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The key inputs to develop the FMEA come from disparate data sources:
1. Recognized and peer-reviewed long-term reliability data (EU Framework 7 Project, Reliawind)
2. Lloyd’s Register experience built up from working with wind farm operators

a) expert knowledge of maintenance technicians, planners and managers
b) maintenance task reports, technicians’ logs, marine coordinators’ records, vessel skippers records,

personnel tracking systems, Automatic Identification System records (AIS), showing vessel
movements

c) reliability data from SCADA databases
3. Reliability data from other industrial sectors for similar components under equivalent conditions of operation
4. On-going measurements and observations

Offshore wind energy is currently one of the most promising alternative energy production technologies in the
world and the UK is at forefront of offshore wind development with over half of the turbines and capacity of the
globally installed 9GW. Operation and Maintenance (O&M) is considered an important part of the total cost
associated to offshore wind farm operations, reaching up to 30% of the energy generation cost. The industry trend
is toward turbine capacity of more than 5MW to harvest more energy from each turbine. In these multi-megawatt
turbines some of the critical assemblies are concentrating most of the maintenance budget.

The main aim of the paper is to demonstrate how to predict the remaining useful life of the gearbox using a
combination of statistics and physics based approach. A secondary objective of the paper is to explain how the
gearbox failure mechanisms and consequences have been analysed using a detailed and validated risk
assessment of a generic offshore wind turbine.

A comprehensive Failure Mode and Effect Analysis (FMEA) has been carried out to determine critical assemblies
of one of the most common offshore wind turbine configurations, comprising an induction generator, three stage
gearbox, fully rated power converter and monopile foundation. The most critical assemblies, in terms of risk to the
turbine operation, that have been identified through the FMEA are: yaw system, pitch system, power converter and
gearbox. The gearbox exhibits a higher downtime and replacement cost. Therefore the prediction of failures in
gearboxes is critical to help offshore wind farm operators to optimise O&M strategies and thus, to reduce the
Levelised Cost of Energy (LCoE).

Currently, failure prediction models are data driven or based on statistics, however both approaches are not
sufficient to accurately predict the failure. This paper aims to combine these statistical approaches with a physics-
based method focused on the actual loads acting on the bearings and stresses acting on the gear elements. The
gearbox to be modelled consists of three stages: two planetary and one parallel/helical stage gears. This detailed
model of the gearbox is achieved by the use of the proprietary software Kisssys.
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Breakdown of maintenance hours illustrating number of hours of unscheduled or scheduled maintenance activities
per turbine or location, and also per component. Number of hidden failures and number of hours spent on finding
undetectable failures. MTTF or MTTR [5].

A methodology has been demonstrated which will be used to accumulate knowledge from disparate sources in
order to improve the basis on which FMEA has been constructed so that it becomes a resource which may be
relied on by maintenance planners and operations managers.

Based on the failure investigation and the vulnerability map of gears and bearings it is noted that: bearing failures
caused by fatigue damage occur on several of the shafts in the gearbox. Also, these failures are responsible for
50% of the repair cost in the gearbox. The main factors that influence the downtime are spare parts availability,
distance to site, transport system, weather conditions and service action at the wind turbine. The remaining useful
life predictions can then be used to optimise the maintenance strategies which comprises issues such as
accessibility to the farm (weather permitting), spare parts availability, and logistics models with vessels,
technicians, helicopters and so on.

Key elements of the physics-based approach to estimate damage accumulation of gears have been provided
including a description of the diagnostic and predictive models. The physic and load distribution of the there stages
gearbox is calculated using the model provided by KISSsoft AG and allowing rapid calculation, multiple failure
modes analysis and integral approach for damage accumulation and RUL estimation.

The proposed physics-based model of the gearbox helps to optimise O&M activities by feeding with the RUL into
the decision making process of operators taking into account wind gusts and turbulence.
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Assembly Risk Priority 
Number (RPN)

Frequency Converter 38.3
Pitch System 33.9
Yaw System 30.8

Gearbox 30.1
Nacelle Auxiliaries 29.0

Control & Comm. System 28.1
Generator 27.6

Main Shaft Set 27.0
Tower 26.0

Power Electrical System 25.0
Foundation 24.6

Cable 24.0
Blade 21.0

Hydraulics System 18.0

Auxiliary Electrical System 17.8

Transition Piece 17.3
Nacelle Structure 16.0

Hub 12.0

IEC 60812:2006

Bottoms-up approach to identify potential 
failure modes

Horizontal offshore wind turbine mounted in 
a monopole foundation

493 components

963 potential failures modes

Risk Priority Number (RPN) & Criticality Analysis
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Vulnerability map 3-stage gearbox [4]

Gearbox vulnerability map based on the fatigue damage of gears and bearings is presented in the
flow diagram. Here is possible to identify that the bearings of the high speed shaft and second stage
and the sun gear of the first stage and the parallel gears of the high speed shaft are the most critical
components within the gearbox [4].

There are two parts of the remaining useful life (RUL) model: prognostic model using historical data
(SCADA) and predictive model using simulations (FASTv8). Both cases will generate a load spectrum
as a input for KISSsoft gearbox model defining frequencies (sum of all frequencies=1), the relative
torque and rotational speed.

KISSsoft software calculates for each step of the load spectrum a damage for all mechanical
elements present using the respective S-N curves. The damage is accumulated continually and being
transformed into a lifetime according to DIN, ISO or AGMA standards for gears and according to
standard L10 calculation or DIN/ISO 281 for bearings [6].

The RUL of gears is calculated based on the theory that every load cycle produces damage. The
amount of damage depends on the stress level and for lower stress the damage is considered null.
Bending and pitting fatigue life of the gears is an estimate based on the accumulation of discrete
damage until failure occurs and using the load spectrum (derived from SCADA and FASTv8
simulations), material fatigue properties given in the KISSsys gearbox model (S-N curves) and the
damage accumulation method (Palmgren-Miner rule) described in IEC standards. ISO 6336-6 defines
the Palmgren-Miner rule as “the portion of useful fatigue life used by a number of repeated stress
cycles at a particular stress is equal to the ratio of the total number of cycles during the fatigue life at
a particular stress level according to the S-N curve established for the material.” [9].


