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ABSTRACT

Presently, wind turbines are being designed in accordance with deterministic design rules. These rules
concern the design of main components and the safety systems. They neither facilitate the
quantification of the degree of conservatism in the applied safety margins nor explicitly address the
reliability and availability of the wind turbine.

By a case study of the Lagerwey LW 15/75 wind turbine design, it has been demonstrated in this
project that the wind turbine industry can take advantage of the safety and reliability practices which
are frequently applied in e.g. aerospace, nuclear and offshore industry. Qualitative methods for System
Reliability, such as a Thorough System Description, State Diagram, Failure Mode, Effect, and
Criticality Analysis (FMECA), Event Tree and Fault Tree Analysis, must be implemented immediately
in the design process of wind turbines. Quantitative analysis methods can be applied during the useful
life period, where failures are random. System reliability is a strong and systematical manner to
improve and assess the safety, reliability, and availability of a wind turbine and to feedback operational
experience. To reduce the early failures which are quite often the result of unforeseen phenomena
during rare events, load measurement programmes and operation monitoring must be performed during
the burn-in period of a wind turbine.

The collection of data for the LW 15/75 turbines under study has shown limitations in the current
practices of data collection. Not all types of data required for reliability purposes were recorded.
Despite of the shortcomings of data collection, both qualitative and quantitative information has been
derived from the available operational experience. In the report, recommendations are given to improve
data collection and analysis possibly by means of a computerized system. With such a system,
qualitative insights and trends can be derived very easily. On the longer term, reliability data for
quantitative analyses (e.g. optimizing maintenance procedures) can be obtained.

The feasibility and applicability of Structural Reliability in wind turbine engineering has been
demonstrated by a probabilistic fatigue analysis of the tower foot. Although the applied method (Mean
Value !) appeared to be limited, a further iniroduction of probabilistic design methods is strongly
recommended. The application of probabilistic techniques complementary to the deterministic design
rules gives qualitative insights in the uncertainties of the fatigne damage calculations. In the near
future, these techniques must be used to further underpin or adjust the currently used safety factors.
Additional R&D activities should be performed for structural reliability to improve the probabilistic
methods and to collect reliable parameter data.

To transfer knowledge about reliability engineering to wind turbine engineers, new case studies should
be performed with both system and structural reliability techniques.
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SUMMARY

S-1 Introduction

Background

To minimize the likelihood of a structural failure of a wind turbine, the deterministic design rules as
published for instance in the documents 'Regulations for the Type-certification of Wind Turbines:
Technical Criteria’ [1] and the IEC TC88 Draft Document ’Safety of Wind Turbine Generator
Systems’ [2] concern the design of main components, such as the rotor and the tower, and the safety
systems. As wind turbines increase in size and power, these rules may not be adequate to ascertain a
safe and well-balanced design. The rules neither facilitate the quantification of the degree of
conservatism in the applied safety margins nor explicitly address the reliability and availability of the
wind turbine. The lessons learnt from operating experience are not systematically used during all
phases of the lifetime of a wind turbine, viz. during design, manufacturing, construction, and operation.

The safety and reliability of wind turbines can be enhanced by adoption of techniques from other
branches of industry. Therefore, the project *Probabilistic Safety Assessment (PSA) of Wind Turbines’
has been carried out to determine a methodology that takes advantage of existing probabilistic
reliability techniques. The project has been carried out under a joint contract of the Commission of
the European Communities DG-XII for Science, Research and Development, and NOVEM, the Nether-
lands Agency for Energy and Environment.

Project Objectives

The objective of the project is to develop a methodology that can be applied complementary (o

existing rules, This methodology should enable:

- the wind turbine industry to make a well-balanced design, and

- certifying bodies to assess the safety and to quantify the availability of wind turbines, with due
attention to the influence of quality assurance, inspection and maintenance procedures, and the
human factor.

The feasibility of applying reliability-based methods in conjunction with existing design and

certification rules should be investigated. The extent to which the PSA methods could be used in

quantifying the degree of conservatism of the current design regulations and of the prescribed safety

margins should be assessed. Considering the state of the art of wind turbine engineering, the

shortcomings will be indicated and recommendations for further development will be given. Although

the emphasis of the project has been laid on safety aspects, much attention has also been paid to the

availability of wind turbines and their sub-systerns.

Working Method

The project has been performed by ECN in co-operation with Lagerwey Windturbine, KEMA, TNO
Building and Construction, and Stork Product Engineering. A review committee has been consulted
to obtain relevant comment from the scientific and technical community. The project has been divided
into three subsequent phases:

8 ECN-C--93-010



Summary

Phase 1: Survey and Comparison of Methods for Safety and Reliability Analysis

This survey provides the rationale for selecting a suitable set of methods for demonstrating on
a case study. The results of this first phase are reported in [3]. Methods for reliability analysis
have been divided into two categories viz. System Reliability and Structural Reliability.

System reliability uses more or less standardized techniques, which are applied successfully in
other branches of industry. They are often used for the evaluation and assessment of complex
control and safety systems. Qualitative methods from system reliability like Failure Mode,
Effect, and Criticality Analysis (FMECA), Event Tree Analysis (ETA), and Fault Tree Analysis
(FTA) are therefore expected to be beneficial for the wind turbine industry on the short term.
Quantitative methods are also expected to be useful on the short term, although appropriate
reliability data might cause a problem.

Techniques for structural reliability analysis are frequently applied for the tuning of design rules
for structural components. In this respect, especially the fields of offshore industry, flood
protection and bridge and building design should be mentioned. The direct application in the
design of particular structures is limited to very large projects, as for instance nuclear instal-
lations, storm surge barriers and aerospace devices. Also in case of wind turbine engineering,
an indirect use of structural reliability theory as a support for developing new design rules seems
to be most appropriate,

Phase 2:  Case Study of the Lagerwey LW 15/75 Wind Turbine

The case study of the Lagerwey LW 15/75 provided a realistic case for applying and developing
a methodology for probabilistic safety assessment. The demonstration of the methodology and
the results of the case study are summarized in Section S-2,

Phase 3:  Development and Assessment of the Methodology

Based on the experience and insights gained in the case study, the applied method to enhance
the safety, reliability and availability of wind turbines has been assessed. The applicability, the
benefits and the Limitations of the methodology are summarized in Section S-3, together with
recommendations for improvement. The results of the project phases 2 and 3 are reported in this
report.

S-2 Cade Study of the LW 15/75

For the safety and reliability analysis of the Lagerwey LW 15/75 design, seven tasks have been
executed, viz:

e o

Description of System Design and Operation
Failure Mode Effect and Criticality Analysis
Event Sequence Analysis and System Modelling
Data Collection and Parameter Estimation
System Reliability Quantification

Structural Reliability Analysis

Interpretation and Discussion of Results

ECN-C--93-010 9
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These subsequent tasks and the results of the case study are briefly discussed below.

Task 1: Description of System Design and Operation

Procedure

Before starting a detailed anatysis of a wind turbine, it is necessary for the reliability analysi(s) to
become familiar with the specific wind turbine. This should result in a detailed description of the
system design and operation, including maintenance, test and inspection procedures, and design
modifications. State Diagrams and Event Trees have been used to explain the control and safety
actions.

Wind Turbine Design

The Lagerwey LW 15/75 wind turbine, see Fig. S-1, is equipped with an upwind, two bladed rotor
that has a diameter of 15.6 m. The rated electrical power of 75 kW is produced with an asynchronous
generator at wind speeds between 3 and 30 m/s. The power control is realized by pitch control of the
blades towards feather position in combination with a variable rotor speed. This power control method
requires a fairly complex electrical system, which is tuned with the passive blade pitch control
mechanism. It is recommended by the manufacturer to shut-down the turbine manually at wind speeds
over 30 m/s by yawing the nacelle such that the rotor is at 150 degrees towards the wind direction.
The nacelle is placed on a steel tower of a length that can be either 24, 30 or 36 meter. In order to
ensure safe operation the wind turbine is equipped with two independent and diverse safety systems,
viz. a passive blade pitching mechanism, and a yaw mechanism,

15608

UAGERWEY

L.

ERREA

32300

i

D TN

— A

Fig. S-1: LW 15/75 wind turbine.
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Stanmary

Wind Turbine Operation
For a clear description of the wind turbine operation, a State Diagram has been made. A distinction

has been made between Operational (O), Transitional (T), and Damaged (D) Modes. The State
Diagram enables a clear presentation for the relationships between the different wind turbines modes
(or states). The State Diagram of the LW 15/75 is presented in Fig. S-2.

"‘ D1 \\\

T6 17 ; s
F o D ed |

Unlock Lock  [#------rroooooooreooooos L am] [ ag] K

-

T4 T5
Norral Emergency
Sturt-down Shut-down

Fig. §-2: State Diagram of the LW 15/75.

Control and Safety Actions
Generally, the control systems of the LW 15/75 have to keep the wind turbine within its design limits

during normal operation and to ensure electrical energy is generated and supplied to the grid in an
efficient manner. In case of a failure or in case of abnormal external conditions, the control systems

ECN-C--93-010 11
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in combination with the safety systems have also to keep the furbine within its design envelope to
prevent damage or unsafe operation.

The safety sysiems of the LW 15/75 will be activated in case of the following events: an overspeed
situation, excessive vibration, overload of the generator, loss of load, too high inverter temperature,
and abnormal cable twist which have all been considered in the case study. In case of a normal shut-
down (T4), the nacelle will be yawed out of the wind; the yaw motor is activated by the grid. In case
of an emergency shut-down (T5), the yaw motor is powered directly by the generator. This happens
for instance during grid failure (S5). A survey of control and safety actions is given in Table S-1.

Table S-1: Survey of events, resulting in control or safety actions.

CONTROL ACTION SAFETY ACTION
Code Event Control Action Remarks Code Event Safety Remarks
Action
Cl Exceeding rated Pitch regulation Backup safety S1  Overspeed  Normal Pitch regulation
rotor speed action 81 (150 rpm) shut-down  has failed
(125 rpm)
C2 High inverter ~ Cooling Backup safety 52 Excessive Normal Various causes
temperature action 83 vibration shut-down
(40 °C)
3  Maximum cable Yawing, cable  No backup sys- 83 Very high Normal Cooling has failed
twrist twist protection fem inverter temp. shut-down
(90 °Cy
C4 Exceeding cut- Normal shut- Not applicable S4  Failure of Emergency
out wind speed down for all wind inverter con- shut-down
(30 m/s) turbines frol
'C5' Exceeding sur- None Wind turbine is S5 Grid Failures Emergency
vival wind speed presumably in shut-down
{54 my/s) parked situation
86  Generator Emergency
overload shut-down
87  Manual shut- Normal Various causes,
down shut-down  also high wind

speed (C4)

To describe, explain and visualize the sequence of the control and safety actions resulting from an
initiating event, Event Trees have been developed. These cvent trees provide a manner to show the
different consequences of the successful or unsuccessful operation of the control and safety systems.
The resulting situations are called the End States. The event tree technique is illustrated by a situation
with a *High inverter temperature’ C2. (See Fig. 5-3.) As can be seen in the figure, four control and
safety systems have to fail before a dangerous situation occurs.

Others

For the performance of a complete safety and reliability analysis, it is not sufficient to consider only
the turbine itself, but also aspects like operating procedures, assembly and construction, maintenance,
inspection and repair, and design modifications. Especially operating procedures appeared to be of
great influence on the availability of the wind turbine.

12 ECN-C--93-010
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Cooling Provided Yaw System Yow System Piteh Control
Shut-down) Shut-down)

by Four Fars (Normak (Emergency System —h End State:

BUCCEES
Normal energy

C2, Inverter mempamtum[ production
sbove 40 degr. C
Parked situation
l 53, T>90degr. C

Parked situation

failure
. wind turbine not successfully

parked; no safety implications

Wind turbine not successfully
parked; safety to the environ-
ment; severe damoge

Fig. S-3: Event tree of a situation with a high inverter temperature (C2).

Task 2. FMECA

Procedure

For the completion of the list of undesired events and for the identification of critical components in
the wind turbine, a Failure Mode, Effect, and Criticality Analysis (FMECA) has been performed.
FMECA is a systematic procedure for identifying the modes of failure and for evaluating their
consequences. The essential function of an FMECA is to consider each major part of a system, how
it may fail and what the effects of this failure on the system could be. Furthermore an FMECA can
be used to collect historical information and to assist in the analysis of field experience. The FMECA
should be an integral part of the conceptual design process and should be periodically updated to
reflect changes in design or application. An updated FMECA should be a major consideration in
design reviews, inspections, or other major system review poin(s in the program. Moreover, an updated
FMECA can be useful for scaling up existing types. A close co-operation with the designers and
maintenance engineers is essential for the reliability engineer to determine all possible functions and
failure modes of a sub-system or component.

Structural Breakdown
The structural breakdown is necessary to identify the sub-systems of a wind turbine and to define the
system boundaries.

Identification and Definition of Items

The items to be analyzed, such as failure mode, failure effect, and criticality, depend strongly on the
turbine to be analyzed and on the interests of the manufacturer. In Fig. S-4, an example is given of
the yaw drive, which is part of the yaw mechanism.
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Fig. S-4: Example of a filled out FMECA sheet.
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Summary

Selection Criterion for Critical Modes

The items L, S, A represent the Likelihood of a failure, it’s Severity and the required Action. The
likelihood has been derived from reliability data or engineering judgement. The severity has been
based on the consequences of a failure and refer to the following aspects: the wind wrbine operation,
the economic aspects and personnel injury. The assessment whether an identified failure mode requires
additional action is based on both the likelihood and severity. The more likely a failure is to occur and
the more severe the consequences, the higher the risk.

Results

From the FMECA, a set of critical components and initiating events has been derived. This survey has
been used to check the measures the manufacturer has taken to prevent these failures and events from
happening. Since Lagerwey has a long term experience with this type of turbine, most of the
preventive measures conceived during the FMECA have already been realized, either as a design
modification, or by changing the maintenance procedures.

Task 3. Event Sequence Analysis and System Modelling

Procedure

The event sequence analysis involved safety actions leading to unavailability of the wind turbine. The
analysis has been focused on the operational modes 'Idling’, O2, and *Energy Production’, O3, and
on the transitional modes *Normal Shutdown’, T4, and 'Emergency Shutdown’, T3, These modes are
the most important with respect to the unavailability and safety of the wind turbines. For the event
sequence analysis and system modelling, techniques have been used like event trees (see Fig. 5-3) and
fault trees respectively.

Example of Fault Tree During Overspeed

System modelling will be illustrated here with the overspeed situation S1. It is assumed that the pitch
mechanism (control action C1) has failed already and that the rotor rotational speed has exceeded the
value of 150 rpm. The overspeed event should be detected by a tachometer which should activate the
yaw mechanism, The yaw mechanism can be powered by either the grid (normal shut-down) or by the
generator (emergency shut-down). The probability of a successful yaw action has been investigated
with a fault tree analysis. The top part of the fault tree of the yaw mechanism is presented in Fig. 5-5.

Results

Similar to the overspeed situation, the initiating events S2 to S7 and their resulting safety actions have
been analyzed. From the qualitative analyses, unbalances were found in the design of safety systems,
depending on the initiating event. Excessive vibration had the lowest level of defence, viz. only the
yaw system.
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NO_YAW_
OVERSPEED
no yaw in overspeed
simation

NO_ELEC_POWER
no elecirical
power

NO_GEN_POWER INO_GRID_POWER
no power from na power from
generator via D17 grid

Fig. §-5: Fault Tree of the yaw system during overspeed.

Task 4. Data Collection and Parameter Estimation

Procedure
To get additional information on the actual behaviour of the wind turbine design, specific operational
experience has been collected and analyzed. This information is not only meant for quantifying the
unavailability and safety of the wind turbine but also for qualitative insights. The following types of
data have been collected and analyzed:
- maintenance and failure data,
- operational data, consisting of:

. wind turbine mode’s data (c.g. starts, stops, transitions and durations), and

. external conditions (mainly wind and grid conditions).

Sources of Information

Maintenance and failure data have been derived partially from maintenance sheets, audits, iogbooks
and. In addition, generic data contained in reliability data handbooks, European, and American wind
turbine databases, and engineering judgment have been used to finally arrive at the parameters required
for the quantification process and to compare the specific LW 15/75 failure data with. The operational
data have been derived from logbooks, measurcments, and function tests.

Data Collection and Analysis

For the collection of the specific data, 11 turbines have been analyzed, representing operational
experience of about 26 years. Amongst others, the following parameters have been derived for
reliability quantification purposes:
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- failure rates or failure frequencies of components and sub-systems,
- frequencies of initiating events that require safety action, and
- downtimes.

Results

The collection of data for these eleven LW 15/75 wind turbines has shown some limitations in the
current practices of data collection. Not all types of data required for reliability purposes have been
recorded. Despite the shortcomings of data collection, both qualitative and quantitative information,
has been derived from the available operatiomal experience. In general, the component failure
frequencies of the LW 15/75 compared favourably to the reported generic wind turbine data.

Task 5. System Reliability Quantification

Procedure

The fault trees and event trees developed in Task 3 have been quantified with the failtre rates,
initiating event frequencies, and downtimes, estimated in Task 4. Estimates have been obtained of
safety system unavailabilities and wind turbine unavailability. Components contributing to the safety
system unavailabilities have been ranked according to their importance in order to identify possibly
weak points in the LW 15/75 design, to highlight unbalances, and to indicate effective areas for
improvement. The resulting absolute values should be considered as rough estimates because of data
uncertainties and modelling assumptions. When drawing conclusions from these values, these
limitations should be considered. Sensitivity analyses have been performed to show the robustness of
the conclusions.

Safety System Unavailabilities

The unavailability of the yaw system has been derived by quantification of the fault tree. The
unavailability of the pitch mechanism has been estimated somewhat conservatively from the number
of overspeed alarms. The number of alarms has been corrected for spurious alarms. The end states of
the event trees have been quantified by multiplying the availabilities or unavailabilities of the
successive events.

The results show an estimated severe damage frequency of 1 per 35 wind turbine operating years.
Partial damage with no safety implications occurs approximately once in 8 years. Successful shut-
downs occur 5 times per year. These values are based on the above mentioned operational experience
and the assumptions that: 1) the wind turbine structure will not fail if the safety systems properly
function (too optimistic), and 2) it will fail in case of unavailability of the safety systems (Conse-
rvative). Especially the detection units (e.g. tachometer and vibration detection) confribute to the
damage frequencies. This is because there is no redundancy in these components.

Wind Turbine Unavailability

As can be seen in the state diagram in Fig. S-2, there are three principal wind turbine modes that
contribute to the wind turbine unavailability, viz. Maintenance (O4), Parking (O1), and the Damaged
Mode (D1). The outcomes of the event sequences result in either Parking (O1) or the Damaged Mode
(D1). The contribution from maintenance comes from planned, periodic maintenance and from
unplanned maintenance due to entering the damaged mode or, as a separate category, as a result of

ECN-C--93-010 17



PSA of Wind Turbines

direct critical component failures for which no safety actions are designed. Bach of these contributions
has been quantified.

Successful shut-downs contribute the most to the wind turbine unavailability, especially the activation
of the ’grid failure’ alarm.

Task 6. Structural Reliability

Procedure

The unsafe situation near the site of a wind turbine is often caused by failures of structural parts like
the blades, the hub and the tower. The failure rates of these components should be very low and
usually cannot be determined from operational experience. To determine the failure probabilities of
these components, additional analyses should be performed. In civil engineering structural reliability
appeared to be appropriate. With structural reliability, the system behaviour of a load carrying structure
can be modelled, taking into account the different failure mechanisms (e.g. yield or fatigue) of the
components. Since only little experience is available about structural reliability in wind turbine
engineering, a limited method called Mean Value Approach (MVA) has been used to make a
probabilistic fatigue analysis of the tower foot. As a first attempt, the analysis has been performed in
order to investigate the applicability and feasibility of structural reliability in wind turbine engineering,
much more than to determine the accurate failure probability.

Results

Although the probabilistic model was limited, insight was gained in how the failure probability is
influenced by uncertainties in the parameters. The uncertainties in the S-N curve or the welding and
in the annual average wind speed appeared to be dominant. Model uncertainties appeared to be of less
importance than as might be expected, and also the turbulence intensity appeared to be of little
influence.

Task 7. Interpretation and Discussions of the Results
The results and recommendations of the LW 15/75 case study are summarized as follows:

* Results

Depending on the initiating event, a safety action must be performed using one or two of the safety
systems, It has been concluded from the qualitative analyses with event trees and fault trees, that
there are unbalances in the safety systems design. Excessive vibration of the nacelle had the lowest
level of defence (only the yaw system). Quantitative results showed an estimated severe failure
frequency of 1 per 35 wind turbine operating years. Partial damage with no safety implications are
expected to occur approximately once in 8 years. Successful shut-downs occur 5 times per year. It
safety is to be improved, modifications can best be focused on the improvement of the detection
units. A strong improvement of the wind turbine availability can be made by automatic resetting,
which causes the downtimes to decrease.
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 [Interpretation of Results

The system reliability analysis results are valid for the so-called ‘useful life’ period where failures
are random and component failure rates are more or less constant. Reported gross failures (from
other than the 11 units) which have resulted in hazardous situations appeared to be caused not by
random failures during the useful life period, but were mostly the result of unexpected situations
not foreseen in the design stage. Especially activation of the yaw mechanism at high wind speeds
was found to be critical. In early designs of the LW 15/75, this situation led 10 excessive vibrations
and high loads. The phenomena causing these effects were not known in the design phase. A load
and operation monitoring programme together with the analysis of more load gituations are strongly
recommended to gain more insights in the dynamic behaviour of the turbine and to reduce the
occurrence of these failures. To improve the safety at high wind speeds, it is recommended to
enhance the yaw mechanism or to add an extra safety device. Otherwise, it is recommended to
install an anemometer that causes automatic shut-down at lower wind speed.

§.3. Conclusions and Recommendations on the Methodology
The results of this project are summarized as follows:

o Feasibility

The short term benefits of system reliability analysis (Thorough System Description, State
Diagrams, FMECA, Event Tree and Fault Tree Analysis) have been proven. Probabilistic analyses
to assess the safety and reliability of wind turbines constitute a necessary supplement to the existing
deterministic studies and design rules, to achieve a more balanced design. Probabilistic analyses
provide a systematic approach in the design and operation of a wind turbine, a systematic feedback
from operational experience into the design process, and can form a basis for discussions.
Qualitative analysis methods can be applied immediately.

+ Limitations

In addition to deterministic studies, reliability analysis techniques are not the only means to further
enhance safety and reliability. There is still a fundamental lack of knowledge of physical
phenomena in wind turbine engineering that may cause hazardous situations. Even when these
phenomena are known, quite often they cannot be adequately modelled with the current computer
codes. It is therefore highly recommended to perform analyses of additional load situations during
the design stage and to use measurement, test and monitoring programmes during the early
operational phase of a wind turbine. The results of these programmes can be used for updating the
design process.

A sarvey of methods to be applied during the lifetime of a wind turbine is given in Table S-2.

» Data Collection and Analysis
In view of limitations in the current practices of data collection, priority must be given to a
systematic collection of data, not only concerning maintenance and failure data (component failures,
downtimes, failure causes, etc.) but also concerning operational data (external conditions, starts and
stops, etc.). Computerized data collection and analysis systems are strongly recommended. Detailed
recommendations can be found in Appendix A,
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Table 5-2: Reliability analysis techniques in the different operating stages.

Operating Reliability Analysis Objective

Stage Technique

Design and  State Diagram (and 1. Definition of a clear set of terms.

Development System Description) 2. Familiarization with turbine design and operation.

3, Enabling a clear presentation and transfer of knowledge.

FMECA 1. IKdentification of all the ways a piece of equipment can fail, trace it’s cause and determine
its effect.

2. Give recommendations to reduce the likelihood of a failure, and to minimize the hazard-
ous effects, e.g. maintenance and testing procedures, design modifications, or adjustment
of the manufacturing process.

3. Design of checklists.

Event Tree Analysis 1. Analyze possible hazardous events and designed safety actions; show chronological
(ETA) relationships between. initiating event and subsequent events.
2. Completion of list with load situations.
3. Ranking of events contributing to the different end states (quantitativel).
Fault Tree Analysis 1. Identification of events and combinations of events leading to an undesired event.
(FTA) 2. Identification of weak spots and unbalances in system design.
3, Ranking of events contributing to the safety system unavailability (quantitativel},
Structural Reliability 1. Search for unbalances in load carrying structure.
2. Determination of dominating factors contributing to uncertainties in limit states.
3. Underpin safety factors {longer term}.
Quality Assurance 1. Enabling a systematic design approach.

2. Minimization of design and production errors.

Burn-in Operation and Load 1. Verification of design assumptions, obtain data for structural reliability analysis.
Monitoring 2. Completion of list with load sitnations.
3. Determination of loads during rare events which have not been foreseen in the design
phase.
Maintenance, Inspection 1. Determination of early failures.
and Testing 2. Verification of maintenance, inspection and testing procedures.
Data Collection and 1. Systematical approach for reporting incidents and accidents and feedback to the design.
Failure Reporting
FMECA, ETA, FTA 1. Updating and completion of analyses performed in design stage.
2. Updating of procedures and checklists.
Quality Assurance 1. Minimization of early failures.
2. Minimize operating and maintenance failures.
Useful Life  Data Collection and 1. Statistical analyses, trend analysis, parameter estimation.
Analysis 2. Periodic feedback to designers, owners and certification institutes.
3. Input for cost-benefit analyses.
Operation and Load 1. Collection of operational data,
Monitoring 2. Determine lifetime consumption.
Maintenance and Inspec- 1. Periodic: minimization of random failures.
tion 2. Corrective: restoration of failures.
3. Collection of failure data
FMECA, ETA, FTA 1. Update earlier analyses with specific data and experience.
Quality Assurance 1. Minimization of operating and maintenance errors.
Wearout Maintenance and Inspec- 1. Search for cracks and wear in main components,
tion 2. Minimization of random failares.
Operation and Load 1. Search for wear and changes in behaviour, e.g. changes in eigenfrequencies or noise
Monitoring production.
Data Col}. and Analysis 1. Statistical analyses to determine trends and to assess wear.
20 ECN-C--93-010
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Certification

On a short term, the certification institutes can benefit from especialty qualitative analysis methods.
The systematic approach and presentation, e.g. state diagrams and event trees enable a direct insight
in the operation of the considered wind turbine. FMECAs performed by the designers provide a
survey of critical events which the certification institutes can review during the certification process.
At this moment, the critical events are often conceived by the certification institutes themselves in
a more or less unstructured way. They should therefore ask at least for the results of an FMECA.
In addition, quantification of the safety system unavailabilities will be necessary for evaluating
safety concepts that differ from the deterministic safety concept as described in the Dutch
certification criteria.

Structural Reliability

Although the demonstrated MVA for the structural reliability analysis of mechanical components
appeared to have limitations, a further application of probabilistic design techniques is strongly
recommended. The application of the MVA in addition to the currently used deterministic design
rules gives qualitative insights in the uncertainties of the fatigue damage calculations. Fruitful
discussions in wind turbine industry which must lead to a wider acceptance and introduction of
probabilistic design technigues can be generated only if these techniques are wider applied, parallel
to the improvement of the methodology and the identification and quantification of uncertain
parameters. In the near future, these techniques must be used to further underpin or adjust the
currently used safety factors.
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1. INTRODUCTION
1.1 Project Information
1.1.1 Background

The safety and reliability of wind turbines can be enhanced by adoption of techniques from other
branches of industry. Therefore the project *Probabilistic Safety Assessment (PSA) of Wind Turbines’
has been carried out to determine a methodology that takes advantage of existing probabilistic
reliability techniques. The project has been carried out under a joint contract of NOVEM, the
Netherlands Agency for Energy and Environment, and the CEC DG-XII, the Commission of the
European Communities DG XII for Science, Research and Development.

Presenily, wind turbines are being designed in accordance with deterministic design rules. To minimize
the likelihood of a structural failure of a wind turbine, these rules concern the design of main
components, such as the rotor and the tower, and the safety systems. As wind turbines increase in size
and power, these rules may not be adequate to ascertain a safe and well-balanced design. The rules
neither facilitate the quantification of the degree of conservatism in the applied safety margins nor
explicitly address the reliability and availability of the wind turbine. The lessons learnt from operating
experience are not systematically used during all phases of the lifetime of a wind turbine, viz. during
design, manufacturing, construction, and operation.

The wind power industry can take advantage of the safety and reliability practices in e.g. aerospace,
nuclear and offshore industry. These industries have a long-term experience with systematic and
standardized techniques to prevent accidents and to improve reliability.

1.1.2 Project Objectives

The objective of the project "PSA for Wind Turbines’ is to develop a methodology that can be applied

complementary to existing rules. This methodology should enable:

- the wind turbine industry to make a well-balanced design, and

- certifying bodies to assess the safety and to quantify the availability of wind turbines, with due
attention to the influence of quality assurance, inspection and maintenance procedures, and the
human factor.

The feasibility of applying reliability-based methods in conjunction with existing design and

certification rules has been investigated. The extent to which the PSA methods could be used in

quantifying the degree of conservatism of the current design regulations and of the prescribed safety

margins has been assessed. Considering the state of the art of wind turbine engineering, the

shortcomings have been indicated and recommendations for further development have been given.

Although the emphasis of the project has been laid on safety aspects, much attention has also been

paid to the availability of wind turbines and their sub-systems.
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1.1.3 Working Method

The project has been performed by ECN in co-operation with Lagerwey Windturbine, KEMA, TNO
Building and Construction, and Stork Product Engineering. A review committee has been consulted
to obtain relevant comment from the scientific and technical community. Separately, particular
technical issues have been discussed with the technical specialists of the committee. The committee
is formed by the following members:

L. Goossens, Delft University of Technology;

H.J. van Grol, ECN,;

Th. van Holten, Stork Product Engineering;

H. Lagerwey, Lagerwey Windturbine;

R.W. van Qiterloo, KEMA;

K. Versteegh, NEDWIND;

A.C.W.M. Vrouwenvelder, TNO Building and Construction.

The following subsequent project phases have been identified:

Phase 1. Survey and comparison of methods for safety and reliability analysis.
This survey provides the rationale for selecting a suitable set of methods for demonstrating on a case
study. The results of this first phase are reported in [1].

Phase 2. Case study of the Lagerwey LW 15/75 wind turbine.

This case study of the Lagerwey LW 15/75 turbine provides a realistic case for applying and
developing the probabilistic safety assessment. The result with respect to the applied method are
presented in this report. Due to proprietary information on the Lagerwey turbine, the supporting
technical report will remain confidential.

Phase 3. Development and assessment of the methodology including its area of application and its
restrictions. Based on the experience and insights gained in the case study, a suitable and consistent
set of methods have been described which could enhance the safety, reliability and availability of wind
turbines. The particular areas of application and its limitations and uncertainties are given. The results
of this phase are also presented in this report.

Phase 4. Verification of the methodology by means of case studies of two different wind turbine
designs. Presently this phase is not under contract. The NEWECS-45 wind turbine, the only wind
turbine in The Netherlands in the megawatt class, is being considered as the mext design to be
analyzed. The results are to be used for optimizing the performances of the NEWECS-45. The general
conclusions and recommendations will be used for the development of the six turbines in the megawatt
class, being developed within the JOULE-II program of the CEC DG-XIL

ECN-C--93-010 23



PSA of Wind Turbines

1.1.4 Results from Survey of Methods (Project Phase 1)

As a result of the first project phase, a methodology has been proposed for the case study of the
LW 15/75. In this methodology, roughly the following steps were identified:
1. System Description
2. Reliability Modelling, consisting of:

- identification of failure modes, hazards, and initiating events,

- determination of causal relationships between events,

- system modelling,

- collection of failure data,

- structural reliability of mechanical components, and

- quantification,
3. Interpretation of Results

In the first project phase, a separation has been made between system reliability and structural
reliability. Although these two analysis techniques should be combined for a complete reliability
analysis, this separation was justified since there was a great difference in the required disciplines and
in the applicability.

System reliability uses more or less standardized techniques, which are applied successfully in other
branches of industry. Qualitative methods from system reliability like Failure Mode, Effect, and
Criticality Analysis (FMECA), Event Trec Analysis (ETA), and Fault Tree Analysis (FTA) are
therefore expected to be beneficial for the wind turbine industry on the short term. Quantitative
methods are also expected to be useful on the short term, although appropriate reliability data might
cause a problemn.

Techniques for structural reliability analysis are frequently applied for the tuning of design rules. In
this respect, especially the fields of offshore industry, flood protection and bridge and building design
should be mentioned. The direct application in the design of particular structures is limited to very
large projects, as for instance nuclear installations, storm surge barriers and aerospace devices. Also
in case of wind turbine engineering, an indirect use of structural reliability theory as a support for
developing new design rules seems to be most appropriate. Chapter 7 investigates the applicability of
the available tools from this point of view.

The findings of the first project phase, reported in [1], were confirmed by the consultancy meeting of
the review committee,
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1.2 Case Study of the LW 15/75
1.2.1 Objective

The objective of the case study was two-fold, viz.:

1. to demonsirate the proposed PSA methodology, to highlight shortcomings, and to give
recommendations for further development; and

2. to analyze a specific wind turbine design with the aim of identifying possible improvements.

The first objective was the most important. While performing the case study of the LW 15/75, the
emphasis is laid on documenting the methodology. Within the constraints of resources for this project
the tasks have focused on the following aspects:

1. Description of the system design and operation in which consistent terminology is presented;

2. Presentation of a FMECA sheet, and a listing of wind turbine specific failure modes and causes
which can be used for other wind turbine designs;

3. Demonstration of event sequence analysis of critical events and system modelling of safety systems
involved;

4. Collection of general data and data specific to the LW 15/75 in order to highlight shortcomings in
the current practices and to give recommendations for future data collection and analysis for wind
turbines;

5. Quantification of the event sequences, safety system unavailabilities, and wind turbine unavailability
and indication of the importance of the various components/subsystems for the wind turbine safety
and unavailability.

6. Probabilistic approach of design and strength calculations of main components to gain insight in
uncertainties of wind, wind turbine and fatigue parameters.

1.2.2 Applied Methodology

The PSA methodology proposed in [1} and summarized in Section 1.2 is generally valid for wind
turbines. With the objectives described in the previous section, the methodology has been refined in
more detail and is presented below. It contains the following major tasks:
1. Description of system design and operation.
Before starting a detailed reliability and safety analysis of a wind turbine, it is necessary for the
reliability analyst(s) to get familiar with the specific wind turbine resulting in a detailed description
of the system design and operation, including maintenance test and inspection procedures and
design modifications. State Diagrams, Event Trees and Reliability Block Diagrams have been
proposed and applied for the explanation of the control and safety actions.

2. Failure Mode Effect and Criticality Analysis (FMECA).
An FMECA is performed for the completion of the list of undesired events and for the
identification of critical components in the wind turbine. Furthermore, the FMECA is used to
consider historical information and to assist in the analysis of field experience.
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. Event sequence analysis and system modelling.

The response of the wind turbine to the selected initiating events has been classified with an event
tree. Fault tree analysis has been used to analyze the compound events in the event trees if these
events require detailed modelling. The analysis has been focused on the wind turbine safety and
unavailability.

. Data collection and parameter estimation.

LW 15/75 specific data and generic data have been collected to quantify the delineated event
sequences. The available sources of information like log-books, wind turbine databases and
reliability handbooks have been analyzed. Statistical analyses have been performed to determine the
initiating event frequencies and component failure data. Recommendations for systematical data
collection and analysis have been given.

Quantification.

Finally, the safety system unavailabilities, event sequences, and wind turbine unavailability have
been quantified, Components contributing to these unavailabilities have been ranked according to
their importance in order to identify possibly weak points in the LW 15/75 design, to highlight
unbalances, and to indicate areas for effective improvement.

Structural reliability.

Structural reliability can be used as a method to determine the failure probability of structural and
mechanical components. This task has been treated separately from system reliability, which is
already explained in Section 1.2.

Interpretation and discussion of the results.
Each task has been concluded by a discussion of the results.

The above tasks with their successive steps are presented in Fig. 1.1 and reported in the Chapters 2
through 8, respectively.

1.3

[1]

References

Rademakers, L.W.M.M, et al.: *Reliability Analysis Methods for Wind Turbines - Task 1 of the
Project: Probabilistic Safety Assessment for Wind Turbines’, ECN-C--92-018, Petten, The
Netherlands, June 1992.
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2. DESCRIPTION OF SYSTEM DESIGN AND OPERATION
2.1 Introduction

Before starting a detailed analysis of a wind turbine, it is necessary for the reliability analyst(s) to
become familiar with the specific wind turbine. Therefore the steps presented in Fig. 2.1 have been
taken to obtain a clear overview of the system design and operation, including maintenance and test
procedures and design evaluation.

Collect Information

Define and Describe Main Systems and
Components and Their Functions

Describe Wind Turbine Operation

Swrvey of Procedures
(Inspection, Testing, Maintenance,
Assembly and Construction)

Survey of Design Modifications
(Configuration Control)

Review With Designers and
Manufacturer

Complete Descriptibn

Fig. 2.1: Steps taken for the description of wind turbine design and operation.

2.2  Sources of Information

Information needed for familiarization with a wind turbine is obtained from several sources. To
facilitate a structured search for information, a simple check list containing the most obvious
information sources is used, and presented in Table 2.1.
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2. Description of System Design and Operation

Table 2.1: Information sources for familiarization with a wind turbine.

Information Sources Applied for LW 15/75

- System descriptions yes

. Design documents (calculations and drawings) yes
Documents for certification purpose yes
Report of certification assessment yes
Electrical drawings, circuit diagrams yes
Description of electrical systemns not available
Cable location and routing drawings yes

Hydraulic drawings, circuit diagrams
Description of hydraulic systems
Piping location and routing drawings
Reports of functional tests

not applicable
not applicable
not applicable

no

Reports of power measurements yes

Reporis of load measurements ne

Reports of noise measurements no

Reports of accidents and incidents yes

Configuration control no

Audits with manufacturer, designer yes
and maintenance personnel

Review with operators limited

Procedures (maintenance, testing, yes
inspection, assembly and construction)

. Site visits yes

It has to be noted that the collection of the required information is generally a considerable effort since
it might not be available in a structured manner. The manufacturer Lagerwey has been very co-
operating in explaining and supplementing the available information.

2.3 System Design

The Lagerwey LW 15/75 wind turbine is equipped with an upwind, two bladed rotor that has a
diameter of 15.6 m. The rated electrical power of 75 kW is produced with an asynchronous generator
at wind speeds between 3 and 30 m/s. The power control is realized by pitch control of the blades
towards feather position in combination with a variable speed of the mechanically coupled rotor and
generator. This power control method requires a fairly complex electrical system, which is tuned with
the passive blade pitch control mechanism. The LW 15/75 does not contain a mechanical brake for
shutting down the turbine at high wind speeds; it is recommended by the manufacturer to shut-down
the turbine manually at wind speeds over 30 m/s by yawing the nacelle such that the rotor is at 150
degrees towards the wind direction.

The nacelle is placed on a steel tower of a length that can be either 24, 30 or 36 meter. In order to
ensure safe operation the wind turbine is equipped with two safety systems, viz. a passive blade
pitching mechanism, and a yaw mechanism. A general view of the turbine is given in the figures 2.2
and 2.3. A detailed description of the system design and operation and of the relevant procedures
follows below.
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Fig. 2.2: General view of the LW 15/75.
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2. Description of System Design and Operation

Y

. Rotor

. Blades

. Gearbox
. Generator

: OO0

. Yaw motor
. Wind vane
. Nacelle

. Step

. Tower

OO0 = o th R W o e

10. Worm gearbox of yaw drive

Fig. 2.3: Main components of the LW 15/75.
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2.3.1 Rotor

The rotor of the LW 15/75 consists of two straight blades, a hub, two pitch shafts, two flapping hinges
and associated levers. Each blade is bolted to its piich shaft by two mounting plates. The pitch shaft
support, consisting of two ball bearings, is placed in a flapping hinge. This flapping hinge consists of
a cast iron element. The hinge shaft is supported by two slide bearings. The pitch shafts of the two
blades are connected by the pitch synchronization mechanism, consisting of a synchronization plate
and two rods with ball joints. The operating blade pitch angle as well as the maximum pitch angle are
limited by means of end stops. The flapping movement of a blade is independent of the flapping
movement of the other blade. To limit the flapping movements, two rubber cushion blocks are
mounted.

The pitch mechanism realizes a decrease of the rotor efficiency above the rated wind speed to keep
the output power at its rated value. The flapping mechanism strongly reduces flapping bending
moments in the blade roots during normal operation.

At high wind speeds the blades are forced towards feathering position by the aerodynamic pitching
torque acting on the blade. The aerodynamic pitching torque is obstructed by a fairly small propeller
moment, and by two springs connected between the hub frame and the synchronization plate. In the
early series of the LW 15/75 wind turbine two dampers were placed between the synchronization plate
and the hub frame to avoid instabilities of the pitch movement. These dampers are removed in the
present design since tests showed that these dampers had no function. More details about the function
of the pitch mechanism as a control and safety device will be given in Section 2.4.1.

Furthermore, a device consisting of a steel cable connected to the pitch and flapping mechanism is
built in the hub to prevent the rotor from operating downwind. The stecl cable converts a downwind
flapping movent into a pitch movement towards feather position.

The rotor is equipped with a locking device to keep the rotor in a horizontal position during inspection
and maintenance. To reduce the influence of the environmental conditions like moisture, salt, and dirt
on the parts in the hub, all bearings are protected by sealings and a so-called hub cap is placed on the
hub.

2.3.2 Nacelle

The nacelle consists of the following components and sub-systems: the drive train, the yaw system,
and nacelle frame. An overview of the nacelle is already presented in Fig. 2.3.

Drive train

The rotot hub is connected to the low speed shaft of the gearbox by means of a flange. The high speed
shaft of the gearbox is connected to the generator by means of a coupling. The gearbox has two
parallel stages. The gearbox supports both the rotor and the generator and is mounted on the upper half
of the nacelle frame. A rubber mat is placed between the gearbox and the frame to reduce noise. The
locking device for the rotor is placed at the mounting flange between the gearbox and the generator,
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The revolution counter is placed near the low speed shaft. The gearbox design does not require an oil
cooler neither a lubricant pump,

Yaw system

The wind direction is detected by means of a wind vane on top of the nacelle. In case of
misalignment, the yaw sysiem is actuated to position the rotor upwind. The yaw drive consists of an
induction motor with a double worm gearbox, a flexible coupling, and a pinion which drives the outer
gear ring of the four point ball bearing. The rotational speed of the nacelle during yawing is about 1.4
degrees per second. To prevent the nacelle from free yawing, a yaw brake is installed.

As stated above, the main function of the yaw system is to keep the rotor upwind. Its second function
is the performance of the safety actions normal and emergency shut down. More details can be found
in Section 2.4.1.

The instrumentation signals and the electrical power are transmitted trough centrally mounted cables.
Complex slip rings are avoided by allowing the cable to twist three revolutions in either direction. A
cable twist protection prevents cable failure due to overtwisting by yawing the nacelle three revolutions
reverse to the neutral position,

Nacelle frame

The nacelle frame consists of two U’ formed plates, the nacelle cap and two platforms for
maintenance. All the components of the nacelle are mounted on the "U’ formed plates and are easily
accessible for testing and maintenance.

2.3.3 Tower

For the LW 15/75 three tower lengths are available. The standard tower consists of two tubular parts
of 12 m which are bolted together by means of fianges. In case of a 30 or 36 meter tower, one or {two
extra parts of 6 m are bolted to the standard type, respectively. The tower and the external climbing
facility are made of galvanized iron.

2.3.4 Electrical System

The electrical system can be separated into the electrical conversion system and the electrical control
system. The conversion system cOnsisis of a 75 kW asynchronous generator, a rectifier, and an
inverter. This conversion system enables variable rotor speed. The control system is a conventional
analogue system with sensors, relays and switches. Its function is to control the main power through
the conversion system and to activate the safety systems when necessary. A simplified scheme of the
electrical power system is presented in Fig. 2.4. The generator is placed in the nacelle. The rest of the
conversion system and most of the electrical control system are placed in a switch cabinet on the
ground adjacent to the tower.
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Fig. 2.4: Simplified scheme of the electrical conversion system.

2.4 System Operation
2.4.1 Wind Turbine Operation

Generally, the control systems of the LW 15/75 have to keep the wind turbine within its design limits
(or design envelope) during normal operation and has to ensure electrical energy is generated and
supplied to the grid in an efficient manner., In case of a failure or in case of abnormal external
conditions, the control systems in combination with the safety systems and procedures have also to
keep the turbine within its design envelope to prevent damage or unsafe operation.

The control systems of the LW 15/75 are not physically separated from the safety systems. Several

components and systems contribute to both a control system and a safety system. The yaw system for

instance performs both control and safety actions. The operation and the function of the control
systems will be explained with the help of the operating strategy of the wind turbine, which is:

1. At wind speeds lower than about 3 meters per second the wind turbine idles. The electrical
control system is connected to the electrical grid and the yaw system aligns the nacelle in the
wind direction. In case the wind speed increases the rotor starts rotating. If the rotational speed
is about 75 revolutions per minute, the control system will connect the generator to the grid.
This is called the start-up procedure.

2, At wind speeds between 3 m/s, V., and 13 m/s, V..., the rotational speed varies between 75
and 100 rpm and the electrical output varies between zero and 75 kW. The maximum power
output, 75 kW, is limited by the electrical control system.

3. At wind speeds higher than the rated wind speed, the electrical power output is limited to
75 kW. The electrical conversion system enables the rotor to speed up and thus to force the
passive pitch mechanism to adjust the blades towards feather position. Doing so, the efficiency
of the rotor decreases until a new equilibrium is established. The power output at high wind
speeds maintains at about 75 kKW and the rotational speed of the rotor is about 130 rpm.
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4. At wind speeds above 30 m/s it is recommended to initialize the shut down of the wind turbine
manuaily, since vibrations are likely to occur at these wind speeds. The yaw mechanism turns
the nacelle such that the rotor is 150 degrees towards the wind direction. After this shut-down
action, the electrical control system is disconnected from the grid and the wind turbine is in a
parked situation.

5. In a parked situation, the steel cable in the hub has to prevent the rotor from operating
downwind. Downwind operation is an wnwanted situation which may cause high mechanical
loads. (The reliability of this steel cable and the influence on the wind turbine safety and
availability will not be considered in the analysis.)

The main parameters which characterize the operation are presented in Table 2.2,

Table 2.2: Wind turbine operation with main characteristics.

Wind Speed Wind Turbine Rotor Speed  Power Output
(m/s) Mode (rpm) (W)
6-3 Idling 0-75 Y
3-13 Energy product, 75 - 100 0-75
(Optimal power
conversion)
13 -30 Energy product. 100 - 130 75
(Reduced power
conversion)
> 30 Parking 0 0

2.4.2 Wind Turbine Modes

Wind turbine modes are defined as the possible states or situations of the wind turbine. In general, the
following wind turbine modes can be identified:

1. Operational Modes
Operational Modes have a duration of the same order as the life of the structure. Their occurrences
are usually measured in units of time.

2. Transitional Modes

Transitional modes have a shorter duration and a high probability of occurrence. These transitional
modes are actions which make an operational mode go over into another. Their occurrences are usually
measured in frequencies.

As possible sub-modes of the operational and transitional modes, Failed Modes can be identified.
Failed modes are conceived as failed operation. This failed operation is caused by failures which are
not detected by one of the control or safety systems, so called undetected failures. These undetected

ECN-C--93-010 35



PSA of Wind Turbines

failures show up when they cause further damage, or during maintenance and inspection by the
operator. These failed modes will not be dealt with separately, because they are alrcady considered
under the operational and transitional modes.

3. Damaged Mode

Damaged modes are expected to have a low probability of occurrence. They differ from Failed Modes
in a way that the failure is detected by the control system or by the operator. However, the initiated
control or safety action is not carried out successfully which leads to damage of the wind turbine. The
resulting damaged mode might be dangerous for the environment or the wind turbine is heavily
damaged.

NOTE: The terminology of the operational medes used in the case study differs from that used in the Dutch
Criteria [1] and the IEC drafts for wind turbine standards [2]. The terminology used in all three cases is
presented in Table 2.3, The applicability of the terminology in accordance with the Dutch Certification Criteria
is limited for this case study since it makes no difference between the operational and transitional modes. The
terminology of the IEC drafts for wind turbines is based on that of the BUROCODE 3 [3] and meant for design
purposes more than for system modelling.

Table 2.3: Different terminology of modes.

Case Study LW15/75 Dutch Certification Criteria IEC Drafts

Wind Turbine Modes: Wind Turbine Operational Modes: Design Situations:

1. Operational Modes 1. Persistent Situations
1. Normal Operational Modes

2. Transitional Modes 2. Transient Sitvations

3. Damaged Modes 2. Abnormal Operational Modes 3. Accidental Sifuations

From description of the system operation presented in Section 2.4.1, the following LW 15/75 specific
wind turbine modes have been distinguished:

Operational Modes:

01 Parking

Parking results usvally after a normal or an emergency shut-down. Both the generator and the control
system are disconnected from the grid. The generator is connected to the yaw-sysiem, so clectrical
power output results in an activation of the yaw-drive. If sufficient power is supplied to the yaw drive,
the nacelle will be turned out of the wind.

02 Idling
The control system is connected to the grid. The rotational speed of the rotor is too low to connect
the generator also to the grid. The wind turbine is usually in this mode at wind speeds below 3 m/s.
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03 Energy production

Between 3 m/s and about 30 m/s both the electrical control system and the electrical conversion
system are connected to the grid. The wind turbine produces electrical power and the wind turbine is
kept within its design limits by the control system.

04 Maintenance
This operational mode includes actions such as repair, inspection, testing, and scheduled and
unscheduled maintenance. During most of these actions the rotor is locked in a horizontal position.

Transitional Modes

T!  Reset
During parking the control system is disconnected from the grid and the system is not active, In order
{0 activate the control system the "alarm reset” button and the “start” button must be pushed manually.

T2  Start-up
During a start-up procedure, the rotor speed increases until about 75 rpm and the generator is
connected to the grid automatically.

T3  Stop

During a stopping procedure, the generator is disconnected from the grid but the electrical control
system remains active. This usually happens at wind speeds of about 2 to 4 m/s when the power
output is very low.

T4  Normal shur-down

During a normal shut-down, the yaw system is activated by an alarm function or by a manual stop
action, The yaw system is powered by the electrical grid and turns the nacelle such that the rotor is
150 degrees towards the wind direction. After about one minute the electrical control system is
disconnected from the grid.

T5  Emergency shut-down

During an emergency shut-down the electrical control system is disconnected immediately from the
grid. At the same time the generator is connected to the yaw drive and the electrical power produced
by the generator forces the yaw drive to turn the nacelle out of the wind.

76 Unlock
After maintenance and repair, both the rotor and the main switch have to be unlocked.

T7 Lock
For mainienance and inspection purposes the rotor has to be blocked with the blocking device. The
main switch has to be locked to prevent the maintenance engineer from electrocution.

ECN-C--93-010 37



PSA of Wind Turbines

DI Damaged Mode

If the LW 15/75 is in the damaged mode, the control and safety systems did not function well enough
to keep the wind turbine within the defined operational or transitional modes. Resetting is not possible
and maintenance actions are required. Since the definition of this mode is not very sharp and since the
damaged mode is not only one situation, it is drawn in Fig. 2.5 with a dotted line.

04
Maintenance

Start-up Stop
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A Energy
\ Production
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Fig. 2.5: State Diagram of the LW 15/75.
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2.4.3 Control and Safety Systems

The LW 15/75 is equipped with two diverse safety systems which are actuated and operated
independently: the passive blade pitch mechanism and the yaw mechanism. These safety systems will
be activated in case of an overspeed situation, excessive vibration, ovetload of the generator, loss of
load, too high inverter temperature, or abnormal cable twist. A survey of control and safety actions
is given in Table 2.4. These control and safety actions are briefly explained in Table 2.5.

Table 2.4: Survey of events, resulting in control or safety actions of the LW 15/75.

CONTROL ACTIONS:
Code Event Set Value  Detection Unit  Control Action Critical Component  Remarks
Cl Exceeding rated 125 rpm Aerodynamic Pitch regulation  Rotor, Turbine Backup safety
rotor speed torque action 51
C2 High inverter 40 °C Thermocouple  Cooling Inverter Backup safety
temperature action 83
C3 Maximum cable 3 rev. End switches Yawing, cable Power and control ~ No backup action
twist Left, Right twist protection  cables
C4  Exceeding cut-out = 30 m/s Manual Normal shut- Blades Not applicable for
wind speed down all wind turbines
'C5  Exceeding of = 54 myfs - Nene Turbine, Blades Wind turbine is
survival wind presumably in
speed parked situation
SAFETY ACTIONS:
Code Event Set Value  Detection Unit  Safety Action Critical Component  Remarks
51 Overspeed 150 rpm Tachometer Normal shut- Rotor, Turbine Pitch regulation
down has failed
S2 Too high a - Vibration detec- Normal shut- Twbine Various causes,
vibration level tion down also overspeed
sometimes
S3 Too high an in- 90 °C Thermocouple ~ Normal shut- Inverter, Turbine Cooling has failed
verter temperature down
54 Failure of inverter - Relay K Emergency shut- Inverter, Turbine
control down
85 Grid failures - Relay SB Emergency shut-  Generator, Turbine
down
S6 Generator over- 160 A Fuse 1604, Emergency shut- Generator, Turbine,
load Switch MB1 down Electronics
57 Manuai shut- Stop button Normal shut- In case of high
down down wind speed, or
rare situations
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Table 2.5: Explanation of the control and safety actions.

Control or Safety  Explanation

Action

Pitch regulation By means of pitch regulation the serodynamic power ouatput is limited to its rated value and the
rotor is prevented from overspeed.

Normal shut- During a normal shut-down the yaw drive turns the rotor, about 150 degrees out of the wind

down powered by the electrical grid. After about one minute the control system will be disconnected
from the grid and the wind turbme isina parked situation

Emergency shut- During an emergency shut-down the generator output power is dlrectly fed into the yaw drive

down which yaws the rotor out of the wind as long as the gencrator supplies enough power to the yaw
drive. The angular speed of the nacelle is higher during an emergency shut-down than during a
normal shut-down. After an emergency stop the wind turbine is in a parked situation.

Cooling Four fans provide cooling in the switch cabinet.

Cable twist pro- The cable twist protection consists of a counter for the numbers of revolutions of the nacelle. If the

tection maximum allowable number of revolutions, 3 revolutions to the left or 3 to the right, is reached

the yaw drive will be activated. The yaw drive rotates the nacelle back to the neutral position,

It has to be noted that the events, resulting in a control or safety action are not the real root cquses.
For instance, ’generator overload’ is usually caused by a failure of the conftrol system. In order to
improve the systems performance, insight in the root causes is generally required. Therefore, the
FMECA as presented in Chapter 3 identifies root causes of failures. That FMECA also provides a
systematic check on the completeness of the listed events in Table 2.4 and might indicate possible
omissions.

2.44 Successive Control and Safety Actions

The survey of the control and safety actions does not supply enough information on the operation of
these systems. The safety and control actions will be assessed with event trees which systematically
model the successive control and safety actions. These event trees are presented in Fig. 2.6 10 2.9. A
systematic search for possible initiating events has not been done in the reliability analysis. In
accordance with [9,10], event tree analysis should be performed after the possible initiating events are
indicated. However, event trees provide a clear manner for explaining the sequence of the control and
safety actions resulting from the initiating events that arc already conceived by Lagerwey.

Depending on the initiating event, two, three or even four control or safety actions are provided. Not
only the number of actions differ but also the sequence of the safety actions. For instance, the pitch
control mechanism is the first safety system in case of a rotational speed higher than 125 rpm. In case
of a situation with a too high inverter temperature, the pitch control mechanism is the last safety
system to keep the wind turbine within its design envelope. It has to be mentioned however that the
Event Trees do not give information about the diversity and the independence of the systems. The yaw
system used for a normal shut-down for instance, is not fully independent from the yaw system used
for an emergency stop.
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Pitch Conirol Yaw System Yaw System

System {Normal {Emergency End State:
Shut-down) Shut-down)

success
I Normal energy

Cl. More than 125 rpm production

and high wind speed

Parked situation

l §1, n> 150 rpm

Parked situation

failure

Wind turbine not
parked; danger for
environment;
severe damage

Fig. 2.6: Control and safety actions to prevent the wind turbine from overspeed (Cl).

Cooling Provided Yaw System Yaw System Pitch Control
by Four Fans {Normal (Buergency System End State:
Sbut-down) Shut-down)
SuUccess
Normal enetgy
C2. Inverter mmperarureT production
above 40 degr. C
— Parked situation

l §3. T>90degr. C
Parked situstion

failure
e 'Wind turbine not successfully

parked; no safety implications

‘Wind turbine not successfully
parked; safety to the environ-
ment; severe damage

Fig. 2.7: Event tree of a situation with too high an inverter temperature (C2).
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Yaw System Yaw System
{Normal (Emergency .
Shut-down) Shut-down) End State:
success
I Parked situation

Parked situation

§2. Too high vibration l
level

Wind turbine not parked,

danger for environment;

severe damage

failure

§7. Manual shutdown

Fig. 2.8: Event tree of a situation with excessive vibration ($2).

Yaw System Pitch Control
(Emergency System ]
Shut-down) End State:

S4. Failure of inverter 510982
control 1 Parked situation

S5. Grid failures

86. Generator overload
Wind mirbine not successfully

1' parked; no safety implications.

failure Wind turbine not parked,
. danger for environment,
severe damage

Fig. 2.9; Event tree of events resulting in an emergency shut-down (54, 85, 56).
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Reliability Block Diagrams (RBD), see Fig. 2.10, are a representation of the system as a serics of
interconnected components. They are not very attractive in the case of complex systems, due to the
fact that a RBD reflects the whole system’s flow and does not clearly show the successive system
responses to an initiating event. Functionally dependent relationships between components cannot
always be modelled in a RBD or may even be overlooked. Therefore, Fault Tree analysis is preferred,
because the functional relationships can be both qualitatively assessed as well as quantified becaunse
of the logical coupling of components. (See also [5].)

Grid
{Normal shut-down)

E— Tacho meter — Yaw drive e

Generafor
e {BEmergency
shut-down)

Fig. 2.10: Reliability block diagram of the yaw system in case of overspeed.
(In the situations §2 and S3 the tachometer can be replaced by the corresponding detection
unit!)

2.4.5 Wind Turbine Availability and Unavailability

In relation with reliability analysis, availability is defined as [task 1]: the probability that a product
or system is operating satisfactorily at any point in time, where the total time considered includes
operating time, active repair time, detection time and logistic time. Unavailability is defined as the
complement of availability: U = 1 - A. The availability can refer to an instanteneous availability Le.
the probability at a certain instant of time or it can refer to the average availability (or: steady state
availability). In [5] the average availability is defined as: the expected fraction of time in the long run
that an item (or system) operates satisfactorily. As an equation it is defined as follows:

A= fraction of the time that system is available
total time
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For the LW 15/75 ’operating satisfactorily’ means:

1.  energy production at favourable wind speeds,

2. idling at low wind speeds and

3. successful transitions between idling and emergy production.

In Table 2.6 the availability and unavailability of the LW 15/75 are defined as a function of the
operational modes and the wind speed. The calculated or estimated average availability is based on
the probabilitics and mean durations of the unavailable situations.

Table 2.6: Division of availabilitylunavailability and corresponding operational modes

L F H
Situation Low wind speed Favourable wind speed High wind speed
V< Vl:ut—in chHn <V« Vm:l—nut V> cht~uut
Available Ldling, 02 Energy Production, O3 Energy production, O3
Unavailable Parking, O1 Parking, Ol Parking, O1
Maintenance, 04 1dling, O2 Idling, O2
Damaged Mode, D1 Maintenance, O4 Damaged Mode, D1

Damaged Mede, D1

The availability of wind turbines is defined in [6], [7] as follows: the fraction of time of the measuring
period during which the wind turbine has not been shut-down as a result of a failure that cannot be
reset automatically, or as a result of maintenance. In [8] the *measured availability’ is termed the
*achieved availability’ This definition can be considered as identical to the average availability.

The operational and transitional modes involved with availability and unavailability are indicated in
the state diagram in Fig. 2.10 but without considering the wind speed. It is to be noted that the
transitional modes do not last long and lead, by definition, subsequently to an operational mode.
Therefore, the time being in these modes can be neglected for the calculation of the availability. The
average availability of the LW 15/75 is defined as:

_TIME (02, + 03)
TOTAL TIME

Factors contributing to the time spent in the unavailable situations are:

i) Internal failures
Internal failures can be divided into detected and undetected failures. Detected failures lead to
alarms and to a normal or emergency shut-down. From [IPW] it can be concluded that these
failures cause most of the unavailability. Internal failures which are not detected by the control
system, for instance a failure of the yaw drive, do not necessarily lead to system unavailability,
but may cause a less than optimal operation, or may lead to further damage when safety actions
are required in the longer term.
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ii)  Operating procedures
This concerns operating procedures or behaviour describing whether the wind turbine is shut
down at high wind speeds, how soon one detects the wind turbine to be stopped, how soon it
is reset and started again.

i) Maintenance and repair procedures.
These procedures concern how periodical maintenance is planned, which components and
systems are involved, the {ime needed for maintenance and repair.

iv) Wind speed
At very high wind speeds it is recommended to shut-down the wind turbine. In practice the
contribution of this factor to the unavailability is rather small.

v}y  Grid
Grid failure leads immediately to an emergency stop and leads to a parked situation. Manual
resetting is than required.

The event sequence analysis and system modelling, presented in the Chapters 4, 5, and 6 will focus
on the wind turbine availability and unavailability as well as on the safety actions T4, Normal shut-
down, and T5, Emergency shut-down.

2.5 Procedures
2.5.1 Operation

The operating procedures of a wind turbine concern the general supervision procedures carried out by

the operator, such as visual and audible inspection. The operator responses to anomalies in the setting

of setpoints, oil levels, temperature, and power output. Furthermore, the operator can detect abrasion

of some parts and abnormal noise. The operating procedures include also the performance of some

simple maintenance actions like the replacement of fuses. The operating procedures of the LW 15/75

include the following:

- manual reset and manual start-up;

- manual yawing, left and right;

- manual shut-down;

- response on the following alarm lights: imbalance, overspeed, inverter temperature, inverter
control disturbance, and voltage protection;

- simple failure analysis when the wind turbine is stopped but no alarm light is burning, for
instance the replacement of a fuse.

The operator of the LW 15/75 wind turbine is usually the owner himself.

Between the wind turbines of the type 15/75, some differences exist in the way they are operated. The
differences concern the following aspects:

Detection time

The time until a failure or an anomaly is detected depends very much on the operator itself. When the
operator inspects his turbine on a regular bases, which is often the case with turbines owned by so
called *wind turbine co-operations’, the detection time is usually less than 24 hours. The detection time
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of the wind turbines sited in Zijpe is mostly more than 24 hours because the operator does not visit
these turbines every day. The shortest detection time is obtained with the installation of a monitoring
system and a direct telephone line, which is the case with the 'QUADRO’ wind turbine on the
Maasvlakte. The detection time is of great influence on the availability of the turbine.

Shut-down at high wind speeds

In the first series of the LW 15/75 no cut-out wind speed was determined. After some severe accidents
with five wind turbines, Lagerwey has recommended the operators to shut-down their wind turbine
at wind speeds above 30 m/s. In the last series of this wind turbine type, an anemometer has been
installed. These differences consider safety aspects more than unavailability.

2.5.2 Assembly and Construction

To prevent errors during assembly and construction, detailed checklists have to be filled in to ensure
that all components be assembled in the right order and the right manner. Checklists exist for the
assembly of the rotor, the nacelle (including its electric parts and wiring), and the yaw drive system,
which are assembled at factory of Lagerwey, and for the assembly of the tower and the main systems
on the site.

2.5.3 Mainienance, Inspection, and Repair

Lagerwey conducts scheduled maintenance of the wind turbine twice a year. Checklists of components
to be inspected and maintained serve as maintenance sheets. In addition, the precise activities of
maintenance and inspection are written down in procedures, Unscheduled maintenance, inspection, or
repair is performed in case of incidents or failures between two instants of scheduled maintenance. In
general, service personnel is sent directly to the site after reporting such problems to Lagerwey, and
the problems are solved that very same day. In some cases, the problems can be solved by telephone
contact. Maintenance takes place only at wind speeds below rated wind speed. Normally, the rotor is
blocked and the main switch is locked for personnel safety. These maintenance sheets and the
procedures for inspection and maintenance will serve as a basis to search for (human) failures that can
be made during the inspection and maintenance activities. These failures can be filled in the FMECA
sheets.

2.54 Human Factors

Human errors contributing to safety and the availability of a wind turbine can be caused by the
operators of the turbines or by the manufacturer’s personnel.

The operators

In case of single sited turbines, the owner of the turbine is often also the operator. The role of the
operator is mostly limited to the response on anomalies and the performance of simple maintenance
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actions. In case of wind turbine parks, which are often owned by utilitics, the operator is usually
concerned in the operation of entire park. Quite often the operator is able to carry out not only simple
maintenance actions but also the more complex ones.

The role of the operators in the LW 15/75 case is already described in Section 2.5.1. Although the
instructions are more or less the same for every operator, in practice there are a lot of differences in
the way these instructions are being followed. The LW 15/75 is designed for fully automatic operation,
including the performance of safety actions. Therefore, the role of operators is of most importance for
the availability, more than for safety. From audits with the Lagerwey personnel it was learned that in
practice some operators have made mistakes during the performance of simple maintenance actions.
For instance a super fast fuse was changed by a too slow type. During a generator overload situation
this leads to damage of the elecirical conversion system.

In industrial plants and nuclear power stations the interaction between operators and machinery is of
great importance with respect to safety. Training programmes for operators are developed, detailed
analyses of human factors are performed and control rooms are designed to reduce the possible failures
that can be made by operators.

In wind turbine industry however, the influence of human failures on safety aspects is reduced to a
minimum, since no human interference is required to carry out safety actions. Therefore a detailed
analysis is not necessary and thus not performed. It is recommended to identify the possible failures
that can be caused by operators with an FMECA or by experiences from the past and to take some
measures to prevent the failures from happening.

Manufacturer’s Personnel

The errors that can be caused by the manufacturer’s personnel concern errors made in the design
process, during assembly and construction, and during maintenance, inspection, and testing. The
procedures on these aspects, except from design, are already summarized in Section 2.5.2 and 2.5.3.
To gain insight in the contribution of the failures made by the personnel, a qualitative analysis like
an FMECA is required, or a detailed analysis of the failures that have occurred in the past has to be
made to search for possible failure causes. As a source of information, the maintenance sheets and
procedures will be used. Possible failures are for instance the wrong adjustment of setpoints after
testing or the wrong interpretation of the procedures.

In the Lagerwey case no detailed search for human failure causes has been done. The failures caused
by the personnel are therefore not traceable. From audits it was learned that most of the failures
occurred in the beginning of the development of the LW 15/75 when little experience was available.
Presently a QA system for the entire production process and for maintenance is being installed. This
will lead to more standardized turbines and will reduce the possibility of errors during the production
and maintenance process.

Within this project the human failures will not be dealt with separately. However, the human aspect
is being considered indirectly, since the reported failures being analyzed in Chapter 5 gave no
information about the root cause of a failure. It is not traceable whether the failures are random or
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being caused by human errors. Furthermore, operational experience and interviews with Lagerwey
personnel gave no reason for a further detailed quantitative analysis of the failures of the personnel.

2.6 Configuration Control and Design Modifications

A series of a wind turbine manufacturer will be characterized by the system dimensions, However,
within a wind turbine series differences can exist, which might be a result of system improvements
due to experienced malfunctions or might satisfy particular requirements set by the operator on site
(wind climate, urbanization licensing requirements). Especially the sysiem improvements after
experienced failures might significantly impact the system reliability.

2.6.1 Incidents and Accidents

Accidents and incidents with severe consequences or with a high frequency of occurrence often are
an immediate cause for a review and an analyses of the ’as built’ design with respect to safety and
reliability, Measures taken fo prevent the incidents from happening again usually lead to design
modifications. Reporting these accidents and incidents can be used to learn from the past. The
following accidents and incidents are reported as letters, notices and minutes:

Incidents
1.  In October 1987 a gearbox had to be replaced in one of the turbines. One of the bearings had
too much clearance. The gearbox manufacturer was responsible for the failure.

Accidents

1. During a severe storm, November 1987, a tower was broken near the tower foot. The main
cause of the failure was the combination of the storm with a wrong mass centre of gravity in
the rotor blades.

2. In February 1990 seven turbines were severely damaged due to a storm. The accident was
caused by oscillations in the yaw movement during an emergency siop.

Measures have been taken successfully by Lagerwey to prevent repetition of these incidents and
accidents.

2.6.2 Design Modifications

Between the 145 operating wind turbines of the 15/75 design, many differences showed up in the "as-
built’ design. As far as these modifications are (raceable, they are presented in Table 2.7. These
differences have not been systematically recorded and have been highlighted by audits with the
manufacturer or by reports of incidents and accidents. Therefore, it has not been possible to track
down all of these differences afterwards within the scope of the project. To facilitate the traceability
of components and the systematic evaluation of modifications, a better ’configuration control’ is highly
recommended. This should be part of the QA system Lagerwey is presenily installing. Configuration
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control techniques are well established for hardware, but for software (PLC’s!) they are in their
infancy. Traditionally, manual records have been maintained for hardware. This may lead to

administrative problems; software tools are now available to assist with configuration control,

Table 2.7: Design modifications of the LW 15175

Item Remarks

Diameter The diameter was increased from 15.4 m to 15.6 meter.

Blade angle The optimal operating blade angle is adjusted from 5 to 4 degrees to improve the
rotor efficiency.

Pitch bearing The pitch bearing in the hub is strengly improved to absorb movements caused by
bending moments.

Parking The parked situation is adjusted. In the early design the wind twrbine was parked
with the rotor about 90 degrees towards the wind direction, In the latest designs
this angle is adjusted to 150 degrees.

Storm In the early design no cut out wind speed was defined, After some incidents in
febrmary 1990 it was recommended to the operators to shut down the wind turbine
in case of wind gusts higher than 30 m/s.

Gearbox The gear ratio of the gearbox is changed from 1:17.3 te 19.9. Doing so the

Control electronics

Wind vane

Power conversion

Tower

Yaw brakes

Steel cable in hub

generator speed became higher and smaller capacitors were required.

In the iatest versions of the LW 15/75 the analogue type of control system
equipped with relays is partly replaced by a Programmable Logic Control (PLC)
system. The types equipped with a PLC control have not been considered in the
case study.

The wind vanes produced in the early series of the LW 15/75 were designed and
manufactured by Lagerwey The wind vanes were applicable for an analogue
control system. From operating experience, it appeared that these wind vanes were
sensitive for disturbances and were a major cause for unavailability of the turbine.
In the latest design the wind vanes are replaced by types with digital output,
suited for PLC control.

As an aption it is possible to install a so called 'star-delta connection’. With this

star-delta connection the wind turbine is allowed to operate with a low rotational
speed at low wind speeds and with a high rotational speed at higher wind speeds.
Doing so, the rotor efficiency increases over the entire range of wind speeds and

Lagerwey expects a higher annual energy output.

The diameter and the wall thickness are bigger in the later designs.

After the incidents in February 1990 two yaw brakes were instafled in all turbines
to reduce yaw vibrations at high wind speeds and during emergency stops.

A steel cable has been installed in all hubs. This prevents the wind turbine from
down wind operafion.

Tachometer In the first series of the LW 15/75 the tachometer was installed near the low
speed shaft. Due to the low number of pulses received by this tachometer, the
system was very sensitive to extra pulses caused by disturbances, and caused
many unnecessary shut-down actions and thus unavailability. For this reason the
tachometer has been removed to the high speed shaft,
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2.7 Corclusions

After the description of the system design and operation, conclusions can be drawn on the Lagerwey
wind turbine LW 15/75 and on the applied methodology in general.

LW 15/75:

It appeared to be a large amount of work to collect the required information. This was mainly
caused by the absence of a standard format. Furthermore, some information was not available
or incomplete, such as the registration of major incidents and accidents and design modifica-
tions. The design modifications of the LW 15/75 has only been partly documented. The
presentation of the design was very much in the form of drawings. A technical description was
often missing, but audits with designers usually gave sufficient explanation. It has to be noted
that many of the documents on the LW 15/75 design were made in 1987. Presently Lagerwey
js introducing a Quality Assurance system and documents are being registered more
systematically.

From the simple event tree models, it appeared that the level of defence is either one or two,
depending on the initiating event. Considering the control actions also, the number of provisions
to keep the turbine within the design envelope vary from 2 to 4. Furthermore, the sequential
order of the safety systems differ, also depending on the initiating event.

The events conceived of by Lagerwey resulting in control or safety actions concern the most
obvious unwanted events. However, a check whether they are complete or not has not been
done. Unwanted events which do not result in safety actions are not systematically being
analyzed. With the help of a FMECA a systematical search for initiating events and critical
components is possible. The provisions taken, other than safety actions, can also be reported
within the format of a FMECA. From audits with Lagerwey personnel, it was concluded that
they have conceived unwanted events which were not always reported in a systematical manner.
Most measures to prevent these events from happening or to minimize their consequences
concerned mosily preventive maintenance.

General

A clear description of the wind turbine, its systems and the operation is very important, or even
a prerequisite, since it forms the basis for further analysis and modelling. Clear definitions and
terminology, as proposed and applied in this chapter, are essential for the performance and
understanding of the analyses and contribute strongly to the success of it.

The format and the contents used in this chapter enable an easy way to get familiar with the
general information of a wind turbine. Target groups that have to be familiar with the systems
operation are at least the following:
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designers during the design phase,
maintenance personnel and new employees,
operators,

BB

certifying bodies, and

5.  reliability analysts

In the future, other target groups can be conceived of, such as certifying bodies in other
countries (e.g. Germanischer Lloyd in Germany or Det Norske Veritas in Denmark), sales and
service departments, and contracted maintenance crews.

. The State Diagram appeared to be a helpful tool for describing and explaining the system
operatiomn.

. The Event Trees appeared to be helpful for describing the level of defence, i.e. the number of
safety actions provided, and the sequential order of the various control and safety actions,
initiated by different events.

’ Reliability Block Diagrams appeared to be not very attractive to represent the safety systems as
series of interconnected components, although the systems are not very complex. The RBD did
not clearly show the successive system responses to an initiating event. Moreover, the
functionally dependent relationships between components could not be modelled. Therefore, a
more detailed analysis method which better accounts for inter system dependencies is preferred,
for instance Fault Tree Analysis.

. To describe the system operation State Diagrams, Event Trees and Reliability Block Diagrams
can be used complementary to each other.

. To assess the safety of wind turbines, it is not sufficient to consider the safety systems
separately. The sequential order of control and safety systems in combination with procedures
has to be investigated.

. Since wind turbines operate automatically, the failures caused by operators concern usually
availability and reliability more than safety. By means of qualitative analyses the possible failure
causes can be searched for. Measures can be taken to avoid these failures from occurring. The
errors made by personnel can be lowered by the application of a quality assurance system.
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3. FAILURE MODE EFFECT AND CRITICALITY ANALYSIS
3.1 Introduction

For the reliability analysis of the Lagerwey LW 15/75, a Failure Mode, Effect and Criticality Analysis
(FMECA) has been performed. The methodology for the performance of the FMECA is mainly based
on procedures described in [1] and [2]. The FMECA is a systematic procedure for identifying the
modes of failure and for evaluating their consequences. The essential function of an FMECA is to
consider each major part of the system, how it may fail, and what the effects of this failure on the
system could be. In gencral the objectives of an FMECA are the following:

1. To assist in selecting design alternatives with high reliability and high safety potential during
early design phases, and to assist in the evaluation of design requirements related to
redundancy, failure detection systems, fail-safe characteristics, and automatic and manual
override. During the design stage, early criteria for test planning and the design of test and
checkout systems can be developed.

2, To list potential failures and identify the magnitude of their effects and to ensure that all
conceivable failure modes and their effects on the operational success of the system have been
considered. A basis is provided for establishing corrective and preventive action priorities.

3. To provide a basis for quantitative reliability and availability analyses and to collect data for
a cost-benefit analysis.
4. To provide historical docurnentation for future references to aid in the analysis of field failures

and consideration of design changes.

The FMECA should be an integral part of the conceptual design process and should be periodically
updated to reflect changes in design or application. An updated FMECA should be a major
consideration in design reviews, inspections, or other major system review points in the program.
Furthermore, an updated FMECA can be useful for scaling up existing types. In this case study, the
LW 15/75 has passed the design phase, which implies that the emphasis of this specific FMECA will
be Iaid on the objectives 2, 3 and 4. Objective 1 is of less importance, since the design selections have
already been made. The FMECA provides for a systematical way to establish failure modes of the LW
15/75 from field experiences. It is helpful to trace the failure causes of a failure mode and to determine
the responsible department. As a result, Lagerwey is able to complete the list with undesired events
and to make a check on maintenance and inspection lists. For the performance of the FMECA of the
LW 15/75, the steps presented in Fig. 3.1 have been taken.

Before the FMECA can be carried out, some preparatory steps have to be taken, viz.:

1. Description of the wind turbine system and operation.
In this case study this is already done in Chapter 2. This step is mentioned here again since it
is of great importance for the performance of an FMECA.

2. Structural breakdown
The structural breakdown is necessary to identify the sub-systems within a wind turbine and
to define its system boundaries. More information about the structural breakdown will be given
in Section 3.2. The detailed structural breakdown of the LW 15/75 is presented in Appendix
B. If the FMECA is performed on a very deep level of detail, some additional description of
the sub-systems and components might be required.
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3. Identification and definition of items to be analyzed.
The items to be analyzed, e.g. failure mode, failure effect, and criticality, depend strongly on
the turbine to be analyzed and on the interests of the manufacturer, Lagerwey Windturbine B.V.
The selected items are explained in Section 3.3. The filled in FMECA sheets are presented in
Appendix C.
One result of the FMECA consist of a list of critical components, which is presented in Section 3.4.
These critical components are selected based on the criticality of a failure mode and on its expected
frequency of occurrence. Once the critical components and the undesired events are known, the
designer is able to undertake preventive actions,

Collect Information and Describe
System Design and Operation

Structural Breakdown and
Determination of Level of Detail

Defenition of Items to Be Analyzed

Performance of FMECA

Identification of Critical Components
and Undesired Events

Fig. 3.1; Steps taken for the performance of the FMECA of the LW 15/75.

The FMECA of the LW 15/75 is intended to serve as an illustration of the application of reliability
analysis methods in wind turbine industry. Therefore, it is outside the scope of the project to perform
an elaborate FMECA, but it has been pursued that as many as possible components of different kinds,
viz. mechanical (structural parts, coupling, bearing, etc.), electrical (switches, wires, relays, etc.) and
electro-mechanical components (generator, motor, etc.) will be analyzed. The emphasis will be laid
on those components which influence the functioning of one of the safety systems. The information
sources used for the FMECA are more or less the same as those used for the description of the system
design and operation, see Chapter 2.

54 ECN-C--93-010



3. FMECA

3.2 Structural Breakdown

For the identification of the systems to be analyzed, it is required to make a structural breakdown of
the wind turbine. The wind turbine has to be divided into several systems, sub-systems, and
components. The level of detail of the FMECA and the structural breakdown depends on the
complexity of the wind turbine being studied, on the operational experience that one has with similar
equipment, and on the objectives of the FMECA. In this case it appeared to be sufficient to distinguish
not more than three or four levels of detail:

1. Main system

2. Sub-system 1

3. Sub-system 2

4 Components

The boundaries of the main system, level 1, are determined by considering the sub-systems, level 2,

contributing to this main system. The boundaries of the sub-systems are determined by the components
involved. The selected structural breakdown of the LW 15/75 is presented in Fig, 3.2.

Wind Turbine: LW 15/75

1. Main System 2. Sub-system 1 3. Sub-system 2 4. Component

LW 15/75 ~r- R Rotor

—-~ R-BL Blade R-BL-GFR GFRP-part——— R-BL-GFR-074

{——R-BL-BBM Bolts Blade- R-BL-BBM-043
Mounting plate
R-BL-BBM-066
R-BL-BBM-075

oo R-BL-MOU Mounting plate

L. R-BL-BMP Bolts Mounting plate-
Pitch shaft

R-HU Hub

l— N Nacelle

- T Tower

— E Electrical
System

Fig. 3.2: Proposal for structural breakdown of Lw 15/75.
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As can be seen each system, subsystem or component is identified not only by its name but also by
a code. These codes make it easy to trace the location of a component or system. The meaning of the
code is explained with the following example:

Component: R-BL-GFR-074

R = Rotor

BL = Blade

R-BL-GFR = GFRP-part

074 = number which corresponds with the code on the parts list of the design drawing.

The choice of the codes is adjusted to the codes of the LW 15/75 design as good as possible. The
division of the wind turbine into the main systems Rotor, Nacelle, Tower, and Electrical system
corresponds with the division already made by Lagerwey Windtarbine B.V. in the design. Furthermore,
the extensions used for the identification of the components correspond with the identification on the
parts list of the design drawings.

Instead of a structural breakdown it is also possible to make a functional breakdown. A structural
breakdown is based on the location of a system or component in the whole structure, e.g, rotor or
nacelle. A functional breakdown is based on the function of a system. Since component sharing is
applied quite often in the LW 15/75, this approach would become somewhat confusing. The yaw drive,
for instance, is not only a part of the control system but also of the safety system.

33 Definition of Items

To perform a Failure Mode Effect and Criticality Analysis in general at least the following basic
questions should be answered:

How can each part conceivably fail?

What mechanisms might produce these modes of failure?

What could the effects be if the failures did occur?

Is the failure in the safe or unsafe direction?

How is the failure detected?

What inherent provisions are provided in the design to compensaie for the failure?

=

In addition, the following question is of specific importance for wind turbines:
7. During which load situation can a failure occur?

Furthermore, Lagerwey Windturbine B.V. is interested which department is responsible for a failure.
The answers to these questions will be filled in in the items defined on the FMECA-sheets. In the next
sections an explanation will be given on the information to be filled in in the items in the Lagerwey
case. As an example, after every description of an item, the item is illustrated by means of the
FMECA of the Glass Fibre Reinforced Plastic part of a rotor blade. The proposed format of an empty
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FMECA-sheet for the LW 15/75 case study is given in Table 3.1. An example of a complete filled
in FMECA worksheet with respect to the GFRP-part of a blade is presented in Table 3.5 to 3.8.

3.3.1 System, Sub-System or Component

The identification of systems, sub-systems, and components to be analyzed corresponds with the codes
used for the structural breakdown, described in Section 3.2 and presented completely in Appendix B.
It is of great importance to use unique codes for each system and to identify the system boundaries.
Special care should be taken for interactions of systems e.g. safely system versus control system.

Example

SYSTEM: R-BL Blade _
SUB-SYSTEM: R-BL-GFR GFRP-part
COMPONENT: R-BL-GFR-074

3.3.2 Sheet, Revision, Date, Name

For administrative purpose and for quality control, it is required to identify the sheet number, the
revision number, date, and the name or names of the person who carried out the FMECA.

Example

SHEET: 2of 4

REVISION: 2

DATE: 12/ 51992

NAME: L.R.
3.33 Function

For each system, sub-system or component its function has to be defined. Very often one component
fulfills more than one function. It is recommended to analyze no more than one function per sheet
because each function can have several failure modes.

Example:

FUNCTION: 1. Transmission of loads
2. Conversion of energy in the wind to mechanical energy
3. Regulation of rotational speed during normal operation (< 125 rpm)
4. Prevent overspeed (< 150 rpm)

If the design limits are known from the system being analyzed, these values can be reported also in
this item. For instance, the maximum rotational speed of the rotor during normal operation is 125 rpm.
This can be reported in the item "FUNCTION: 3. Regulation of rotational speed during normal
operation, (< 125 rpm)’,
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3.3.4 Failure Mode

For each system or component being analyzed and for each of its function to be performed one can
agk: "How can it fail?’. For many components e.g. bolts and nuts (mechanical), relays and transistors
(electrical), valves and pumps (hydrautic), the failure modes and their causes are more or less
standardized. They can be found in handbooks, for instance in [3] and [4]. The failure modes of some
parts in wind turbines, e.g. blade and hub, are quite unique. Therefore, they have to be determined by
the designer or analyst himself. Each failure mode he can conceive has to be written on the FMECA-
sheet. Possibly, failure modes, effects, etc. for these components may also be obtained from generic
databases.

Example: (FUNCTION 1. Transmission of loads)
FAILURE MODE: 1. Partial fatigne crack

2. Fracture

3. Kink, buckling or deformation

3.3.5 Effect on System

Each failure of a component or sub-system has an effect, major or minor, on the system where it
belongs to. In the example, the possible effects of a partial fatigue crack on the rotor are analyzed,

Example: (FAILURE MODE: 1. Partial fatigue crack)

EFFECT ON SYSTEM: 1. Change of blade eigen frequency
2. Loss of moisture protection
3. Occurrence of siress concentrations
4, Decrease of load bearing capacity

3.3.6 Effect on Wind Twrbine

The effects to be analyzed can be of minor importance on system level but can be of major importance
for the operation of the wind turbine. All possible effects of a failure that an analyst can conceive have
to be written down on the FMECA-sheet.

Example: (FAILURE MODE: 1. Partial fatigue crack)

EFFECT ON WIND TURBINE: 1. Interactions due to change in eigenfrequencies
2. Possible decrease of energy production
3. Imbalance effects

3.3.7 Failure Cause

All mechanisms and causes of a failure that can lead to the considered failure mode are noted in this
item. The LW 15/75 has been designed to operate within certain design limits (or: design envelope).
The design envelope is defined as the combinations of operating conditions (wind speed, grid
conditions, rotational speed, pitch angle, environmental conditions etc.) in which the wind turbine
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should operate satisfactorily. The structural integrity of the LW 15/75 has been demonstrated in the
design analyses and certified (BKC = Limited Quality Certificate) by ECN. Still, failures can occur.
Therefore, it is important to analyze whether a failure can occur while the turbine operates within its
design envelope, or oufside its design envelope.

The external conditions under which wind turbines should operate satisfactory in the Netherlands can
be found in the Dutch certification criteria [5] and are summarized in [6]. The design envelope of the
LW 15/75 is described in Chapter 2, together with the provisions (safety and control systems) and
procedures (quality assurance, operating, maintenance and test procedures) taken to minimize the
likelihood of a structural failure,

Example: (FAILURE MODE: 1. Partial fatigue crack)
FAOLURE CAUSE: 1. Inside design envelope:
- material faults
- production faults
- uncertainties in fatigue loads and material data (aero-elastic
instabilities, torque fluctuations, patk effects, etc)
2. Outside design envelope:
- larger number of normal and emergency stops than assumed in design
procedure
- site with too high wind speed

3.3.8 Detection Method

This item describes the ways a failure can be detected. Special attention should be given to back-up
systems and redundant systems, since failure of these systems will not be noticed until the whole
system fails.

The most commonly used detection methods for wind turbines are:

- visual and audible, inspection,

- abnormal noise,

- testing,

- measuring,

- alarm signals.

In general, these detection methods can be employed by both the manufacturer, who also conducts the
maintenance, and by the operator, or owner, of the wind turbine.

Example: (FAILURE MODE: 1. Partial fatigue crack)
DETECTION METHOL: 1. Visual, inspection during regular maintenance

3.3.9 Preveniive Action

In case the failure causes that lead to a certain failure mode are known the analyst can conceive
methods to prevent the failure mode from occurring.
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Example: (FAILURE MODE: 1. Partial fatigue crack)
PREVENTIVE ACTION: 1. Safe life design
2. Improvement of production process
3. Detailed stress analyses of construction

3.3.10 Responsibility

Since the FMECA should lead to improvement of the wind turbine design, the analyst has to identify
the responsibility for a certain failure cause, which is usually a department or a sub-contractor.
Together with the responsible departments, the analyst can discuss methods for improvement.
Lagerwey Windturbine B.V. identifies the following departments in its orgamization:

- Financial Department,

- Development Department (design, development efc.),

- Service Department (maintenance, after sales),

- Buying Department,

- Production Department, and

- Sales Department.

Example: (FAILURE MODE: 1. Partial fatigue crack)
RESPONSIBLE: 1. Development (design)
2. Sub-contractor (blade manufacturer)
3. Buying department
4. Quality assurance (checking specifications of delivered blade)

3.3.11 Likelihood

It is recommended to estimate the Failure Rate A of a certain failure mode or the Mean Time Between
Failure value, MTBF, which is equal to 1/A. On the one hand, these values are necessary for the
quantification of the aspects reliability, availability, maintainability and safety. On the other hand, they
are important for those failure modes which have minor effects on the systems operation itself but
which can be hazardous if they appear together with other failure modes. Since an FMECA accounts
for only one system failure at the time, so called single failure, the appearance of more than one
system failure is generally not analyzed. If the failure rates of the failure modes are known, not only
the failure modes with hazardous effects can be analyzed but also the failure modes with a high rate
of occurtence. Failure modes with a high failure rate are more likely to occur at the same time with
other failure modes.

If not enough specific failure data is available, it is recommended to estimate the magnitude of A of
a failure mode. For the LW 15/75 case a rough classification is therefore determined for the estimation
of failure rates and MTBF values, as is shown in Table 3.2. The parameter 'L’ is defined as the
likelihood.
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Table 3.2: Rough classification of MTBF values and Failure Rates.

Likelihood {Class) MTBF (years) X (10° per hour)
L=1 > 1000 0-0.114
L=2 100 - 1000 0.114 - 1.14
L=3 10 - 100 1.14 - 114
L=4 1-10 114 - 114
L=3 0-1 > 114

Example: (FAILURE MODE: 1. Partial blade failure)
L: 4 (Estimation derived from specific faflure data)

3.3.12 Severity

Several categories can be identified to determine the severity of the effect of a failure mode. In
general, these categories refer to the following aspects:

- the system’s function or operation,

- economic consequences (stand-still of turbine, repair costs),

- personnel injury, and

- environmental aspects.

In the LW 15/75 case, only the system’s function or operation, the repair costs and personnel injury
are considered.

Only four levels of severity are distinguished for each of the above mentioned aspects:

1. minimal,

2. marginal,

3. critical, and

4. catastrophic.

A safety and failure severity category guide that could be used for the LW 15/75 is presented in Table
3.3

Example: (FAILURE MCDE: 1. Partial blade fajlure)
S: 3 {(Rotor has to be replaced and repaired, a crane has to be hired, repair costs between F1 1000,-
and F1 10.000,-)
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Table 3.3: Safety and failure severity category guide.

Table 3.4: Classification of risk.

SEVERITY FUNCTION REPAIR PERSONNEL

CATEGORY COST INJURY

¥ S’

8= None and Under and None

MINIMAL Fl 100,-

s=2 None and Under and Negligible

MARGINAL Critical Fl 1000,-

5=3 Stand or Up to or First Aid

CRITICAL Still Fl 10.000,-

S5=4 Loss of or Qver or Fatal or Permanent

CATASTROPHIC System Fl 10.000,- Disable
3.3.13 Action Required

L=1 L=2 IL.=3 L=4 L=5
8= X
S=2 X X
5=3 X X
S=4 X X X X X

Example: (FAILURE MODE: 1. Partial fatigue crack)

To find out if a failure mode should be further analyzed, a risk criterion can be defined. This risk
criterion is based on the likelihood measure, L, and on the severity, S. A commonly used rule for the
risk is: R = L- S, with R representing the risk. An absolute value for the likelihood can be the failure
rate. However, in this case study it was not possible to define an absolute value for the severity. In
[7], this value is defined as the number of killed people. In the LW 15/75 case not, only the personnel
injury is considered but also the system’s function and the economic consequences are involved.

For these reasons, in this case such an algebraic risk criterion has not been defined. Instead, the
combinations of L and R to be further analyzed are marked in Table 3.4 with *X’. At least all modes
with a high severity should be further analyzed, together with the modes with a high failure rate since
they are likely to occur with other failures.

ECN-C--93-010
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L=4 andS=3
ACTION REQUIRED: Yes

3.3.14 Load Situation

A load situation is defined as a combination of external conditions and operational modes. The load
situations relevant for the LW 15/75 are already defined in Chapter 2. In this item, the load situations
during which a failure mode is likely to occur can be filled in. If a component is subjected to some
special environmental conditions, e.g. a component located near the gearbox is subjected to large
temperature fluctuations, these conditions can also be reported in this item.

On the following pages examples are given of filled out FMECA sheets of the plastic part of the blade,
the yaw motor, and the pitch mechanism.
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3.4 Critical Components

From the failure mode, effect and criticality analysis, a survey has been derived of critical components
and possible hazardous initiating events. Table 3.5 summarizes the components which have the failure
mode ’fracture’ and which are categorized in the severity class § = 4. Failure of one of these
components leads immediately to a dangerous situation.

Table 3.5 List of critical components with respect to safety to the environment.

Main System  1st Sub-system 2nd Sub-system or Component
Rotor Blade A R-BL-GFR-A GFRP Part of blade A
R-BL-BBM-A Bolts Blade-Mounting plate (6 per blade)
R-BL-MOU-A1 MOUnting plate Al
R-BL-MOU-A2 MOUnting plate A2
R-BL-BMP-A Bolts Mounting plate-Pitch shaft (2 per blade)
Blade B R-BL-GFR-B GFRP Part of blade B
R-BL-BBM-B Bolts Blade-Mounting plate (6 per blade)
R-BL-MCU-B1 MOQUnting plate Bl
R-BL-MOU-B2 MOUnuting plate B2
R-BL-BMP-B Bolts Mounting plate-PFitch shaft (2 per blade)
Hub R-HU-PIM-086-A Cast iron frame of blade A
R-HU-PIM-086-B Cast iron frame of blade B
R-HU-PIM-037-A Pitch shaft of blade A
R-HU-PIM-087-B Pitch shaft of blade B
R-HU-FLM-026-A Flapping hinge of blade A
R-HU-FLM-026-B Flapping hinge of blade B
R-HU-HUF-059 HUb Frame
Nacelle Drive Train N-DT-BHR Bolts Hub-Rotor (12}
N-DT-FLA-068 FLAnge (1)
N-DT-GEB GEarBox, low speed shaft (1)
N-DT-BGF Bolts Gearbox-Frame (4)
Yaw System N-YS-BEA-029 BEAring
N-YS-BEA-098 Bolts (18)
Nacelle Frame N-FR-UPH UPper Half
N-FR-LOH LOwer Half
Tower Upper Part T-UP-TOF TOp Flange
T-UP-TUB TUBe
T-UP-BOF BOitom Flange
Lower Part T-LP-TOF TOp Flange
T-LP-TUB TUBe
T-LP-BOF BOttom Flange

The likelihood of the listed components could not be derived directly from operating experience, so
the risk level of all these components was difficult to define. Therefore the selection of these
components was based on the severity instead of the risk. The failure probabilities of these components
can be estimated with structural reliability techniques. This will be illustrated in [7], assuming the
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failure mode *fracture’ of a component is a top event in a fault tree and the conceived failure causes
’no manual shut down when required’, *severe storm’, etc. are basic events.

Apart from the survey in Table 3.5, components can be listed of which failures do not necessarily lead
to a dangerous situation. Problems may occur if the failure occurs together with an other failure or in
combination with a rare event. Examples of such components are parts of the safety system: yaw
system, tache meter, vibration detector, and several relays. Failure of these components only have
safety implications when the safety systems are activated. The severity class of the failures of these
components was S = 2 or § = 3. The failure rate (or the likelihood) could be derived from specific
or generic failure data. The estimated risk levels required further analysis.

The case study of the LW 15/75 mainly serves as an illustration of reliability analysis techniques in
wind engineering. The FMECA has not been performed completely and thus the list with critical
components might not be complete. Since Lagerwey has a long term operating experience with this
type of turbine, most of the preventive measures conceived during the FMECA have already been
realized, either as a design modification, or by changing the maintenance procedures. One of the
measures to prevent the structural fajlures of the components of Table 3.5 from occurring, is the use
of prescribed safety factors chosen by the desigaers.

3.5 Conclusions

The conclusions from the FMECA of the LW 15/75 can be drawn on the applied methodology and
on the LW 15/75,

LW 15/75

. For the LW 15/75 a lot of the possible failure modes were already conceived and documented
implicitly in the maintenance and inspection procedures. Since Lagerwey has a long term
operating experience with this type of turbine, most of the preventive measures conceived
during the FMECA have already been taken.

. The Structural Breakdown of the LW 15/75 and the registration of the components has already
been done implicitly by the designers to identify the components to be manufactured and to be
bought. So in practice, the structural breakdown is only a small amount of work. The structural
breakdown is of great importance, also for the further reliability analysis.

. The critical components which are listed in Table 3.5 (Failure mode: *fracture’ and § = 4)
require further analysis to estimate the likelihood of a structural failure. A possible procedure
to estimate the probability of a structural failure is presented in Chapter 7. The components
which contribute to the safety system unavailability will be further analyzed in the following
chapters.

72 ECN-C--93-010



3. FMECA

General

. An FMECA lists potential failures and identifies the magnitude of their effects in a systematical
manner. As a result a survey of critical components and undesired events is obtained. A basis
is provided for establishing corrective and preventive action priorities. As an additional result
the failure causes and the responsible department can be identified.

. An FMECA can be performed at several phases during the design stage to assist in selecting
design alternatives.

. The FMECA can provide a helpful method for the certifying bodies to determine the critical
components and evenis with respect to safety. The measures to prevent the events from
happening or to reduce the likelihood of a critical failure, can be easily assessed.

. Based on the risk level the licensing authorities and certifying bodies can ask for failure
reporting of identified critical components to compare the design assumptions with field
experience,

. The format used for the FMECA can also serve as a basis for a data collection system as
described in Appendix A.

. In the present certification process it is often the task of the certifying bodies to conceive

possible failure modes of the wind turbine. With an FMECA this task can be performed
systematically by the manufacturer and the designer.

. In the Dutch certification criteria a survey is given of the minimum events that have to result
into safety actions. An FMECA of the wind turbine being certified should be used
complementarily to complete the survey of that specific wind turbine.
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4, EVENT SEQUENCE ANALYSIS AND SYSTEM MODELLING
4.1 Introduction

In this chapter, the steps performed in the event sequence analysis and system modelling will be
described, see Fig. 4.1. Each initiating event which requires a safety action leads to unavailability of
the wind turbine will be described with event sequences. The various possible ways of operation of
the wind turbine are modelled as branches of an event tree. The event sequences depict the different
consequences of success or failure of the safety system. The outcomes of the sequences will be
grouped into End States (ES) which reflect the various degree of damage (if any) to the wind turbine.
The system models for the events in the event trees generally concern a fault tree of the relevant
systems. Fault tree analysis finally results in a list of (minimal) cut sets. A cut set is defined as the
minimal combination of events which, if they all occur simultaneously, will lead to the top eveni of
the fault tree. The top event is generally failure of the safety system. Finally, the cut sets of the End
States will be presented, and the level of defence e.g. redundancy and diversity will be discussed. The
analysis will focus on the operational modes ‘ldling” (02, see Chapter 2) and "Energy Production’
{03), and the transitional modes 'Normal Shutdown’ (T4) and *Emergency Shutdown’ (T5), because
these modes are the most critical modes with respect to the availability and safety of the wind turbine.
Other operational and transitional modes will not be analysed with these techniques.

Select initiating events and wind turbines modes

Delineate event sequences (event tree models)

Categorize event sequences into End States

Develop system models for events in event trees

Determine system cuts sets

Determine sequences cut sets

Interpretation and discussion of the results

Fig. 4.1: Procedural Steps in the Event Sequence Analysis and System Modelling
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4.2 Initiating Events

Initiating events are disruptions to the normal operation of the wind turbine that require safety actions
to shutdown the turbine in order to prevent the wind turbine from being seriously damaged or to avoid
hazardous situations for the environment. A variety of initiating events can be identified which can
render the wind turbine to an unsafe situation or unavailability. These events are listed in Table 4.1,
together with the associated operational modes and applied analysis methods. As already mentioned,
only the category requiring a designed safety action has been investigated with detailed models (51-
S7).

Table 4.1: Initiating Events with Corresponding Operational Modes, and Applied Methods

Event Operational Transitional Analysis
Mode Mode Method

Safety Action Provided in Design):

51 More than 150 rpm (overspeed} 02,03 T4 ETA, FTA

52 Too High a Vibration Level 02,03 T4 ETA, FTA

S3 Too High an Inverter Temperature (> 90 °C) a3 T4 ETA, FTA

S84 Inverter Control 03 TS ETA, FTA

S5 Grid Failures (loss of grid, phase imbalance and short cir- 02, 03 TS5 ETA, FTA
cuiting)

36 Generator Overload 03 TS5 ETA, FTA

S7 Manual Shutdown at High Wind Speeds 02,03 T4 ETA, FTA

- Spurious Alarm Signals 02,03 T4, T5

Other:

- Main component failures {generater, gear box, rotor, etc.) FMECA

- Meteorological Conditions (severe wind, snow, ice, hail, FMECA
lightning)

- Fire (control cabinet, nacelle) FMECA

- Earthquake FMECA

To illustrate the applied techniques, the overspeed event (81) will be described in detail. The other
initiating events S2-S7 will be treated only briefly in this report.

43 Event Sequences (Event Trees)

An event sequence is a combination of events leading to particular End State of the wind turbine. A
path in the event tree can be considered as an event sequence, which is then defined by following the
branching points in one of the two possible directions. Event trees have been developed for the
initiating events S1-S7 as shown in Table 4.1,

The event trees in this chapter are simplified versions of those presented in Chapter 2. This is caused
by the definition of the initiating event as an event that requires a designed safety action. Confrol

76 ECN-C-93-010



4. Event Sequence Analysis and System Modelling

actions are left out of the event trees. Furthermore, the yaw system is modelled as one event, since
the operation of the yaw system in a normal and emergency shutdown concerns mainly the same
system: only the actuation is somewhat different.

4.3.1 Definition of End States

To differentiate between the various outcomes of the event sequences, they have been partitioned into
End States, which enable to categorize the severity of the resulting situation of the wind turbine. The
following End States have been identified:

S-ND: Shutdown and successfully parked, no or minor damage,

5-D: Shutdown but unsuccessfully parked, partial or severe damage;

NS-PD: Not shutdown and unsuccessfully parked, partial damage, no safety implications;
NS-SD: Not shutdown and unsuccessfully parked, severe damage and danger to the environment,

End State S-ND corresponds with operational mode O1 (Parking), while End States S-D, NS-PD,

NS-SD correspond with damaged mode D1, see also Section 2,3. The severity classification part of

the End State can be made correspondent with the severity categories defined in Section 3.3.12, e.g.

ND would correspond with S=1 (minimal), D with $=3 (critical) or S=4 (catastrophic), PD with S=2

(marginal), and SD with S=4.

For system reliability, some simplifying assumptions have been made, mainly concerning whether a

sequence leads to structural, catastrophic damage (NS-SD or possibly S-D) or not. The reasons for

these assumptions are that the current computer programs that calculate loads on the wind turbine are

not able to analyze the behaviour of the wind turbine for all the combinations of severe wind

conditions and yawing operation or other stop actions (e.g. a mechanical brake), because:

i) there is a fundamental lack of knowledge of physical phenomena that can occur (phenomena
may not be known in the design stage),

ii)  these phenomena are known but not (adequately) modelled in the computer codes; or

iii)  the phenomena are known and modelled in the computer codes but the relevant load situations
have not been analyzed.

Therefore, the following assumptions have been made:

1. If the wind turbine is shutdown, no damage will occur, i.e. only S-ND occurs and S-D does not.
2. If the wind turbine is not shutdown and the pitch control fails, damage will occur, i.e. no End
State NS-ND.

Assumption 1) is too optimistic, while 2) is conservative; the net effect is not clear. In principle, the
resulting End States could be further quantified with structural reliability techniques, the feasibility of
which is discussed in Chapter 7, or by analysis of additional load situations. As an alternative, an
engineering judgment. e.g. based on reported gross failures (i.e. operational experience), could produce
an assignment of the probability of severe damage in case the safety systems function but the wind
turbine is still damaged. An example is a yawing operation at very high wind speeds. In that case,
severe loads on the wind turbine, beyond the design envelope or within the design envelope, may
damage the wind turbine, even if deterministic load calculations with e.g. PHATAS-II have calculated
the loads to be within the design envelope. Because such an assignment would be very subjective due
to a lack of relevant operational experience and because the emphasis here is on the demonstration of
the PSA methodology, no attempt has been made to make such an assessment.
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4.3.2 More Than 150 rpm (Overspeed)

In case of high wind or disconnection of the generator load at wind speeds higher than 4 m/s, the
rotational speed can exceed 125 rpm, which is the set value for the pitch control mechanism to prevent
the rotor from overspeed. If the pitch control fails and the rotational speed eventually exceeds 150
rpm, which is detected by a tachometer, the yaw drive will be powered to yaw the rotor out of the
wind. This situation is illustrated in the event tree in Fig. 4.2, in which also the possibility of structural
failure of the wind turbine is modelled.

Yaw Turbine Structural
System Integrity
End State
Yes
- 8-ND
SHCCess
$1. More than 150 rpm I
{Overspeed) No — 5-D
Yes
l - NS-FD
failure
———— NS.5D
No

Fig. 4.2: Overspeed modelled as event tree (extended version)

In case of success and failure of the yaw system, both structural or no structural failure have been
modelled in the event tree to show that even if the turbine stays within the design envelope, structural
failure can occur, or, if its goes beyond the design envelope, structural failure may not occur. As
mentioned before in section 4.3.1, it has been assumed in the further analysis that these two outcomes
do not occur; they have been assigned a probability of 0. In that case, the simple event tree of Fig.
4.3 results.

4.3.3 Too High a Vibration Level

In case of high wind or storm, excessive vibration of the nacelle may occur. To prevent the wind
turbine from damage in such a situation, excessive vibration is detected and a normal shutdown must
be performed by the yaw system. The yaw drive will have to be powered to yaw the rotor out of the
wind, stop electricity production, and get the turbine in a parked state. The event tree is very simple
and the same as Fig. 4.3.
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Yaw
System
End State
SUCCEss
— e 5-ND
51, More than 150 rpm I
{Overspeed)
Also:
S$2. Excessive vibration l
——— N5-8D
failure

Fig. 4.3: Overspeed modelled as event tree (for further analysis).

4.3.4 Too High an Inverter Temperature

During energy production, the inverter may become too hot leading to malfunctioning or burning. To
prevent the wind turbine from damage in such a situation, the inverter temperature is monitored by
two thermocouples. Firstly, at temperatures above 40 °C, a thermocouple (TC40) is activated and
closes, which puts four fans into operation for cooling; this is a control action. If no or insufficient
cooling is available, the temperature can further increase leading to too high a temperature in which
case the turbine has to shutdown by yawing the rotor out of the wind. In Fig. 4.4, the functioning of
this inverter temperature protection system is modelled as an event tree. Should the yaw system fail,
then two End States result depending on whether the pitch mechanism fails, because the wind turbine
will not suffer from major damage or operate unsafely if the pitch control system operates
satisfactorily after failure of the yaw system.

4.3.5 Inverter Conirol

In case of inverter control problems, the yaw drive has to be powered to yaw the rotor out of the wind
to prevent the wind turbine from damage in such a situation. In this case, the yaw drive will have to
be powered directly by the generator (a so called emergency shutdown). The possible event sequences
can be modelled by the same event tree as for *Too high an inverter temperature’. Should the yaw
system fail, then also two End States result depending on whether the pitch mechanism fails.
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Yaw Pitch Control
System System
End State
SUCCESS
S-ND
§3. Too high inverter 1
temperatizre.,
——————— NS-PD
Also: .
S4. Failure of inverter ,
failure
control I NS-SD
$5. Grid failures

56. Generator overload

Fig. 44: Too high an inverter temperature modelled as event tree.

4.3.6 Grid Failures

In case of problems with the electrical grid (loss of grid, phase imbalance and short circuiting), the
yaw drive has to be powered to yaw the rotor out of the wind to prevent the wind turbipe from
damage in such a situation. In this case, the yaw drive will have to be powered directly by the
generator (a so-called emergency shutdown). This case is very much analogous to the previous two
situations; the possible event sequences can be modelled as the same event tree. Should the yaw
system fail, then also two End States result depending on whether the pitch mechanism fails, If the
grid failure event is extended to the event "Loss of load other than grid failure events’ [1], failure
events with the grid connection (bus 160A), the main switch (HS), and the earth leakage switch (ALS)
can be considered as contributing to the frequency of the initiating event *Grid Failure’. These events
can be considered as ’internal’ grid failures.

4.3.7 Generator Overload

To prevent the wind turbine from damage due to generator overload, also an emergency shutdown has
to performed. The event sequences are analogous to the previous situations.

4.3.8 Manual Shutdown at High Wind Speeds

Although the LW 15/75 is designed to operate during high wind speeds, some wind turbine units are

shutdown manually in case of wind speeds exceeding 30 m/s (or for some other reasons which are not
related to safety). The event sequences are analogous to the previous situations.
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4.3.9 Spurious Alarm Signals

Spurious alarm signals contribute only to the unavailability of the wind turbine but have no real safety
implication. Therefore, detailed analysis is not necessary. The frequency of this initiating event is
sufficient to quantify the resulting unavailability.

4.3.10 Muitiple Initiating Events

In principle, two or even more from the previous initiating events can occur at the same time but with
a smaller frequency. The only interesting combination of events are initiating events that require a
normal shutdown, for which the grid must be available, and ’Grid failure’. This can be taken into
account by including a basic event *Grid failure’ at the appropriate place in the fault tree model
describing the yaw system,

4.4 System Models (Fault Trees)

In this section, the system models which correspond with the top events defined by the event trees of
the previous section will be described in more detail. There are two reasons for a detailed modelling
of the systems occurring in the event trees:

1. to estimate the availability of the system, and

2. to assess the relative importanice of the constituent components of the sysiems.

In principle, the safety system availability can be directly assessed from the operational experience but
only if sufficient data is available. The second objective can only be met by a detailed analysis,
certainly if the system is complex.

The most important system is the yaw system. Different fault trees must be developed depending on
the initiating event, although it is to be noted that similarities between these trees exist. Also, the pitch
control system as the last means to prevent damage in case shutdown is unsuccessful is considered.
Cut sets have been determined for each situation. In this report, the techniques will be illustrated in
detail for the overspeed event. The other events have also been analyzed but will in this report be
treated in less detail. Fault tree analysis has been performed with the ECN code PHAMISS [4].

The pitch control system is not further developed into a fault tree, mainly because it is a simple system
with few components. The unavailability is determined on the basis of operational experience and wind
conditions, see Section 6.3.2.
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44,1 Yaw System at Overspeed

The yaw drive is powered from the electrical grid (normal shutdown), see Fig. 4.5 and Fig. 4.6. If
overspeed is detected by the tachometer NAMUR, the tacho relay OT will open causing HO coil to
be de-energized, which causes HO contact 39 to close. Next, HK coil is energized, thereby closing HK
contact 82 upon which L will be energized causing L contacts 22 to 24 to close, which will finally
supply power to the yaw drive. If power from the grid is not available for the yaw drive, there are two
alternative ways to power the yaw drive by the generator. This is illustrated in Fig. 4.6: actuation can
take place by the time delayed coil TU or from overload. If for some reason closing of the L contacts
22 to 24 through HK should fail (or no current control is available) the time delayed coil TU,
positioned parallel to coil HK and also actuated by HO 39, opens TU contact 76 after one minute,
causing D coil to be de-energized and the D contacts 17 to close, Combined with functioning of the
generator train, see Fig. 4.5, this will supply power to the yaw drive. If all of the above-mentioned
paths do not succeed, then it will be assumed that overspeed leads to overload of the electrical system,
see Fig. 4.6 B + C. The SS160A burn, MB1 switch opens, thereby opening MB1 contact 63 upon
which KH coil will be de-energized causing KH contact 78 to open. Then, coil C will be de-energized
and C contact 75 will open causing D coil to be de-energized and D contacts 17 to close. Combined
with functioning of the generator frain, see also Fig. 4.6B, this will supply power to the yaw drive.

Yaw
Drive

— Tachometer D7 L20 R23
(me)  (o0) (nc)
Cene- et et
or 123.25 \
oT (no}
Grd ~—
sT2 [ HO39 \ HKS2 Ly TU76
’i- i {nc} (no) (nc)
o1 1 71 7
| U I BK L | D

Fig. 4.5: Electrical scheme of the protection systems.
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Minimal cut sets

Fault tree analysis finally results in a list of minimal cut sets. A cut set is defined as the minimal
combination of events which, if they all occur simultaneously, will lead to the top event of the fault
tree i.e. failure of the yaw system to operate when required. The order of the cut set is defined as the
number of component/events in the cut set.

If the yaw drive is modelled as basic event, 55 minimal cut sets result at the basic event level, which
are shown in Table 4.2. The quantification of these cut sets is described in Chapter 6; the formulas
refer to those presented in Table 6.2. The yaw system operation in overspeed situation has first,
second, and third order cut sets. The only first order cut set is the yaw drive. Because it is assumed
that overspeed leads to generator overload before structural failure of the rotor, the other cut sets are
second and third order. It has to be noted that overload can only be assumed to occur in the
operational mode "Energy production’ (O3) but not in ’Idling’ (O2) in combination with wind speeds
higher that V. In the latter case, the subtree ’'OVERLOAD’ must be deleted from the fault tree.
(This situation is also quantified as a sensitivity case 3 in Chapter 6.) Other cut sets result where the
main difference is three additional first order cut sets, viz. tachometer (NAMUR), tacho relay OT, and
HO relay.
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NO_YAW_
OVERSPEED
10 yaw in overapeed
situation

OR

NO_BLEC_POWER
no electricat
power

YAWDRIVE

AND
NO_GEN_POWER NO_GRID POWER
no power from no power from
generator via D17 grid

|

/2

Explanation

The abbreviations used for the basic events are explained in Table 4.5. .

INTERMEDIATE EVENT: A feult event that ocours OR GATE: Qutput fault ocours if at least one input
becanse of one or more antecedent causes acting OR fault ocours,
through logic gates.

TRANSFER IN: Indicates that the tree is developed
further at the occurrence of the corresponding
TRANSFER OUT (e.g. on another page.)

BASIC! EVENT: A buasic initiating fault requiring no
further development.

TRANSFER. QUT:: Indicates that this pertion
of the tres nust be attached at the corresponding
TRANSFER IN.

UNDEVELOPED EVENT: An event which is not
further doveloped either because it is of insufficient
consequence or because information is unavailable.

{ ANA AND GATE: Output fault oceurs if all input faults
B oeeur,

PADSEY

Fig. 4.6A: Fault Tree: Top Event 'No Overspeed protection’ (sheet 1).
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Fig. 4.6B: Fault Tree: Top Event 'No Overspeed Protection’ (sheet 2 and 3).

NO_GEN_POWER
no power from
geterator via D17

EVAN

ECS-2*10
KVARNHO

ECS-
BES-R-23F0 e GENBRATOR-
NP

DITNC
D relay 17 not
closed

PSS5-D-17FTC

DRELAYNUA
D relay not
unactivated

foo)

TIMEDELAYED

actuation by
time delay

NO_GRID_POWER
1o power from

grid

CR

-/

OVERLOAD
sctuation by
overload

GRIDFAILUR

ESS-NAMUR- r ESS-HO-

ESS-HK-82

ECS-L-2325
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TIMEDELAYED
actuation by .
time delay

ESS-HO-
39FTC

QVERLOAD
ectuation by
overload

ES5-88160A- ESS-MBI-63 ESS-KH-78
FIB FTO FIO

Fig. 4.6C: Fault Tree: Top Event 'No Overspeed Protection’ (sheet 4 and 5).
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Table 4.2: Overspeed: Minimal Cut Sets

MINIMAL CUT SETS
Top event
Computed entity

ranked aceording to input

: Vo yaw after S1: OVERSPEED

INTERVAL UNAVAILABILITY

NQ. OR- CONTRI-
DER BUTION

FRACTION

BASIC EVENTIS

FORMULRA
HUMBER

1 i1 5.280E-04
2 2 6.360E-05
3 2 2.306E-07
4 2 5.242E~07
5 2 5.242E-07
6 2 2.306E-07
7 2 5.533E~-04
8 2 2.006E~0D6
9 2 4.560E-06
10 2 4.560E-06
11 2 2.006E-086
12 2 1.081r-03
13 2 3.921E-06
14 2 8.911E-06
15 2 8.911E-06
16 2 3.921e-06
17 2 5.242E~06
18 2 2.534E-08
19 2 5.760E~08
20 2 5.760E-08
21 2 2.534E-08
22 2 6.360E-05
23 2 2.306E-07
24 2 5.242E-~07
25 2 5.242E-07
26 2 2.306g-07
27 2 §.334-09
28 2 3.062B-11
29 2 6.960B-11
30 2 6.960E-11
31 2 3.062E-11
32 2 b5.242E-07
33 2 4.5608-06
34 2 8.911E~06
35 2 6.360E-06
36 2 b5.B33E~-05
37 2 1.0BlE-04
38 2 2,798E-05
39 2 2.435E-04
40 2 4.757E-04
41 2 6.360E~05
42 2 B5.533E-04
43 2 1.081lE-03
44 3 1.094E-09
45 3 1.328E-~08

46 3 1.3228-12
47 3 1.3288-08
48 3 1.813E-07
49 3 1.605E-il
50 3 5.843E-08
51 3 7.9788-07
52 3 7.060E-11
53 3  1.328E-07
54 3 1.813E-06

55 3 1.605E-10

J1E-01
-3E-~02
. TE-05
1E-04
1E-04
. TE=05
1E=-01
.0B-04
. 2E~04
.2E~04
.0E-04
L 2E-0]
.SE-04
. 8E-03
8E~03

.1E-06
3E~-02
. TE~05
1E-04

. 4E-08
.4E-08
. 2E~-09
J1E-04
.2E-04
,8E-03
.3E~03
L1BE-02
, 2E~02
. 6E~03
. 9E--02
. 6E-02
.3E-02
. 1E-01

NNRENORNINPHPORARFARARPRARORRFPORE PPN b OO PSR &R

N—I{AWDRIVE
ESS8-HO-39FTC
ECS~GENERATOR-NP

BECS-1~20F0 ESS-HO-39FTC
BCS-R—-23F0 ESS-HO-39FTC

ECS-2X10KVARNEQ

ESS-0T-FTO ESS-D-17HTC

ECS—-GENERATOR-NP

ECS=-L=-20F0 ESS—QT-FTO
BEC8=-R~23FQ ESS—-0T-FTO

BCE8~2X1 0KVARNEC
ESS-NAMUR-FTD
ECS—-GENERALTOR~NP

ECS-L=-20¥0 ESS-NAMUR-FTD
ECS-R=23FC¢ ESS-NAMUR~FTD

.9E-04 ECS-2X10KVARNEO ESS-NAMUR-FTD
,1E-03 EC8-L-2325FTC ESS-D-1TFTIC
1E~06 ECS-L~2325FTC ECS—-GENERATOR-NFP
.2EB-05 ECS-L-2325FTC ECS-L—-20F0
.2E-05 ECS-L-2325FTC EC8-R~23F0

EC8-L~2325FTC
ESS-HK-82FTC
ECS—-GENERATOR-NP

BCS-1~20F0 ESS-HEK-82FTC

.1E-04 ECS-R-23F0 ESS-HK-82FTC

. TE-05 ECS-2X10KVARKEC B88-HK-82FIC
.3E-06 ESS~-D-17FIC GRIDFAILURE
.2E-09% ECS-GENERATOR~NF GRIDFAILURE

ECS~L=-20F0 GRIDFAILURE
ECS-R-23FQ GRIDFAILURE

ECS=-2X10KVARNEQ
ECS-~C~T75FTO
ECS~-C=T5FTO
ECS-C-T75F10
ES8-KH-T78FTO
ESS-KH-T8FTO
ESS-KH-78FTO
ESS-MBl-63FTC
ESZ8-MB1-63FTO
ESS-MBl-63FTO
ESS-88160A~FTB
ES5-S8160A~FTRB

ESS—-D-17FTIC
ESS—~HO~39FTC

ESS~-HO-39FTC

ESS—-0T-FTO

ES8-0T~FTO
ESS~D-17FTC
ESS~NAMUR-FTD

ECS—2X10XVARNEQ
ESS-D-178TC
ESS-HK—-82FTC

GRIDFAILURE
E88-HO-~39FTC
ESS~0T~FTO
ESS~NAMUR-FTD
ESS-HO-39FTC
ESS-0T-FTO
ESS-NAMUR-FTD
ESS-HO-39FTC
ESS—-OT-FTO
ES88~NAMUR-E'TD
E38~BO-39F1C
ESS-OT-FT0

TRV EEREABB OO RN~Id b En U WWWWwhhobbh bR &&ENH

.2E-01 ESS-88160A-FIB ESS-HAMUR-FID
.2E-Q07 EC8-C-T5FTIC EC8S-1,~2325FTC

ESS~-TU=-T6FTO 10
2.78-06 ECS-C-T5FTO ESS«~TU-T7T6FTO

ESS-HK-B2FTC 9
2.78-10 EC8-C~T5FTOQ ESS-TU-TE6FTO

GRIPFAILURE 12
2,7E-06 ECS~-L-2325FTC ESS-TU~-T6FTC

ESS-KH-78FTO 9
3.7E~05 ESS-TU-~-T6FTO E88-KH-T78FTC

ES8-HK~82FTC 8
3.2E~09 ESS-TU-T6FTO ESS8-KH-78FTO

GRIDFAILURE 11
1.2E-05 HCS-L-2325FTC ESS=TU~76FTO

BES-MB1-63FTO 9
i.6E-04 ES88~TU-76FTO ESS~MBl~63FTC

ESS-HK-82FTC 8
1,4E~08 ESS-TU~76FTQ ESS=-MBl=-63F10

GRIDFATILURE 1
2.7E-05 EC8~L-2325FTC ESS=-TU~76FTQ

ESS-S5160R-FTB 9
3.7E~04 ESS-TU-TEFTC ESS-S8160A-FTB

ESS-HK-82FTC 8
3.2E~08 ESS-TU-76FTC ESS-38160A-FTB

GRIDFAILURE 11

4.958E-03

INTERVAL UNAVAILABILITY
Minimal Cut set Upperbound used

55 MINIMAL CUT SETS
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Table 4.3: Overspeed: Basic events (components).

NR. COMPO.NAME DESCRIPTION

1 YAWDRIVE Yaw drive fails after pitch failure

2 ECs-L-2325FTC L relay 23=25 fail to cloae

3 ESS-HK-B2FTIC HEK relay 82 fails to ¢lose

4 ESS-HO-39FTIC HO relay 39 fails to <¢lose

5 ES8-0T~FTO Tacho relay OT fails to open

6 ESS—-NAMUR-FTD Tachometer NAMUR fails to detect

7 RSS-D~-17FTIC D relay 17 fails tec c¢lose

8 ESS«TU~76HTO TU relay 76 fails to open

9 ECS~C-T5FTO ¢ relay 75 fails teo open

10 ESS-KH-TB8FTO KH relay 78 fails to open
11 ESS-MBL-63FTO MRl switeh 63 faila to open
12 ESS-88160A-~FTB Superfast fuses 160A fail to burn in overload
13 ECS—-GEWNERATOR-NP No power from generator
14 ECS-L-20F0 L relay 20 fails open
15 ECS-R-23F0 R relay 23 fails open
16 ECS=-2X10KVARNEC Capacitors 2x10KVAR not enough output
17 GRIDFAILURE Grid failure

4,42 Yaw System at Too High a Vibration Level

There are two ways by which yawing can fail: firstly, the yaw drive fails after it has been powered
(mechanical failure) or secondly, the electrical actuation can fail. The actuation of the yaw drive is
very much analogous to the overspeed situation. The only big difference is that the yaw drive cannot
be powered as a result of overload in this situation,

The yaw system operation in the vibration situation has first and second order cut sets. First order cut
scts are the yaw drive, the vibration detection relay, and the auxiliary relay HT.

4.4.3 Yaw System at Too High an Inverter Temperature

The yawing operation is completely analogous to the vibration situation. The only difference is that,
after detection of too high a temperature by TC90, HK coil or TU coil are energized by H’C coil and
H’C contact 40 instead of by HT coil and HT contact 38.

Because the fault tree logic is identical to the vibration protection fault tree, the same number and type
of cut sets result. First order cut sets are the yaw drive, the mutator detection thermocouple, and the
auxiliary relay H’C, The other cut sets are second order.

444 Yaw System at Inverter Control Failure

The functioning of yaw system in case of inverter control problems is modelled by a very simple fault
tree which contains only "OR’ gates; therefore, only first order cut sets result.

4.4.5 Yaw System at Grid Failure

This case is analogous to the yaw system at inverter control alarm. Since the fault tree only contains
"OR’ gates, only first order cut sets result.
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4.4.6 Yaw System at Generator Overload

A superfast safety fuse is installed which burns at high currents. Subsequently, the MB1 switch opens,
which inactivates coil C and opens C contact 75. If the generator train and capacitors are available,
this will supply power to the yaw drive. This situation is also modelled as part of the overspeed fault
tree after all normal ways did not succeed to prevent overspeed, see section 4.4.1 and Fig. 4.6B. Since
the fault tree only contains 'OR’ gates, only first order cut sets result.

4.477 Manual Shutdown

Manual shutdown is complete analogous to the vibration situation. Because the fault tree logic is
identical to the vibration protection fault tree, the same type of cut sets result. First order cut sets are
the yaw drive, the stop button DK2, the auxiliary relay HU, and the presence of the operator. The
other cut sets are second order.

4,48 Pitch Control System

The pitch control system has not been further developed into a fault tree, mainly because the pitch
control system has been considered as a control system and not as a safety system. Failure of the pitch
mechanism could be assumed as a basic event since enough failure data was available. Further analysis
was not appropriate. Instead, an FMECA has been performed, The availability is determined on the
basis of operational experience and wind conditions, see Section 6.3.2.

4.5 Event Sequences Minimal Cut Sets
Because the systems defined as the headings of the event trees do not share common components

(which reflects the independence of the two safety systems), the event sequence minimal cut sets can
be easily derived from the system minimal cut sets, see Section 4.4.
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4.6

Conclusions

The following results and conclusions have been obtained from the event sequence analysis and system

modelling:

LW 15/75

The various possible responses of a wind turbine to the initiating events can be illustrated very
well by event tree models, which are very simple for the LW 15/75. For more complex wind
turbines, these trees will be even more useful for modelling the event sequences and the various
responses.

The findings from the event tree and fault tree analysis of the LW 15/75 are summarized in
Table 4.4.

The initiating events of the LW 15/75 can be divided into four classes, based on the logic of
the activation of the yaw system in these cases, the logic of the event trees, and the resulting
possible damage after failure of the yaw system, viz.:

SL. Overspeed;

S2, Too High a Vibration Level;

83, 87. Too High an Inverter Temperature, Manual Shutdown;
54-56. Inverter Control, Grid Failure, and Generator Overload.

Under the assumption that a combined failure of the pitch control system and the yaw system
leads to (potential) severe damage to the wind turbine with a probability of 1, the following can
be concluded for the event sequence minimal cut sets of the End State NS-SD:

Except for the events *S1. Overspeed’ and ’S2. Vibration’, which have also first order cut sets,
all event sequences have at least second order cut sets. For the vibration event, only one safety
system can be applied to keep the wind turbine within a safe state. For the overspeed event, the
pitch control mechanism should also be considered as a safety system, but due to the definition
of control and safety actions, this system is not modelled for the safety action (i.e. initiating
event). The net effect is that the frequency of the overspeed event is lowered by the pitch
conirel system,

For the events $1, $2, S§3, and S7, there are two ways to power the yaw system i.e by the grid
and by the generator (both normal and emergency shutdown). This is reflected in the order of
the minimal cut sets of the yaw system,

There is no redundancy in the detection of the initiating events, although it should be noted that
a manual shutdown could be considered as an alternative way of detection but will probably
come too late. This manual shutdown operates analogously to the normal detection of the
initiating events. The only difference is the first actuation and the auxiliary relay.
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Table 44. Initiating Events, Safety Systems, and Order of Minimal Cut Sets End State NS-SD

Initiating Event Safety System Order of Minimal Cut Sets” Remarks
(in chronological order} Yaw System End State
NS-SD
81. More than 130 rpm (Overspeed) (Pitch control system) 1, 2, and 3 (2, 3, and 4) Pitch control used to keep rotational
Yaw system 1,2, and 3 speed below 150 rpm.
52, Too high a vibration level Yaw system 1 and 2 land 2 - Fault tree logic yaw system identical
with events 3,7.
53. Too high an inverter Yaw system 1 and 2 2and 3 - Fault tree logic yaw system identical
temperature (> 90 °C} Pitch control system with events 2,7.
- Event tree logic same as events 4-6,
34. Inverter control Yaw system 1 2 - Fault tree logic yaw system nearly
Pitch control system identical with event 5.
- Event tree logic same ag events
3,5.6,1.
$5. Crid failures Yaw system i 2 - Fault tree logic yaw system nearly
Pitch control system identical with event 4.
- Event tree logic same as events
34,6,7.
$6. Generator overload Yaw system 1 2 - Event tree logic same as events 3-53,7.
Pitch control system
87. Manual Shutdown Yaw system 1and 2 2and 3 - Fault tree logic yaw system identical
Pitch control system with events 2,3.

- Bvent tree logic same as events 3-6.

NOTE: 1) The orders of the minimal cut sets of the event sequences is one order higher than the corresponding yaw system
cut sets in case the pitch control system (which is treated as one basic event) serves as a second safety system.

. From the qualitative analyses with event trees and fault trees it can be concluded that there are
unbalances in the safety system design. First order cut sets have been identified in case of Too
high a vibration level, S2. All other events have at least second order cut sets. So it is expected
that excessive vibration may be the most critical event with respect to safety aspects.

General

. For wind turbines, event trees will be very useful for modelling the event sequences and the
various responses.

. The concept of End States is very useful to categorize the outcomes of the event sequences
based on the severity of the resulting situation of the wind turbine. This can be generally
applied for all wind turbine designs.
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For system reliability, some simplifying assumptions have been made concerning whether a

sequence leads to structural, catastrophic damage in cases which require a safety action, such

as yawing out of the wind for the LW15/75, or stop actions like a mechanical brake for other

designs. These assumptions are:

1)  If the wind turbine is shutdown, i.e. starts yawing, no structural damage will occur;

2)  If the wind turbine is not shutdown, i.e. does not start yawing, partial or severe damage
will occur.

Assumption 1) is too optimistic, while 2) is conservative; the net effect is not clear. The reasons

for these assumptions are that the current computer programs that calculate loads on the wind

turbine are not able to analyze the behaviour of the wind turbine for all the combinations of

severe wind conditions and yawing operation or other stop actions (e.g. a mechanical brake),

because:

i)  there is a fundamental lack of knowledge of physical phenomena that can occur
(phenomena may not be known in the design stage);

ii)  these phenomena are known but not (adequately) modelled in the computer codes; or

iiiy the phenomena are known and modelled in the computer codes but the relevant load
sitnations have not been analyzed.

In principle, the resulting End States could be further quantified with structural reliability
techniques, the feasibility of which is discussed in Chapter 7, or by analysis of additional load
situations. As an alternative, an engineering judgment. e.g. based on reported gross failures (i.e.
operational experience), could produce an assignment of the probability of severe damage in
case the safety systems function but the wind turbine is still damaged. An example is a yawing
operation at very high wind speeds. In that case, severe loads on the wind turbine, beyond the
design envelope or within the design envelope, may damage the wind turbine, even if
deterministic load calculations with e.g. PHATAS-II have calculated the loads to be within the
design envelope. Because such an assignment would be very subjective due to a lack of relevant
operational experience and because the emphasis here is on the demonstration of the PSA
methodology, no attempt has been made to make such an assessment.

Quantification of the event sequences can show the extent to which first order cut sets can be
acceptable, because the level of defence is not only determined by the smallest order of the cut
sets but also by the probability of the cut sets. E.g. second order cut set can have a higher
probability than a first order cut set.
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5. DATA COLLECTION AND PARAMETER ESTIMATION

5.1 Introduction

To get additional information on the actual behaviour of the LW 15/75, specific operational experience
has been collected and analyzed. This information is not only meant for quantifying the delineated
event sequences but also for Qualitative insights. Another particular objective within this study was to
gel an understanding of the existing data collection procedures and their shortcomings, and to give
recommendations for future data collection procedures. The operational experience stemmed mainly
from logbooks and maintenance records and has been compiled in a database, specific for the LW
15/75. From this database, key failure data have been extracted. In addition, generic data contained
in European and American wind turbine databases and reliability data handbooks, and engineering
judgment have been used to finally arrive at the parameters required for the quantification process and
to compare the LW 15/75 specific failure data with. As a result from the data collection process, a
special section (Section 5.6) and Appendix A on data collection is included.

Establish sources of information for data collection

Compile specific data in database

Analyze database

Estimate parameters from key failure data

Interpretation and discussion of the results

Fig. 5.1: Procedural Steps in the Data Collection and Parameter Estimation Process

For reliability purposes, the following types of data have to be collected:

- maintenance and failure data, which includes not only periodical maintenance and inspection
but also failure and incident registration (unplanned maintenance). Examples are the instances
of the events, possible causes, conditions under which events take place, detection and
restoration times, affected components, performed actions, etc.;

- wind turbine modes data, which includes the times and duration the wind turbine is in a certain
operational mode, and the frequencies of alarm signals and transitional modes;

- external conditions under which events take place, mainly data concerning the wind but also
other climatological data and grid behaviour.
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Some of these data are specific to the location of the site (the external conditions), while other can be
considered as generic for all units and sites. For a complete reliability study, all of the three above-
menticned groups of data are necessary.

5.2 Data Sources

The various types of data are contained in different sources of information. Sources for failure data
are {ranked according to preference).

- specific data from operational expetience with the LW 15/75,

- generic industry-averaged data, and

- engineering judgment.

This section will review qualitatively the actual contents of the data sources for the case study. Sources
of data used for the case study are specific data such as contained in logbooks, maintenance records,
audits, measurements, and gross failures reported to the Dutch certification institute. Generic data are
contained in the EC-databases EUROWIN [5,8] and ’Accidents and Incidents’ [3], the American EPRI
database [9] and handbooks for reliability data [4,10]. Potential data sources are given in Table 5.1.

Table 5.1: Data Sources.

Source Applied for LW 15/75
Specific

- Logbooks of operators (owners) yes
- Maintenance records (filed by manufacturer) yes
- Reported gross failures to certification institute yes
- Pre-operational functional test and measurements no
- Audits (both with manufacturer and operators) yes
- Measurements during the operational life yes
Generic

- Studies for other types of wind turbines (e.g. MOD2) no
- Generic databases for wind turbines (EUROWIN, *Accidents and Incidents’, yes

EPRI, Wind Stats)

- Handbooks for reliability data (IEEE-Std 5000) yes
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5.2.1 Specific Data
Logbooks

According to Lagerwey BV, 30 of the 145 units of the 15/75 design have registered their operational
experience in logbooks. Only eleven of them have made the logbooks available, see Table 5.2, in total,
this amounts to 26.2 years of operational experience. The operators that have made their logbook
information available only include co-operations and utilities. Private persons did not supply
information.

Table 5.2: Evaluated units of the LW 15/75 design.

Project Name Location Date of Last recorded  Operational ex-

number first use event perience fyr.m.d]

99 CVWD Delft Delft 12/29/87 4/6/92 4.3.9

131 Kennemerwind Camperduin 12/14/89 3/23/92 2.3.10

141 VCBW Midden Betuwe Dodewaard 5/7/88 3/20/92 3.10.14

144AY PEN1 Zijpe 2/3/3% 371192 315

144B° PEN II Zijpe 2/3/89 12/19/91 2.10.17

144CY  PEN Il Zijpe 2/3/89 3/19/92 3.1.17

2247 FEB I RZWI Harlinge 3/5/90 2/26/92 1.11.7

236 PEB II Ludingaweg 8 7/5/90 12/22/91 1.5.18

246% Deltawind I Ooltgensplaat 6/22/90 3/10/92 1.8.19

285" Deltawind II Oude Tonge 11/29/90 12/4/91 1.0.6

297 PEB IV Achlum deers. 6/27/91 1/10/92 0.6.14
 262yeas®

NOTES:

1) Wind nubines located at the same site.

2) Wind turbines located at (nearly) the same site.

3 Wind turbines located at (nearly) the same site.

4) 21 yr -+ 58 m + 136 d = 26.2 years.

The logbooks were hand-written and the data were mostly in an unstructured format. Fig. 5.1 shows
an example of a typical page of a logbook. Most of the logbooks from the operators contained the
following four items:

- the failure or incident event,

- the modifications that had to be made,

- the date of registration or repair, and

- the persons involved with detection and repair.
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Fig. 5.1: A typical example of a page of a logbook.
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In most of the cases, the maintenance and inspection durations were not registered, although this is
mandatory according to the Dutch certification criteria [1]. These criteria, which are valid since the
beginning of 1992 and hence not strictly compulsory during the time the LW 15/75 logbooks have
been maintained, ask for the following items to be recorded as a minimum in the logbook:

the settings of adjustments,

faults and incidents,

maintenance and inspection times,

faults recorded during inspection,

modifications made, and

names of personnel and firms who carry out work on the turbine.

These minimal requirements do not meet the requirements of a database suitable for sysiematic data
analysis neither for specific reliability purposes nor for getting a general understanding of the wind
turbine behaviour. A number of essential data are not asked for, viz. causes of failures, external
conditions, and wind turbine modes (durations and frequencies of occurrence).

e a0 g

Only 2 out of the 11 operators went beyond the compulsory items of the Duich certification criteria;
they sometimes added the failure cause and the condition under which the failure or incident occurred.
One of these two operators also systematically recorded the restoration time (downtime after detection).
The other operator recorded the time of failure or incident observation now and then; for grid failures,
the downtime time was recorded.

As concluding remark, it can be stated that very important items such as the cause of a failure or
incident and detailed information on the wind turbine modes and alarms are missing in the logbooks.
The requirement to record these items is not present in the Dutch certification criteria, although the
logbooks can be the only practical source of data for these items. Furthermore, it is not clear whose
responsibility it is to accurately maintain a logbook.

Maintenance Records and Audits

During the various phases of the case study, Lagerwey BV has been visited for additional information
on the failure history. These visits were also meant as a further elucidation of the maintenance records
of the 11 wind turbines of which the logbooks were available. Using the 11 available logbooks as a
filter, the corresponding maintenance records have been investigated in more detail at Lagerwey BV
with the aid of the responsible employee. Regular maintenance is being performed by Lagerwey twice
a year, The maintenance records and the audits were very helpful to obtain more detailed information
on the failure and maintenance history of the eleven units. However, essential information such as the
cause and effects of failure have not been recorded. The audits could not always supplement missing
information.
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Measurements during operational life

To gain more insight in the actual reliability and availability of wind turbines, NOVEM initiated a
project to collect operational experience from on-line measurements [2]. One of the wind turbines
concemned the LW 15/75 at Zijpe (of which the logbook is also available). Measurements have been
conducted from November 1990 to June 1991, The measured availability during this period was 96.4
%. The percentages of the time that the alarm signals were activated and the manual shutdowns have
been reported as a function of wind speed. The frequencies with which these signals and shutdowns
were activated are however not reported. This information could have been used as a basis for the
frequencies of some of the initiating events. From the alarm signals, only the vibration alarm was
activated, not surprisingly mostly at higher wind speeds.

5.2.2 Generic Data

Generic databases have been investigated to estimate the failure rates of the components of which no
information was available. The data bases also have been used to compare the failure rates of the LW
15/75 turbine with generic values. The following wind engineering specific databases have been used:
- EUROWIN,

- EPRI,

- Accidents and Incidents, and

- Wind Stats.

Furthermore, reliability handbooks have been used. The information in these handbooks is derived
from experiences in other branches of industry like nuclear, aerospace, and military industries. These
generic databases will be discussed in the following sections.

EUROWIN Database

The EUROWIN database project [5,8] was set up by the CEC-DG X1I in August 1985. The objective
was to develop a database which provides statistics of wind turbine sites in Europe. Manufacturers and
operators in eight EC member countries (Belgium, Danmark, Germany, Greece, Ireland, The
Netherlands, Spain, and United Kingdom) have contributed their operational experience from
approximately 3200 wind turbines from various sites and of different sizes. The most important
information gathered from the database concerns the technical data, installation costs, energy
production and experienced failures. Failures are reported for the following generic components:

1. Control System,

2. Rotor,

3. Generator,

4, Mechanical Brakes,
5. Gearbox,

6. Yaw System,

7. Grid,

8. Unspecified Failures.

Ref. [5] contains information of failures between 1986 and 1989. The database presents:
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- the monthly fractional contributions of failures from each of the generic component class to the
total number of failures;

- the monthly absolute number of the total number of failures subdived into the severity category:
small failures (time to repair less than 24 hours), big failures (repair time between 24 and 72
hours, and total breakdown (total destruction of wind turbine);

- the yearly average failure rate per wind turbine as a function of the year of connection to the
grid.

The control system and the yaw system were the most faulty components during the reported period.

Ref. [8] describes the failure analysis from 1815 failure records of 963 furbines in 1990. Table 5.3

present failure numbers and rates for five generic component classes. From these classes, the control

system and the rotor were the most faulty components. The figures in Table 5.3 can be compared with
the LW 15/75 operational expetience.

Table 5.3: Generic failure data from EUROWIN database for 1990 (based on [8])

Component Number of faflures Derived failure rate
Vil [lr]

Control system 316 0.33 3.710°
Reotor 189 0.20 2.210°

Blades 129

Air brakes 66

Hub 6
Generator 121 0.13 1.410°
Brake 117 0.12 1.4-10°
Gearbox 85 0.09 1.0-107
EPRI [9]

EPRI has investigated the performance of more than 900 wind turbines during the years 1986 and
1987. Measures of wind turbine energy production, availability, and operation and maintenance costs
were computed. In addition, problem areas were identified for main components of a wind turbine.
Corrective actions and recommendations are also given. Finally, the results for all wind turbines are
given as generic data such as MTBF’s for main components/subsystems (including ranges). A selection
is given in Table 5.4. The failure rates have been derived from the reported MTBF values using
A=1/MBTF.

100 ECN-C--93-010



5. Data Collection and Parameter Estimation

Table 5.4: Generic Failure Rates Derived from [9]

Component/subsystem Failure rate [/hr]

High (H) Average Low (L)
Tawer 1.0-10* 3.0107 3.6-10°
Distribution 2.9-10° 4.210°F 3.2-10%
Nacelle, Support, Other 3.1-10° 9.710° 3.2-10°
Yaw system 4.8-10° i.410* 2.4-10°
Rotor/Pitch control 3.7-10* 1.910" 4.0-10°
Drive train 3.1-10* 2210 1.4-10*
Electrical (conversion) 9.5-1¢ 3.110° 7.410°
Electronics (control) 7.8-10* 3.4104 1.3-10°
Sensors 1.5-10° 6.6-10™ 4.510°

Accidents and Incidents Database

Within the *Accidents and incidents’ project [3], a database and computer program has been set up
to collect generic information on accidents and incidents of wind turbines in four member countries
of the EC (The Netherlands, Great Britain, Denmark, and Germany). The database is too generic to
be applied for a specific case such as the LW 15/75 with respect to statistical failure data such as
failure rates. For reasons of confidentiality, there is no link to a specific wind turbine design
(components) or manufacturer. The database can however be very useful as a generic source of
possible failure modes, effects, and causes. At this moment, the database is not being maintained.

Wind Stats

In the database from Wind Stats [12], the monthly and annual energy production is collected of wind
turbines, which are installed in Belgium, Sweden, Holland, Germany, California and Denmark, The
production results are being published every quarter of a year. The information which is reported about
the Danish turbines contains not only production results but also reported failures and incidents, The
information that could be derived from this database, was not detailed enough for the reliability
analysis of the LW 15/75 turbine. However, generic information could be obtained about failures of
main components and rough estimates of the downtime.

For reliability purposes, it is strongly recommended for the Dutch wind turbines, to not only report
the energy production but also the failures, analogue to the Danish situation.

Handbooks

If no system specific data are available, handbooks can also be a useful help for data collection. In
handbooks, failure data are systematically presented, usually in a hierarchical listing e.g. [4]. The
components and systems are subdivided in different classes. For each classification, the failures are
categorised by their failure modes, see Table 5.5. The failure data in handbooks are normally supposed
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to be based on equipment operating modes and applications that are within specifications and normal
practices. In addition, special classes can be identified relating to the system’s insulation and
equipment enclosures; for instance, such classes are suitable for the specific location of the equipment
with respect to temperature, moisture, and contaminants. For these adverse environmental conditions,
the handbook may contain corrective factors, see Table 5.6.

Table 5.5: Example of a subdivision of system/component [4]

. Component/systern: Motors and Generators

. For the case of Motors, there are three categories:
- AC-motors
- DC-motors
- Servos

. For AC-motors another subdivision can be made:

- Induction motors
- Synchronous single phase motors
- Split phase motors

. Breakdown in failure modes:
CATASTROFHIC
- fails to run once started
- fails to start
- fails to operate on demand
DEGRADED
- shaft fails to run at rated speed
- fails fo position correctly
INCIPIENT
- none

. Environmental factors (see Table 5.6)

Table 5.6: Environmental corrective factor matrix {4]

Component type High temperature High humidity
Induction motor 8.0 6.0
Synchrenous single phase 3.0 2.5

5.3 Database Format

A database has been set up to store and analyze the operational experience from the 11 wind turbines.
This database is primarily meant for deriving and analyzing specific failure data for the case study.
The format, however, can be the basis for data collection by the operator of the wind turbine (i.e. as
logbook format) and by the manufacturer (i.e. as the maintenance database). At this moment, only the
information from the logbooks and corresponding maintenance records has been compiled. A database
record contains the following 13 fields:
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Project number: this number identifies the single wind turbine as it is registered by Lagerwey;

Date of first use;

Date of the event,

Source of information in which the event has been registered (logbook or maintenance record);

Detection: this is the alarm state of the turbine or the state that stands for specific activities {e.g.

periodical or unplanned maintenance);

6. Component. this specifies a component/subsystem on which a specific action (field 10) must
be carried out or has been carried out;

7. Detection time: the detection time should indicate the time the wind turbine being in an

emergency state (see next paragraph) before it is detected and restoration begins;

SR W

8.  Restoration time: the restoration time implies the actual time needed for repair or replacement,
reset and start up, or maintenance;
9. Cause: this specifies the direct cause of being in an alarm or failure state;

10. Failure mode: this is the mode by which a failure is observed to occur and is usually characterised
by description of the manner in which a failure occurs;

11, Action: all actions carried out for restoring the system (e.g. specification of components that have
been repaired or replaced) or actions as inspection and tests;

12. Condition: the condition under which the turbine has come into a failure or alarm state, in
particular wind and other external conditions;

13. Remarks: specific circumstances or other things worthwhile to be mentioned.

The manner of detection as mentioned in field 5 can be explained in further detail.
Two categories of detection can be identified, viz. alarms and maintenance:

Alarms:;

The turbine is designed with 5 alarm lights, viz: overspeed (AL-O), vibration (AL-T),

inverter temperature (AL-C), inverter control (AL-M), grid failures (AL-SB).

Generator overload, which is detected by switch MB1, also leads to alarm light AL-M. The alarm
states correspond with the occurrence of initiating events identified and analyzed in Chapter 4.

Maintenance:

Three states that result from a maintenance, inspection, or test activity can be distinguished as a
manner of detection: Unplanned Maintenance (UM), to which category unplanned repair, inspection,
and test activities belong; Periodical Maintenance (PM), for the periodical maintenance catried out by
Lagerwey BV twice a year; and Manual shutdown (MAN), which corresponds in this case e.g. for
doing some tests or measurements, or in case of an inordinate (e.g. preventive shutdown}.

5.4 Database Analysis

The main findings from the database analysis are given in this section. From the logbooks and the
maintenance records, frequencies of occurrence of being in an alarm state and failure frequencies of
component can be derived. The most important are presented in tabular form, see Table 5.7 and Table
5.8. It is to be noted that the reported failures do not all correspond to catastrophic failures. Some of
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the failures were incipient and have been detected during periodical maintenance, while some of the
alarms have been tripped by spurious signals.

Table 5.7: Frequency of Occurrence of Alarm States and Unplanned Maintenance for the LW

15175
Project Operational  AL-O AL-T ALC AL-M AL-M AL-SB AL-SB UM
number experience mutator® overload internal external
[#yr]
99 4.28 1 3 1 1 1 14
131 2.28 10 2 4 2 9
141 3.87 1 1 1 5 1 12
144A 310 4 12 22 2 7 8
144B" 2.88 6 1 7 2
144C"» 3.13 15 (8) 1 1 2 7 11
2247 1.94 i 2 1 9
2369 1.47 3 1 10
246" 172 1 3 7
285% 1.02 4 1 3 3
297% 0.54 2 6
Total 26.2 27 (17 25 1 6 11 23 32 91
NOTES:
1) Wind turbines located at the same site.
2) Wind turbines located at (nearly) the same site.
3) Wind turbines located at (nearly) the same site.
4) This alarm correspended with failure of (parts of) the inverter.
5) The adjusted number between brackets is derived leaving out clear spurious alarm signals.
6) New type equipped with PLC’s; 5 out of 6 unplanned maintenance actions are related to these FLC's.
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Table 5.8: Component Failure Frequencies of the LW 15/75 Derived from Specific Data

Component Number of Failure Failure
failures (26.2 yr) frequency [/hr] frequency [/yr]
Capacitor 2x10kvar 400V 1 4.4-10° 0.038
Gear box 3 1.3:10° 0.115
Generator 2 8.7-10° 0.076
Grid connection 160A i 4.410° 0.038
Grid filter SL1 R 1 ' T 4.4400% 0.038
Inverter 17 7.4:10° 0.649
Relay OT 2 8.7-10°° 0.076
Relay SB 2 8.7-10° 0.076
Relay TL (time delay) 1 44107 0.038
Relay TR (time delay) 2 8.7-10° 0.076
Relay TR4 (time delay) 2 8.7 10 0.076
Rotor 11 4.3-10° 0.420
Switch earth leakage 40/0.3A 1 4.4-10° 0.038
Switch MB1, 0.16A 1 4,410 0.038
Switch §T? 2 8.7-10°¢ 0.076
Tachometer NAMUR 4 1.7-10° 0.153
Thermocouple T-40 2 8.7-10°° 0.076
Themmocouple T-90 1 4.4-10°¢ 0.038
Wind vane 2 8.7-10° 0.076
Yaw drive 5 2210° 0.191

To get an appreciation of the numerical values derived from the operational experience, the failure data
of the relays have been compared to those reported in ref. [4], see Table 5.9. The data reported therein
have been obtained using the Delphi method involving 200 experts. The data are not only based on
nuclear power plant experience but also on fossil-fired plants, other large industry (e.g. chemical),
published literature, etc. Experts were instructed to estimate the data only when statistical sources of
data remained unavailable to them. The low and high values should be interpreted as ranges rather than
bounds of a confidence interval, The values derived for the LW15/75 relays are approximately a factor
5 to 10 higher than those recommended in [4] (mostly nuclear applications). Auxiliary relays, of which
no failures have been reported for the LW15/75, have a somewhat smaller failure rate in [4] than other
types (a factor 10 to 20), which can be used to scale the failure rates for auxiliary relays based on the
reported failures for other types of relays in Table 5.8. Ref. [4] also reports failure rates per 10° cycles,
which can be used as a basis for a failure rate per demand in case of ’standby’ relays.

Failure rates of other LW 15/75 components are of the same order or even lower compared with
generic wind turbine failure data {5, 8, 9].

ECN-C--93-010 105



PSA of Wind Turbines

Table 5.9 Failure rates reported in [4]

Failure rate [/hr]
Component Type : Low (L} Recommended High (H)
Relay, general 9.0-107 1.910° 3.0-10°°
Relay, auxiliary 1.0-10* 8.0-10° 1.2107
Relay, time delay 1.010° 6.7107 1.010°

Remarkable events that do not necessarily result in catastrophic failures should be mentioned. These
events are listed in Table 5,10 and can be seen as degraded failures.

Table 5.10: Examples of reported degraded failures

Descripticn

Loose rotor bolts

Pits in bearing of pitch axis
‘Water in conirol cabinet
Dust snow in control cabinet

Crack in tower foot

In addition, some components of the turbine have been adjusted ("design modifications") or replaced
for a better performance of the turbine. These are already listed in Table 2.7. These modifications were
often the result of weaknesses or problems conceived in previous versions of the design and have been
identified during operation.

5.5 Parameter Estimation

To the extent possible, the specific operational experience of the LW 15/75, summarized in Section

5.4, has been used to estimate the parameters required for the quantification process.

5.5.1 Initiating Events

The frequencies of external initiating events such as grid failure are based on:

- the experienced grid failures for the three units at the Zijpe station (PEN I, 11, and III), which
is located 20 km to the south of Den Helder, and

- data of reported malfunctions from the logbooks of the eleven wind turbines.

A reason for selecting the Zijpe station is (o enable a better basis for comparison with the measured
wind turbine availability at Zijpe during the IPW-measurements [2].

The frequencies for the internal initiating events are based on the logbooks and maintenance records
as filed by the manufacturer of the selected eleven wind turbines (see Table 5.2). In principle, the
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frequencies of initiating events depending on the wind conditions can be corrected for a particular site,
For that purpose, the conditional probabilities of the initiating evenis for each of the wind classes in
combination with information on wind turbine modes should be known.

The initiating event frequencies are given in Table 5.11, Although the IPW-measurements showed a
hundred percent occurrence of the vibration alarm at wind speeds above 20 m/s for the unit 144A, this
is not assumed for the determination of the frequency in Table 5.11. The reason is that for the two
adjacent units 144B and 144C no vibration alarms have been reported; possible causes are either
spurious alarms for 144A or incomplete logbooks of 144B and 144C, or 144A is more susceptible to
vibrations than the other two units. In principle, it should be possible to base the frequencies of the
overspeed and vibration alarms not only on logbook information but also on specific wind conditions.
The frequencies conditional upon the occurrence of a wind regime must then be known. This
information could come from measurements like the ones reported in [2].

The time to reset is required for detecting and elimination of the root cause of the initiating event
assuming that the safety system has adequately protected the wind turbine. The time to reset in case
of (severe) damage to the wind turbine is much larger than the value given in Table 5.11; those values,
which are termed outage times, are presented in Table 5.14, Section 5.5.4.

Table 5.11: Initiating Event Frequencies

Event Frequency [/yr] Time to Reset [hr]?
S1. Overspeed (AL-0) 0.97 (0.65)? 12
§2. Too high a vibration level (AL-T) 0.95 12
$3. Too high an inverter temperature (AL‘C) 0.038 12
S4. Inverter control (AL-M, inverter) 0.23% 12
55. Grid failures (AL-SB) 0.88 (int.) + 2.24 (ext.)” = 3.12 12
86, Generator overload (AL-M, fuse 160A) 0.42 12
37. Manual shutdown at high wind speeds 49

Spurious alarms part of previous alarms

NOTES:

1) The value in brackets is the frequency excluding spurious alarms.

2) Corresponds with inverter failure (reported as inverter in general, inverter print or thyristor).

3) Internal is based on all eleven units, external is based on only the three units at Zijpe (144A, B, and C).
4) Average time to reset.

5) Estimate based on wind conditions at Den Helder; only used for a sensitivity analysis, see Section 6.4.2.
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5.5.2 Component Failure Behaviour

In order to be able to quantify the availability of the system, a number of simplifying assumptions are
required with respect to the component failure behaviour to esiimate the parameters required for
quantification. Although these assumptions are fairly crude, the quantification does produce meaningful
results if due attention is paid to the limitations of the techniques. The assumptions are the following:

1. The failure rate of the wind turbine components are assumed to be constant in time, which
implies that neither teething diseases nor ageing are taken into account.
2, Conservatively, it is assumed that the both catastrophic and degraded failures which have been

detected during maintenance also could have occurred or have become apparent during the
performance of the safety actions. Therefore, they are accounted for in the unavailability of the
safety systems.

3. In addition, although the system modelling analysis has made a detailed distinction between the
various failure modes of the components, all failure modes belonging to one individual
component are assigned the same failure rate but only if no clear differences between these rates
were judged to exist.

4. The reported failures of modified components that are expected to have a clearly better
performance after modification are not accounted for in the estimation of the failure rates. If
there is no basis to expect much improvement, then the earlier reported failures are still taken
into consideration.

5. The failure rates for standby components are assumed to be identical to operating components.

5.5.3 Component Models

A first principal distinction to be made is between:

i, components that are operating e.g. those belong to the power conversion and control system,

ii. standby components e.g. particularly dedicated for detecting alarm states and triggering the
safety systems and performing the safety actions.

Failure of most operating components becomes clear during operation of the wind turbine, because
they will either cause the wind turbine to shut down or to operate inadequately, which will be easily
detectable by the operator. Most of the operating components are also inspected and tested during
periodical maintenance. These components can be considered as a both monitored and periodically
maintained (inspected) component. Monitored means that a failure is detected directly and that the
component is repaired instantaneously. In the particular case for the LW 15/75, these components are
quasi-monitored because the detection is not direct, The time to repair O should therefore include both
a detection time (function of operating procedures and practices i.e. dependent of the operator) and
the restoration time (dependent of component). By using the monitored model credit is given to the
fact that failure of the components may become clear during operation by visits of the operator. If the
components are considered only periodically inspected then the estimates would be somewhat
conservative. The time between two instants of periodic maintenance is set to 0.5 year, which equals
the average period for periodical maintenance for the LW 15/75. The duration-of the maintenance T,
called the inspection time in PETAMISS {6,7] and which is a fixed time, is set to 12 hours. The actual
time of repair in case faulty components have been detected during this ingpection is an additional
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period of time of not being available. This repair time can be modelled either uniformly distributed
or constant in PHAMISS. Furthermore, PHAMISS assumes constant failure rates and the avatilability
of the component after maintenance or repair equals 1 i.e. the component is *as good as new’ and no
maintenance induced failures occur. In principle, such a maintenance induced failure (often a human
error) can be modelled as a separate basic event in the fault tree. Typical potential human faults for
the LW 15/75 are the settings of some detection (standby) relays which are *bypassed’ for the
functional tests performed during periodical maintenance. I the settings are not restored properly after
the functional test, this may eventually lead to spurious alarms or no alarms when required.

Failures of standby components (mostly safety related) can also become clear during operation, because
of visits by the operator and the occurrence of conditions requiring safety actions. The periodical
maintenance of the LW 15/75 also includes functional tests of all control and safety actions. Therefore,
most of the relevant safety related standby components (with the exception of some sensor and
detection units) are also periodically tested and can be analogously modelled as operating components,
with the same time parameters as the periodically tested operating components. Failure of these
standby components is not so easily detected by the operator between two instants of periodical
maintenance, because the alarms do occur not frequently.

Components which are not tested periodically can be considered as a component which is non-
repairable, viz. a class 1 PHAMISS component.

Mission Time

Since it is the aim to quantify the unavailability of the yaw system i.e. dependent of the occurrence
of an initiating event (unavailability per demand), the average (interval) unavailability can be used.
The interval can be selected as [0, 0.5 year - periodic maintenance time (12 hr)] = [0, 4368 hr].
(Selection of this mission causes a monitored, periodically tested component (class 8 PHAMISS) to
be in fact a monitored component (class 2 PHAMISS) and a periodically tested component {(class 4
PHAMISS) to be in fact a non-repairable component (class 1 PHAMISS).

Failure Mode

Another important aspect of selecting a component model is that one should remind that a component
model refers to a basic event in a fault tree. This basic event not only refers to a specific component
but also to a specific component failure mode. For one component, there may be different failure
modes (i.e. basic events) associated with it and therefore also different component models (and failure
rates). An overview of the selected component models is given in Table 5.12.

Table 5.12: Selected component models

Component Type Parameters
Operating - monitored Failure rate A, time to repair €
Standby - periodically tested Failure rate A, time to repair 8, inspection

interval T, inspection time T

- non-repairable Failure raie A, mission time T
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Quantification of the component models

The component models and parameters are used to finally quantify the minimal cut sets. To illustrate
this, an example is given for a first and second order cut set, in accordance with the methods described
in the "Kansenboek’ [13]. Component 1 and 2 are both a non-repairable component during the interval
[0, T]. The probability of failure of such a component in the interval [0,¢] with ¢ < T then equals
(assuming constant failure rate i.e. exponential distribution):

Q.() = P(component fails in [0,1]) = 1-e™=ht

This (conservative) approximation is sound when Ar<<l. The interval unavailability for [0,T] then
equals:

g=2

T
1 1
= [ewd = — Ofxlrdr - AT

Ok“"i

A first order cut set consisting of a basic event corresponding with such a component failure can be
estimated by this formula. When the cut set consists of two such basic events, then the interval
unavailability equals:

1
T

cL..._wv-]

T
- _ 1 1
U= Oj 0,00, ~ — [ighotde = ZAAT?

Note that this unavailability does not equal the product of the two independent interval unavailabilities
(i.e. not 14\, T).

For other types of component and other combinations, other formulas can be derived analogously, e.g.
see [13].

The computer code PHAMISS does not quantify the cut sets by these approximations, but uses the
time-dependent component unavailabilities Q(t) and a numerical integration to compute the interval
unavailability.
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5.5.4 Failure Rates

The components of which failure data have to be estimated are determined by the system modelling
of Chapter 4. The applied failure rates are given in Table 5.13.

Table 5.13: Applied Component Failure Rates

Failure Rate [/hr]

Compenent Event Id. L N H Basig
Capacitor E-CS-2x10KVAR-NE(Q 4.4-10° sP
Fuse E-33-S5160A-FTB 10° EJ
Generator E-CS-GENERATOR-NP 4.410° SP
Gearbox N-DT-GEARBOX 1.310° SP
Grid connection 160A 4.4-10° SP
Relay (general) 10° EJ

C E-CS8-C.75FTO

b E-88-D.FTC

L E-CS-L-20FO

E-CS-L-2325FTC

R B-CS-R-23F0O
Relay (auxiliary) 10° EI

HC E-S3-H'C-40FTC

HK E-SS-HK-82FTC

HO E-88-HO-39FTC

HSB E-SS-HSB-76FTO

HT E-8S-HT-38FTC

HU E-SS-HU-37FTC

KH E-§5-KH-70FTO
Relay (detection)

Overspeed OT E-S5-OT-FTO 8.7:10° sp

Vibration T E-SS-VIBRDET-FTO 10° EJ

Inverter control K B-88-K-FTO 10° EJ

Grid failure SB E-88-SB-FTC 8.7-10° SP
Relay (time delay)

T E-SS-TU-76FTO 6.510°¢ SP
Rotor
Switch MB1 E-S5-MB1-63FTO 4.410°¢ Sp
Tachometer NAMUR E-35-NAMUR-FID 1.7-10° SP
Thetmocouples TC 90°C E-8S-TC90-FTO 4.4-10° sp
Wind vane N-YS-YD-WINDVANE 8.7-10° SP
Yaw drive N-YAWDRIVE 2.2-10° SP

NOTE:

1) SP = Specific; GH = Generic data and Handbooks; EF = Engineering Judgment; A combination of these has been
used at deriving estimates from engineering judgment.
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5.5.5 Outage Times

The outage time due to maintenance or as a result of entering an End State, ES, is given in Table 5.14.

Table 5.14.: Maintenance, End States, and Outage Times

Cause of Outage Description Outage Time [hr] Remarks
Maintenance,  Half year periodical maintenance and 12
periodical inspection by the manufacturer
Maintenance,  Unplanned maintenance activities due > 24 Can be the result of End State 5-D, NS-
unplauned to failures or other problems (dependent of failed com PD, and NS-SD
ponent and End State)
ES 5-ND Shutdown and successfully parked, no-—-12-- - - -meee Identical to time to reset given in Table
or minor damage 5.11
ES 8-D Shutdown but unsuccessfully parked,  24-72 Assumed not to occur, see Section 4.3.1
partial damage and 4.3.2
ES NS-PD Not shutdown and mnsuccessfully 24
parked, partial damage and no safety
implications
ES NS-3D Not shutdown, severe damage T2

5.6 Data Collection Systems

Collection of specific fajlure and operational data for eleven wind turbines has shown limitations in
the current practices of data collection, Operational experience is neither systematically recorded by
the operators of the wind turbines nor by the manufacturer. Furthermore, not all the types of data
required for reliability purposes are recorded. Although the logbook and maintenance records
supplemented each other, there was a lack of data.

Given the shortcomings of data collection, it is recommended to use standardized formats to fill in the
various items that describe the operational experience both for the operator as for the manufacturer.
These formats are a prerequisite for enhancing the quality and for increasing the amount of data but
also to prevent a time-consuming analysis of the data. In the longer term, data collection can become
more and more antomated, possibly in combination with monitoring systems (e.g. in the form of PLC’s
O MiCroprocessors).

With respect to the logbooks it must be clarified whose responsibility it is to record the operational
experience (operator, manufacturer). The Dutch certification criteria ask for maintaining a logbook but
without stating the responsibility. In addition, these criteria should ask for more data to be recorded,
notably external conditions, failure causes, and important status information (number of transitions
from one mode to the other, duration of modes). The format of the logbook should be such that users
are not reluctant to fill in the required information. There should be incentives for this, Pre-printed
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tabular formats can be very useful as a start. In addition, the benefits of maintaining a proper logbook
should be made clear to the potential users.

A possible data collection and analysis system which meets to a great extent the requirements set out
before is the AEGIR system of AKZO, a Dutch chemical company [11]. It is worthwhile investigating
the applicability of such a system for wind turbines. The objectives of the system are first to gain
insight and experience with the system (mostly qualitative) and secondly, at a later term, to plan
maintenance activities and to perform more sophisticated statistical analyses (detailed models for
maintenance planning, reliability growth, etc.). The AEGIR system, which is computerized and PC-
based, consists of 3 modules, viz. for: 1) identification of components, failure modes, causes en effects,
2) registration of incidents; and 3) analysis of the database records. The system has great potential and
is users-friendly. At this moment, no sophisticated statistical analyses are being performed. Rather
simple statistics like rankings of failed components both based on failure frequency as well as on
resulting downtime can be computed. From the study reported here, the advantages of such a system
are obvious. In addition, the following should be investigated:
1)  the specific requirements of such a system for wind turbines, which depends very much on the
objectives of the database; for reliability purposes, minimum requirements can be formulated
(see Appendix A);
2)  how and by whom should it be implemented?
3) the parties to use and maintain such a system (manufacturers, certification institutes, operators).
Ttem 2 and 3 are outside the scope of this project but could be dealt with in a follow-up of this study.

5.7 Conclusions
Data Collection
LW 15/75

. Collection of specific failure and operational data for eleven wind turbines has shown
limitations in the current practices of data collection. Operational experience is neither
systematically recorded by the operators of the wind turbines nor by the manufacturer.
Furthermore, not all the types of data required for reliability purposes are recorded. Although
the logbook and maintenance records supplemented each other, there was a lack of data.

. The availability and accessability of operational experience of the LW 15/75 has been
overestimated at the beginning of this project. As a result also the resources to analyze the data,
which were in a hand-written and mostly unstructured format, have been larger than originally
planned.
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General

The specific failure and incident registration data should ideally be contained in the maintenance
records of the manufacturer, who conducts the maintenance, but also in the logbooks of the
operator of the wind turbine. Specific information on the wind turbine modes and external
conditions should be contained in logbooks.

Given the shoricomings of data collection, it is recommended to use standardized formats to fill
in the various items that describe the operational experience both for the operator as for the
manufacturer. These formats are a prerequisite for enhancing the quality and for increasing the
amount of data but also to prevent a time-consuming analysis of the data. In the longer term,
data collection can become more and more automated, possibly in combination with monitoring
systems (e.g. in the form of PLC’s or microprocessors). A possible data collection and analysis
system which meets to a great extent the requirements set out before is the AEGIR system of
AKZO, a Duich chemical company. It is worthwhile investigating the applicability of such a
system for wind turbines. In Appendix A, more on this system is outlined.

Items that are a requisite to be filled in (or monitored) include status signals (such as alarms and
grid connection), wind conditions and other climatological conditions, operational modes (time),
transitional modes (number), and outage times.

With respect to the logbooks it must be clarified whose responsibility it is to record the
operational experience (operator, manufacturer). The Dutch certification criteria ask for
maintaining a logbook but without stating the responsibility. In addition, these criteria should
ask for more data to be recorded, notably external conditions, failure causes, and important
status information (number of transitions from one mode to the other, duration of modes). The
format of the logbook should be such that users are not reluctant to fill in the required
information. There should be incentives for this. Pre-printed tabular formats can be very useful
as a start. In addition, the benefits of maintaining a proper logbook should be made clear to the
potential users.

A systematic collection of operational experience is not only useful or required for generating
numerical values for quantification purposes. A systematic data collection procedure and
analysis does also give much qualitative insights.

Specific failure data are the preferred source of information; generic data and engineering
judgment should only be used when other sources of data are not available.
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Database Analysis and Parameter Estimation
LW 15/75

. Despite the shortcomings of data collection, a lot of information both qualitative and
quantitative has been derived from the available operational experience.

. Both the quality and quantity of the specific failure data of the LW 15/75 are insufficient to
perform detailed statistical data analyses (e.g. fitting parameters to the data, probability
distributions, reliability growth models, bayesian updating of a priori distributions). Also, an
alternative method to collect data such as an expert opinion elicitation process is too time-
consuming and expensive. More can be gained by setting up systematic procedures and systems
to collect operational experience in the future.

. If it assumed that not all failures have been reported or detected, the failure data will be
optimistic. This can be balanced by using conservative assumptions in interpreting the rough
failure data and other conservative assumptions in the guantification process.

General

. The user of failure data should always be aware of certain limitations of the data contamed in
the various data sources. In principle, the reported failure data are only valid under specific
conditions and intended to be applied only to such cases. However, these conditions may not
always be known, The user should take appropriate precautions while applying these data under
different conditions. Moreover, the reliability of a component tend to increase as the applied
stress (e.g. electrical, mechanical, and environmental) decreases, and vice versa. The effect of
different operating conditions should therefore be taken into account. By this way, the rough
failure data can be adjusted taken into account specific failure modes, causes, and conditions.

. The combination of specific data from the logbooks and maintenance records, generic data from
handbooks, and engineering judgment could be used to arrive at indicative failure data for the
quantification process. Specific failure data are the preferred source of information; generic data
and engineering judgment should only be used when other sources of data are not available.
Generic data can be used to compare the turbine-specific data to.

. The rationale for establishing data for quantification should be clearly described and traceable.
. Besides giving point estimates for the failure data, it is recommended to also lower and upper

bounds to show the uncertainty in the data. These uncertainty bounds can then be propagated
through the quantification.
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6. SYSTEM RELIABILITY QUANTIFICATION

6.1 Introduction

After having identified the initiating events and having modelled the response of the wind turbine to
these events, the frequencies of the event sequences and the measures of importances can be quantified
to rank the various events and safety systems. To the extent possible, the specific operational
experience of the LW 15/75 has been used to quantify the events. The resulting estimates should be
considered as approximate values because of data uncertainties and modelling assumptions.

This chapter also shows the steps in the quantification process illustrated in Fig 6.1.

Define assumptions and scope of the quantification

Establish data to be used

Quantify safety sysiems’ unavailability, probability of
End States, and wind turbine unavailability

Uncertainty and sensitivity analysis

Interpretation and discussion of the results

Fig. 6.1: Procedural Steps in the Quantification Process

6.2  Assumptions and Scope
6.2.1 Design and Procedures

Lagerwey has changed the original LW 15/75 design and operating procedures somewhat during the
first years of operation because of identified improvements, or site and operator specific requirenents.
Although these changes do not affect the basic design, they might have a significant impact on the
systems’ reliability characteristics, because experienced failures or malfunctioning have initiated some
of these modifications. The reference configuration for this study concerns the LW 15/75 as described
in Chapter 2.
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6.2.2 Initiating Events

The initiating event frequencies and the underlying assumptions are presented in Section 5.5.1.

6.2.3 Component Failure Behaviour and Failure Rates

In order to be able to quantify the (un)availability of the systems, a number of simplifying assumptions
are required with respect to the component failure behaviour. The assumptions that determine the
parameter estimation required for quantification are given in Section 5.5.2. Despite the crude nature
of these assumptions, the results of the quantification provide insights in the systems’ failure
characteristics and identify the systems’ vulnerabilities. Due attention should be paid to these
assumptions if the results are to be used in a more absolute sense.

6.2.4 Scope

The scope of the quantification process for the LW 15/75 is to:

1. quantify the safety systems’ unavailability;

2, rank the components contributions to the safety systems’ unavailability (importance
calculations);

a. quantify the probability of the event sequences leading to successful shutdowns (NS-ND), to
partial damage but potential danger (NS-PD) and to severe damage (NS-SD);

4, rank the components and the safety systems contributions to the probability of the event
sequences (importance calculations),

3. perform sensitivity analyses on assumptions of operating and maintenance procedures, fault tree
modelling, initiating event frequencies, and downtimes.

Finally, the quantitative results can be used to identify possibly weak points in the LW 15/75, to

highlight unbalances, and to give recommendations for improvement.

6.3 Safety System Unavailability
6.3.1 Yaw System

The yaw system unavailability has been estimated by quantifying the minimal cut sets from the fault
tree analysis. The unavailability must be interpreted as an unavailability per demand i.e. dependent of
the occurrence of an initiating event, The yaw system components are checked during the half yearly
periodical maintenance. Existing detected failures are repaired; it is assumed that all failures will be
detected and repaired. The effective mission time for calculating the interval unavailability is set to
approximately 0.5 year (0.5 year - periodical maintenance time = 4380 -12 = 4368 hr).

The yaw system unavailabilities are dependent of the initiating event. In Table 6.1, an overview is
given of the resulting unavailabilities. These values have been computed based on the method of the
"Kansenboek’ [1] with the computer program CESAR-I [2,3]. The unavailabilities from CESAR-I have
been checked with the unavailabilities calculated by PHAMISS [4,5]. The formulas used for
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quantification are given in Table 6.2. As an example, Table 6.3 shows the quantified cut sets for 51
in decreasing order of their contribution. The formula numbers refer to those of Table 6.2.

A conservative estimate of the yaw system unavailability, U,,,,, can be computed from the probabilities
of the minimal cut sets by the Minimal Cut Upperbound (MCU):

H,

MCU =1 - ﬁ (1-Pr(MCS.))

il

An often used alternative estimate is the more conservative Rare Event Approximation (REA):

nMCJ

REA =Y Pr(MCS)

vl

It can be shown that:

U, = Pr(Top Event) £ MCU < REA

and that the approximations are quite accurate for small failure probabilities.

Table 6.1: Initiating Events and Yaw System (Un)availability

Initiating Event Unavailability Availability
s1 More than 150 1pm (overspeed) 0.005 0,995
52 Too High a Vibration Level 0.025 0.975
83 Too High an Inverter Temperature (> 90 °C) 0.012 0.988
34 Inverter Contro} 0.047 0.953
85 Grid Failures 0.044 0.956
56 Generator Overload 0.056 0.944
57 Manual Shutdown 0.1229 0.878

Note: 1) Includes a contribution of 0.1 due to absence, not notifying, or not arriving in time of the operator.
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Table 6.2: Formulas Used for Quantification of Cut Sets (Interval Unavailability)

Order and Type Cut Set

Formula

Nr. Remarks

I: First order

Immediate repair {self-annunciating)

Non-repairable

II; Second order

comp.l: Immediate repair
comp.2: Immediate repair

comp.l: Immediate repair
comp.2: Non-repairable

comp.1: Non-repairable
comp.2: Non-repairable

comp.l: Immediate repair

comp.2: Unavailability per demand

comp.1: Non-repairable

comp.2: Unavailability per demand

IH: Third order

comp.1: Non-repairable
comp.2: Non-repairable
comp.3: Non-repairable

comp.1: Non-repairable
comp.2: Non-repairable
comp.3: Immediate repair

comp.1: Non-repairable
comp.2: Immediate repair
comp.3: Immediate repair

comp.]: Non-repairable
comp.2: Noa-repairable

comp.3: Unavailability per demand

comp.l: Non-repairable
comp.2: Immediate repair

comp.3: Unavailability per demand

A0
IZAT

20,210,

A0, 1/2A,T

13,0, T2

ABg,

1/20,Tq,

1420, A T

130 A,T,8,

1/2,TA, 8,18,

1/3h.4, T,

123 TA,9,4,

A = failure rafe

1

2 € = repair time
T = interval time

3 q = unavailability per
demand

4

5

6

7

8

9

10

11

12
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Table 6.3: Overspeed: Minimal Cut Sets Quantification

MINIMAL CUT SETS
Top event

Computed entity :

ranked accerding to decreasing contributions

: Ho yaw after 81: OVERSPEED

INTERVAL UNAVAILABILITY

NG. OR-~
DER RBUTECOHW

CONTRI-

FRACTION

BASIC EVENTS

1 2 1.081E-03 2.2E~01 ESS-SS160A-FTB ESS-NAMUR-FTD 5
2 2 1.081E-03 2,2E-01 ESS-NAMUR-FID ESS«-D~=1T7FTC 5
3 2 5.533E-04 1.1E~01 ESS-OT-FT0 ESS-D-17FTC 5
4 2 5.533E-04 1,lE-01 ESS-85160A-FTB ES8-0T~FTO 5
5 1 5.280E-04 1,1lE-01 N-YAWDRIVE 1
6 2 4.7578-04 9.6E~-02 ESS-MBl-63FTO ESS-NAMUR-FTD 5
7 2 2.435-04 4.%E~-02 ESS-MBl-63FTO ESS—-QT-FTO 5
8 2 1.081E-04 2.2E-02 ESS5~KH-=78FTO E88-NAMUR~FTD 5
9 2 6.360ER—05 1.3E~02 ESS-55160A-FTH ESS-HG-390FTC 5
10 2 6.360E~05 1.3E-02 RSS~HO~39FTC ESS-D-17FTC 5
11 2 6.360E~05 1,3E-02 ESS-HK-B2FTIC E88-D-17FTC 5
12 2 5.533E-05 1.1E-02 ESS-KH-78FT0 ESS«~OT~FTC 5
13 2 2.798E-05 5,6E~03 ESS-MBl-63FTO ESS=-HO=-39FTC 5
14 2 B8.911E-06é 1.8E-03 ECS-C~75FTC E8S-NAMUR~FTD 4
15 2 8.911E-06 1.8E-03 ECS-L-20F0 ESS-NAMUR-FTD 4
16 2 8.911E-06 1.8E-03 ECS-R~-23F0 ESS=-NAMUR-FID 4
17 2 6.360E~06 1.3E-03 ESS~KH~T78FTC HS8-HO-39FTC 5
18 2 5.242E-06 1.1E~03 ECS-L-2325FTC ESS-D=-17FTC 4
19 2 4.560m-06 9.2E-04 ECS-L-20F0 ESS-OF~FTO 4
20 2 4.560E-06 9.2E-04 HECS-R-23F0 ESS-0T-FTO 4
21 2 4.560m-06 9.2E~-04 ECS-C-75FTO ESS-OT-FT0 4
22 2 3.921E-06 T.9E-04 ECS~2X10KVARNECQ ES88~NAMUR~FTD 4
23 2 3,921E~06 7.9E-04 RCS-GENERATOR-NP ES8-NAMUR~FTD 4
24 2 2.006E-06 4,0E-04 ECS-GENERATOR-NP E88-0T-FTO 4
25 2 2.006E-06 4.0E-04 ECS-2X10KVARNEC ESS—-QT-FTO 4
26 3 1.813E-06 3.7E-04 ESS~TU-76FTC E88~85160A-FTB

ESS~HE-82FTC 8
27 3 7.976E~07 1.6E~04 ESS-TU-TEFTC ESS-MB1-63FTO

ESS—-HK~82FTC 8
28 2 5.242E-07 1.1lE-04 ECS-C-75FTO ESS-HO=33FTC 4
29 2 5.242E-07 1.1E-04 ECS~-L-20F0 ESS-HO-38FTC 4
30 2 5,242E-07 1.lE=-04 ECS-R-23F0 ESS-HO-39FTC 4
31 2 5.242E-07 1.lE=04 ECS-L-20F0 ESS-HE-82FTC 4
32 2 5,.242E-07 1.lE-04 ECS-R-23F0 ESS-HK-82FTC 4
33 2 2.306E-07 4.7E-05 ECS-GENERATOR~NP ESS-HK-82FTC 4
34 2 2.306E-07 4.7E-05 ECS~2X10KVARNEQ HE8=HO~39FTC 4
35 2 2.306E~07 4.7E-05 ECS-2X10KVARNEO HSS-HK-82FTC 4
36 2 2.306E-07 4.7E=05 ECS-GENERATOR-NP ESS~HO=39FTC 4
37 3 1.813E~07 3.7E-05 ESS~TU~76FTO ES8«-KH~T78FTC

ESS-HK-82FTC 8
38 3 1.328E-07 2.7E-05 ECS-L-2325FTC ESS-TU-T76FTC

ESS~-SS160A-FTH 9
39 3 5.843E-08 1.2E~05 ECS-L-2325F%C ESS-TU-76FTO

ESS~MR1~-63FTO 9
40 2 5.760B-08 1.2E-05 ECS-L-2325FTC ECS-L-20F0 3
41 2 5.760E-08 1.28-05 ECS=L=-2325FTC ECS-R-23F0 3
42 2 2.534E-08 G5.1E~06 ECS-L=23258TC ECS—GENERATOR-NP 3
43 2 2.534E-08 5.1E~06 ECS-L-2325FTC ECS=2X1 0KVARNEO 3
a4 3 1.3288-08 2.7E~-06 ECS-C-TSFTC ESS=TU=76E70

ESS~HE-82FTC 9
45 3 1.328E-08 2,7E-06 ECS-~L-2325FTC ESS~TU=76FTO

ESS-KH-78FT0 9
46 2 6.334E-09% 1.3E-06 ESS-D-17FTC @GRIDFAILURE 7
47 3 1.0948-09% 2.2E-07 EQS-C-T75FTO ECS-L-2325FTC

ESS-TU-76FTO 10
48 32 1.605E~10 3,2E-08 ESS-TU-76FTO ESS~SS160A-FTB

GRIDFAILURE 11
49 3 7.060E-11 1.4E-08 ESS-TU-76FTC ESS-MBR1l-63FTO

GRIDFATLURH 11
50 2 6.960E~11 1.4E-08 ECS~L~20F0 GRIDFAILURE 6
51 2 6.960E-11 1.48-08 ECS-R-23F0 GRIDFAILURE 6
52 2 3.0628-11 6.2E-09 ECS-GENERATCR-NP GRIDFATLURE 6
53 2 3,062E-11 6.2E-09 ECS-2X10KVARNEQ GRIDFATILURE 6
54 3 1.605E~11 3.2E-09 ESS8~TU=76FTC ESS8~KH~T3FTO

GRIDFATLURE 11
55 3 1.322B-12 2.7E-10 ECS-C-75FTO ESS-TU-T6FTO

GRIDFAILURE 1z

4.958E-03 INTERVAL UNAVAILARILITY 55 MINIMAL CUT SETS

Minimal Cut set Upperbound used
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Importances

To show the relative imporiance of the components contributing to the yaw system unavailability, the
Fussell-Vesely importance measure I, has been computed., This measure reflects the contribution of
a basic event (component failure) to the occurrence of the system failure. It is defined as the ratio of
the sum of probabilities of the minimal cut sets in which the basic event, BE, occurs and the yaw
system unavailability, which corresponds with the probability of the top event in the fault tree:

HM'C!

Y PrMCS)

i=1, BE, ¢ MCS,

U

yaw

Iy, (BE) =

The importances of the basic events that contribute to the yaw system unavailabilities are ranked in
Table 6.4. Basic events with an importance measure less than 1 percent are not listed. By the definition
of I, it is possible that the sum of importance measures for all basic events is larger than 100 percent.
This can be observed for S1. For the other initiating events, the listed components occur only in first
order cut sets; as a result, these importances add up to approximately 100 percent.

It can be seen that the basic events with the highest importance measures mainly correspond with
failure of the detection units, e.g. tachometer NAMUR (S1), vibration detection relay (52), and
thermocouple TC90 (S3).

6.3.2 Pitch Control System

The unavailability of the pitch control system has been derived from operational experience and a
conservative assumption on the average annual demand frequency of this system. As already mentioned
in Chapiter 4, a fault tree analysis was not deemed appropriate, Overspeed alarms due to malfunctioning
of the passive control system occur without clearly established failure causes.

The unavailability of the piich control system has been estimated as follows. The frequency of the
overspeed alarm (AL-O) derived from the operational experience is 0.97 per year, or 0.65 per year after
screening out the clear spurious alarms (see Table 5.11, Section 5.5.1). In order to derive an
unavailability of the pitch control system per demand, the annual demand frequency is required. This
pitch control system demand frequency, where a demand is defined as "more than 125 rpm’, is a
function of the frequency of occurrence of high wind speeds (i.e. more than V,,...). A wind speed above
V_..q Occurs approximately 10 percent of the time for a site near Den Helder [7]. Based on this, the
demand frequency is translated to 73 (365*0.20) days per year, assuming conservatively that on a day
with such wind, the pitch control system will be demanded on twice. The unavailability of the pitch
control system can now be estimated as: U, = 0.65/73 = 8.9-10® The actual unavailability per
demand will be smaller, since the actual number of demands will probably be larger than 73 but cannot
be easily determined. The estimated value could be used as a conservative value. A sensitivity analysis
will investigate the impact of this assumption.
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Table 6.4: Importance Measures for Yaw System Unavailability

Initiating Event Basic Event Impertance Measure Iy [%]
s1 E-SS-NAMUR-FTD 56.1
E-858-D-17FTC 35.6
E-55-83160A-FIB 34.3
E-SS-0OT-FTO 28.7
E-S88-MB1-63FTO 15.1
N-YAWDRIVE 10.6
E-S3-KH-78FTO 34
E-S3-HO-39FTC 313
E-38-HK-82FTC 14
52 E-SS3-VIBRDET-FTO 88.7
E-SS-HT-38FTC 8.9
N-YAWDRIVE 2.1
53 E-SS8-TC90-FTO 714
B-SS-H’C-40FTC 17.6
N-YAWDRIVE 4.3
54 E-§S-K-FTO 46.8
E-SS-D-17FTC 46.8
E-SS-KH-78FTO 4.7
N-YAWDRIVE 1.1
S5 E-$8-D-17FTC 50.0
E-S8-SB-FTO 43.5
E-SS-HSB-76FTO 50
N-YAWDRIVE 1.2
s6 E-38-D-17FTC 39.1
E-SS160A-FTB 39.1
E-S55-MB1-633FTO 17.2
E-SS-KH-78FTO 3.9

6.3.3 Sensitivity Analyses

To get a feeling for important parameters, a number of sensitivity analyses have been performed. The
following sensitivities have been considered:

Sensitivity 1: Operating procedures

The frequency by which the wind turbine is visited by the operator has been changed as follows:

1A: a twice per day visit by the operator; this means that the average “repair’ time of the components
with self-annunciating failures (immediate repair) decreases from 24 to 12 hours.

1B: a once per two days visit by the operator; this means that the average ‘repair’ time of the
components with self-annunciating failures (immediate repair) increases from 24 to 48 hours.
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Sensitivity 2: Maintenance procedures

The frequency of periodical maintenance has been changed as follows:

2A: four times per year instead of two; this means that the time to compute the interval availability
decreases from 4368 to 2178,

2B: once per year instead of twice; this means that the time to compute the interval availability
increases from 4368 to 8748 hours.

Sensitivity 3: Fault tree model of overspeed
The gate *OVERLOAD’ has been deleted from the 'S1 Overspeed’ fault tree, which means less
redundancy in activation of the yaw system.

The results of these sensitivity analyses are given in Table 6.5, which presents the unavailabilities of
the yaw system for the base case and the sensitivity cases. For case 3, only the yaw system
unavailability for S1 has changed. It can be seen that the unavailabilities decrease slightly for case 1A
(more frequent visits by the operator), decrease by a factor of about 2 to 3 for case 2A (more frequent
periodical maintenance), increase slightly for case 1B (less frequent visits by the operator), and increase
by a factor of about 2 to 4 for case 2B (less frequent periodical maintenance). The unavailability of
the yaw system decreases approximately by a factor of 12 for case 3.

The extent to which these changes propagate in the frequencies of the End States and the wind turbine
availability is given in Section 6.4.2 and 6.5.2, respectively.

Table 6.5. Sensitivities, Yaw System Unavailability

Yaw System Unavailability

Initiating Event Base 1A 1B 2A 2B 3
Case

S1 More than 150 rpm (overspeed) 5.0E-3 47E-3 5.5B-3 1.6E-3 1.8E-2 5.8E-2
82 Toce High a Vibration Level 2.5E-2 24E-2 2.5E-2 1.3B-2 4.9E-2

83 Toe High an Inverter Temperature 1.2E-2 1.2E-2 1L.3E-2 6.4E-3 24B-2

84 Inverter Control 4.7E-2 4.6E-2 4.8E-2 2.4E-2 9.1E-2

S5 Grid Failures 4.4E-2 4.3E-2 4.56-2 2.3E-2 8.5E-2

36 Generator Overload 5.6E-2 3.5B-2 5.38E-2 2.9E-2 L1E-1

6.3.4 Uncertainty Analysis

Instead of only using point estimates for the parameters in the quantification process, it is generally
recommended to use also lower and upper bounds or probability distributions for the data in order to
show the uncertainty in the final result due to data uncertainties. The uncertainty in the final result can
then be displayed as a probability distribution with mean, variance, and percentiles.

Purely for illustration, such an uncertainty calculation has been petformed by a Monte Carlo procedure
with the PHAMISS code for the yaw system unavailability in case of S2. The result is shown in Fig.
6.2, The failure rates have been assumed to have a lognormal distribution with an error factor of 3 and
a median value as used in the point estimate calculation. This means that 1/3-median and 3 -median
have been used as 5 and 95 percentile points, respectively. Components belonging to a similar group
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and having identical failure rates have also been assigned the same failure rates in the uncertainty
calculations (*coupled components’).

A complete uncertainty analysis, not only for the yaw system unavailabilities but also for the
frequencies of End States (Section 6.4) and the wind turbine availability (Section 6.5), has not been
performed because of the scope of the study which focused more on the demonstration of the general
procedural framework than on the (resourceful) execution of a detailed analysis method.
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Fig. 6.2: Uncertainty Analysis of Yaw System Unavailability for 52

6.4 Event Sequence Quantification
6.4.1 Frequencies of End States

From the combination of initiating event frequencies, safety system availabilities, and the event trees
of chapter 4, the frequencies of occurrence of the End States can be computed for each initiating event.
Since the safety systems are considered to operate independently, the branching probabilities of the
event trees can be multiplied to arrive at the End States frequencies. This is illustrated in Fig. 6.3 for
the initiating event *S5 Grid failures’. The results for all initiating events are summarized in Table 6.6.
From this, it can be concluded that 96.3 percent (5.210/5.408) of the safety actions leads to a shutdown
(S-ND), that the remaining 3.7 percent leads to an unsuccessful shutdown. From these unsuccessful
shutdowns, 3.1 percent results in only partial damage with no safety implication (NS-PD), and 0.5
percent results in severe damage and danger to the environment (NS-SD). The frequency of severe
damage is approximately 1 per 35 years.
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Yaw Pitch Control
System System
SUCCESS
{0.956)
85, Grid failures
(3.12 fyn) {0.9911)
l (0.044
failure )
(0.0089)

End State:

S-ND

NS-PD

NS-8D

(3.0 /)

(0.14 fyr.)

{0.0012 fy1)

Fig. 6.3: Quantification of 85 (grid failure) event tree

Table 6.6: Initiating Events and Frequencies of End States

Frequency End State {/yz]

Initiating Event Frequency [/y1] S-ND NS-PD NS-SD
S1 More than 150 1pm (overspeed) 0.65 6.5E-1 - 3.2E-3
S2 Too High a Vibration Level 0.95 9.3E-1 - 2.3E-2
$3 Too High an Inverter Temperature 0.038 3.8E-2 4.TE-4 4.2B-6
84 Inverter Control 0.23 2.2E-1 1.1E-2 9.6E-5
85 Guid Failures 3.12 3.0 1.4E-1 1.2E-3
86 Generator Overload 0.42 4,0B-1 2.3E-2 2.1B-4

Total 5.408 52 0.17 0.028
(S7 Manual Shutdown at High Wind 4 38 2.2E-1 2.0E-3)

Speeds)

The severe damage and potential danger is mainly caused by *Too High a Vibration Level’ and to a
lesser extent by *Overspeed’, see Table 6.7. Thus, it appears that also the quantitative level of defence
(the qualitative level of defence was determined in Chapter 4 by the smallest order of the cut sets) is
much less for these two events compared to the other events, especially when it comes to severe
damage and danger to the environment. For partial damage with no safety implication, ’Grid Failures’
and *Generator Overload’ are the most important events.

126
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Table 6.7: Relative Contributions of Initiating Events to Frequencies of End States

Contribution to End State [%]

Initiating Bvent S-ND NS-PD NS-SD
81 More than 150 mpm (overspeed) 12.4 - 11.3
$2 Too High a Vibration Level 17.8 - 83.1
33 Too High an Inverter Temperatore 0.7 0.3 <01
54 Inverter Control 4.2 6.3 0.3
S5 Grid Failures 57.3 797 4.3
S6 Generator Overload 7.6 13.7 0.7
Importances

Based on the importance measures for the yaw systems unavailability (see Table 6.4) and the relative
contributions of the initiating events to the End States (see table 6.5), the importance measures for the
End States NS-PD and NS-SD can be computed. The resulting values are given in Table 6.8. Only
component failures or initiating events contribution to more than 1 percent of the End State have been
reported. Not surprisingly, it can be seen that mainly the components corresponding with the detection
units contribute to the 'damaged’ End States NS-PD and NS-SD (e.g. tachometer, vibration detection,
SB relay, fuse 160A, relay K, switch MB1). This is because there is no redundancy in these
components. In addition, their operation sometimes cannot be tested during periodical maintenance.
Modifications can therefore best be focused on these components, if the safety is to be improved.
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Table 6.8: Importance Measures for End States

End State Event Importance Measure [%]
5-ND S5 57.3
82 178
Si 12.4
56 7.6
84 4.2
83 0.7
NS-PD S5 79.7
E-S$8-D-17FTC 48.2
E-85-8B-FTO 34.7
S6 13.7
84 6.3
E-85-SS160A-FTB 54
E-88-HSB-76FTO 4.0
E-S$8-K-FTO 2.9
E-§3-MB1-63FTO 2.4
NS-SD S2 83.1
E-SS-VIBRDET-FTO 73.7
§1 11.5
E-$8-HT-38FTC 7.4
E-§8-D-17FIC 6.6
E-SS-NAMUR-FTD 6.5
R-HU-PITCH 54
85 4.3
E-S8-SS160A-FTB 4.2
N-YAWDRIVE 3.9
E-SS-OT-FT0O 33
E-$5-8SB-FTO 1.9
E-SS-MB1-63FTO 1.7

6.4.2 Sensitivity Analysis

The results of the sensitivity cases of Section 6.3.3 can be propagated in the frequencies of the End
States. Table 6.9 shows the total frequencies for each of the cases. Tt can be seen that the periodical
maintenance frequency has a great influence on the frequency of the *damaged’ End States NS-PD and
NS-SD. The frequencies of these End States show a linear relationship with the frequency of periodical
maintenance. Doubling this frequency means doubling the ’safety level’ of the wind turbine. The effect
“on the wind turbine availability is investigated in Section 6.5.2. For case 3, the frequency of NS-SD
is now determined for more than 60 percent by S1 (overspeed).

In addition to the sensitivity cases 1-3, two other sensitivity cases have been analyzed, viz.:

Sensitivity 4: Initiating Event Frequencies

The frequency of some of the initiating events have been changed as follows:
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4A: 81 (Overspeed) and S2 (vibration) frequencies are reduced by a factor of 5 e.g. as a result of
less severe wind conditions than the Zijpe site e.g. a location in the east of the Netherlands. The
obvious effect of wind conditions on the severe damage frequency can be quantified in this way.

4B: Instead of the grid failures experienced at the Zijpe site, the grid failure frequency has been
changed to 5 in accordance with the deterministic design rules.

From Table 6.9, it can be seen that the frequency of NS-SD, which is largely dominated by S1 and

S2 in the base case, reduces by approximately the same factor as the frequencies of S1 and S2 in case

4A. For case 4B, only the frequencies of S-ND and NS-PD increase significantly, because S5

contributes mainly to these two End States,

Sensitivity 5: Pitch Control System Unavailability

Since the pitch control system unavailability has been estimated somewhat conservatively (see Section
6.3.2), it has been reduced by a factor of 10 for this sensitivity case. From Table 6.9, it can be seen
that the frequencies of the End States are quite insensitive to assumptions on the pitch control system
unavailability.

Sensitivity case 6. Inclusion of S7 {Manual Shutdown at High Wind Speeds
For units which are manually shutdown at wind speeds exceeding 30 m/s, the yaw system
unavailability has been calculated and the resulting frequencies of End States, based on a frequency

of 87 of 4fyear, see also Table 6.6. From Table 6.9, it can be seen that the frequency of the 'worst’
End State NS-SD is quite insensitive to the inclusion of S7.

Table 6.9. Sensitivity Cases and Frequencies of End States

Frequency End State 1/frequency”
/yx] NS-SD

Case S-ND NS-PD NS-SD [y
Base Case 52 0.17 0.028 35.5
1A: twice per day operator visit 52 0.17 0.028 36.1
1B: once per two days operator visit 5.2 0.17 0.029 34.4
2A: four times per year periodical maintenance 53 0.087 0.014 T2.7
2B: once per year periodical maintenance 5.0 0.33 0.061 163
3: deletion of "'OVERLOAD’ from fault tree 31 52 0.17 0.063 16.0
4A: frequency reduction of S1 (overspeed) and 40 0.17 0.0069 146

S2 (vibration)
4B: frequency increase of 85 (grid failures) 7.0 025 0.029 34.6
5: increased pitch control system availability 5.1 0.17 0.027 374
6: inclusion of 87 (Maoual Shutdown at High 9.0 0.39 0.031 321

Wind Speeds)
Note: 1) This can be seen as the mean time between failure (MBTF) that leads to severe damage.
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6.5 Wind Turbine Unavailability
6.5.1 Contributions to Wind Turbine Unavailability

In Section 2.4.3, it was concluded that there are three principal wind turbine modes that contribute to
the wind turbine unavailability, viz. maintenance (O4), parking (O1), and the damaged mode (D1). The
contribution from parking (O1) and the damaged mode (D1) can be quantified with the outcomes of
the event sequences: the End States S-ND, and NS-PD and NS-SD comrespond to parking or the
damaged mode, respectively. The contribution from maintenance comes from planned periodical
maintenance as well as from unplanned maintenance due to direct critical component failures for which
no safety actions are designed. Each of these contributions will be quantified.

Event Sequences

The wind turbine unavailability (and hence the availability) can be calculated by summing up the
frequencies f, of the End States ES;, which are determined by the event sequences, multiplied by the
downtime ¢, due to the End State:

DA

- pact _ Downtime
Total Time Total Time

From Table 6.6 (frequencies) and Table 5.14 (associated downtimes) this results in a total downtime
of: 5.21-12 + 0.17-24 + 0.02872 = 62.5 + 4.1 + 2.0 = 68.6 hr. Hence U equals 68.6/8760 = 0.78 %.

Periodical Maintenance (PM)

The unavailability due to periodical maintenance equals 2-12/8760 = 0.27 % (twice per yeat, each
lasting 12 hours. This is only for periodical maintenance in which no important failures have been
detected. From the data collection, it appeared that in a number of instances problems were conceived
that resuited in larger downtimes than 12 hours. The unavailability due to these problems have been
taken into account as unplanned maintenance.

Unplanned Maintenance (UM)

Unplanned maintenance results from entering a damage mode, which is considered by quantifying the
initiating events, or from direct critical component failures for which no safety actions are designed
or will be initiated. These problems concerned mainly failures of the rotor, gear box, and generator.
The frequency of these types of failures has been derived from operational experience of the LW 15/75
and equals 0.6 per year. As an average downtime, 48 hours outage has been assumed for these failures.
The coniribution of these failures then amounts to 0.6-48/8760 = 0.33 %.
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Calculated Versus Measured Unavailability

The quantification results in an estimated unavailability of 1.4 %, which is of the same order of
magnitude of the measured availability at the Zijpe 114A unit [6], which was 3.6 %. Moreover, the
difference can be explained by the fact that the Zijpe 114A unit experienced severe wind conditions
during the four months of measurement (representing 1 percent of the total available operational
experience time of this study), leading to relatively many vibration alarms and manual shutdown by
the operator, The calculated availability is based on more than 26 years of operational experience of
11 units, which experienced more moderate averaged wind conditions and for which no manual
shutdowns have been taken into account. If manual shutdown is taken into account, the estimated
unavailability becomes 2.0 %, which is closer to the measured 3.6 %, see the next section, Table 6.10.
If the average frequency of $2 (vibration) also increases, the estimated unavailability would be even
closer to this 3.6 %.

Therefore, this comparison shows that the quantitative results are credible in showing the order of
magnitude and showing valid relative, qualitative insights, despite of the data and modelling
uncettainties of the case study.

6.5.2 Sensitivity Analysis

In addition to the sensitivity cases of Section 6.3 and 6.4, the sensitivity of the used downtimes has
been investigated (sensitivity case 7). This is mainly important for the wind turbine unavailability due
to the End State NS-SD and direct critical component failures. The downtimes could not be derived
from the operational experience with great confidence. Therefore, some engineering judgment from the
analysts and the manufacturer has been used to arrive at the used downtimes. For case 4, a downtime
of 168 hours has been assumed instead of 72 hours. The resulting unavailabilities are presented in
Table 6.10. It can be seen that the total wind turbine unavailability is only slightly affected by the cases
1-5. Only case 6 shows a non-negligible increase in the total unavailability.

A more frequent periodical maintenance is beneficial for the safety system availability, see Table 6.5,
column 2A, but the net effect on the wind turbine availability was not clear at that time. From Table
6.5, that the total effect is an insignificant decrease. For a realistic comparison, the associated costs
should be considered in a cost-benefit analysis, which is beyond the scope of this study.
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Table 6.10: Wind Turbine Unavailabilities

Unavailability [%]

Case S-ND NS-PD  NS-SD PM UM Total
Base Case 0.71 0.05 0.02 0.27 0.33 14
1A: Twice per day operator visit 0.71 0.05 0.02 0.27 0.27 14
1B: Once per two days operator visit 071 0.05 0.02 0.27 0.27 1.3
2A: Four times per year periodical maintenance 0.73 0.02 0.01 0.53 0.27 1.6
2B: Once per year periodical maintenance 0.69 0.09 0.05 0.14 0.27 1.2
3: Delstion of 'OVERLOAD' from fault tree S1 0.71 0.05 0.05 0.27 0.33 14
4A: Prequency reduction of S1 (overspeed) and 0.54 0.05 0.01 0.27 0.33 12
52 (vibration)
4B: Frequency increase of 85 (grid failures) 0.96 0.62 0.02 0.27 0.33 1.6
5: Increased pitch conirol system availability 0.70 0.05 0.02 0.27 0.33 14
6: Inclusion of S7 (Manual Shutdown at High 1.23 0.11 0.03 0.27 0.33 20
Wind Speeds)
7: Increased downtimes for NS-SD and direct 071 0.05 0.05 0.27 1.15 22

component failures

6.6 Uncertainties

In general, uncertainties in any kind of quantitative analysis stem from three principal sources:

Madelling assumptions

During the analysis, assumptions are made on the behaviour of the wind turbine and its components.
Sometimes, simplified or conservative assumptions are used for practical reasons such as an efficient
allocation of resources, or because the analysis focuses on other aspects which need more detailed
modelling, or because there is a lack of knowledge of the actnal behaviour. Sensitivity analyses are the

best means to get a feeling of the impact of these uncertainties. In addition, more fundamental research

may be needed in areas of poor knowledge especially structural behaviour (see also Chapter 7).

An example of a simplifying modelling assumption in this study is that the End State 3-D (shutdown
but with damage to the wind turbine) is not modelled. -

Data uncertainties

Uncertainties arise because of a lack of data or inconsistencies in the data, or the inherent random

variability of some parameters. These types of uncertainties can be quantified with a formal uncertainty
analysis as illustrated in Section 6.3.4 and with sensitivity analyses.

Important data uncertainties are:
- initiating event frequencies,
- component failure rates, and

- downtimes caused by component failures.

132
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Initiating cvent frequencies and failure rates affect both the safety of the wind turbine and the wind
turbine availability; downtimes affect only the estimation of the wind turbine availability.

Completeness

It is not guaranteed that all possible and important failures and component interactions are included
in the analysis; completeness can never be demonstrated in this type of analysis and remains as a non-
quantifiable source of uncertainty, although a systematic approach and review procedures are crucial
to reduce this source of ignorance.

If more experience is obtained in applying the reliability techniques on wind turbines, it will be
expected that some consensus emerges on an adequate modelling level of detail for wind turbine
analyses.

6.7 Conclusions
LW 15/75

» The specific operational experience of 11 units of the LW 15/75 (26 years) has been used to
estimate the component failure probabilities and the frequencies of the initiating events. The
frequencies of the event sequences have been quantified using the unavailabilities of the pitch
control and the yaw system. The measures of importances of the component failures and the
initiating events, as contributing to these unavailabilities and frequencies, have been ranked to
reveal the most critical components.

. The presented estimates for the safety system unavailabilities, the wind turbine unavailability,
and the damage frequencies should be considered as approximate values because of the data and
modelling uncertainties. The results are based on assumptions which are dependent on certain
external conditions, as given by the site of the wind turbine, and operating procedures. These
assumptions may be different for other sites. The event tree and fault tree models can be easily
recalculated for those sites, if site specific data is available.

. The results show an estimated severe damage frequency of 1 per 35 wind turbine operating years
(End State NS-SD). Partial damage with no safety implications (End State NS-PD) occurs
approximately once in 8 years. These values are based on the operational experience and wind
conditions of 11 units and the assumptions: 1) the wind turbine structure will not fail if the
safety systems properly function (too optimistic), and 2} it will fail in case of unavailability of
the safety systems (conservative). To assess the impact of these assumptions, additional analyses
for a more complete spectrum of load situations are necessary.

. Mainly the components corresponding with the detection units contribute to the *damaged’ End
States NS-PD and NS-SD (e.g. tachometer, vibration detection, SB relay, fuse 160A, relay K,
switch MB1), This is because there is no redundancy in these components, Furthermore, their
operation is often not tested during periodical maintenance. Modifications can therefore best be
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focused on these components, e.g. an improved component or redundancy, if the safety is to be
improved.

The calculated unavailability of the LW 15/75 is about 1.4 % which compares reasonably with
the measured availability of 3.6 % of a unit at the Zijpe site. Moreover, the difference can be
explained by the fact that the Zijpe 114A unit experienced severe wind conditions during the
four months of measurement (representing 1 percent of the total available operational experience
time of this study), leading to relatively many vibration alarms and manual shutdown by the
operator. The calculated availability is based on more than 26 years of operational experience
of 11 units, which experienced more moderate averaged wind conditions and for which no
manual shutdowns have been taken into account. If manual shutdown is taken into account, the
estimated unavailability becomes 2.0 %, which is closer to the measured 3.6 %. If the average
frequency of S2 (vibration) also increases, the estimated unavailability would be even closer to
this 3.6 %.

Therefore, this comparison shows that the quantitative results are credible in showing the order
of magnitude and showing valid relative, qualitative insights, despite of the data and modelling
uncertainties of the case study.

With respect to wind turbine umavailability, the largest contribution stems from successful
shutdowns, viz. 50 %. These shutdowns are initiated by safety systems and often the result of
severe wind conditions. System improvements or antomatic reset can decrease this contribution.
Periodical and unplanned maintenance each contribute approximately 25 %. The unavailability
due to damage to the wind turbine after an unsuccessful shutdown is negligible.

General

Quantification of the event sequences can show whether the order of the cut sets, which shows
to some extent the 'level of defence’ for the initiating events, can be acceptable. One should not
only look at the order of the cut set but also at its probability. For instance, a first order cut set
may have a probability equal or considerably lower than higher order cut sets.

Quantification of the safety system unavailabilities is the only means for evaluating a safety
concept that differs from the deterministic safety concept ’two independent and diverse safety
systems for each potential dangerous situation’. The Dutch certification criteria should therefore
not ask for only an FMEA but also for quantitative reliability methods such as event tree and
fault tree models, and reliability block diagrams. '

Quantification cannot only be performed after a number of operational years (for back-fitting)
but also in the design stage of new wind turbine types.

For quantification, the use of specific failure data from operational experience of the design
considered is recommended but not necessary. For instance, in the design phase, failure data can
be derived from previous similar types and from generic data to amrive at indicative estimates.
For totally new and innovative components and concepts, an extensive testing and monitoring
must be performed to assess the reliability of these components.
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6.8

(1]

{2]

[3]

{4]

(3]

[6]

[7]

Instead of presenting only point estimates for the availabilities and other items to be quantified,
it is recommended to perform an uncertainty analysis to show at least the uncertainty caused by
data. The resulting scatter in the results gives an impression of the impact of these uncertainties
and can contribute to the credibility of the results.

References

Commissic Preventie van Rampen door Gevaarlijke Stoffen: "Methoden voor het bepalen en
verwerken van kansen (Methods for the Determination and Processing of Probabilities)’, CPR12,
Directorate-General of Labour, Voorburg, The Netherlands, May 1985.

Seebregts, A.J.: 'Short Manual CESAR-I: Code for Evaluating System Availability and
Reliability’, ECN-1--90-027, June 1990,

Seebregts, A.J.: "CESAR-I: Een computerprogramma voor de berekening van de beschikbaarheid
en de betrouwbaatheid van systemen - Gebruikershandleiding’ (in Duitch), ECN-I--90-014,
March 1990.

Terpstra, K. et al.: "PHAMISS, A Reliability Computer Program for Phased Mission Analysis
and Risk Analysis - User’s Manual’, ECN-183, April 1986.

Terpstra, K. and Dekker, N.-H.: "'PHAMISS - Quick Reference Manual’, ECN-I--92-010, April
1992.

Curvers, A. and Schuurman, J.J.: *Bedrijfsgegevens van IPW-windturbineprojecten: eerste fase’
(Operating experience of IPW wind turbine projects: first phase)’, ECN-C--91-041, June 1991.

F.J. Follings et al: ’Handboek ontwerpwindgegevens windturbines versie 3°,
INTRON/TNO/ECN, Japuary 1991,

ECN-C--93-010 135



PSA of Wind Turbines

7. FAILURE PROBABILITIES OF MECHANICAL COMPONENTS
7.1 Introduction

As part of the case study of the LW 15/75 the possible application of reliability techniques for the

assessment of the structural integrity of wind turbine components was investigated. In this chapter,

these techniques will be denoted as Structural Reliability. The main goals of the case concerning

structural reliability are:

1.  The formulation of a procedure to assess the reliability or the probability of failure of a wind
turbine component, due to exceedence of both the ultimate limit state and the fatigue limit state.

2,  The identification of all factors that affect the probability of failure followed by the
quantification of the effects.

3. A better underpinned estimation of the safety factors.

4.  The evaluation of the sensitivity of the result of the safety assessment to the variation in the
reliability of the factors that lead to failure.

5.  The identification of the major gaps in knowledge and data, to be completed for an improved
safety assessment.

The field of Structural Reliability comprises two main issues:

1.  The calculation of the individual component reliability for some given failure mechanism,;

2.  The calculation of the reliability of the load-carrying structure which comprises many
components, each of which may fail according to one or more failure modes.

Using Monte Carlo methods or numerical simulation techniques, one may combine the two issues in
one calculation. More often, however, component and system reliability calculations are performed
separately. When analyzing the system behaviour of a structure, System Reliability techniques similar
to those discussed in the previous chapters can be used. Structural elements may be arranged as series
systems (the structure fails if one of the components fails) or as parallel systems (failure of a
component does not necessarily lead to failure of the system). In a fault tree diagram these
arrangements can be presented as "AND" and "OR" gates, respectively.

Two remarks should be made. The first remark is that a single component may have several failure
modes (e.g. yield and fatigue), which is an "OR" gate in itself. The second remark is that not all
parallel arrangements lead to "AND"gate representations. The behaviour of a paralle] arrangement
depends on the details of the mechanical properties. in cases where the behaviour is not exactly
"AND" type, an ETA instead of a FTA is more appropriate. This, however, is outside the scope of the
present docwment.

In this chapter fault tree for the structural failure of the example wind turbine will be made. The
successive steps for the analysis are presented in Figure 7.1. In the subsequent sections the separate
steps are discussed.
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Development of Failure/Event Tree of load-carrying
structure

Collection and analysis of failure data

Selection of events to be analyzed
with Structural Reliability

Identification and quantification of uncertain
variables

Set-up a model for the failure mechanisms (fatigue
damage or ultimate loads)

Reliability analysis

Interpretation and discussion of results

Fig. 7.1; Steps taken to illustrate Structural Reliability analysis.

7.2 Fault Tree of The Load-Carrying Structure

To illustrate the applications of Structural Reliability techniques in wind engineering only safety
aspects will be considered. With an FMECA the components and systems of which fracture cannot
be tolerated have been identified. As has been mentioned in Chapter 3, these critical components do
all have the function Transmission of loads, the failure mode Fracture, and a severity class § = 4, The
critical components are surveyed in Table 7.1. The coding of the components and systems correspond
with the structural breakdown (see Chapter 3).
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Table 7.1: List of critical components with respect to Structural Reliability.

Main System st Sub-system 2nd Sub-syster: or Component
Rotor Blade A R-BL-GFR-A GFRP Part of blade A
R-BL-BBM-A Bolts Blade-Mounting plate (6 per blade)
R-BL-MOU-Al MOUniing plate Al
R-BL-MOU-A2 MOUnting plate A2
R-BL-BMP-A Bolts Mounting plate-Pitch shaft (2 per blade)
Blade B R-BL-GFR-B GFRP Part of blade B
R-BL-BBM-B Bolts Blade-Mounting plate (6 per blade)
R-BL-MOU-B1 MOUnting plate Bl
R-BL-MOU-B2 MOUnting plate B2
R-BL-BMP-B Bolts Mounting plate-Pitch shaft (2 per blade)
Hub R-HU-PIM-086-A Cast iron frame of blade A
R-HU-PIM-0386-B Cast iron frame of blade B
R-HU-PIM-087-A Pitch shaft of blade A
R-HU-PIM-087-B Pitch shaft of blade B
R-HU-FLM-026-A Flapping hinge of blade A
R-HU-FLM-026-B Flapping hinge of blade B
R-HU-HUF-05% HUb Frame
Nacelle Drive Train N-DT-BHR Bolts Hub-Rotor (12)
N-DT-FLA-068 FLAnge (1)
N-DT-GEB GEBarBox, low speed shaft (1)
N-DT-BGF Bolts Gearbox-Frame (4)
Yaw System N-YS-BEA-029 BEAring
N-YS-BEA-098 Bolts (18)
Nacelle Frame N-FR-UPH UPper Half
N-FR-L.OH LOwer Half
Tower Upper Part T-UP-TOF TOp Flange
T-UP-TUB TUBe
T-UP-BGF BQitom Flange
Lower Part T-LP-TOF TOp Flange
T-LP-TUB TUBe
T-LP-BOF BOttom Flange

The failure causes that may lead to Fracture are listed in the FMECA sheets. The basic events
determined in the fault free are based on the failure causes derived from the FMECA. The fault tree
of the load-carrying structure is presented in Fig. 7.2.

The top event of the fault tree is defined as failure of the load-carrying structure of the wind turbine
leading to hazardous situations. Failure of the load-carrying structure may be caused by failure of the
rotor, the nacelle or the tower (see sheet 1 of Fig. 7.2.). On sheets 2 to 7 these three branches are
further developed. The events selected to be analyzed with Structural Reliability techniques have been
developed in the fault tree until the lowest level of detail.
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Since this case study mainly serves as an illustration of the possible application of Structural
Reliability techniques in wind engineering, not all events have been developed in detail. These so
called undeveloped events are represented in the fault tree by diamonds.

From Fault Tree Analysis the following can be concluded.

1. Most of the gates used are OR gates. This implies that most minimal cut sets are of the first
order i.e. failure of one component leads immediately to failure of the wind turbine.

2. Failure of the mounting plates of each blade are cut sets of the second order. Both mounting
plates of an individual blade have to fail before the wind turbine fails.

3. Other cut sets of the second order can be found in the branches Fails outside the design
envelope. For example if a blade fails during an overspeed situation, the following two events
have to occur simultaneously.

- Overspeed and failure of all safety systems. In Chapter 4 this situation is defined as the
end state of the event tree in which the wind turbine is Not Successfully parked and has
severe Damage (NS-D), The probability of occurrence of this event has already been
determined in Chapter 6.

- The stress acting on the blade has io exceed the resistance of the blade (Sgp_a > Rorr_a)-

The probability of Sgm_s > Rarm_a Ziven the situation NS-D will be determined with Structural

Reliability techniques.

4. Cut sets of higher order than one are, of course, the bolt connections. For simplicity however,
in the further analyses it is assumed that failure of the most critical bolt results in failure of the
complete connection.

SHEET 1
Wind Turbine
Fails
OR
Rotor Nacelle Tower
Fails Fails Fails
AN
VR / \
! L 2N VARIAN

Fig 7.2.A  Fault tree of catastrophic wind turbine failure (Sheet 1).
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Fig. 7.2 B: Fault tree of catastrophic wind turbine failure (Sheet 2).
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Fig. 7.2 C: Fault tree of catastrophic wind turbine failure (Sheet 3).
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Fig. 7.2 D: Fault tree of catastrophic wind turbine failure (Sheet 4).
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Belt Connection J
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Fig. 7.2 E: Fault tree of catastrophic wind turbine failure (Sheet 5).
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Fig. 7.2 F: Fault tree of catastrophic wind turbine failure (Sheet 6).
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7.3 Collection and Analysis of Data of Basic Events

The collection and analysis of failure data of basic events should be done in an analogue manner as
described in Chapter 5 and 6. Therefore, this will not be repeated here. For some basic events, like
failure of the tower foot due to fatigue damage, or blade failure due to overspeed, no failure data are
available and the failure probability of those events must be estimated. In the following Sections, a
selection of an illustrative example will be made and analyzed.

7.4 Basic Events to Be Analyzed

To gain experience with and to illustrate Structural Reliability techniques, a wind turbine component
has been selected. It should be mentioned here, that in fact the occurrence frequencies of all basic
events should be determined. The selection of the events to be analyzed are based on the following
criteria.

The complexity of the component

The component to be analyzed should have a simple geometry. Otherwise much time will be spend
on working with complex components, for instance detailed stress analyses with finite element
calculations, rather than working with stochastic properties.

The available material properties

For the application Structural Reliability techniques material propertics, load data and model
uncertainty data have to be available. Structural Reliability is a useful method to deal with the scatter
in material properties. For steel components sufficient material properties are available for both fatigue
assessment as well as for the assessment of ultimate loads. In wind turbine industry material properties
for Glass Fibre Reinforced Plastics (GFRP) are limited, especially with respect to fatigue.

Interest of the industry

Presently, wind turbine components designed in accordance with the Dutch criteria result in relatively
heavy components. It is expected by the Dutch industry that especially the tower design is not optimal.
Optimization may lead to a strong reduction in costs, without too low a reliability. Based on the above
described criteria the failure of the tower foot due to fatigue will be analyzed with Structural
Reliability.

7.5 The Load/Resistance-Model

Probabilistic approaches to design is receiving wider attention and acceptance within the engineering
community [1]. Techniques from Structural Reliability and System Reliability are used to quantify the
reliability and to take into account the distributions for relevant variables in which scatter is observed.
With these techniques it is possible to quantify the reliability of a wind turbine component by the
calculation of the probability of failure, which is the probability that the load § exceeds the resistance
R. In can be shown [1,2] that with the load/resistance-model the calculated failure probability can be
interpreted as a measure for the reliability or a measure for the failure event Z < 0 to occur:
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Py = P{Z<O} = [o[fyy x (%1%, )d5 0%, ., )

Z<0

where Z = R - § is the reliability function and ﬁ{l__ X, is the probability density function of the basic
variables. Based on this number, rational statements about the fulfilment of a structure to the design
requirements or safety demands can be made. In many cases this probabilistic model provides a
description of the reliability of a structure much better than with a deterministic model, because
various sources of uncertainty are accounted for. In a pure deterministic model much available -
information (e.g. information about material properties) is not used, because only one value is used
in the calculation. However, it must be emphasized that it is possible to integrate a deterministic and
a probabilistic model in a so-called semi-probabilistic model. This can be achieved by the use of safety
factors underpinned with a probability of failure.

higher scatter

pdf

Mg A resistance & —>
load § —»

lower scatter
pdf

Ay Ay resistance & —>
ioad § —>

Fig 7.3: Components with a central safety factor of, say 1.5, though with different reliability
levels

To illustrate the possible doubts about the integrity and safety of the structure designed with the heilp
of safety factors and load factors based on mean values or characteristic values consider the following
examples.

Example

A mechanical component must be designed as to establish an acceptable resistance R to a certain load
S. The central safety factor

mean value for resistance R _ Mz
mean value for load § (8

@

may lead to doubts about the integrity and safety of the component and possibly a less than optimal
economic service life will be predicted. In the hashed areas in Figure 7.3 failure might occur. So, when
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the safety factor is based on n the reliability of the component may still be small, when scatter in load
and/or resistance is relatively large (top).

Suppose the component has a resistance R and load §, both normally distributed. The statistical parameters
for the normal distributions are a mean value i, = 150 and standard deviation o, = 15 for the resistance
and a mean value i = 100 and standard deviation gg= 10 for the load. The reliability index B and the
failure probability P can be expressed as {1,2]:
B — U
p=—S—. Pp= (P 3)

o + 0%

where @y, is the standard normal cumulative distribution function. In case R and § are independent, n is
equal to 1.5 and B will be 2.77, which means a failure probability of 2.7 10 Now suppose that twice
as much scatter is found, hence the standard deviations are doubled, then it can be shown that » will
remain unchanged but B will only be 1.38 which means that the failure probability has increased with a
factor 30 to a value of 8.2 102 Hence, it is not possible by using » to make unambiguous statements
about the degree of reliability of the component under study. The same but to a lesser extend is true for
the characteristic safety factor:

7= = 4)

where R, is a characteristic resistance which has for instance a probability of 5% not being exceeded and
S, is the characteristic load which has a corresponding probability of 5% of being exceeded, in formula
form [1]:

M, - 1.640,

R, =
S =, + 1640, ®)

Consider again the component with ft, = 150 and o, = 15 and value 4 =71.7 and o5 = 7.17. In case
that R and S are independent it can be shown that the characteristic safety factor v is equal to 1.5 and [3
is equal to 4.97, hence Py is equal to 3.2 10°. Now suppose again that twice as much scatter is found in
R, hence o, is 20% of the mean, and consider a load S with mean value p; = 50.55 and standard
deviation o5 = 10.11 (also 20% of the mean)} then y remains unchanged, B will only be 3.13, so P
increases with a factor 271 to 8.7 107!

Despite of the advantages it must be realized that there are also some difficulties agsociated with
probabilistic models:

1. Dealing with model uncertainties

For the same reason as for a deterministic approach in the determination of the resistance R and the
load S in the failure model inaccuracies are introduced leading to model uncertainties. Model
uncertainties are unavoidable, though accepted when experimental results are satisfactorily described
with the failure model under study. In a probabilistic approach it is essential to describe model
uncertainties with a stochastic variable.
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2. Dealing with other sources of uncertainty

« Uncertainties in the type of distribution

For the choice of the type of distribution for e.g. the load one has to take into consideration the
required accuracy of the calculation of the probability of failure, the accuracy with which the
distribution of the resistance is known and the complexity of the load calculation. It is not always
possible to chose a distribution on a physical basis, meaning that the choice does not always have to
be completely correct. In cases where no information is available or for a first simple prediction in
new application areas the use of a normal distribution may already lead to some qualitative insight.

« Uncertainties in the determination of the statistical parameters of the distribution

The determination of the statistical parameters of the distribution is mostly based on a limited amount
of experimental data. E. g. the mean tensile strength of some material obtained from a number of
experiments will be close to the real mean tensile strength. The difference or the ratio of the estimated
mean tensile strength and the real mean tensile strength is a measure for this type of uncertainty. These
uncertainties have impact on the reliability function Z and are undesired, yet unavoidable.
Generally, testing is expensive and when done only on a limited scale, the reliability of the prediction
of the parameters is rather low. However, sensitivity analyses should be included to gain insight in the
sensitivity of the failure probability to the experimentally derived parameters.

7.6 Fatigue Analysis of Tower Foot
7.6.1 General

Fatigue failure of the tower foot is a basic event in the fauit tree. For the probabilistic fatigue analysis
of the tower foot the calculation methods in accordance with the Dutch certification criteria will be
used. The computer code SWIFT [3], developed at ECN, is a stochastic wind field simulator and will
be used to model the turbulent wind, while the computer code PHATAS-II [4,5,6], also developed at
ECN, will be applied for the simulation of the dynamic response of the wind turbine.

During the project it appeared that no PHATAS-II calculation model of the LW 15/75 turbine was
available. To generate such a model would take too much time. However, a verified model of the LW
18/80 turned out to be available, together with stochastic wind field data. As has been previously
stated, the main task of Structural Reliability in the project is to illustrate the application of Structural
Reliability techniques in wind engineering. Therefore, it was decided to carry out the analysis for a
LW 18/80 instead of for a LW 15/75 wind turbine. The main differences between both designs are the
rotor diameter and the rated generator power. The diameter of the LW 18/80 is 17.9 m instead of 15.6
and the generator power is 80 kW instead of 75 kW. Furthermore, the aerodynamic shape of the blades
is slightly different and the material used for the blades is Carbon Fibre Reinforced Plastic (CFRP)
instead of Glass Fibre Reinforced Plastic (GFRP). The features of both designs such as passive blade
pitch regulation, variable rotor rotational speed, and the operation of the safety systems, are identical.
Therefore it can be concluded that although the absolute values obtained from the analysis for the LW
18/80 and for the LW 15/75 slightly differ, the insights gained from the analysis will also be valuable
for the LW 15/75 design.
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In the sections 7.6.2 and 7.6.3, the approach for a probabilistic fatigue analysis will be introduced and
compared with the current deterministic approach, also called 'Level 0’ method. Probabilistic
techniques deal with the uncertainties in the design variables and in the calculation methods. In the
fatigue analysis of wind turbine components, three main subjects can be identified:

. wind model,

. wind turbine description, and

. fatigue analysis.

In the sections 7.6.5 to 7.6.7 each subjects will be discussed separately. For each subject of the
analysis some variables will be selected and assumed to be of a stochastic nature. In 7.6.8 numerical
results will be presented.

7.6.2 Deterministic Fatigue Analysis

The method presently used for fatigue analysis for wind turbines has already been described briefly
in [1]. In Fig. 7.4, a scheme is presented of the calculation process in accordance with the Duich
certification criteria.

The wind speed range between the cut-in and cut-out wind speed of a wind turbine is divided into 8
so-called wind classes with a range of 2 m/s. These wind classes are charactetized by a 10 minute
average wind speed and a turbulence intensity. The wind classes are combined with the operational
mode O3 Energy production, resulting in 8 load cases. Additionally some load cases are defined to
consider the fatigue damage due to other wind turbine modes like starting, stopping and emergency
shut-downs. However, the fatigue damage is dominated by O3 and it was therefore decided to analyze
only this operational mode. To take into account the uncertainties in the wind model, the Dutch criteria

prescribe the following conservative assumptions [7}:

. the surface roughness z, which determines the turbulence intensity has to be 0.25 m. A surface
roughness of 0.25 m corresponds with a very rough terrain and thus with a very gusty wind and
high fatigue loads. However most of the wind turbines sited in the Netherlands are located at
smooth sites which have a somewhat lower surface roughness.

. the average wind speed for every wind class, Uy, has to be equal to the upper bound of the
wind class instead of the median value. This means that if a wind class between 6 and 8 m/s
is assumed, U, has to be 8 m/s instead of 7 my/s,

The load cases are calculated in the time domain with the computer code PHATAS-II. With this
computer code the flexibilities of the wind turbine can be accurately modelled. The variables that are
incorporated are:

* structural variables like masses, eigenfrequencies;
. variables describing the control strategy;
. acrodynamic variables such as lift and drag coefficients.

The results of a PHATAS-II calculation are the responses (forces and moments) at several locations
in the wind turbine structure presented in the form of time series. To take into account the
uncertainties on the stresses after the load calculations, the Dutch certification criteria prescribe a load
factor of 1,35 for the main components,
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Fig. 74:  Calculation process of a deterministic fatigue analysis for a wind turbine
component.
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With the resulting loads, the structural details and the material properties, the fatigue calculations are
performed for every load case. To account for the uncertainties in the fatigue calculations, the Dutch
criteria prescribe the following assumptions:

. the representative material properties should be based on a survival probability of 95 % and a
confidence level of 95 %;
’ the design values for the material properties are obtained by correcting the representative values

with a material factor. Since the design values for steel are accurately known, the material factor
is 1.0 in case of steel;

. for the analysis the annual wind speed distribution of Den Helder has to be assumed. Most of
the wind turbines sited in the Netherlands are located at sites with a lower annual average wind
speed. For the wind speed distribution of Den Helder, it is assumed that the wind classes with
a high average wind speed occur more frequently than the wind classes with a low wind speed.
Doing so, it is expected that the frequency of the fatigue loads with a high amplitnde increases.

7.6.4 Probabilistic Fatigue Analysis

In the deterministic fatigne analysis of wind turbines, only one value of every variable like wind, wind
turbine and fatigue parameters is used to calculate the fatigue damage which should therefore be
considered as a single point estimation. Only the stochastic nature of the wind speed is incorporated
in a deterministic fatigue analysis. A probabilistic analysis provides a manner to deal with the
stochastic behaviour of the most important problem variables more realistically than with the use of
prescribed safety factors, The procedure for a probabilistic fatigue analysis of the tower foot of the LW
18/80 is based on [8], where an application is presented of a probabilistic fatigue analysis in off-shore
industry.

A reliability function Z must be selected in a deterministic way as to establish that Z < 0 corresponds
to fatigue failure and Z 2 0 to non-failure, and the limit state is given by Z = 0. Of course Z is related
to the Miner sum D and Z = 1 - D has been chosen. After the distributions are selected and the
reliability function is defined, the failure integral must be calculated. The most accurate computational
procedure for the probabilistic fatigue analysis is presented in Fig. 7.5. When the infiuence of the
uncertainties in load, geometry and material properties are considered, it is possible to make a
frequency table for D. This can be achieved by the combination of every possible value of the basic
variables in the calculation of D. Subsequently, a distribution of D has to be selected and the statistical
parameters have to be determined. The probability of fatigue failure can be expressed as

P, = ffz(z)dz =
0

Z<

| lfD(d)dd ©

bz

and can be determined for the logC-value associated with a line in the Wohler-diagram. A normal
distribution is selected for logC in correspondence with off-shore industry. However, it is practically
not possible to evaluate the frequency table for D for the Lagerwey 18/80 because the load calculations
with SWIFT and PHATAS-II are too time-consuming. Therefore, the failure integral (6) is
approximated with the Mean Value Approach (MVA), which is a simple application of the general so-
called Level II methods {1] also known as First Order Reliability Methods (FORM) [2]. With a Level
II approximation a reliability index P is calculated.
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Fig 7.5: The determination of a frequency table for D and the fatigue failure probability.

In a general formulation for MVA the reliability function is a function of the problem variables
including a number -say n- of stochastic variables here given the designation X, X...., X,. The
stochastic variables are assumed to be uncorrelated, mutually independent and normally distributed
with known mean values |\, and standard deviations ¢, When Z is linearized in the mean values of
the stochastic variables, the mean value p; and the standard deviation ¢, of Z can then be
approximated by the expressions

Ky =Z(u1!f‘l2""v“',,) =1 -~ DR Hyeenit,) =1 -1y (7)
2
n aZ (8)
o, - (B by ess8)O,
P> [ﬁ byt }

The partial derivatives in (8) cannot be determined analytically and are therefore numerically
approached

aZ - Z('J.l,ngnosul- + G,-s-"ap',,) - H'Z = Azi
X, G, a,

T 2 3

9

In this particular case, the partial derivatives of (8) can be approached by
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9Z _ D _ Dbyl + Gpennslt)) — Py, _ AD,
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From (8) and (10) it appears that the standard deviation of Z is given by
s,= | ¥ @Dy an
iw]
and the reliability index [} can be written as
p=rz. oW
G n (12)
Y @Dy
iw]
Now, the failure probability of the welding in the tower foot can be derived
Py = @ (-B) (13)

where @y, is the standard normal cumulative distribution function. For positive [ it appears that the
larger P, the larger the safety. The importance factors o are defined by the squares of the direction
cosines of [} and can be expressed as:

,_ (ADY

i

(14)

var Z

They are a measure for the percentage of variability due to each random variable. In Fig. 7.6 it is
illustrated that for two random variables, P is equal to the distance from the centre of the (X', X’,)-
space to the linearized (in the mean values) limit state. The importance factors are given by ¢ = coso.
and o, = sino. A disadvantage of MVA is the dependability of the formulation of Z. The differences
in the results can be explained by the fact that the linearized limit states Z = 0 are dependent of the
Z that is being selected, and the exact limit state can be underestimated or overestimated. This is
schematically depicted in Fig. 7.7. Therefore, the formulation Z = -InD has also been considered to
investigate the sensitivity of the results to the formulation.

The complete calculation procedure is given in Fig. 7.8. For this procedure, n+1 values for Z have to
be determined, namely one for the determination of L, and » for the determination of dZ/dX,. The
once-determination of Z as illustrated in Fig. 7.4 is in itself a time consuming process, so that the
total time for the reliability analysis tends to become rather long. Fortunately, it turns out not to be
necessary to repeat the whole computational procedure for each evaluation of Z. Quite often it is
sufficient merely to repeat particular parts, because other parts are either invariant or linear in
particular variables. For example, if variation occurs in the fatigue variables, we can still base
ourselves on the same stress data, so that only the step from stress to damage is changed. Similar
considerations are found to be valid for other variables. The relatively limited procedure MVA was
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applied because of the enormous effort with which the loads had to be calculated with the available
computer programs. In the following sections the various input parameters will be discussed.
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Fig. 7.6:  MVA in the case of two independent normally distributed stochastic variables (X;
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Fig. 7.7:  Hlustration of Z-dependence in MVA.
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Fig. 7.8:  Calculation process for a MVA for the fatigue analysis of a wind turbine
component.
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7.6.5 Wind Model

The model of a turbulent wind field is done with SWIFT. The input for the SWIFT program consists
of a wind speed spectrum, a coherence function, the vertical wind profile and some turbine data like
the hub height and the rotor diameter. The frequency spectrum for this case study is ESDU [9]. The
spectrum requires a ten minute average wind speed at hub height, Uy, and a surface roughness length
z, as input parameters, The frequency spectrum represents the turbulent wind spéed at a single point
in space. The coherence function represents the spatial correlation of the wind speed in the rotor plane.

Parameter Uncertainties
The following input parameters are of influence for the fatigue analysis:

Uy : The value of the average wind speed per wind class might be of influence on the fatigue
damage. The value of the avernge wind speed has a certain upper and lower limit and is more
or less uniformly distributed in between. Thercfore, this parameter will not be considered as a
stochastic variable of which the uncertainty will be analyzed. However, it might be worthwhile
to investigate the sensitivity of this parameter on the resulting fatigne damage.

o/l : The turbulence intensity determines the gustiness of the wind. For the calculations, the
turbulence intensity is usually determined by the surface roughness z, with the equation: o/U;,
= 0.88/n(#/z,). The mean value of o/U/,, is determined in accordance with the Dutch
certification criteria: z, is prescribed and is 0.25 m and the tower height 4 is 24 m. So the
turbulence intensity is 19.28 %. The variation of the turbulence intensity may differ from site
to site. Bven at one site the furbulence intensity may have a large variation, depending on the
wind direction or on park effects. For these calculations it is assumed that the wind direction
on the longer term is more or less constant and that the variations of the turbulence intensity
are caused by aspects like seasonal variations and measuring uncertainties. From measurements
at the ECN test site, it is estimated that turbulence intensity varies more or less within a range
of 4 %, assuming a constant wind direction and wind speeds between 6 and 20 m/s. Assuming
a normal distribution, the mean and the standard deviation can be estimated in accordance with
a procedure described in {7]:
p=(max+min) /2 and O ={max-min)/4.

It is assumed that the stochastic variable is within the interval of 4 % with a probability of 95
%. With L = 19.28 % and a range of 4 %, the maximum value is 21.28 % and the minimum
value is 17.28 %. The standard deviation is thus 1 %. Summarizing:

Mean: po/U,) = 1928 %
Standard devistion: o(o/U) =1 %
Distribution type: Normal

Coefficient of variation  o/u(c/U,,) = 0.052

Model Uncertainties

The uncertainties of the wind model are mainly determined by the choice of and uncertainties in:

- frequency spectrum,

- coherence function,

- vertical wind profile, and

- calculation parameters such as maximum frequency, frequency interval, and time step.

These uncertainties will be considered together with the uncertainties in the load calculations with
PHATAS-IIL.
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7.6.6 Wind Turbine Model

The responses (forces and moments) resulting from wind loads and loads from the structural behaviour
of the wind turbine, are calculated with the computer code PHATAS-II in the time domain. With
PHATAS-II the dynamic behaviour of a wind turbine structure can be described by various degrees
of freedom for flexible components such as the blades, the tower, and the drive train. Furthermore,
it is possible to include a subroutine with the control strategy of the wind turbine. This control strategy
can be applied to simulate active or passive blade pitch regulation and variable or constant rotational
speed. Due to this high level of model, the amount of input data is rather extensive and the
calculations are time consuming. PHATAS-1I in combination with SWIFT is therefore especially suited
at the end of the design phase for a detailed analysis. In the early design phase, less complicated
computer codes are more sujtable such as GAPHAT-III [10] in the time domain, and TURBU-I[11]
in the frequency domain, These programs use a rigid model of a wind turbine structure and are
considered less accurate but suitable to gain first insights in the wind turbine behaviour.

For the fatigue calculations of the LW 18/80, the following degrees of freedom and flexibilities were
considered:

- tower bending in two directions modelled as elastic translation of the nacelle,

- blade flapping hinge with a linear spring, friction and viscous damping,

- passive pitch motion of the blades with a non-linear spring and hysteresis, and

- variable speed.

The non-linear elastic blade deformations in lead-lag and in flap direction have not been modelled. It
is expected that they are not of great influence on the fatigue damage; the flexibilities are dominated
by the hinges in the hub, Moreover, model a blade flexible in flap direction together with a flapping
hinge may cause numerical instabilities.

In the following sections, the variables with which PHATAS-II performs the calculations will be
discussed. These variables are not the real PHATAS-II input variables. They are derived by PHATAS-
II from the parameters specified in the input file. For example: the blade masses are derived from the
mass distribution. A few variables will be treated as stochastic variables. The scatter in these variables
are expected to have great influence on the fatigne damage in the tower foot.

Parameter Uncertainties

The parameters used by PHATAS-II for the analysis of the LW 18/80 are presented in Table 7.2
(NOTE: for reasons of confidentiality, not all parameters are listed, only the general turbine data).
In Table 7.2, the variables in italic, indicate those variables of the wind fturbine structure of which
variances may cause a significant variance in the calculated fatigue damage. Although some more
variables can be conceived, it is expected that the indicated parameters contribute most to the variance
in the fatigue calculations. In the following sub-sections the motivation of the parameters to be treated
stochastically or deterministically will be outlined.
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