremely small prospect the control mechanism will spot
probable reason for failure mode

6 |Low Small prospect the control mechanism will spot probable
reason for failure mode

5 |Moderate Moderate prospect the control mechanism will spot
probable reason for failure mode

4 |Moderately high [Moderately high prospect the control mechanism will spot
probable reason for failure mode

3 High High prospect the control mechanism will spot probable
reason for failure mode

2 |[Extremely high [Extremely high prospect the control mechanism will spot
probable reason for failure mode

1 |Nearlycertain  |Near certain prospect the control mechanism will spot
probable reason for failure mode
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Allocation of numbers in RPN method is accomplished by specialists who are
experts in system functions and the amount of the effect of any failure, so two
factors, i.e. the experience and knowledge of specialists, are effective on the final
results. Therefore, an improved parameter called Weighted RPN is utilized. The
weighting is based on the following coefficients given to the obtained RPN: out of
question (1), very confident (0.9), confident (0.7), less confident (0.25), and not
confident (0.1). By considering experience and knowledge in the final results, the
RPN value will be a qualitative evaluation, and the numbers are just comparative in

rating the critical parts of the system.

Due to numerous criticisms against RPN method, it has not been considered as an
ideal approach and has been replaced by alternative methods in FMEA. The most

important criticisms are: ([78], [83], and [84])

e Distinctive combinations of O, S and D evaluations may create a similar
estimation of RPN, yet their concealed risk basis might be diverse
completely. For instance, two distinctive failure modes with the estimations
of 5, 7, 2 and 10, 1, 7 for O, S, and D, individually, will have an identical
RPN estimation of 70. In any case, the concealed risk basis of the two failure
modes might be altogether different as a result of the diverse severities of the
failure outcome. Now and again, this may bring about a high-risk failure

mode being undetected.

¢ RPNs are not persistent, and massively produced at the scale from 1 to 1000.

This result to issues in deducing the significance of various RPNs. For
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instance, is the contrast between the neighbouring RPNs of 1 and 2 the same

as or not exactly the distinction somewhere around 10 and 20?
3.2 Dempster-Shafer Theory

Based on the work done by Dempster [85] this theory was created and demonstrated
by Shafer [86]. For describing the uncertainty set in the hypothesis the belief interval
is adopted by the DS theory. Furthermore, when uncertainty, impreciseness and
incompleteness take place in information set by several sources, this strategy can
solve it [87].

3.2.1 The Frame of Discernment

Assume that ® be the set of N elements which is a finite nonempty complete set of
mutually exclusive possibilities. ® is defined as the frame of discernment. The power
set of ® is all the possible subsets, noted as 2°. There are 2" elements in the 2°. For
example, if ® = {1, 2, 3} and N = 3, the power set is 29 = {o, 1, 2, 3, 12, 13, 23,
123}, where g denotes the empty set. The D-S evidence theory starts by defining the
frame of discernment.

3.2.2 The Basic Belief Assignment (BBA)

The basic belief assignment is a primitive from of evidence theory, which is denoted
by m(X). The function m(X) is a mapping: m(X): 2° —[0, 1], and satisfies the

following conditions:

m(@) =0 2
Yxezem(X) =1 (3)
0<m(X) <1 Xe20 @)
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m(X) expresses the precise probability in which the evidence corresponds to m
supports proposition X. X may not only be a single possible event, but could be a set
of multiple possible events.
3.2.3 Belief Function (Bel)
A Dbelief function is often defined by the basic probability assignment function which

is represented by Bel(X).

Bel(X) = Yy xm(Y) ()

Bel(X) describes the overall amount of probability which have to be shared among
elements of X. It shows unavoidability, indicating the overall level of belief of X,

and represents a lower limit function on the probability of X [88]. Apparently,

Bel(@) =0 (6)

Bel(®) =1 (7

Shafer proved that for natural number n, Xyc ©:

Bel(X; UX, U--X,) = X Bel(X;) — Xayi Bel(X; N X)) + -+ (=1)" Bel(X; N X, N+ Xy) (8)

Wherei,j,k=1,2,...,n.

3.2.4 Plausibility Function (pl)

A Plausibility function (PI) is defined below:

PI(X) = 1 — Bel(X) = Synxzgm(Y) )
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Where X is the negation of a hypothesis X. PI(X) quantifies the maximal amount of
probability that can be shared among the elements in X. It expresses the overall
degree of belief associated to X and represents an upper limit function on the
probability of X [88].

[Bel(X), PI(X)] is the posteriori confidence interval which describes the uncertainty
of X. When the unawareness to proposition X is reduced, the length of interval is

lessened. The association between Bel(X) and PI(X) is illustrated in Fig. 31.

0 —_— The ignorance to proposition X ——
Bel(X) Bel(X)
— - >
PI(X)
- >

Figure 31: Belief Function and Plausibility Function

Dempster’s Combination Rule
The D-S evidence theory can amass several origins of evidence through the
combination rule. Dempster’s combination rule is stated thus: given two basic
probability assignment functions m; (X) and m;(Y), the Dempster’s combination rule
can be defined by:

0, C=0

m(C) = (m; @ mj)(C) =< TXny=Cyxyce™i®xmjM Cx0 (10)
1-3 XNY=@,vX,yc@™iXxmj()”’

Where, m(C) represents the BBA of ¢ that is supported by ith and jth combination.
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3.3 Risk Priority Number based on DS Theory

As quickly discussed in the preceding section, the D-S data theory utilizes the
confidence interval to describe the inconsistency of the hypothesis and can
successfully deal with the inadequate, inaccurate and unverifiable data of a system.
Also, the new allocation of aggregate belief can be accomplished by consolidating
numerous origins of evidence utilizing a combination rule. In addition, because of
the adaptability of the essential axoims in the hypothesis of proof, no different theory
is required to measure the inexact data of the system [89]. In this segment, the D-S
adapted evidence theory is utilized to process and model the distinction and
inconsistency of assessment data gotten from a various specialists in FMEA. The
strategy accumulates the assessment data of a many specialists on risk factors. The
assessment outcome of every specialist as for every risk calculates for every state of
failure is viewed as another evidentiary body.

3.3.1 The Structure to Frame of Discernment

There are three risk factors: occurrence (O), severity (S) and detection (D) contained
in the RPN. Since the three risk factors are unrelated to one another, three
discernment frames are required and represented by ®o, ®s and ®p. In this study,

going by Tables 5-7, the discernment frame:

0, = (1,2,3,4,5,6,7,8,9,10) i = 0,S,D (1)

Only a single value can be given to the conventional risk factor in FMEA. Diverse
specialists might give out various assessments for similar risk factors, On account of
their distinctive expertise and foundations, There might be a few values for one risk

factor.
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Assume there are L experts in a TEMA group and N failure modes: (Eg,..., E|) and
(F1, ..., Fn). Therefore, each failure mode possess three discernment frames. @}

is used to express the discernment frame of the nth failure mode to the ith risk factor,

e =(1,2,3,4,56,7,89,10) i=0,5D; n=1.2,..,N (12)

Clearly, the quantity of frames of discernment is 3N. At the point when hazard
variables are examined by specialists, there are infrequently large contrasts in the

evaluations of risk factors given by specialists.

For simplicity sake and building application, the frames of discernment can be

adapted. Practically speaking, it is possible to simplify the system of discernment.

e = minX|XC@?,minX|XC@{1 +1, "WmaXXlXc@{l (13)

Where, min X|y_gzmeans the minimum of the rank of the nth failure mode to the ith
risk factor in the evaluations of L experts. Likewise, maxX| Xcol denotes the

maximum of the rank of the nth failure mode to the ith risk factor in the evaluations

of L specialists. Additionally, it is possible to realize the subsequent:

1<minX[,_gn < maxX|[, <10 (14)

3.3.2 The Modified Belief Function and Combination Rule
The fundamental notion of a risk factor for a failure mode is allotted by various
specialists. Distinctive specialists can have diverse assessment given a similar risk

factor contingent upon their area expertise and foundation. Every specialist carries
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out individual risk evaluation as indicated by its own particular guidelines [90]. With
a specific end goal to separate the level and the expertise of specialists, the weight of
a specialist is considered. For the three risk factors and specialists, the weight can be

represented as the matrix shown below.

Wo1 1 WoL
w=|[wWs; ™ g (15)
Wp1 * WpL

where, w;; is the relative weight on the importance of jth expert to ith risk factor and
is normalized, so that

OS(D”Sl i=0,SD (16)

The bigger the wjj is the larger the importance of the expert jth for the risk factor. If
there is no sufficient rationale or knowledge to differentiate the difference of

specialists going by their assessment level, then experts are to assigned identical

weights. Taking into account the weight, the new BBA can be expressed as Ei}(.)

m;;(C) = wy; X m(C)C=O}, C =+ 6y (17)
i (0F) = 1 — Yp_en wy; X mfj(B) B # 67 (18)

where,i=0, S,D,j=1, 2, .., L, L isthe number of experts,n=1, 2, ..., N, N is
the number of failure modes.

The new combination rule of DS theory is then expressed as

0, C=¢0
S . n(wi;.mPB X)) x(wie.mlL(Y)
(€)= (7 @ T)(©) = | _maowecwsnce) @ 80 rsnl
n(mij.mir}(x))x(mig.ming(Y)) ’

1-TXNY=0,vX,YCO,

C+0 (19)
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Note that is possible to generalize Dempster’s combination rule such that it is
applicable to three or more specialists, as expressed in Eq. (19). The end outcome

characterizes the artificial consequences of each and every one source of evidence.

MP =M ML D - @M = (M ®ME) &) &M} (20)

3.3.3 Risk Priority Number

Utilizing equation (19), by combining the outcomes of various specialists in risk
evaluations the new abridged allotment function of three risk factors can be gotten by
combining the outcomes of various specialists in risk evaluations. It is possible to
conceive the new BBA as a level of belief for the observations. Since BBA fulfills
the maxim of additivity, it is possible to consider the degrees of belief as the
likelihood of ranking risk factors. The three risk factors can be viewed as discrete
arbitrary variables [87]. RPN is an function of discrete arbitrary variables.
Accordingly, the RPN is a discrete arbitrary variable with a few unique notations and
the respective associated likelihoods. Assume RPN  possess various
ratings(RPN.,...,RPN,)) with respective probabilitiesP(RPN;,...,RPN,)) for nth
failure mode based on Eq. (19) employing random theory. With a specific end goal
to assess the total risk for every failure mode, the average estimation of RPN is

required, that is expressed as given below:

MVRPN,, = E(RPN,)) = ¥,(RPN{). P(RPN;) (21)

3.4 Fuzzy FMEA

The common fuzzy approach can be described as a general method substituting older
ones for risk analysis. There are several reasons why this approach is evaluated as

better than the previous one [91].
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Firstly, it can handle both precise and imprecise information in a consistent manner.
Second, it allows combination of likelihood of failures incidence, impact and
identification in a more pragmatic manner [69]. Ultimately, the risk assessment
function can be varied based on the specific system under consideration [92].Basic

fuzzy steps at prioritization of failure modes are shown in the following Figure 32:
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DEFINITION
(Present the problem)

l

KNOWLEDGE ACQUISITION
(get information through one or more
specialist)

1

FUZZIFICATION STAGE
(Define the relevant functions)

l

RULES BASE
(Define fuzzy rules)

1

INFERENCE STAGE
- Report observation for fuzzy sets;
- Evaluate each case for every fuzzy rule;
- Combine the information from the defined rules.

l

DEFUZZIFICATION STAGE
(Defuzzificate the results)

ﬁ

Figure 32 : Fuzzy Analysis Flowchart [93]
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Prior to description of Fuzzy RPN approaches (based on 10 membership functions),
it is required to be two concepts of Membership Function and Fuzzy if-then rules
introduced.

A membership function (MF) is a curve that describes how every point in the input
space is associated to a membership value somewhere from 0 to 1. The input space is

also known as the universe of discourse (UOD).

The output-axis is a number known as the membership value between 0 and 1. The
curve is known as a membership function and is often given the designation of .
The only condition a membership function must really satisfy is that it must vary
between 0 and 1. The function itself can be an arbitrary curve whose shape we can
define as a function that suits us from the point of view of simplicity, convenience,

speed, and efficiency. A classical set might be expressed as:

Conventionally, membership values are found on the output-axis and ranges from 0
to 1. The curve is referred to as a membership function and is usually denoted by p.
The main condition a membership function should truly fulfill is such that it varies
somewhere from 0 to 1. The function is typically any arbitrary curve that given the
shape, it is possible to describe a function which is applicable considering
straightforwardness, ease, swiftness, and efficiency. For example, we can represent a

classical set as below:

A={x|x>6}. (22)
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A fuzzy set is an expansion of a classical set. Assume X is the universe of discourse
and its elements are represented by x, subsequently a fuzzy set A in X is described as

a set of ordered pairs.

(A={x, HA(X) [ x € X}) (23)

MA(X) is known as the membership function (or MF) of x in A. The membership

function associates every element of X to a membership value from 0 to 1.

The simplest membership functions are linear forms employing straight lines (Non-
linear shapes are introduced in Appendix A). Of these, the simplest is the triangular
membership function, and has been given the function name “trimf”. This function is
nothing more than a collection of three points forming a triangle. The trapezoidal
membership function, trapmf, possesses a level top and actually is only a trimmed
triangle curve. The straight line membership function has the benefit of being quite

simple (as shown in Figure 33).

0 2 I [ " 10 0 2 L [ P 1
trimf trapmf

Figure 33 : Linear Fuzzy Membership Functions

The subjects and verbs of fuzzy logic make up fuzzy sets and fuzzy operators. The if-

then rule statements are employed for formulating the conditional statements that
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make up fuzzy logic. A single fuzzy if-then rule typically is of the nature if x is A
then y is B; where, A and B are semantic values defined by fuzzy sets on the ranges
X and Y, respectively. The if-part of the rule "x is A" is known as the antecedent,
whereas the then-part of the rule "y is B" is known as the consequent. The
consequent is described by a number from 0 to 1, and the antecedent is an analysis

that results in a just a number from O to 1.

Conventionally, the input to an if-then rule is the present value for the input variable
and the output is a whole fuzzy set. Subsequently, the set is defuzzified; that is,
allotting just one value to the output in the end. Interpreting an if-then rule comprises
different parts. Firstly, we perform the evaluation of the antecedent (which entails
input fuzzifying and employing suitable fuzzy operators). Secondly, we apply the
outcome obtained from the first part to the consequent. The Fuzzy RPN (based on 10
membership functions) is derived from the “if-then” rules and it will be determined
based on the integer numbers allocated to S, O, and D (from 1 to 10) and two steps of

fuzzy logic control which are mentioned below [94].

Step 1- Based on the combination of S (as input 1 in step 1) and O (as input 2 in step
1) values (each risk factor from 1 to 10), and according to the rules in Table 5 a fuzzy
number is exploited [94]. This step is as the first stage of multi-stage fuzzy
architecture which the related generated surface of logic controller is shown in

Figure 34 [95-104].

Step 2- The rules utilized in this step are same as previous step (Table 8), and just
input parameters will be detection value of failure mode (as input 2 in step 2) and the
output number of step 1 (as input 1 in step 2) [105-106]. This step is as second stage
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of multi-stage structure and as far as rules have been kept the same as step 1, so

generated surface won’t be changed as well.

Table 8 : Fuzzy Rules Based on 10 Membership Functions

The Input 2 value

The Input 1 value
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input2 0 0 input1

Figure 34: Surface Viewer of Fuzzy Controller First Stage

Table 9 : FMEA worksheet

Component | Failure | EXPERT 1 EXPERT 2 |EXPERT3 RPN | MVRPN |Rank Fuzzy MV Fuzzy | Rank
type S IO |D S IO |D S IO ID (RPN) |Logic | Logic I(Fu_zz)y
ogic

Therefore by selection of RPN method as a basic FMEA approach and different
Fuzzy RRN methods as superseded approaches, the possible failure modes of
Vertical Axis Wind Turbines introduced at next chapter will be prioritized and

compared.
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Chapter 4

RESULTS AND DISCUSSION

In this chapter, the typical failure modes of Vertical Axis wind turbine are listed
based upon [57], [58], [59], [60], [61], and [64] and for every failure mode, values of
risk factors and the amounts of DS-RPN, and Fuzzy RPN (based on 10 membership
functions) are provided. The values are obtained from survey responses from three
specialists who are expert in Vertical Axis Wind Turbine (Weight of opinions 1.0).
After scoring and determination of failure rankings, critical components are
introduced and the related maintenance action for preventing from occurrence should

be incorporated prior to other actions.
4.1 Application of fuzzy rule based on 10 membership functions to
the Horizontal Axis Wind Turbine.

Firstly, a fuzzy FMEA has been applied to the Horizontal Axis wind turbine, basic
RPN, fuzzy RPN based on 10 membership functions and a comparison between

ranks are provided.
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Table 10 : Fuzzy FMEA for HAWT

Component Failure type RPN Rank | Fuzzy |Rank
(RPN) | Logic | (Fuzzy logic)

Brake system Mechanical failure ( Cyclic 28 11 3 3
Fatigue)

Main shaft Fracture and thermal 42 g 3 3

Gearbox Fracture and cyclic fatigue 105 2 5 1

Cables Corrosion and lifetime 6 14 2 2

Transformer Short-circuit 60 6 7 7

Generator Overheating 70 5 4 2

Power converter Overload 84 4 5 1

Bearings lifetime 24 12 3 3

Blades Mechanical failure ( Cyclic 105 2 5 1
Fatigue)

Hub Mechanical failure ( Cyclic 40 6 3 3
Fatigue)

Screws Corrosion > 6 1 3

Tower Fracture and Fatigue 140 1 5 1

Main frame Mechanical failure ( Cyclic 32 10 3 3
Fatigue)

Yaw system Mechanical failure ( Cyclic 16 13 2 4
Fatigue)

Pitch system Mechanical failure ( Cyclic 56 7 5 1
Fatigue)

Nacelle housing Deterioration 6 12 5 2

The more critical failures are located at higher ranks and by increment of rates, the
criticality decreases as shown in Table 10. The most critical failures of the system

were identified: the tower, the generator and the blades which received the highest
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ranking numbers (between 1% to 3" rankings at each approach) based on the basic
RPN. In the other hand, Fuzzy RPN rank has shown an equal priority to: Tower,
Gearbox, Power converter, Blades and Pitch system. Also trend of scored numbers in
analysis of each utilized method was very similar and it shows the same risk

importance for recognized failure modes of system, the results are listed in figure

4.2 Application and Analysis of the Proposed Technique to the

Vertical Axis Wind Turbines.

Here, the proposed technique is employed for a FMEA instance of VAWT. In the
FMEA of VAWTSs, there are three specialists, every giving an alternate hazard
appraisal. Every specialist assesses the failure modes and observes the rating data for
the three hazard variables. Table 11 presents as summary the consequences of the
three specialists' appraisal of the 12 components based on the three primary hazard
factors.

For this circumstance, we suppose that the impact evaluation of the specialist is
identical, and wij is 1. The comprehensive estimation of the failure mode ( screws)
can be communicated as takes after. Going by section 3, the frame of discernment
can be built individually:

By assuming that Screws are the failure mode 1: ©3¢¢Vs — @1

0 = (1), 05 =(21),0p = (1)

For the risk factors: O, the modified brief function can be attained using Eq. (17):
Me;(2) = 0.80 , Moy (1) =0.20 ; May(2) = 0.25 , May(1) = 0.75 ; Mas(2) =
0.60 , My (1) = 0.40.

Secondly, the combined brief function can be obtained using Eq. (19) between

Expert 1 and Expert 2:
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—1 —1
1mgq (X)X mMe2(Y)

YXNY=2vXYc 0

—1 —1
m}mz(z) =My (X) @ my,(Y) = 5 T COX b, (V)
1-2XXNY=0,vVX,YC O, ° °

B 0.80 x 0.25
~ 1—(0.20 x 0.25 + 0.75 x 0.80

=0.571

—1 —1
1 —1 —1 Z XNy =1,vX, YE @(1)m01(X)>< moy2(Y)
m0,12(1) =My (X) @ my,(Y) =

1-¥YXNnY=0,vXYc @éﬁél(X)x ML, (Y)

0.20 x 0.75

= 1-(020x025+075x 080 429

Then, the final consequence can be attained through fusing Expert 3 using eq(19):

1 1
1My 12 (X)X Mp3(Y)
0

YXNY=2VXYc ©

my(2) = Mg,1,(X) @ Mes(Y) =

—1 —1
1mg 12 (X)X Mp3(Y)
)

1-¥YXNY=0,VXYcO

0.571 x 0.60

= = 0.666
1-(0.429 x 0.60 + 0.40 x 0.571

1 1
1mg 12 (X)X M3 (Y)
0

YXNY=1VXYc 0

my (1) = Mg,1,(X) @ Mes(Y) =

—1 —1
1mg 12 (X)X Mp3(Y)
)

1-YXNY=0,VXYCO
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B 0.429 x 0.40
~ 1—(0.429 x 0.60 + 0.40 x 0.571

=0.334

As a last step, the respective probability of each rate will be obtained as result of
combining the opinion of Expert 1, Expert 2 and Expert 3. The obtained values will

be used in order to get the Mean Value Risk Priority Number.
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Table 11 : FMEA table for vertical axis wind turbine

Component Failure type | EXPERT 1 EXPERT 2 EXPERT 3 RPN | MVRP [Ran |Fuzz |MV |Rank
N k y Fuzz | (Fuzz
(RP |Logi |y y
S (6] D S (0] D S (6] D N) |c Logi logic)
c
Brake system | Mechanical 2:60% [2:10% |7 2:75% [2:60% |7 2:80% [2:90% |7 15493 [21.24 |9 233 21657
failure (Cyclic | 1:40% |1 :90% 1:25% |1:40% 1:20% |1:10% 5.194 2.33
Fatigue) 0.416 2
0.139 2
Main shaft Fracture and 2:75% [3:80% |7 2:40% |[3:90% |7 2 :20% |3:25% |7 12.96 27.29 8 261 2305 (6
thermal 1:25% |2:20% 1:60% |2:10% 1 :80% |2 :75% 0.710 2
12.92 2.61
0.70 2
Gearbox Fracture and 3 5 7 3 5 7 3 5 7 105 105 1 5 5 1
cyclic fatigue
Cables Corrosion and 3 2 1 3 2 1 3 2 1 6 6 11 |2 2 8
lifetime
Transformer Short-circuit 3:80% [5:75% |4 3:90% [5:60% |4 3:25% [5:80% |4 52.44 [57.816 |5 2 1.652 |9
2:20% |4 :25% 2:10% |4:40% 2:75% | 4:20% 2208 161 5
3.04 2
0.128 1
Generator Overheating 2 5 7 2 5 7 2 5 7 70 70 3 4 4 2
Power Overload 4:80% [3:60% |7 4:25% [3:90% |7 4:20% [3:75% |7 20.244 [67.431 |4 3 276 |5
converter 3:20% |2:40% 3:75% |[2:10% 3:80% 2:25% 0.504 3
45.549 2.7
1.134 2.34
Bearings lifetime 3:90% [2:75% |4 3:20% |2:60% |4 3:80% [2:40% |4 16.146 |20.279 |10 1.61 |1.305 |10
2:10% |1:25% 2:80% |1:40% 2:20% |1:60% 2.691 1.61
1.236 1
0.206 1
Blades Mechanical 3:40% [5:20% |7 3:60% [5:75% |7 3:90% [5:40% |7 31.119 [87.65 |2 267 [2835]4
failure ( Cyclic |2 :60% |4 :80% 2:40% |4:25% 2:10% |4 :60% 49.86 3
Fatigue) 2.5641 2.67
4.1087 3
Hub Mechanical 2 5 4 2 5 4 2 5 4 40 40 7 3 3 3
failure ( Cyclic
Fatigue)
Screws Corrosion 1 2:80% |1 1 2:25% |1 1 2:60% |1 1332 [1666 [12 |1 1 11
1:20% 1:75% 1:40% 0.334 1
Tower Fracture and 4:60% [5:10% |4 4:75% [5:20% |4 4:20% [5:25% |4 0.416 |56.464 |6 2 2 8
fatigue 3:40% |4:90% 3:25% |4:80% 3:80% |4:75% 32.95 2
0.288 2
22.81 2

Consequently, the discrete random variable O (2, 1) and the corresponding likelihood
(0.67, 0.33) can be accomplished. S is Similar to D, S (1, 100%) and D (1, 100%).
Since S and D have respective values which tend to a probability of 1, S and D can
be considered as steady variables. As posited by the random theory, the average

estimation of RPN can be achieved utilizing equation (21) as:

MVRPNg¢rews = E(RPNscrews) = Z(RPNgcrews) . P(RPNgcrews
q

=1Xx2x0666x1+1x%x1x0.334%x1=1.666
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As in other failure modes, the average RPN value can be achieved and expressed in
Table 11.

After scoring of system failure modes it is possible to prioritize them in descending
order. In the resulted ranking, the more critical failures are located at higher ranks

and by increment of rates, the criticality decreases.

As shown in Table 11, the most critical failures of system were identified: the tower
and the gearbox which received the highest ranking numbers (between 1% to 2™
rankings at each approach). Also trend of scored numbers in analysis of each utilized
method was very similar and it shows the same risk importance for recognized
failure modes of system. Finally it is resulted that by enhancement of Dempster-
Shafer theory and Fuzzy logic, precision of results is increased and aggregation of
team members’ opinions has the same effect at elevation of precision in final

findings.

So in FMEA method for increasing the availability of different systems’ parts and
improving the reliability of system operation, it is necessary to have a special

attention to most critical failure modes during scheduling of the maintenance actions.
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Figure 35 : (a) Basic RPN for HAWT, (b) Fuzzy RPN for HAWT, (c) MVRPN DS

Theory for VAWT, (d) Fuzzy RPN for VAWT and Comparison of All Approaches.
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As clearly shown in Fig 35 (c), regarding the Horizontal Axis Wind Turbine, the
components Gearbox, Power converter, Blades, Tower and Pitch system have the
highest RPN based on Fuzzy logic equivalent to 5, therefore failure modes are to be
treated similarly. Moreover, the Tower has the largest basic RPN followed by blades
and gearbox. And for the Vertical Axis Wind Turbine, based on DS-RPN, the
Gearbox has the largest rank, followed by the Blades, and Generator, which all has
RPN higher than 70. Screws are apparently the least overall risk. But based on fuzzy
logic, the Gearbox has the highest rank, followed by the generator due to their

internal components. Moreover, the Tower showed a lower rank Fig 35 (b).

Regarding Fig 35 (d), at the point when the fuzzy logic MT among the diverse failure
modes is unchanged, therefore failure modes are to be treated similarly with regard
to hazard. For instance, cables and Tower possess identical fuzzy logic MV

equivalent to 2.

Since the architecture of the VAWT has past data, the result of the failure mode
estimation is contrasted against past data. The outcomes are reliable and agree with
practical engineering context and show that the posited methodology is sound and
proficient.

4.3 Designing a plan for preventing Generator failures:

Inside the generator there are many vulnerable parts to failure like bush and
windings, which may be damaged after a period of time, so by determining an early
safe failure time based on the estimated lifetime and performing a predictive
maintenance generator is overhauled (major repair) and afterwards, it is permitted to

operate until the next overhaul service. During overhaul process, internal parts are
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inspected prior to occurrence of failure and necessary measures are taken for

maintaining the serviceability of them.
4.4 Designing a plan for preventing Tower failure:

At present, lots of wind turbines are upheld by cone like tubular steel towers. Such
towers correspond to 30% — 65% of the turbine weight and in this manner constitute
a substantial part of the turbine transportation costs. The utilization of materials of
lesser weight for tower construction can extraordinarily lessen the total transport and
development cost of wind turbines; nonetheless, firmness and sturdiness

characteristics should not dwindle [107].
4.5 Designing a plan for preventing Gearbox failure:

Wind turbine gearboxes can flop in drastically unique ways. Improvements in
unwavering quality and accessibility need to adopt an all-encompassing strategy
including  configuration,  fabricating, testing,  bundling/shipping/handling,
establishment, operation, and maintenance. Every recognition system has its own
particular points of interest and impediments. The same is valid for oil test/channel
component investigation, and end clients need to concoct an answer that is the most
temperate and viable for their benefits. Take note of that one solution for one plant
may not make a difference to an alternate site. Following and knowing your fleet
condition through different instrumentation and information mining are basic.
Regardless of the possibility that the majority of the accepted procedures with
respect to specification, fabrication, transportation, and installation of the gearbox
were taken after, a gearbox is not liable to give solid administration unless it is
worked and looked after appropriately. Legitimate maintenance is additionally basic
to solid gearbox operation. The most imperative preventive maintenance exercises

include keeping the gearbox oil perfect, dry, and cool. A large portion of the
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disappointment modes (micropitting, macropitting, scraping, scraped spot) can be
brought about in entire or to a limited extent by grease condition, and appropriately
keeping up the lubrication system is the best method for keeping these
disappointment modes. Occasional lubrication condition observing is a critical part
of a precaution maintenance program. The observing recurrence ought to be set with
the end goal that lubrication issues are recognized well before critical gear harm has
happened. Data gave by oil condition testing can be utilized to make a move to
enhance grease condition preceding the event of a calamitous disappointment or to
recognize and repair a fizzling segment before it falls flat and causes broad blow-
back to other gearbox parts. General change out of channel components is imperative
to keep up oil cleanliness, which is basically essential to rigging and bearing life.
Maintenance of the oil cooling system is additionally critical, as oil consistency is a
solid capacity of temperature, and a gearbox that is working with oil at hoisted
temperatures will have bring down lubrication film thickness and expanded rates of

apparatus and bearing life utilization.
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Chapter 5

CONCLUSION AND RECOMMENDATIONS FOR

FUTURE WORK

In this chapter, conclusions about this work with some suggestions are explained.
5.1 Conclusion

Vertical Axis Wind Turbines are turning out to be especially fascinating as result of
the possibility to generate power and with lesser failure probability. Wind generators
(200 W - 10kW) can be utilized as matrix associated platforms or as solitary
platforms and both can be combined with other vitality change platforms, for

example, photovoltaics

Ranging from 2 meters to 10 meters in height, little wind turbines can be put in urban
locations on roads or on housetops, they have generally minimal visual effect and
can deliver vitality even from moderate wind streams, and may likewise be coupled
to the systems of lighting on roads. Furthermore, little wind turbines and especially
the Vertical Axis Wind Turbine is less susceptible to bird impact, therefore it is

environment friendly.

In this research, the Failure Mode and Effect Analysis (FMEA) method with
approach of failures prioritization based on D-S evidence theory (DS-RPN), Fuzzy
RPN (based on 10 membership functions), have been applied to Vertical Axis Wind

Turbine (VAWT).

79



D-S hypothesis is embraced to account for hazard assessment data of numerous
specialists, which might be conflicting, loose and questionable. An adapted support
hypothesis is proposed for managing distinctive assessments of various specialists,
numerous failure modes and three hazard factors RPN study of FMEA of vertical
axis wind turbine. In addition, the combined three hazard components are viewed as
the discrete arbitrary factors. Therefore, the RPN somewhat depends on the discrete
irregular variable. The average estimation of RPN is utilized for the hazard priority
estimation of failure modes. Considering the VAWT, the suggested technique is

shown by a use of hazard priority estimation of failure modes in FMEA.

Increasing of Fuzzy rules for the risk analysis of FMEA team members’ opinions are
the known factors for enhancement of results precision and the uncertainty level of
risk importance factors of failures is diminished. The different evaluation
information of three experts about 12 components is aggregated. Nevertheless,
Vertical Axis Wind Turbine has less failure modes than Horizontal ones, and
severities in VAWT’s are lower than in HAWT’s. The average value of RPN is
attained based on Dempster-Shafer evidence theory and fuzzy logic.The obtained
results are compared and regarding the criticality level, suitable failure dispositions
are offered and the required maintenance activity for each of failures is introduced as

well.
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5.2 Suggestions for Further Research

The following points for future research are suggested based on the research

presented in this thesis:

e Application of Risk Based — Failure Mode And Effects Analysis for Vertical
Axis Wind Turbines :

To moderate the impacts of failures in various segments of power generation

frameworks, Risk-based FMEA will be useful for getting failure impacts rather than

the rating scales for every failure mode in Vertical axis wind turbine.
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FUZZY RISK NUMBER PROGRAM IN MATLAB SOFTWARE

[System]
Name="'RPN'
Type='"'mamdani'
Version=2.0
NumInputs=3
NumOutputs=1
NumRules=987
AndMethod="min'
OrMethod="max"'
ImpMethod="'min'
AggMethod="'max'
DefuzzMethod="'centroid'

[Inputl]
Name="inputl'
Range=[0 10]
NumMFs=10

MEF1="1":'trimf"', [0 1 2]
ME2="2":"'trimf"', [1 2 3]
MF3='3":"trimf', [2 3 4]
MF4='4":"trimf', [3 4 5]
MES='5":"'trimf"', [4 5 6]
MEF6="6":"'trimf"', [5 6 7]
ME7="7":"'trimf"', [6 7 8]
MF8='8"':"trimf', [7 8 9]
MFO='9':"'trimf', [8 9 10]
MEF10='10"':"trimf', [9 10 11]
[Input2]

Name="input2'

Range=[0 10]

NumMFs=10
MF1='1"':"trimf', [0 1 2]
MF2='2":"trimf', [1 2 3]
ME3="'3":'trimf"', [2 3 4]
ME4="4":'trimf"', [3 4 5]
MES='5":"'trimf"', [4 5 6]
MF6='6":"trimf', [5 6 7]
MFE7='7":"trimf', [6 7 8]
MF8='8"':"trimf', [7 8 9]
MFO='9':'trimf', [8 9 10]
MF10='10":"trimf', [9 10 11]
[Input3]
Name="'detection'
Range=[0 10]

NumMFs=10
MF1='1"':"trimf', [0 1 2]
MF2='2":"trimf', [1 2 3]
MF3='3":"trimf', [2 3 4]
MEF4="4":"'trimf"', [3 4 5]
MES5='5":"'trimf"', [4 5 6]
MF6='6":"trimf', [5 6 7]
ME7='7":"trimf', [6 7 8]
ME8='8':'trimf', [7 8 9]
MEO9='9':'trimf', [8 9 10]
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MF10="10"':"trimf', [9

[Outputl]
Name="'output'
Range=[0 10]
NumMEs=10
ME1="1":"trimf"',
ME2="2":"trimf"',
MEF3="'3"':'trimf"',
MF4='4":"trimf"',
MES5='5":"trimf"',
MEF6="6":"trimf"',
MF7='7":"trimf"',
MF8='8"':"'trimf"',
MFO='9"':"trimf"',

MF10="10":'"trimf"', [

[Rules]
10 10 10, 10
10 10 9, 10 (
10 9 10, 10 (¢
9 10 10, 10 ¢(
10 10 8, 10 (
10 9 9, 10 (1
9 10 9, 10 (1
10 8 10, 10 (
9 9 10, 10 (1
8 10 10, 9 (1
(
1
1
)

=
(@)
00
00
~
O W W W O

0
=
o
&)
~
© W Y W

..
[ S SR

=R e

.
el e

1
2
3
4
5
6
-
8
9
9

10 11]

2]
3]
4]
5]
6]
7]
8]
9]
10]
10 11]

99



— — — — — —
— — — — — — — — — — — — — — o — o~
— — — — — — — — — — — — — — — — o~ —
. . .
— — — — — —
— —_~ o~~~ —_ o~~~ —_~ o~ ~ — — o~ — —_~ — — —_ — — —_ o~~~ —~ —_~ o~ ~ —
44 A4~~~ A A~ A AT~ A~ T~ ~A A~~~ ~A A~~~ ~ A A A A A~~~ A AT~~~ ~
—_— e — — — — — — —  — — — — ~ ~ N —d - — H H —H —H ——  — —H = — — — — — — - = — — — o~ —
~ ~— ~ ~ o) — — © o) — ~ ~ — ~ ~ ~ — o0 — ~ ~— ~ O~ — — [~ —
(@)} Oy 00 Oy O Oy 00 O Oy 0O O (@)} (@)} o) oy O O [e)} [ee] O (@)} [e)} QO O O Oy O 0O 0O
(@)} @ O (@)} ~ O O~ ~ O [0} o o0 [ee] [ee] [ee] O ~ O [ee] o ~ 00 OO 0O ~ 0
~ NN N~ o~ N ~ s M ~ O O ~ ~ s~ N ~ ~ ~ 0~ ~ N ~ N NS ~ ~ ~O o
LD ~ O 0N W ~ SN~ O0O00O0 ~0oWwOo SO S N A O N 0 O N0 NN N0 S~ OO MO W &~ ~OM < N L o BN
[ o O — ™~ — O ~ [e)} [0} — 0O O 0 — O NeJ o O WO ~ ~ o Oy 0O ™~ <
(@)} O O © -~ O O O — O O o o O O ~ o O O — Lo O oI O O ™M o
O O (e ey} — 0O 0O — O ~ o O — © — 1 O ™~ O © O — 00 (@)} [e)} ~ O — 0O W O [To RN O I S
o o o o o o o O o o o o o o O o O
O OISO A D OO0 0 W HONHOW A AN OO0 AN ©O©0O0) OO O A0 O Oy~ O

100



— — —
— — — — — — — — — — — — — — — —
— — — — — — — — — — — — — — — — — — —
.
— — . —
—_ —_~ o~ — — —_~ o~~~ — —_ — —_ e~~~ — o~ —_ o~~~ — — — — —_ — —_
A~~~ N~~~ A~ A A A ~A~~AdA A ~~d ~A A A~~~ ~dA A A~~~ ~" A~~~ ~dH~~H~ ~
~ A A = = = — L B B e o B B e e B e B o B o i B | ~ A = = = A = Lo M e B e B e o B B
~ — — — 0 — — ~ ~ — —~ R — ~ — — — ~ R — -~ — ~— ~ ~ ~ ~ ~ —
O o 0O O o0 o ™~ 0 0] O 0O [0} ~ ~ o ~ ~ o (o0 (o0 o0 ~ o o0 ~ o
O 0O O 0O ~ 00 © o0 o0 e ™~ O 0 o0 O 0O O ~ o0} O 0 QO ~ ~ O O ~ o0 o0 ~ -~
~ o~ ~ o~ N — ~ CSEE NN ~ ~ o~ ~ NN [N CNEECNEEEN ~ (@) ~ ~ ~ o~ ~ NN
O™ & A OO ~ s O 0O AN N0 N~ MM N SN0 OO s s a0 O M s O s v 0 N O N NSO NN
— [coaute] — O O O W 1N [OEE ] O ~ o O o ~ — oM Oy © ~ < 00— O [~ < N O — O Lo e — O O
o [@2aNe] — I9] O o O < 0 O o o ~ AN O [@ 2N} o O [@XNe) < o
< — O 0O i -~ o ~ o O O — QO NelNe) — O O ~ « [© XIS UNC] — 0O O O r~-mMw! o O ~ O < O (o0} O 1~ O
o o o o o o o o o o o o o
N OI~-O0H 0 A~ O A0 A0 A0 A AN OO AN OO AN OMOO AN O LN OO0 Wn

101



— —
— — — — — — — — — — — — — — — — — —
— — — — — — — — — — — — — — — — — — —
— —
—_— — — — — — — —_— — —_— — — — — —_— — —_ — —_—
A A~~~ o~ o~~~ o~~~ o~ =~~~ A A~ A~~~ o~~~ o~~~ =~ o~~~ o~
A A A" A=A~~~ = A A AT A A A" A" A === = A~ = A= =
- — — - — — - —_ — — — 0 — — — — — — - — — — —_ — — O — —_ — — —
© © ~ o~ © © ~ W ™~ ~ e} o ~ ™~ W r~ o © e} ~
© © ~ o~ © © © ™~ 0~ © 0 ~0 >~ ™~ e} ~ ~ ™~ oo} ™~ o~~~ <~ ~ o~ oo~ ~
S < < < < < S IS ) NS < S < S IS S “O < NS
HAN 0 N N0 N0 AM A0 AN N N AT AN A v 8 OO AN N O A0 N0 N0 M N0 v x v H N N N NO D~
© ~ w0 Ao o~ ~ © o o m © oy © ™~ — < ™M O ™~ 0 — 0 < 0 O ™~ Ne] SiTo R ] fee}
o © ™ o ~ N o 0 o — o To) o Sile) 0 O ™ o
— o~ D OO W O o < — 0 OV — 0 ™M OV ™~ — © ™~ oV < N O — WO OO — O M~ 0o, — 0 o~ O < H ©
o o o o o o o o o o
N H O AN OO AV ADOSETONDAHWODADNOSMNLTNDHWOWWOOOINDMSMO AWML AN AWM LW

102



O < 0

N~~~ ~ ~ ~
— A== =
- = NI
~ © ~ ©
~ © N
< < NS
— ~ ~ O ~ s 8 O 0
N © O~ o
o — o
— o ™M (e T NEe BN IR

o
QO OO ™~ O 0 IO ™M

T~~~ e~~~ e~ A~ A~ o~~~ e~~~ o~~~
~— A d A~ A 4 d A A A A A4 === A A A
—— — —_—— — — - - —_—— e e e —
fee) ~ e} ~ o] 0 W ©

™~ 0~ © ~ o~~~ o ~ ~ ~ o~~~ ~ o~~~
N < < N < NEESEN

ST N R = I - = It R G
N ™M o ~ O © O ™ < O 0~ O — T M N O ©
Te)

< ™

o o o
AN~ N O 0T O O O A~ ~ o< O

o o o
H OO~ WML WWONM—HOOTS O™ W

— — — —

—_~ o~ —_~ e~~~ — —~ 1 —~

A~ A A A~~~ N~~~ T~~~

B e i N N I i R

~ — —

~ — — — — — — — O — — —
~ O ~ O o -~ ~ ~ [ee]
O~ o~ o~ o~~~ O~ ~ o~ o~
~ 0~ ~ N NN ~ ~ O ~
[@2Ne] s O~ M ~ ~ ~O ~ s~ SN+ 0 ~ NN
— ~ — N <O~ O O~ o < O 0
o ~ N O O O
AN — O (@)} — O 00 T MW~ O O — [O) RNTORN
o o o o
O NHOO>-ONTr~ O O O o~

103



— — — — — — —
. .o e ee . .

— — — PRy — —

~rrd e~~~ ~d A~~~ ~d A~~~ N~ N~ ~

A A A A A A A A A A A A A~ A

~ ~ — — — —_ — — — — — — — — — —

~ O ~ O~ ~ ~
™~ ™~ O~ o~ oS Nel\e] o~ o~ o~~~

~ ~ ~ ~ o~ ~ ~

~ O ~ [~ NN NN U &) ~ o~ [N ~ o~ N

-~ — o O N i -~ W © — 00 O oM N O o ™~
(@) L0 (@} o <
N <O — 0~ O O < O N O™ O ~ M

o o
DOV IO MIPT OO0 H WO WM I~ O 0 O O~

— — —

— — — R e B B e B |
—_ — —

~ e~~~ ~~ N~~~ N~~~ ~ ~

L I s B e R e B T T e B e O B B e B |

— — — — — — —_— — = = — ~— — —
O O ~ NeJ

~ O O O~ -~ o~ o~ © o~ -~
~ 0~ ~ ~

N L C I e N T N . T "0 A N N N NN

[ IToRNe) — N <M ~ & O oMW ¢

™

o o
— O 0 — O O ") ™~ O N < 0O O O < WO

(@)
DAL MO NLI™~O 0 WO NN~ O

oA o~~~ o~ o~~~
~—— A=A~ == A
- —_—— — —_—— —
~ © ~ ~ 0 ©
™~ ~ w0 ~ o~ o~
NS < NEESES
O N ~O &~ & s OO ~ ~
W — OV WO I~ — < O 0
N o 0 o
— 0D MO~ — o~ MW

(@) o
— O OO <N AN~

104



— — — — — — — — — — — — — —
— — — o — — — — — — b B B B M B B — — — —
—_— — — — — —_ — — — —_— —_— — — —
~A o~~~ o~~~ o~~~ o~ o~~~ —~ A~~~ e~ o~~~ o~~~ o~~~ o~~~ o~~~ A o~~~ o~~~ o~~~
A~-~-AdA d A ~--A - A d A Ad A" A A A A A" A A" A A" A A A A" A A "A A A" A A A A A A A=A A=A A A~ A A=
- —_ - — — e e — e e e — — — - — N —_———— N ——— e — e — — — — - — —_— — —_ - — -
~ © © ™~ ~ o N} ~ o © ~ © NelTo) ~ X} ™~
~ o~~~ [\e) © 0 O~ ~ ~ 0~ 0w © © ~ o~ O~~~ 0 © © O~ o~ O™~ ™~ O WY ~ 0 o -~ 0 o)
N < < < < < < < < IS IS < < <
N\ = N N = N Y - O O S = R T e N L L T T S = I - B - B O Te B GG TS
— — O ™~ O <+ O~ O N © o~ W0 oW —HNM — [~ 0 O O W —H oM < N OO D~ O <0 S\ selNe) O o ™~ o
0 o < o ™ o N O o — o o)
~ OV O NS H0MTM™ O LW WO D MO~ — 0o~ 0 OV N OO~ O —H WM A~ OO LM VI~ N O o)

o o

(@) o (@} (@}
A A A OO OOFIFTMUOHHAWND AN OO ONFTMLU O AT O T ONLTMNON O~ TONMAHODD A0SO O N A A

105



~—~m~d ~ o~~~ e~~~ o~~~

A A ~A A A A A=A~ A A

— - — - —_——— - - —_——— — —
w0 ~ ~ o)

~ o~ 0 © © W O © o~ D~ 0w
< < < <

N N = R S = TS

n w0 m < — O O @~ — o~ O~ M0
o <

4281619357 6831795

o
OO OO WL I O+ OO0 O LI ™~

(1)

6

6 2 10,

— — — — —
. . . .

— — — — —

e~~~ ~~ e~~~ ~ ]~~~ AN~ NN~~~

~ A A A A A A=A A A A A A

— — — — — — —_— — — — — — —_—— — — — — — — —

LN o~ O O O~
O O O O O -~ O O WO O O 0 O O
~ ~ ~ ~ ~
W v v M v 8 M N v O N Nl NN
~ O © — N ™~ N <O 0 O~ — N
o o o N
— 00 < WO O N OO~ o @ O

o (@)
N ML I 00 OO~ MLW T AN >~ 00

—

R B e s B I B

— — —
— — — — —
—_~— o~ —_—
A A~ N~~~ ~~~~ ~ 1~ ~
O34 o4 O34
NN N L NN NN
©0 n ™~ 0 O
To} © © © © © © TolTol

106



L B e I B TR B T B
.

—_— — — — — — ~— —

NORRNCINCIRNC NGO N o]

— N N NN

~ o~ ~
M AN < 0 O 0o o LW
— O 0T N> A

N~ OO Or-m

—

~

— L I e I I e B e B |

— — — — — —

— L B B B | R B B B e R o B | — o — R e B B B |
. . e oo . . .

— — —_ — — —
A~~~ e~~~ N~~~ NN~~~ ~ e~~~ ~ ~ e~~~ ~ ~ ~
~~~ 4 4 A A 4 A 4 A A A A A A A A A A A=A~ A A A A A
—_— — — — —_—— = — e e e e e — — —_— = = = — —
LN NeJ n O O O e

1 W WO O O W O O N O W I W O NCIRNCIENC IO e [EoRNTORANCERNC Ne]
~ ~ ~ 0~ ~ ~ ~

D N~ ~ & QN &~ v 8 A NO & 8v v M v s s s N N R N
O ™~ 0 oM n <O — O O O ™~ N <O N - M O ™~ O — M N
o o o N o

— 00 O < N O O N OO M O MW A O A< N0 O I™~MLWn

o o
NMO L OO A OO OANLLOMOOOW—HLOMSWO T AT N> O O

—
—
-

6

10 1 4,

~—~ e~ o~~~ —~

A =~

—_— — - —— —
T} [\

0 W o) [ToNNToRNTo)
< <

S8 A N0~~~

0~ 0 <~ 0~ O

(@}
O N <~ 00MT~ O W

N~ OM T TN A

107



L B T T e AR e B R e A e B |

~ o~ o~~~ o~~~ o~ —~

—_— — = — — — — — — —

NORRNCNCIRNC NGO BN Io N "o InTe}

P N N Y TN

~
— N OO TN O
WO NI MW O~ O

O -0~ Oy N

— L e B O B e T B
.

~ —_—— — — — — —

QO <~ 0O N

— ™M O~ o0y om

— — — — — —
— — R B e s B B B | — o R B B e B |

e oo . . . .o

— —_ — — — —
o~~~ ~ ~ ~ "~~~ ~~~ A~ N~~~ ~ ~ ]~~~ ~ ~

~~ A - " A 4 A A A A A A A" A A A A A A A A A A A A

— — —_— — — — —_— — — — — — ~ —_— — — — — — —_ — — — —

LN O n O O O 1]
n O n W W O N O 1O 1 O NeJ O W YW n wn O [IoRNTo RNToRANCRNC]
~ ~ o~ ~ ~ ~ ~
< ~ ~ O N N N L NN Q| ~ O N N NN} ~ N N NN
O -~ — Oy N T N O O 1O O ™~ N O AN O -~ © o~ N
(@) o o N (@}
— O < O~ O N H O A0 M N <O O M AN N H OO0 0O Mm

o (@)
N <O AN O>0TNDOMOANLWSTL AN AOSO0 LWL AN OO

6

108



L B s T B e B e e I e L B |

T NOM AN N 0O NS0

—

—
.

—

~—~ e~~~ N~~~ ~

N 1 O W O
~
S8 s v M

— N

[IoXuTolnToyTe)

[N NN

L0

~

o

L B T O e AR e AR e A B

—_— — — — — — — — ~— ~—

O w0 Lwn w0 WL LWwLWwLw

~

~ s~ N
O <O 010N N0 < O LW -~

o
M AN OO ONO0L AWM

AN~ O MM ANTO- 0NV ANLTMWAMONWOOLWI™WOWNST ML

(1)

10 2 1,

~ O NN N N N N N NN
D =IO NN N0
O H IO IO ™M O T O N

— N OO WO <O~ NS M0

~

4

110 4,

—
— R B e I B TR e B e O e I I B B |
. .o

—_~ o~~~
e T B B e B NI e e e e e
A = A A A A A A A A

Nej 0w w0 Lw0nLwLww < wn o wn
~ O NN N N N N N N N NN
— — M N N O 00>~ N

(@}
™ N — OO0 N> M—A O IO N

01 2,

DA H A ML O~ N TN MO O

109



— — — — — —
L e B e B s T O T B T e B e B B O I — L e B e B T O T B e I B e R — o — o L A e B e T e s s T O T e B L B e B B e B |
)))))))))))))) A~ _ ]~~~ ~ ~ ~ ~ ~~~~ T~~~ T~~~ AN~~~ N~~~ ~~~~ N~ -~~~
44 4 A4 A A4 4 4 4 A A A A" A A A4 A A A A A A A A A A A "A A A A A" A A A A" A A A A A A A A A AT A A A A A A
< Lo L0 < O n <
O LW LWwLWwLwLwLws wnwwnownwn O O O <0 W w0 Lwwwnwn <t wn <0 W0 0 w0 N 1 0 ¢ < WD W W W W wn st wn O 0 10 N <0
~ ~ ~ ~ ~ 0~ ~
D N T S N N N N A ~ ~ ~O L N N N N L N @) NN N w N M ~ s v O N N L N N N N ) E N L N
N MW WP O Or~dNOM”DM O OO A>T ANAN T OO~ OMO 0O N n -~ O < HOY AN MO OSW A AN S A
(@) (@) —
A~ M AN NTOOOMNMHONATOWO AN ONTDENMLO AT NOEOMLWAAONST O MW OO NSO AN NII~WO AN
(@)
N T OO N AN OANITNTNASOOMWUL TFTONNN AL OO AN PN ANATITOSONMLO T AN AFO>OOO™M

110



— — — — —
L e B B B B B | L B e B e s T s T T T R e R e R e O s O T T T e B e e B O B — L e B e B s O T e O I e B B L B e B B e B e B I B B | L B e B B e B |
_~—_~—_ e~ e~~~ ]~~~ N~~~ ~ ~ ~ N~~~ ~~ ~~ ~~~~ ~ ] A~ AN N NN~~~ ~ AN~~~ ~ o~~~ e~~~ ~ ~ ~
A A A A A A A A A A A A A A A A A A A A A A A A A A A A A T A A A A A A A T A A A
< ™ O < <
N < < W wn WO WLW S DN W00 ST 000N wn < i < RSN TORNTORES N IO RN GO RNTO RS U N LW W™ wn 0 < 0
~ ~ ~ ~ ~
L S N N N | D T S N N N N N L e N N N NN QN ~ ~O N N L N N N N ) N N L L N N N ) E N L N
O WO A NMLO N <O O~ N AT O N0 AN O™M DT OO ANMNMHON>TODDANMST AN O AALT AN OO
(@} (@)
NOO WM HONAHOOLTN AT NN AT ANOFIOANONOATO A MIPITNONOO AL LT NN AL ANOSS O AN OO I LW
T AT NODAAFT O NMWONLT ANOM>TLOONMOMANLOWLOETOLANALTON ANLOTOT AN ANOSELTOD TN AOMN IO AN

111



— — —
Lo B T T e R B R e A e B B e R B B A A A A A A A A A A A A A A A A A A L B e B T TR e B e B Lo B B O e B e R A s R T O A e O I e B |
.
— — —
~—_—_——_ —_ —~ —_~ ~ ~ ~ ~ ~~~ ]~~~ N~~~ N~~~ ~~ ~~~~~~~~T N~~~ N~~~ A~ AN ~N MmN~~~ A~~~ —~ o~~~
~

—_— e — — e — — — B N N N e —_— — = — — — — — —_— e — — — Y — —

OO T N n 0 S N T O TN TSN TTNM (SO U GO e 8] LN OO TN M
~ ~
N L N N L L VNN ~ — N ~ ~ o~ ~ N L L N N N N ) ~ ~

~
~ ~ ~ ~ ~ ~ [N S ~ o~ ~ O
S AN 000 OIS dN M0 N OTAN AL O NMIITOHOANM AL OMNMP AOODANMNMHOSETOD AN AN OAST AN OO
N> AN AT MO NOTLTM A ONAOL ANMWOLANTND AT ONTN AL TANOO AN NOM AN N
M OO MITIOHONNDANTTONML ANLTONAT OO ANNDNAOTONOST ANANALDOT OO AN A

112



A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A
.

B N N N = R . = — e e e e e e e e e e e e e e e e e e e v — — — — — — —

N T LT OO N OO LTOONDOMOHOOONTONOONONDTOONOOONO™M MMM MO MMM MO MO ST OO MOONOMONOOONOOMOOOMOOMOOMOONO™M

~ 0~ N N N N NN D ~ N e T N ~ s NN ~ ~ ~ N N NN

~ ~ NN ~ [N N ~ ~ o~ ~ ~ o~
A ONAN IO A NNMOANANTOHONONAMLL OO ANV ANANDLOWOSTAOANTOSE AANTNOOSANMLO T ON MW
N AN AT NI NN HOOLTNANDANILILTND AONAONOANTOATONNML AN AFTNAHOONT NN ANONAMON
N~ ONANMOTTANOTNANOLTNAODANDTTNAOTITOONAATOHOONANDNTTNOO AN ANTONAO AN AOWOD AN

113



A A A A A A A A A A A A A A A A A A A A A A A A A

—

R e B B e B |

L B s B e R e B e e A B B |

R B I O R s R T e O I s B e O e

o~~~ o~~~ o~~~ o~~~ o~~~ e~~~ o~~~ o~~~ e~~~ o~~~ o~~~ o~~~ o~~~ o~~~ o~~~ o~~~ o~~~ o~~~ o~ o~ —~

— e e e e e e e e e e e v e e e e e e e e v e e v v e v v e e v v e e v v v - e v e e - e v e e e e Y — —

N MMM MO MO MOOMONONMOMOMOOMONNMOMOONNNOM
N N Y S NS
AN OO AN ONMAWOWEENO AN AT AN A
AN AN AT ANATNON AN AN ANOT AN
HO SO AN ST ANNDTTNN AN AN OO AN AN

N ANOMONNNNNNAN
N L N NN
nOWmMm—ANOWN—AM>
M = 100N O N A
AN N AN A A

M AN AN NNNNNNNNN
L N Y N N
AN H D<A NN A
AN NAOM A NN A
O N <N DN A

114



A A A A A A A A A A A A A A A A A A A A A A A A A A A A

NN NNNNNNNNNANNANNAAANAAAA A A A A A
D S N N e N T NN ~ ~ o~
HONNOOO T A ADANANONNDLT A A" NN A AN A
DA MTTNNO A ANNAN AFNAONAANNANAANA A
AN ANATNLT AN AN ANNAAANNANAANA A A

115



