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Abstract. In this paper, investigations regarding the reliability on a typical 210MW offshore
wind turbine have been carried out; in particular, different analysis methods and failure
modes are considered. Moreover, the effect of propagation of each functional failure
through the wind turbine is accounted. It has to be underlined that an onshore 5SMW wind
turbine data-base has been used; thus in order to convert the data from a 5SMW onshore
wind turbine into 10 MW offshore wind turbine, a proper conversion factor has been used.
The reliability and availability of the whole offshore wind turbine have been calculated
through the Reliability Prediction and Reliability Block Diagram (RBD). In addition, a
failure mode analysis is done through FMECA, in order to pointed out the most important
terms in a risk priority order. The reliability analysis has been developed using PTC
Windchill Quality Solution tool.

Keywords: reliability, failure mode, effects and criticality analysis (FMECA), offshore wind
turbine, maintenance.

Acronyms

FMECA: Failure Mode, Effects and Criticality Analysis
MTBF: Mean Time Between Failure

OWT: Off-Shore Wind Turbine

PCNR: Percentage of Component Nominal Rating
RPN: Risk Priority Number
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1. INTRODUCTION

In the last decade, the installed capacity of offshore wind turbines is higher than other
renewable energy sources. Offshore wind farm developments have a short history of less
than 30 years. On this time, offshore wind turbines have been getting bigger and higher
rated power. Therefore, wind power is achieving 10MW from 450kW when the first
offshore wind turbine was built on the coast of Denmark in 1991. During the first six
months of 2015, 15 offshore wind farms have been installed with a combined capacity of
2,342.9 MW. Hence, the energy increase induces new researches for improving efficiency
in terms of performances and costs.

One of the targets of the European Commission is to increase the production of the
renewable energy generated by the offshore wind turbine to 40GW by 2020 and 65GW by
2030, allowing wind energy to make up more than 25% of electricity generation in Europe.
The relevance of this topic has been well understood by the European Commission, which
had promoted in 2008 a research projects named “Reliawind” [1-5], based on a reliability
study for an onshore wind turbine. In 2014, when the “Marewint” [6] project has been
approved focus on offshore wind energy, a step forward has been moved in order to achieve
the forecast. A wind power system located in offshore shows higher failure rate, lower
reliability and availability and higher operation and maintenance (O&M) costs due to the
high complexity of the operation [7-14].

According to the considerations above, reliability and availability evaluations allow to
optimize the design and the life cycle management from a cost/efficiency point of view. In
addition, a proper maintenance plan is indispensable to predict the energy loss, minimizing
failures in order to improve reliability and making offshore wind energy profitable.

In order to get this aim, along this paper is explained the Reliability and the FMECA
that has been done for an Off-Shore Wind Turbine. Relex Italia Srl. has available a large
onshore database which has been used (over a thousand components). Published reliability
offshore databases are not available since wind turbine manufacturers do not show
information regarding their turbines. A literature review about free database has been done.
Moreover, a conversion factor is applied to this database. The FMECA is used to identify
reduce system failures and nowadays put into practice for OWT.

2. METHOD

Reliability Prediction

Reliability prediction is a quantitative analysis technique that has been used to predict the
failure rate (1) using an established model with defined operating conditions. The goal of
reliability prediction is to predict the rate at which components and systems fail. The
general formulation for the reliability through time is shown in Eqn. (1):

t
R(t) = e Jo Alx)ax O

Where R is the reliability and A is the failure rate (number of failures per million of
hours) and t is the time. In addition, for a deeper explanation, see [4].

Component’s lifetime is often described by three phases. During the first phase, the
failure rate decreases down early with time and failures are attributable to manufacturing
and quality problems. After that in the second phase, failure rate At} is approximately
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constant (chance failures). The failure rate in the third phase increases with time due to
aging, wear out, fatigue, etc. Hence, if it is consider that the failure rate is constant along
time (second phase):

Alt) =2 @)
Thus, the reliability function Egn. (1) can be expressed as Eqgn. (3).

R(t) = gt ©)
The reliability exponential function (Eqgn. (3)) has been selected as the way to describe
the component’s reliability.

Reliability Block Diagram (RBD)

Reliability Block Diagram is a visual representation of the portions of the system through
blocks (representing items) linked together (Fig. (1)) and shows how they are connected
logically to fulfill the system requirements.

Since reliability predictions assume that all components in a system are in series, they
cannot be used to analyze a system with redundant components. RBDs are used to evaluate
the reliability of systems that are complex in their configurations. RBDs also provide an
efficient and effective way to compare various configurations to find the best overall system
design.

The goal of the Reliability Block Diagram is the determination of reliability and
maintainability metrics of a complete system such as Reliability, Availability, Failure rate
and MTTR (mean time to repair).

The elements which are necessary for the required function are so connected in series,
while elements which can fail with no effect on the required function are connected with
redundancies. There are three types of redundancies: parallel, load sharing and standby.

— & B c =]

l ~

-
-

e
{ } E"‘ : E“
Bz

Figure 1. Development of RBD within a system.
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The Auvailability is the probability that the system is operating satisfactorily at any point
in time when used under stated conditions, where the time considered includes operating
time, active repair time, administrative time and logistic time. Through this report is
calculated the inherent availability, in which the proportion of the total time that the item is
available is the steady-state availability.

FMECA

FMECA is one of the most used analysis in the engineering field for developing designs,
processes and services. Developing a FMECA, potential failure modes are analysed to
determine their effects all along the system, classified according to their severity (FMEA)
and probability of occurrence (FMECA).

The main target of the analysis is to discover the weakest parts of the offshore wind
turbine, understanding their failure modes, the effects associated and then improve their
availability introducing possible redundancies or design changes and updating the
preventive maintenance. Other objectives that are possible to achieve through this analysis
are:

e Anticipate the most important problems.

e Prevent failures from occurring.

e Minimize the failure consequences as cost effectively as possible.

e Give technical information to maintenance personnel about failures that might

come out during system life.

e  Compare results with previous maintenance reports and update again the analysis.

e Provide necessary information to create a cost/benefit analysis.

e  Provide those modes that need preventive maintenance in a risk priority order.

FMECA is a bottom up approach analysis by which the system design and performance
are studied. With this analysis the potential failure modes are defined, as well as the
occurrence and severity of each failure effect associated to them.

The analysis can be done in two ways: component level (referred as component FMEA)
or functional level (referred as functional FMEA). A component FMECA has been chosen
based on the tasks 101 and 102 of the military standard “MIL-STD-1629A” [15].

FMECA can be initiated at any system level but due to the complexity, huge amount of
components and the lack of data, a proper level of indenture of our Off-Shore Wind Turbine
has been chosen.

The FMECA has been performed starting from the line replaceable unit (LRU) level. A
bottom-up approach is used, noting the failure modes of the lowest level items of the system
and then moving up the hierarchy and noting the effect of the failure to the end item
(OWT). In Fig. (2), it can be seen the distribution mentioned before.
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Figure 2. Example of the hierarchy structure used to perform the FMECA.

The criticality analysis completes the FMEA using two parameters: occurrence and
severity. With these parameters the risky parts of the systems are calculated.

The calculation of criticality numbers gives the possibility to define the criticality of
each item and its associated failure modes by a quantitative point of view, even though this
method is only used when enough data is available.

The mode criticality number “Cp,” (humber due to one of its failure modes under a
particular severity classification) and the item criticality number “C.” (Number of system
failures of a specific type expected due to the item’s failure modes), are calculated
according to “MIL-HDBK-1629” [15].

These numbers are defined in the Eqn. (4) and Eqgn. (5).

Cm:as[ﬂ*)\p*t (4)
;
C :Z C forn=1,2..j
Where:
C,= Ciriticality number for the item
C = Criticality number for a failure mode under a particular severity classification.

o= Failure mode ratio. The probability, expressed as a decimal fraction, that the part or
item will fail in the identified mode.

Ap= Part failure rate.
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= Conditional probability of mission loss given that the failure mode has occurred.
Values are classified between 0 and 1 depending on the effects. If there is not effect, B value
is assumed as 0. Possible loss and probable loss are corresponding with a p value from 0.1
to 0 and 1 to 0.1 respectively. If the effect causes actual loss, B is equal to 1.

t= Mission time.

n= The failure modes in the items that fall under a particular severity classification.

j= Last failure mode in the item under the severity classification.

The other method is qualitative and allows representing the criticality results using a
Risk Matrix. The matrix is constructed by inserting the total number of OWT failure modes
in the matrix areas representing the severity classification and the frequency level assigned.
The frequency is calculated as the ratio between failure mode probability of occurrence in a
certain time interval and the overall system probability of occurrence in the same time
interval, which is defined as:

f:lp*a*t:lp*a
Ag*t Ag (6)
where f is the frequency and As the Total system failure rate.

The results of the analysis for the OWT are summarized in the Criticality Matrix in
which three risk areas can be identified, Green area (Low occurrence and low severity), Red
area (High occurrence and high severity) and Yellow area (Medium risk)[15].

The matrix provides a way to identify and compare failure modes each other respect to
their associated severity and frequency [15]. Severity is classified into four ranks depending
on the impact of the failure mode. Each of them is associated with a RPN analysis value.
Frequency degrees assigned to failure modes are based on five ranks which evaluate the
frequency of the failure mode.

The process used to perform the FMECA is based on ‘bottom up’ technique. The
procedure for component FMECA is the following:

1) Construct a OWT FMECA system tree;

2) ldentify all potential items;

3) Evaluate failure modes (from mode library) of each component;

4) Evaluate the local effect for each component failure mode;

5) Roll-up all local effects at higher level (at higher level, the rolled-up effect

becomes the failure mode at that level);

6) Repeat step 5 until system level,

7) For each end effect at system level identify the detection, severity and occurrence;

8) Build down the FMECA by transferring all the end system effects and severity to

sub-system, assembly and component level.

3. ANALYSIS OF THE RESULTS APPLIED TO THE OWT

The theory explained has been applied to the OWT which has pointed out three different
results. A complete analysis will be shown starting from reliability prediction, going on with
the RBD which predicts parameters of reliability/availability applied to offshore
environment.
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Reliability Prediction Results

Since published reliability data of offshore wind farms are extremely rare, a database of an
onshore wind turbine of 5MW has been used. Thus, it has been necessary to convert the
failure rate data from onshore into offshore. Before starting the reliability prediction, a
literature review regarding published data sources (Windstats, WMEP, LWP and Swedish
Wind) has been done. The Reliawind data-base has been chosen as most suitable for this
research [1-5].

Since this turbine operates in different environments and it has different power from the
Reliawind turbine, a conversion factor has been introduced in order to convert the database
from 5MW onshore wind turbine into 10 MW offshore wind turbine.

This conversion factor has been derived, according with the literature [16, 17], as a
combination of two parameters. First parameter “K;”, takes into consideration the
environmental stress factor and it is defined as the effect of environmental condition (e.g.
weather and humidity condition) on the OWT. Parameter “K;” is based on the power rating
stress factor that depends on the operating power ranges of the wind turbine.

Eqgn. (7) is used to describe how to calculate the failure rate for the offshore wind
turbine.

Roffshore = Aonshore - (K1 offshore = K, of'f'sho*r‘e) 7

There are different environmental conditions which have an associated value of the
environment stress. In our case K, is supposed as Naval Sheltered for items within the
nacelle. Naval exposed is chosen for the items that are fully exposed to marine environment.
K4 onshore factor is supposed to be K gnshore €qual to 1 and K4 genore has been supposed
to be between naval sheltered and exposed (1,5 = K gftshare = 2).

The other parameter K is obtained taking into consideration the windiness of the wind
farm site. The windiness of the OWT is measured by the capacity factor of the wind turbine.
This average capacity factor is assumed to be 25% for onshore, 35% for near-offshore and
45% for far-offshore [18-22]. The wind farm is considered to be allocated on near-offshore.
In Fig. (3) is plotted the exponential relationship between the power stress factor and the
component nominal rating. The exponential curve is also based on the equation which is
shown in Fig. (3). According to previous considerations, the difference between the average
capacity factor for far-offshore and for onshore is 20% (45%-25%). Accepting the capacity
factor of 25% as the average onshore, which is assumed as a PCNR value of 100% and
accordingly, K, snshore 1S €qual to 1. Therefore, the PCNR of far-offshore is calculated as
45% — 25% + 100% = 120% and so from Fig. (3), K2 far—offshore IS €qual to 2.

PCNR of near offshore is calculated by the same method which has been used for the
far-offshore assuming the near offshore capacity factor of 35%, then
35% — 25% + 100% = 110%. K pear_offshore iS calculated with Eqn. (8) through the
PCNR value of 110%.

KZ = 0.0541 - eO.GSGl*PCNR (8)

In conclusion, K ;car—offshare 1S €qual to 1.483 and it is introduced in Eqn. (7).
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Figure 3. Percentage of component nominal rating plotted against stress factor K.

When the conversion factor is applied, the reliability prediction can be carried out.
Consequently, through reliability prediction, problematic parts are identified and a first
estimation of the failure rate is calculated. The system failure rate value obtained is 1866.36
failures per million of hours. The Rotor Module is pointed out as the part with highest
failure rate (2.9 failures per year). The failures of the auxiliary equipment are not included
in the results.

Reliability Block Diagram Results

A functional reliability model is created in order to evaluate the real configuration on the
typical 20MW wind turbine which is shown in Fig. (4).

RBD results are shown in Fig. (5) and Fig. (6). Fig. (5) shows the failures per year
through the main sub-systems. In addition, from Fig. (6) can be seen that the MTBF is equal
to 3723.37 hours (2.37 failures per year). According with theory, the value of MTBF is the
time at which the reliability value is 0.37. The inherent availability is calculated with a year
mission time (8760 h) and at that time the value of inherent availability is about 99%.

10MW OFFSHORE WT Reliability Block Diagram
® ; ol

Linked to: I Linked to: Linked to: ) Linked to:
RBD1ROTOR MODULE | RBD2 DRIVE TRAIN MODULE || RBD3 NACELLE MODULE | *| RBD4 STRUCTURAL MODULE

Start

[+
=
[+

Linked to: Linked to: Linked to:

" REDSPOWERMODULE |~ * REDY AUXILIARY EQUIPMENT “| RBD10 WIND FARM SYSTEM | [E: d

Figure 4. Main RBD of the Offshore Wind Turbine.
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Figure 6. Reliability through time in a year operation for the 10MW OWT.

FMECA Results

Risk Matrix is probably one of the most widespread tools for risk evaluation. Fig. (7)
reports the number of failure modes that lead to the end effect with those severity and
frequency. Moreover, seven failure modes are showed in Fig. (7), located in yellow zones
where actions to control or monitor them must be taken (Three of them are: The Drive train
Module Failure, the Power Module Failure and the Structural Module Failure).

In addition, twenty four failure modes whose risk is considered to be low in the green
areas and three failure modes located in the red areas where actions must be taken (The
Auxiliary Power Equipment Failure in Marginal-Frequent, The Rotor Module Failure in
Critical-Frequent, and the Nacelle Module Failure in Catastrophic-Occasional).
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In the case of the Auxiliary Power Equipment, the great amount of items which
composes it gives that position. The result of the Rotor Module is due to the high failure
rate of the Blades assembly. For the Nacelle Module Failure, the reason why it is placed in a
red zone is that the Nacelle is one of the main structures of the WT where the majority of
the main assemblies are located.

According to previous sections, it has been performed another analysis from the
quantitative point of view. From what have been seen before, the MTBF of the system is
3723.37 hours (2.37 failures per year). For this reason, the time until system fails has been
taken as mission time.

It can be deducted that:

e 6 Marginal failure modes have the highest criticality number for the system.

e 9 Critical failure modes have almost the same criticality number as Marginal
failure modes.

e 17 Minor failure modes have more than three times criticality than 2
Catastrophic failure modes and the half value of criticality number with
respect to Marginal and Critical failure modes.

From Eqn. (4), Egn. (5) and Egn. (6), it is got the Eqgn. (9) which clearly explains why
the item criticality numbers are so high.

J_
€=, Gart=Bed) o

Considering that “t““does not change, A5 is constant and [ values are the same for all
failure modes it is got the Egn. (10). Therefore, for the marginal classification, high values
of frequency and a high number of failure modes are the reason of its high level.

Cr=kx Zif" (10)

The ten modes with the highest criticalities are reported in Fig. (8).

Blades are well known as the parts that most suffer in wind turbines due to their
continuous work under adverse environmental conditions; in fact Rotor Module Failure
(which includes the Blades) is characterized by the highest mode criticality value (mode
criticality of 2.88).
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Unifying all Auxiliary Equipment failure modes could be obtained the first highest
mode criticality of 3.41 for the great amount of assemblies by which is composed this Sub-
System, however the failure modes have been sorted in this way in order to clarify to which
equipment belong to. Even with these equipment separated, the second highest mode
criticality belongs to Auxiliary Power Equipment Failure, while the third and fourth
positions match the WT Auxiliary Equipment Failure and the Air Conditioning Equipment
Failure, respectively.

RPN is a criticality study in which the severity, occurrence and detection are multiplied
in order to obtain information about the riskiest failure modes. Therefore, also in this graph
greater attention has been paid to the critical parts. The Eqn. (11) is used to get RPN
numbers.

RPN = Severity * Occurrence * Detection (11)

As result of these multiplications, Fig. (9) shows the consequent risk priority
classification with the highest RPNs of the OWT. Detection values come from [23] which
are classified in ten ranges depending on the possibility of detection of the failure mode.

In this case, The Rotor Module Failure is still in a high position because of its high
occurrence and severity and also its low detection level comparing to the others, followed
now by the Structural Module Failure and the Nacelle Module Failure due to its high
severity and low detection. The rest of the failure modes have such combinations that give
them a gradual position on the graph until getting a value of 200 for the last 2 modes.

It is important to note that the mode criticality graph and the RPN graph give different
lists of the riskiest failure modes of the OWT. The reason of this is that, the mode criticality
analysis focuses the importance on the probability of occurrence while the RPN analysis
concerns to detection parameter combined with severity and occurrence.
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Figure 9. Top 10 RPN.

4. CONCLUSIONS

The reliability analysis for a 10MW offshore wind turbine has pointed out which sub-
systems, assemblies and sub-assemblies have a high failure rate. The sub-systems with
highest failure rate are Rotor Module, and Drive Train Module. In particular, the Rotor
Module is exposed to a high stress and fatigue during all its operation time due to uneven
high air pressure around it. It should be also noted that the gearbox does not appear between
the less reliable assemblies of the OWT as it could have been expected. These results also
confirm the data pointed out from Reliawind project.

The RBD shows an offshore wind turbine failure rate of 2.37 failures per year which is
about twice larger than the onshore wind turbine failure rate. This value could be accepted
for an onshore wind turbine; however it is a high failure rate for the OWT due to its limited
accessibility to perform preventive or corrective maintenance.

The huge dimensions of the wind turbine, its complexity and the environment have
risen up the failure rate of the system. Through quality improvements of components and
using condition monitoring on critical assemblies, the downtime can be reduced allowing an
accurate scheduled maintenance.

Nowadays, availability improvements have been looked for in order to reduce energy
losses and do offshore wind energy profitable. In general, commercial offshore wind
turbines can achieve an availability value of about 90%, but, depending on the maintenance
assumptions, this value could grow up to 95%. However in this analysis, logistic delays,
maintenance delays and supply delays have not been taken into account; therefore, an
availability value (inherent availability) of 99% has been achieved.

Regarding the FMECA, it can be concluded that: the change in environment has
increased the probability of some failures to happen, directly or indirectly. For the Rotor
Module and the Structural Module, the analysis confirms that their failures are mainly
caused by the hazardous environment. For the Drive Train Module and Rotor Module, the
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abrupt changes in wind direction lead to continuous variation on their load conditions and
consequently in stress and fatigue. As the offshore wind turbine usually works in extreme
temperature conditions, the Air Conditioning Equipment has to increase its power to
maintain good environmental conditions and in the same way increase its failure rate.

From the result of the RPN and Mode Criticalities analysis, it can be seen how each
method could give different lists of riskiest parts of the system; for this reason both analysis
are suggested in order not to leave any important failure mode out of consideration.

FMECA takes into consideration only non-simultaneous failure modes. In other words,
each failure mode is considered individually, assuming that other system items work as
usual. Future studies will reduce the criticisms and doubts, which has been created by the
classical FMECA.

As future work, a successful scheduled preventive and predictive maintenance program
should be done, for reducing maintenance costs and increasing the availability of the
offshore wind turbine without risks for the system, personnel or environment.
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