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1 Introduction 

 

1.1 Purpose of Document 

A Funding Grant was awarded from the European Union’s Horizon 2020 research and innovation programme 
in June 2016 to deliver a new innovative Direct Drive Power Take-Off (PTO) concept for tidal power devices 
– Tidal turbine Power take-off Accelerator (TiPA). This was in response to the call LCE-07-2016-2017: 
Developing the next generation technologies of renewable electricity and heating/cooling to increase the 
performance and reliability of ocean energy subsystems. 
 
Operation and Maintenance is a major driver in determining the Cost of Energy (CoE), and hence an 
understanding of component reliability is important. There have been a number of studies on reliability 
analysis for renewable energy converters [refs], mainly wind, but it is not possible to have confidence in the 
results due to the lack of real operational data for tidal and marine renewables in general. A review of existing 
work on reliability analysis in renewables is provided in this section, with a discussion on the challenge of 
including accurate reliability calculations in the design stage for tidal energy converters. 
 
The main objective of this document is to propose a framework for analysing the reliability and component 
lifetime of tidal energy systems, with the focus on the tidal converter drivetrain, taking into account the 
progress made in previous reliability work and is also to be submitted to satisfy deliverable D7.2 of the TiPA 
project and to be made available for public dissemination. 
 
It is a live document and will be updated according to further developments of the reliability framework. 
 

1.2 Review of Reliability Analysis 

Tidal energy systems are now being deployed at sea at both small (< 100 kW) and large scale (1MW), with 
a number of devices operating for more than a year, e.g. Marine Current Turbines in Strangford Narrows, 
Hammerfest, Alstom and Atlantis at EMEC, Nova Innovation in Shetland, and Tocardo in Holland. With these 
devices, the focus was on demonstrating the technology and proving the concept. Further developments will 
involve arrays of devices, where reliability will become more important, in order to demonstrate durability, 
and high availability. In the marine environment, the consequences of device failure will include recovery 
costs, which can be significant, and downtime, which in the harsh marine environment could be long, and 
thus there will be a significant impact on operating cost, energy yield and revenue. 
 
Reliability studies were initially developed by the German military in World War II as part of their missile 
program. The US space program introduced reliability studies as part of the Apollo Space Program (1961 – 
1975). In the 1960s the developing nuclear and offshore oil and gas industry implemented reliability studies 
from the 1960s onwards, leading to the extensive component failure rate database, OREDA [1]. Within the 
renewables sector the most extensive and more relevant study has been in wind, two EU funded projects in 
particular:  
 

1.2.1 Dutch Offshore Wind Energy Converter (DOWEC) project (1999-2003) 

The DOWEC project aimed at developing wind turbines to be implemented in large scale offshore wind 
farms. The DOWEC consortium has been active on this topic from 1999 until 2003. 
In particular, the Delft University of Technology and the Energy research Centre of the Netherlands published 
on reliability assessment for a number of wind turbines concepts. Precious information on operation and 
maintenance assumptions are available in [2], [3], [4] & [5]. 
 
Since 2003, other reliability studies have been conducted for wind turbines, but the DOWEC study remains 
a major reference in this field thanks to the detailed description of methodology and assumptions. 
 

1.2.2 ReliaWind project (2008-2011) 

The ReliaWind project was funded by the FP7 program from 2008 to 2011. The aim of the project was to 
develop a new generation of more efficient and reliable wind turbines, providing practical results to be used 
in wind turbine design, operations and maintenance. Ten partners collaborated in this project including 
Gamesa (project coordinator), ABB, Alstom Power Systems, Durham University, GL Garrad Hassan, Hansen 
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Transmissions, LM Wind Power, Computer and Automation Institute of Hungarian Academy of Sciences 
(MTA SZTAKI), Relex and SKF.  
Within this project, a reliability analysis was conducted on a wind turbine by the company Relex, the owner 
of the reliability software Relex Studio©. This analysis was published and three deliverables of interest are: 

▪ D1.1 Report on previous publications dealing with wind turbine reliability [6] provides an overview 

on papers published about reliability of (onshore) wind turbines, 

 

▪ D2.0.4 Whole System Reliability Model [7] describes the procedure, method and data source to build 

a wind turbine reliability database and then to predict the reliability and Failure Modes Effects & 

Criticality Analysis (FMECA) of different designs using Relex Studio software, 

 

▪ D6.7 : Recommendations from the ReliaWind Consortium for the Standardisation for the Wind 

Industry of Wind Turbine Reliability Taxonomy, Terminology and Data Collection [8] is a 

recommendation to the IEC 61400 national and international committees for the standardisation of 

the collection of reliability data for wind turbines 

Within Phase 2 of the Supergen Marine project in the UK [9], Durham University and Heriot Watt University 

investigated the reliability of tidal energy projects.  

1.2.3 Durham University Study of Tidal Energy Reliability 

At Durham, Tavner and Delorm applied the methodologies developed in RELIAWIND to 5 generic tidal 
technologies, shown in Figure 1.1.  
 

 
Fig 1.1: Generic Tidal Stream Turbines used by Delorm [11] 

 

Delorm adopts a methodology based on reliability block diagrams and the use of surrogate failure rate data, 

which can be obtained from existing databases. Delorm et al [10] indicates that this methodology does not 

provide definite device failures rates, but a means for comparing relative differences between different 

concepts, in terms of their reliability. Another practical limitation is that the load profiling, rated speed, stator 

electrical frequency, etc. have a significant impact in the reliability of the generators & power converters, as 

seen from the experience in the onshore & offshore wind industries, where the variability of the input power 

is high. For instance, the generator in onshore wind fails more often than the power converter (whereas in 
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offshore is the other way around). The information obtained from OREDA [1] does not account for these 

variations, hence the limitation of these models. 

For instance, Delorm et al [12] populated the generator (PMG) failure rates using a database from an onshore 
source, applicable to low speed direct-drive machines [13]. It is believed that the reliability for low speed and 
medium speed PMG can also vary, as the cooling is a critical (and the weakest) factor in direct-drive 
applications.  In order to increase power density and this keep mass and physical size down, forced cooling 
is used, which requires ancillary components such as fans for air cooled, pumps for water cooled, and heat 
exchangers. These additional components will impact on the overall system reliability. The method presented 
by Delorm is a useful way for showing the arrangement of the sub-assemblies and components, and 
identifying critical components for further analysis. This process will form part of the reliability framework, 
and is described further in Section 2 & 3. 
 

1.2.4 Heriot Watt Study 

Val & Iliev [14] investigated the reliability of mechanical components in tidal turbines, bearings, the gearbox 
and blades. They addressed the issue of offshore/marine environment and operational issues by modifying 
the base failure rates from existing databases by using influence multiplying factors derived using Bayesian 
techniques. This method was applied to bearings and the gearbox. Probabilistic analysis was also applied 
to structural components such as the blades, in which the uncertain parameters are treated as random 
variables.  
 
Neither the Durham nor Heriot Watt study could be verified because there is no real data available on the 
failure rates of components within an ocean energy converter, due to very limited operating experience. At 
such an early stage of industrial development those developers who have sea experience keep any such 
data confidential for commercial reasons; knowledge of what works and what doesn’t is hard-earned, and a 
key differentiator between companies competing for investment and sales. Failure rate data for some 
components can be estimated from wind, such as umbilical, cables, transformers, gearbox, generator, 
blades, and power converter, but the loadings and operational environment are very different in tidal energy 
converters.  
 
More recently Jen Hao-Wu [30] applied Bayesian techniques to the reliability of small wind turbines, and was 
able to validate the results using field data from over 100 turbines.  Bayesian methods provide a powerful 
and flexible framework for quantifying reliability from empirical data. Compared with conventional maximum 
likelihood approach, the Bayesian approach has three main advantages:  
 

(a) it allows realistically complex models to be constructed and allows their parameters to be estimated 

using generic algorithms such as Markov Chain Monte Carlo (MCMC); 

 

(b) it allows the uncertainty associated with estimation and predictions to be fully quantified; 

 

(c) it allows expert judgement (soft information) to be included alongside empirical data (hard 

information). 

 
Jen Hao-Wu [30] proposed three new reliability assessment models based on Bayesian analysis: 
 

1. The first of the proposed models makes use of the fact that we will often have data for multiple 

failures of the same turbine. The model therefore allows the effects of turbine age upon reliability to 

be accounted for, and the effectiveness of the repair mechanism to be estimated. In order to ensure 

a proper quantification of uncertainty the model also includes a random effect which separates out 

the effects of between-turbine and within-turbine variation in reliability. 

 

2. The second model extends the first in such a way that the effects of environmental variables upon 

reliability can be estimated. The effect of three specific environmental variables are considered: 

average wind speed (AWS), turbulence intensity, which is defined as the ratio between the standard 

deviation of wind speed and the AWS, and terrain slope (TS). 
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3. The third model makes use of the informative prior in the Bayesian framework, eg., results from 

modelling. Wu illustrates this model by combining field data from failed base plates with model data 

of a design change to overcome the failures.  

Bayesian techniques are very good for systems with limited data, and it allows a hybrid approach to be 
adopted in which limited field data can be supplemented by model derived data of existing designs or design 
changes. This approach provides the most robust to estimating reliability and the uncertainty surrounding it, 
but taking into account environmental factors. However, a dataset is still required.  

 
In this report, a reliability framework is proposed to take into account the lack of available reliability data 
collected from actual deployments, with the main objective to provide design guidance on critical 
components. In the future model data could be combined with field data or experimental lab data to develop 
a reliability model based on Bayesian techniques. A Bayesian based framework is beyond the scope of this 
project, because little data is available, but WP7 will provide model data, which could then be used in a 
Bayesian based reliability framework as more experimental data becomes available. 
 
  



TiPA Project Reliability Framework 

Reference: TIPA-EU-0009 Project Reliability Framework 
Issue: 1.0 Final 

Page 8 of 37 

PUBLIC 
Available for widespread and public dissemination 

2 PTO Reliability Framework Model 

 
The main objective of the framework proposed in this report is to provide better design guidelines for critical 

components under typical operating and environmental load profiles. It will not provide comprehensive 

component failure rate data. Accelerated life testing, and data collected from sea trials should be used to 

establish such a database. Reliability analysis techniques rely on experimental data collected in the lab or 

from operation in the field. In this project, such data is not available, and hence a framework centred on 

modelling the system in order to investigate component failure modes is proposed.  

 

There are a number of steps in the proposed framework:  

Step 1: Reliability Block Diagrams – the first step is to develop reliability block diagrams of the complete 

system in order to show the relationship between the various sub-assemblies in the system, and the 

components and sub-components within a subassembly. An initial estimate of failure rates can be made 

using surrogate data from various reliability databases. It should be noted that this data is meant to provide 

an indication of the components requiring more detailed design. More detail on the step is provided in Section 

3.  

Step 2: Failure Modes Effects Criticality Analysis (FMECA) – the second step builds upon Step 1 by 

investigating the failure modes of the various sub-systems and their components and sub-components. As 

part of this analysis an estimate of the operational conditions causing the failure will be discussed, for use in 

later steps. The main output of this step is identification of the critical components or sub-components for 

further analysis in later steps. More detail on FMECA is provided in Section 4. 

Step 3: Electro-mechanical tidal to wire system modelling – in the third step typical and extreme 

operating conditions will be simulated from the tidal turbine prime mover through to connection to the grid, 

but with the focus on the PTO/drivetrain components, namely the generator and power converter. Both 

electrical and mechanical models will be developed providing system level output for feeding into more 

detailed multi-physics sub-system models. The system model is dynamic, and can be driven to simulate 

extreme operating conditions enforced by both the marine environment or by events on the electrical grid. 

More detail on system modelling is provided in Section 5. 

Step 4: Detailed electro-mechanical models of critical components – system level output from Step 3 

will be used to feed more detailed electromagnetic, thermal, structural and bearing models of the various 

components and their sub-components. This modelling will lead to a better understanding of component 

failure modes, and the design required to overcome such failures. Output from this step will be fed into 

component lifetime models in Step 5. More information on detailed electro-mechanical models is provided in 

Section 5. 

Step 5: Component Lifetime Models –lifetime results from step 4 will be used to estimate component 

lifetime using component manufacturer’s and material data. If the lifetime estimate falls outside accepted 

bounds, this information will be fed into the design process as part of the design for reliability guidelines. 

More information on lifetime models is provided in Section 6. 

 

In this document, the focus will be on the generator assemblies within the drivetrain, but the same framework 

and process can be applied to the power converter covered by TU Delft in WP7. Analysis of the generator 

and power converter will run in parallel with output from the tidal to wire system model and electro-mechanical 

model feeding more detailed multi-physics models of both the generator and power converter. The whole 

PTO reliability framework is therefore highly integrated, as it should be.  
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As presented the framework is open loop, i.e. there is no feedback from Step 4 to 3. For example, any 

changes in temperature will affect the generator electrical model, which will in turn affect system level 

currents, and control from the power converter. An increase in Unbalanced Magentic Pull, calculated in Step 

4, would affect the generator mechanical multi-body model in Step 3, the output of which feeds the detailed 

models in Step 4. Open loop implementation of the framework will be adopted in order to provide feedback 

to the design process in the short term, but as part of WP7 feedback between the various steps will be 

implemented to investigate dynamic propagation of faults, and to investigate fault tolerant control strategies.  
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3 Reliability Block Diagrams 

 

3.1    The Reliability Block Diagram Methodology 

The RBDs represent each of the functional components in such a way that the reliability of the whole system 
can be understood by the interaction between the reliability of the sub-components, indicating which one 
must operate successfully for the system to produce electricity. Each block (say 1, 2, or n) is considered in 
one of two states: either up or down. A RBD system can be represented by a serial (Figure ) or parallel 
(Figure 3.1) configuration, depending on the functionality interaction. A serial connection means that if one 
or more of the elements are down, then the whole system is down; whereas a parallel connection represents 
redundancy (i.e. several elements should be down to put the whole system down). 
 

 

 
Figure 3.1: RBD for n components in series. Figure 3.1: RBD for n components in parallel. 

 
The Reliability Function 
For each element - and ultimately for the entire system - a reliability survival function R(t) can be calculated 
which represents the probability that the system or component will survive without any maintenance until a 
specified time t. Therefore, 𝑅(0) = 1, 𝑅(𝑡) ≥ 0. 
 
The Failure or Hazard Rate Function 
The failure rate function is obtained by dividing the probability that an item will fail in a determined time frame 
but knowing that the item has been working so far. Without going into the mathematical proofs, it can be 
demonstrated that the relationship between failure rate (l) and the reliability function (R) is: 

 

 
𝑅(𝑡) = exp(−∫ 𝜆(𝑢)𝑑𝑢

𝑡

0

) 
 

(1) 

 
Typically, the hazard rate follows a complex shape, but the bathtub curve is widely accepted. (Figure 3.2). 
The curve shows that the probability of failure at the start of the operational life is higher as a result of 
mishandling, assembly or installation errors, or early defects. By the end of the component’s or system’s life 
the probability increases due to stress or wearing (wear out period). However, there is an intermediate region 
where the hazard rate tends to be a constant value (useful life period). In the tidal sector, current 
developments are most likely operating in the “burn-in” period.  
 

 
Figure 3.2: The bathtub curve, for describing the hazard\failure rate of a component or 

subcomponent [11]. 
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Hence, if the hazard rate becomes a constant, then the survival function is calculated as: 
 

 𝑅(𝑡) = exp(−𝜆 ∙ 𝑡) (2) 

 
where λ is the failure rate (number of failures per year). Therefore, R(t = 1 year) is the probability that the 
system (or component) will survive for one calendar year without any maintenance. 
 

3.2    Reliability Block Diagram Process 

The process will follow that of Delorm [11], and can be summarised by the flow diagram in Figure 3.4 
 

(1) Classification of sub-

assemblies.

(2) Schematic diagram and 

derivation of sub-system RBD.

(3) Selection of a portfolio of surrogate

databases (PSD), identifying failure rates for each 

sub-assembly, setting lower and upper bound 

failure rates (ʎGi_min & ʎGi_max).

(4) Calculation of marine\offshore environment 

adjustment factor πEi for each sub-assembly, and 

adjustment of failure rate using ʎi = ʎGi_max πEi

(5) Calculation of sub-system (drive-train & 

generator) reliability assuming an exponential 

probability density function for each sub-assembly

 
 

Figure 3.4: Sequence for obtaining reliability numbers for sub-assemblies and sub-system (drive-train and 
generator). Adapted from [12]. 

 
 

3.2.1 Stage 1: Classification of sub assemblies 

Delorm divides a tidal energy converter (TEC) into a number of sub-systems, with a number of sub-
assemblies associated with each sub-system. Figure 3.5 shows the classification adopted with codes 
assigned, which are used for all TEC types, and will be adopted in this framework. This is a general 
classification and hence not all categories apply to the current Nova system, but it allows for changes to the 
technology in the future. 



TiPA Project Reliability Framework 

Reference: TIPA-EU-0009 Project Reliability Framework 
Issue: 1.0 Final 

Page 12 of 37 

PUBLIC 
Available for widespread and public dissemination 

 
Figure 3.5: Classification of sub-systems in a tidal device [15]. 

 
 

3.2.2 Stage 2: Sub-system Reliability Block Diagram 

Delorm provides a generic Reliability Block Diagram (RBD) for a tidal turbine, as shown in Figure 3.6 using 
the classification of sub-systems in Figure 3.5. Each sub-system can be expanded to show individual sub-
assembly block diagrams, for example the drivetrain sub-system in Figure 3.7. In this framework we will go 
a step further and divide each sub-assembly into their individual components. For example the generator 
sub-assembly divided into components is shown in Figure 3.8, with further division into sub-components, 
and in this example the stator winding sub-components are shown.This additional layer provides more 
information for the FEMCA, and feeds into the integrated multi-physics component lifetime models.  
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Figure 3.6: Generic device reliability block diagram (RBD) describing each of the main sub-systems 
present in tidal energy converter [11] 

 
 
 

 
 

Figure 3.7: Generic turbine drive train & generator for a tidal energy converter proposed by Delorm [11] 
 
 
 

 
 
Figure 3.8: Reliability Block Diagram of a Permanent Magnet Generator and sub-components for the stator 

winding sub-assembly 
 

 

3.2.3 Stages 3 – 5 

Surrogate Data Selection: Table 3.1 provides a list of the databases used by Delorm [11] and other authors 

when applying this technique to marine energy converters, including wave. This data is based upon the 

application of similar components in very different applications, mainly offshore oil and gas, and military 

applications, and hence interpretation of the final results has to be done with caution. Another source of 

databases can be found at :https://www.ntnu.edu/ross/info/data . 

 

https://www.ntnu.edu/ross/info/data
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Table 3.1  Databases used by Delorm 
 

Database name Description & Source 

NPRD-1995 Non Electronics Parts Reliability Information and 
Analysis Centre (RAC) Utica, New York, USA 

NPRD-2011 Non Electronics Parts Reliability Information and 
Analysis Centre (RAC) Utica, New York, USA 

MIL-HDBK-338B, 1998 Electronic Design Reliability Handbook, US Dept. 
of Defence 

MIL-HDBK-217F, 1991 Military Handbook. Reliability Prediction of 
Electronic Equipment – Revision F. US Dept. of 
Defence 

MIL-HDBK-217F, Notes 2, 1995 Military Handbook. Reliability Prediction of 
Electronic Equipment – Notice 2. US Dept. of 
Defence 

Journal of Reliability Information Analysis Centre RIAC,https://acc.dau.mil/adl/en-
US/31009/file/5573/Journal-updated-3-
10%202.pdf 

Offshore Reliability Data Handbook (OREDA) Det Norske Veritas, Edition 1 1984, Edition 3 1997, 
Edition 4 2002, Edition 5 2009. 

 

Marine/Offshore Environmental Adjustment Factors: In order to apply the failure rate data to tidal 

converters Delorm uses so-called “environmental factors” take into account the marine environment, but 

these factors were developed by the US military, and for marine applications they specifically refer to naval 

environments. Reference [16] provides the rationale for these environmental factors, but they only apply to 

electronic components. Reference [17] does consider environmental aspects for mechanical components, 

but Delorm does not apply these in her analysis. Table 3.2 shows some examples of environmental factors 

used by Delorm. The base data is referenced to GROUND FIXED (GF) systems, and factors describing a 

NAVAL SHELTERED (NS) or NAVAL UNSHELTERED (NU) environment are used to take marine into 

account. NS refers to components located below deck, and NU refers to components operating on deck, ie. 

Exposed to the marine environment. The application of these factors should be made with caution, as they 

do not necessarily apply to marine energy converters.  

 
Table 3.2  Environmental Factors 
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4 Failure Modes Effects Criticality Analysis 

 

4.1    FMECA Evaluation methodology 

 
A Failure Modes Effects Criticality Analysis (FMECA) of the PTO sub-systems can be used to get a better 
understanding of where to focus on, when aiming for an improved design with reduced failure rates. The 
methodology involves estimating the probability of a failure as well as its impact. From the latter, a measure 
of the criticality of that sub-system is determined and subsequently is outlined in the following bullet points. 
The analysis is qualitative and quantitative, but is very much an estimate based on engineering design and 
operational experience.  
 
A complete breakdown of all the components within a sub-assembly is required, with a detailed 
understanding of the failure modes of each of these components. For the case of the generator an example 
of such a breakdown is provided in Appendix 1. The information from such a document is then used in 
FMECA and tabulating the findings. 
 
The FMECA analysis is tabulated with the following column headings: 
 

• Sub-systems/Components: A brief description of each component is provided. In order to inform 

this content a detailed description of typical generator components is provided later in this section. 

• Failure Mode: In this column the type of failure that could happen on a specific item is described. 

• Impact: An estimate of the direct consequences of a failure. 

• Probability, Consequence: Probability and consequence have been evaluated in Table 4.1 below. 

For each failure mode a factor is given, from 1 to 5, 1 being a minor consequence or a very unlikely 

probability and 5 being a high consequence or a very high probability. The consequences include 

material and human damages, and their cost impact. 

• Type of Maintenance: Type of maintenance to prevent failure or to reduce the risk of failure. 

• Type of Repair: The type of repair required to get the system operational after the fault has occurred. 

• Criticality is the multiplication of consequence factor and probability factor. The number finally 

summarizes how critical is the default and the item considered. It runs mathematically between 1 

and 25. The colours shown in Table  give an indication of the severity of the fault, red being very 

severe. 

 

Table 4.1: Criticality Matrix for FMEA. 
 

CONSEQUENCE 1 2 3 4 5 

PROBABILITY MINOR Slight moderate high Very high 

(1) VERY unlikely 1 2 3 4 5 

(2) UNLIKELY 2 4 6 8 10 

(3) POSSIBLE 3 6 9 12 15 

(4) HIGH 4 8 12 16 20 

(5) VERY HIGH 5 10 15 20 25 

 
 
Based on the information in Appendix 1, table 4.2 provides a generic example of the FMECA analysis for 
electrical generators, and is presented as an example. The technique will be applied to the TIPA generator 
as part of the design process, taking into account experience of all partners in the consortium. 
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Table 4.2 : Summary of Failure Modes and Consequences of Generator Subsystems and Components 
 

Compo
nent 

Failure Modes/Details Impact Prob
abili
ty 

Con
seq
uen
ce 

Type of 
Maintenance 

Type of Repair Criticality 

Shaft Fracture: high cycle 
fatigue and corrosion. 
Deformation: low-cycle 
fatigue or overload and 
misalignment. 

Leads to eccentricity in 
the generator rotor – 
leads to vibration and 
bearing wear. 
In worst case contact 
between stator and 
rotor could occur 
resulting in stator and 
rotor damage – 
insulation of coils.. 

3 4 Monitor vibration 
signatures on the 
structure. 

Replace shaft, 
requiring removal of 
generator.  

12:  provided proper 
design. 

Generator 
bearings 

Misalignment in the 
drivetrain. 
High temperatures in 
the bearings – due to 
above, shaft and 
bearing currents. 
High cycle fatigue or 
vibration. 
Low cycle fatigue or 
shock loading 
Corrosion. 

Leads to dynamic 
eccentricity in the 
generator, which will 
result in noise and 
vibration and increased 
bearing wear.  

3 4 Grease the 
bearings. 
 
Monitor vibration 
signatures using 
condition 
monitoring. 

Replace  bearings, 
requiring removal of 
generator.  

12 : In small 
machines roller 
bearings are used – 
their reliability 
depends upon 
standard of 
maintenance.  
 
In larger machines 
sleeve bearings are 
used with constant 
lubrication, and 
hence are  more 
reliable than in small 
machines. 

Rotor & 
StatorCore 
Pack 

Structural failure of the 
rotor/stator corepack 
and support structure – 
due to vibration 
induced by unbalanced 
magnetic pull, in turn 

Rotor/stator welds can 
fail resulting in the core-
pack laminations 
coming apart. 
Vibration in the 
structure will cause 
fatiguing and fracture of 

3 4 Monitor vibration 
signatures using 
condition 
monitoring. 

Removal of 
generator and 
complete rebuild. 

12: provided proper 
design. 
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produced by bearing or 
shaft failure. 

a part of the support 
structure. A failure in 
the support structure 
will lead to increased 
eccentricity and UMP, 
exacerbating the effect. 

Permanent 
magnets 
(PM 
machines 
only) 

Fracturing due to 
corrosion. 
Demagnetisation due 
to high temperature 
and generator faults. 

Demagnetisation could 
result in magnets 
breaking off the rotor – 
use glue and magnet 
retention methods to 
keep in place even if 
demagnetised. 

3 5 Monitor air quality if 
generator in a 
sealed 
environment.. 

Replace magnets 
requiring removal of 
generator.  

15:  provided proper 
design, and use of 
appropriate 
coatings. 

Copper 
bars or end-
ring 
(Induction 
Machines 
only) 

Cracking on the bars or 
end-ring due to 
excessive vibration. 

 2 2 Monitor current 
signature for 
harmonics 
indicating a broken 
bar or end-ring 

Removal of rotor 
and replacement of 
squirrel cage and 
end-ring. 

4 

Coils Insulation breakdown – 
due to overheating, 
high dV/dT, vibration 
causing rubbing 
between coils or with 
laminated structure 
(end-winding mainly) . 

Insulation breakdown 
results in Short circuit 
faults and winding to 
earth faults. 

2 5 Measure insulation 
resistances of the 
coils. 

Complete rewind 
requiring removal of 
generator for iron-
cored generators. 
 
In modular air-cored 
generator  module 
replacement in situ 
is possible. 

10:  MV & HV 
machines. 
 
<10  in LV 
machines. 

Epoxy  Used in air-core 
machines. 
High temperature can 
cause flexing – affect 
mechanical properties. 
Vibration will cause 
fatiguing and structural 
failure. 
Corrosion. 
Impact of high dV/dt will 
affect dielectric 
strength 

Any failure in the epoxy 
will lead to failure in the 
coils resulting in short 
circuit faults. 

3 5 Monitor temperature 
of epoxy. 
 
Monitor vibration 
signatures using 
condition  
monitoring. 

In modular air-cored 
generator  module 
replacement in situ 
is possible. 

15 – air-cored 
machines at MW 
ratings are rare, and 
hence there is no 
useful data 
available. More work 
needs to be done. 
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Brushes  General wear.  2 3 Regular inspection. Regular 
replacement – say 
every 2 years 

6 

Cooling 
and Heating 
Systems 

Failure mode linked to 
failure modes of pump/fan 
motors (bearings, windings) 
and seals, pipelines 

Regular system tripping due 
to overtemperature 
shutdown 

3 4 Monitor temperature 
& signals from 
heating system 

Shut down and 
repair or replace 
components/comple
te system 

12:. System should 
protect itself and 
failure rates are low 
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5 Electro-Mechanical System & Component Modelling 

 
Since there is very little data available on reliability for tidal systems it is proposed that modelling is used to 
simulate the real load conditions experienced by the turbine. There will be different levels of modelling, 
ranging from system models to component models. The system model will generate results at a system level, 
eg. voltages, currents, torque, which will then feed more detailed models of component and sub-components. 
Numerical models will be used for the detailed component models, eg. electromagnetic finite element 
analysis, or stress analysis in order to investigate failure modes under the system operating conditions.  
 
A tidal to wire system model is being developed in WP7, and will form the basis of the electro-mechanical 
system model, as shown in Figure 5.1. The system model being developed is focussed on the electrical 
system emulating the power flow to and from the grid. Failure modes in tidal systems are based on both the 
electrical and mechanical components in the system, and the two are highly integrated. The turbine will feed 
loads to two generator sub-system models connected in parallel – an electrical system model outputting 
voltages, currents torque and rotational speed, and a multi body mechanical mechanical providing data on 
deflections and fatigue loading within the drivetrain. This electro-mechanical PTO system model acts as a 
hub with spokes out to more detailed component models of sub-systems within the hub. As an example a 
spoke from the generator sub-system is shown in Figure 5.1. MATLAB/SIMULINK will be used to code the 
system linking into numerical models for the components. 
 

 
 

Figure 5.1: Block diagram of Electro-mechanical system model with more detailed modelling for the 
Generator 

 
The complete electro-mechanical system and component model will be used to investigate typical load 
profiles as well as extreme events. In the absence of experimental results for components, the proposed 
modelling approach provides the designer with data to make more informed decisions about the performance 
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of the system under various operational and environmental loads. The major constraint is the accuracy of 
the modelling, but many of the techniques being used have been verified. This proposed framework is not a 
substitute for experimental testing and gathering real physical data from sea trials, but should be used in 
conjuction with such results as they come available.  
 
In order to explain the function of this part of ther framework we will focus on the generator sub-system and 
its spoke as shown in Figure 5.1. 
 
Generator: Electrical Model – this model is based on the d-q model of electrical machines, with inputs 
dependant upon the type of generator, which could be synchrounous, induction or PM. Outputs will be 
current, voltage, torque and speed regardless of the type of machine. The power converter model and control 
system will drive the generator to react the prime mover torque, and thus the generator model can be driven 
to produce outputs at any typical load profile. Current will be used to drive the electromagnetic model of the 
machine in the attached spoke. 
 
Generator: Mechanical Model - this model operates in parallel with the electrical model, taking in 
mechanical loads from the turbine to investigate deflections within the drivetrain. Multi-body modelling will 
be used based on the SIMPACK modelling software. An example of wind-drivetrain multi-body model is 
shown in Figure 5.2. Output from this model will also feed the electromagnetic model, as deflections can 
lead to eccentricity in the airgap, which can effect both the electrical and mechanical performance. In terms 
of electrical performance, eccentricity will introduce unbalance within the phases, non-uniform magnetic field 
distribution effecting the loss distribution and hence thermal performance. In terms of mechanical 
performance, eccentricity can result in assymetrical forces and torques in the machine leading to vibration, 
which in turn can affect bearing and structural performance.  
 

 
 

Figure 5.2: Multi-body model of drivetrain for a wind turbine [18] 
 
Electromag Model – the electromagnetic model will be based upon 2D finite element analysis (FEA), and if 
required the modelling will be extended to 3D. Finite element modelling allows complex geometries to be 
modelled accurately. Figure 5.3 shows the flux plots produced from a 2D FEA model for a PM generator with 
semi-closed slots. The magnetic field distribution in the model can then be used to calculate iron losses, 
forces and torques for a particular coil energisation. The modelling work will be undertaken in either an open 
source software FEMM or commercial software used at Edinburgh such as Infolytica or Vector Fields [refs]. 
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Figure 5.3: Magnetic flux paths in a PM generator with semi-closed slots [18] 
 
 
Electrical and Mechanical Lifetime Models – outputs from the electromagnetic model will feed additional 
models as shown in Figure 5.2. For example machine losses are used to drive the heat flow within the 
machine, resulting in a temperature distribution. Either an analytical or numerical thermal model can be used. 
Temperature affects winding insulation, magnet performance, and the properties of other materials used 
such as adhesives in fixing the PMs. Forces can be analysed to investigate bearing wear and structural 
performance. Outputs from such models are in turn fed into component lifetime models as described in 
section 6. With reference to the reliability block diagram of Figure 3.8, temperature distribution and forces 
contribute to the main failure modes of the stator winding component. 
 
Spokes for the power converter, transformer, grid connection, and other sub-systems to be introduced at a 
later date will also be developed providing output relevant to the failure modes of those sub-systems.   
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6 Component Lifetime Modelling 

 
The output of temperature distribution and forces from the detailed component and sub-component models 
will be used in standard lifetime models for those specific components. Although a novel PM generator 
topology is being developed, the components and sub-components used will be standard, and hence 
manufacturer’s data will be used for the lifetime models. 
 

6.1 Stator Winding Lifetime Model 

Electrical insulation systems are subjected to different types of stresses: thermal, electrical, ambient, and 
mechanical. Each of them can cause one or more kinds of degradation process and could lead to a machine 
winding failure. 
 
Thermal stresses in the insulation materials are normally linked to ohmic losses in the conductors. Electrical 
insulating materials are generally bad heat conductors so a temperature gradient tends to build up. 
Temperature is normally linked to property changes in the material as it serves as activation energy of one 
or more chemical reactions. In general a machine should not operate at temperatures above the maximum. 
Each 10ºC rise above the rating may reduce the generator lifetime by half, or if the machine is operated 10ºC 
below rating the insulation life doubles. Machine manufacturers produce standard curves showing lifetime 
vs temperature for common insulation materials, for example,Figure 6.1 shows insulation life in hours vs total 
temperature for four different classes of insulation [19]. Figure 6.2 shows similar information,but in terms of 
failure rate. Such curves will be used to determine insulation life using the results of temperature from thermal 
modelling. These curves can be determined from lifetime models developed by Dakin and described by 
Portugal in [31].  

 
Figure 6.1 Insulation life for different insulation classes. 

 

 
Figure 6.2: Failure rate data for different insulation classes [20]. 
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If different materials are used within the Nova generator, we will work with the manufacturer to gather the 
required data for the lifetime model.  
 
Electrical Stresses - The increased popularity of variable speed inverter–fed motors gave rise to earlier 
than anticipated machine insulation failures. This created interest that resulted in further investigation. Pulse 
width modulated (PWM) converters built with insulated gate bipolar transistors (IGBT) are one of the most 
commonly used inverters to drive motors. These type of converters can reach very high switching 
frequencies and supply voltage signals free of low–order harmonics at the cost of inducing high–order 
harmonics. The presence of high–order harmonics, together with the rapid waveform rise times creates 
uneven voltage distributions across the machine windings and overstress the insulation. Portugal [31] 
provides a comprehensive review of different lifetime models combining both thermal and electrical stresses, 
but focuses on the Grzybowski model, validated in reference [32].  
 
Waveform rise time - Voltage spikes are caused by the impedance mismatch between the machine 
windings, the connecting cable and the converter. The amplitude of the voltage spikes is a function of the 
cable length and the waveform rise time. These voltage spikes can be as high as 2 or even 3 times the 
nominal voltage. If the amplitude of the voltage spikes surpasses the partial discharges inception voltage, 
which depends on the insulating material properties, partial discharges start to develop, shortening the life 
of the insulation. 
 
Uneven voltage distribution - Under uniform sinusoidal voltage supply, the voltage drop across the 
machine windings is relatively uniform. On the contrary, when steep fronted waveforms are supplied, such 
as the ones produced by PWMs, the voltage drop across the windings is highly uneven. Most of this voltage 
drop appears on the first turns of the machine windings. The voltage of the first turns is then higher than that 
of the last turns. This voltage difference can create partial discharges between adjacent turns, thereby 
accelerating turn–to–turn insulation failure.  
 
Portugal summarises the various authors who have studied these phenomena experimentally using twisted 
pair of wires, ovens and PWM type signals and lists the more important conclusions as follows: 
 

1. Partial discharges dominate the ageing mechanism. Overvoltages due to cable length and the 
waveform rise time can exceed the partial discharge inception voltage, thereby accelerating the 
ageing process. 
 
2. The wave form shape does not play a significant role in the degradation process. 
 
3. Frequency of the switching seems to have an effect on degradation. This could be a consequence 
of more electromechanical fatigue–type cycles and their corresponding submicrocavities such as 
described by Crine. 
 
4. Corona resistant materials seem to have longer lifetimes due to smaller partial discharges. 

 
However, only Grzybowski et al [32]. went so far as to produce an ageing model which is described by: 
 

 
 6.1 

 
 

Where C, A, B, m1, and m2 are constants determined experimentally (tabulated by Grzybowski in [32]) , 
and L, E, and f are the life, absolute temperature, magnitude of the applied electric field and switching 
frequency. 
 
Grzybowski’s model will be used in the winding lifetime model to assess the impact of electrical stresses. 

 
Ambient stresses are defined as the action of external agents on the electrical insulation system of the 
machine, such as humidity, contamination in the cooling fluid, or ozone (commonly produced after a Partial 
Discharge in an air cooled machine). In the case of the Nova PTO, operating the machine fully flooded, albeit 
with a clean water solution, can be considered as an ambient stress in the system. These stresses could 
also cause deterioration and early failures of the machine windings. 
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Mechanical stresses can occur due to for example: vibrations due to electromagnetic attraction of the end–
winding regions, tensile stress due to the difference in thermal expansion of the machine’s core and the 
insulation system at the slot area, among others. These stresses can also cause early failures in the machine 
windings because of the relatively lower Young modulus and high brittleness of 
the electrical insulation materials. 
 
Ambient and mechanical stresses summarised above will be addressed depending upon the operating 
conditions within the Nova turbine, and will be informed by electro-mechanical modelling.  
 

6.2 Bearing Lifetime Model 

This section complements the TiPA Deliverable 7.3 on bearing design and reliability produced by SKF. The 
information in this section is required to highlight the techniques used within the proposed reliability 
framework, and is based on previous analysis of drivetrain modelling for wind turbines [21]. Design of bearing 
systems is outside the scope of this report and the responsibility of SKF, another partner in the project. 
However, topology options will be discussed in the context of bearing loads and reliability. 
 

6.2.1 Bearing System 

One of the major challenges associated with direct-drive generators is maintaining the air-gap between the 
rotor and stator for optimal use of the rotational force. This is achieved by means of bearings arranged 
between the main shaft which is directly connected to the generator rotor and the generator stator which is 
connected to the nacelle housing. Of the many components that constitute the direct-drive generator, 
bearings are one of the most critical elements. They are not only responsible for carrying the main loads 
from the blade rotor but also responsible for maintaining the air gap between the rotor and stator. Assuming 
any structural deflection of the stator or the main shaft, the bearings would tilt from their desired position. 
Because of the heavy weight of the rotor, it requires a greater moment of resistance to this deflection. Since 
an optimal air gap is no longer maintained, bearing wear tends to increase. Conversely, the increased 
bearing wear affects the stability of the air-gap. Therefore, bearing selection, design and arrangement is a 
critical to integration of direct-drive generator to a tidal turbine as it determines the integrity, safety and life 
of the system.  
 
There is no historical data of bearing reliability in tidal energy systems because of the lack of operational 
time. However, much can be learnt from the wind industry, in which bearing faults constitute a significant 
portion of all generator component failures as shown in Figure 6.3 [22]: for small wind turbines (< 1MW) 
account for 21% of failures; medium wind turbines (1MW – 2MW) 70% of failures; and large wind turbines 
(> 2MW) 58% of failures. 
 
One explanation of the high bearing failure rates could be that the existing models used by the wind industry 
do not adequately account for the various loads and describe how the loads on the nacelle and bedplate 
structure are developed and then dissipated. The position of the blades leads to unbalanced loads on the 
shaft, eg. the worst case scenario is when two blades are above the shaft and one below. In a tidal system 
the same applies, whether there are two or more blades. With turbulence and wave action causing vertical 
variation of loads in the water column, this needs to be taken into account when designing the bearing system 
and shaft, to ensure all such unbalanced loads are considered. If the bearing stiffness is not adequately 
designed, airgap deflections in the generator rotor will result in unbalanced magnetic pull in the generator 
exacerbating the load on the bearings. It is therefore essential to understand the behaviour of the whole 
drivetrain under operating loads and also accurate estimation of loads.  
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Figure 6.3: Reliabilty of Wind Turbines [22] 

 
Bearings are characterised by their size, load rating and design life. The size and rating of the bearing 
supporting the main shaft of a wind turbine depends on the size of the shaft, the loading conditions, speed 
of operation and the design life required. Besides these requirements, bearings for direct-drive generators 
must allow for a power-dense arrangement managing the loads in compact space, with the level of stiffness 
and type of mounting are achievable. The life of main shaft bearings for direct drive generators can be 
negatively affected by several factors. Operating stresses from inaccurate assessment of loading, 
shaft/housing misalignments, choice and efficiency of lubricant control system, thermal gradients, fatigue 
propagation rates and operating load zone. Optimal bearing selection must balance of the factors affecting 
the load carrying capability, combining the predicted life, system stiffness, power loss and heat generation, 
load zone maintenance, setting, lubrication, handling and maintenance.  
 
The question of designing and selecting the appropriate kinds of bearings is an important one, and covered 
by SKF. This is especially true for larger direct drive generators where the challenges of maintaining air-gap 
uniformity play a significant factor in the resulting UMP and corresponding bearing wear. This matter is 
complicated by the fact that these large direct-drive generators also weigh significantly more than gear-boxed 
generators.  
 
6.2.2 Bearing Lifetime Modelling 
 
The IEC standard for onshore wind [23] requires the minimum acceptable calculated lifetime for main shaft 
bearings for land-based turbines at 90% reliability to be 175000 hours, equivalent to 20 years. Such a target 
is clearly an ideal objective for the tidal sector, but in the absence of standards for the tidal sector a 
methodology is required for estimating bearing lifetime. The proposed methodology draws on work in 
onshore and offshore wind [22]. In order to obtain a reasonable estimate, the method must take into account 
both normal operational duty and extreme events. In the case of the former the following should be included: 
loads acting on the bearing including the impact of turbulance, the mass of the drivetrain, rotational speed 
effects. Extreme events include non-operational load cases, machine fault, transient events; emergency 
stops.  The basic rating life associated with 90% reliability of an individual rolling bearing, L10 in terms of 
number of hours is computed for 106 revolutions as [24]: 
 

6.2 

 
where, Cr is the basic dynamic load rating of the bearing and Peq the long term equivalent radial load and 
n, the speed in rpm and p the life exponent used or bearing life calculation (=10/3 for roller bearings with line 
and point contact). 
 
The basic dynamic load rating can be obtained from bearing manufacturer specifications. Load modelling is 
required to obtain the long term equivalent radial load. It is proposed to follow a method adopted in [22] in 
wind turbines and apply it to tidal energy converters.  
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Firstly, the time series of bearing loads is retrieved from SIMPACK multi-body simulations for internal drive-
train response. The duration of the levels of the mean radial loads is obtained for a given reference time 
using the load duration distribution method. Statistical analysis methods are then applied to incorporate the 
tidal speed probability density function and obtain the long-term distribution of the bearing internal loads. The 
bearing fatigue life is estimated from the basic rating life model [24] and Fig. 6.4 shows the fatigue life 
estimation methodology. 
 

 

Figure 6.4: Fatigue Life Estimation Methodology 

The time-varying integrated bearing loads from SIMPACK simulations will be estimated for the normal 
operating range of the turbine, but extreme events, faults and emergency stops will also be considered in 
the model.  
 
Since the bearings will be subjected to a combination of axial as well as radial loads, it is important to 
determine the dynamic equivalent radial load to be able to use the basic rating life model. This is defined as 
that hypothetical load, constant in magnitude and direction, acting radially on radial bearings which, if applied, 
would have the same influence on bearing life as the actual combination of loads to which the bearing is 
subjected to [25]. Fig. 6.5 illustrates this effect. 
 

 

Figure 6.5: Equivalent bearing load 

The dynamic equivalent bearing radial load(Pr) can be obtained by adjusting the loads 
by suitable load factors as per the recommendations of section 7.2 of ISO 281 [24] 
such that 
 

6.3  
 

where, X is the axial load factor, Y is the radial load factor, Fr is the radial bearing load and Fa is the axial 
bearing load.  
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The load factors for the bearings can be obtained from relevant product tables in ISO-281 [24] and 
manufacturer’s catalogues. Load histograms for different tidal velocity distributions are produced from the 
load time series data produced by SIMPACK. The probability distribution of tidal velocity is applied to the 
load range histogram to get a load range probability density function, mi for each bin number i. 
 
The long term equivalent load (Peq) for each tidal operating range is determined as: 
 

 
6.4 

 
 

 
where, Pi the load level of the ith bin, n the number of bins, p the life exponent used for bearing life calculation 
(=10/3 for roller bearings with line and point contact).  
 
Peq is then used in equation 6.2 to give the basic rating life. 
 
 

6.3 Power Electronic Component Lifetime Model 

The consumed lifetime of a power electronic semiconductor device is usually estimated by the lifetime 
models evaluated as a function of the mean junction temperature and the amplitudes of the temperature 
cycles.  
 
The power electronic components in a tidal energy conversion system are subjected to different loading 
patterns due to varying speeds of the tidal flow. Thus the calculation of the consumed lifetime with a single 
value of 𝛥𝑇𝑗 (amplitude of the junction temperature cycle) would not provide reliable results. Instead, the 
complete range of temperature cycles has to be analysed and subcategorized into groups or bins according 
to their amplitude and the mean value to provide more realistic estimates. Finally, the summation of the 
individual life consumptions of these fractions of the temperature cycles results in a value of total lifetime 
consumption of the component [26].  
 
It is proposed that the lifetime consumption of the power modules of the converter within the TiPA project be 
calculated according to the model developed in [27] and [28]. The loading of the converter shall be calculated 
from the tidal-to-wire model, provided the electrical parameters of the system (generator, etc.) and the tidal 
velocity profile are known. The thermal model for the converter shall be subsequently used to determine the 
junction temperature cycle amplitudes ΔTj and the mean temperature Tm of the components. Even though 
no physical parameters are taken into consideration, the model correlates  ΔTj  to the plastic deformation 
and Tm to the properties of the materials [27]. 
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Figure 6.6: Number of cycles to failure as a function of the temperature cycling and the mean junction 

temperature, reproduced from [27]. 
 
An indication of the relation between the temperature cycling and the consumed lifetime of the power 
converter module can be seen in Figure 6.6. The trend-lines are plotted on the double-logarithmic scale, and 
indicate a power law relation between the power cycling lifetime and ΔTj. 
 
As a result, the number of cycles to failure could be expressed by the Coffin-Mansion law: 
 

𝑁𝑓 = 𝑎Δ𝑇𝑗
−𝑛 

 
(6.5) 

where 𝑁𝑓 is the number of cycles to failure,  a and n are constants. 

 
The fact that these straight lines are almost parallel for different mean temperatures also indicates a thermally 
activated mechanism, which can be better described by the Arrhenius approach. The final formula extracted 
is summarized in (6.6). 
 

𝑁𝑓 = 𝐴Δ𝑇𝑗
−𝑛exp(

𝑄

𝑅𝑇𝑚
) (6.6) 

where 𝑅 is the gas constant (8.314 𝐽/𝑚𝑜𝑙∙ 𝐾),  Tm is the mean junction temperature (expressed in 𝐾), 

𝐴, n and Q  are constants [27]. 
 
Models in [28] are more detailed compared to the one presented here. A special feature of this empirical 
model is that it considers bond-wire lift-off as the main failure mechanism of the power devices. Its usefulness 
lies in the fact that even though it is quite straightforward and simple, it can provide a good reference basis 
for a valid comparison between differently loaded components. 
 
In the used lifetime model, the sequence at which the power and temperature cycles occur do not have any 
effect, and therefore, it is assumed that the accumulation of life consumption/damage is linear. The individual 
consumed lifetimes are at the end summed up in (6.7), and give the total life consumption according to 
Palmgren-Miner’s rule [29]. 
 

𝐿𝐶 =∑
𝑛𝑖
𝑁𝑖

𝑘

𝑖=1

 (6.7) 
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Here, 𝑁𝑖 is the lifetime for the ith   load and 𝑛𝑖 is the number of cycles the component has been exposed to 

the ith load profile, while 𝑘 is the total number of load profiles. Failure occurs when the life consumption LC 
reaches one. 
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7 Conclusion 

 
Reliability analysis in tidal energy converters is challenging because of the lack of operational experience, 
and thus component failure rate data under real loads. Attempts have been made to investigate reliability 
using the reliability block diagram approach with surrogate failue rate data from existing databases, but the 
data has not been gathered under typical loading conditions experience by a tidal turbine. However, such 
approaches provide an indicator of components requiring more attention in the design process. 
 
Statistical and probabilistic techniques can be applied to a limited data set. Bayesian is one such method, 
allowing the combination of existing data with model data, and can take into account environmental aspects.  
 
In order to overcome the lack of appropriate data, a framework has been proposed based on multi-physics 
modelling combined with component lifetime to inform the design process. The framework will not provide 
an absolute value for reliability, but will provide guidelines to reduce the risk of component failure.  
 
Once more experimental data is obtained from the field or within the lab, it is proposed that a Bayesian 
framework is developed, with the framework proposed in this report integrated into it, providing a more 
longterm strategy to reliability analysis of tidal energy converters.  
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Appendix 1  Generator Components and Failure Modes 

 
There are numerous generator types that have been proposed for wind, tidal current and wave energy 
converters: Doubly Fed Induction Machine (DFIG), Squirrel Cage Induction Machine (SCIM), Field wound 
synchronous machine (FSM), PM excited synchronous machine (PMSM), Switched Reluctance (SR) 
Machine, and Transverse Flux Machine. 
 
An outline illustration of the main components within a conventional electrical machine is shown in Figure 
2.1(a) and (b) [4]. Although an induction machine is shown there will be differences in physical construction, 
but ultimately they all machines have similar components. It should be noted that DC machines are not 
included in this discussion, as AC machines dominate in renewable energy applications. 
 

 
Figure 2.1(a) : Outline of main components in a squirrel cage induction machine 

 
Figure 2.1(b): Exploded view of the squirrel cage induction machine. 

 

Stator end-

winding

bearing

squirrel cage 

rotor

terminal box

rotor end ring

end shield

shaft

frame

stator winding and 

lamination core pack

feet



TiPA Project Reliability Framework 
 

 

Reference: TIPA-EU-0009 Project Reliability Framework 
Issue: 1.0 Final 

Page 34 of 37 

PUBLIC 
Available for widespread and public dissemination 

Stator core pack – in an iron-cored machine the stator core-pack consists of laminated electrical steel 
sheets stacked in the axial direction, and often welded along the length. In induction and synchronous 
machines the stator core-pack is supported within a cast iron or aluminium frame.  
 
Coils - Coils are found on the stator and the rotor of the machine, depending upon the machine type: 
 

Machine Type Stator Coils Rotor Coils 

Squirrel Cage Induction Machine Y N 

Doubly Fed Induction Machine Y Y 

 Brushless Doubly Fed Induction Machine Y N 

Field Wound Synchronous Machine Y Y 

Permanent Magnet Y N 

Switched Reluctance Y N 

 
Table 1: Coil arrangements for different machine topologies 

 
 
Coils are supported in the stator or rotor core and then encapsulated in resin using a process called vacuum 
pressure impregnation (VPI), which results in a very stiff structure. 
 
The weakest part in a generator winding is in the stator end-winding, which depending upon the physical 
size of the machine can be more than the actual active core length of the machine. 
 
Coil insulation is classified according to temperature, as shown in Table 2 [5]. In general a machine should 
not operate at temperatures above the maximum. Each 10degC rise above the rating may reduce the motor 
lifetime by half. 
 
 

IEC 
60085 
class 

NEMA 
Class 
[4] 

NEMA/
UL 
Letter 
class 

Maximum 
hot spot 
temperature 
allowed 

Typical materials 

Y   90°C 
Unimpregnated paper, silk, cotton, 
vulcanized natural rubber, thermoplastics 
that soften above 90 C [5] 

A 105 A 105°C 
Organic materials such as cotton, silk, 
paper, some synthetic fibers [6] 

E   120°C 
Polyurethane, epoxy resins, polyethylene 
terpthalate, and other materials that have 
shown usable lifetime at this temperature 

B 130 B 130°C 

Inorganic materials such as mica, glass 
fibers, asbestos, with high-temperature 
binders, or others with usable lifetime at 
this temperature 

F 155 F 155°C 
Class 130 materials with binders stable at 
the higher temperature, or other materials 
with usable lifetime at this temperature 

H 180 H 180°C 

Silicone elastomers, and Class 130 
inorganic materials with high-temperature 
binders, or other materials with usable 
lifetime at this temperature 

file:///C:/wiki/Cotton
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200  N 200°C As for Class B,and including teflon 

220 220 R 220°C As for IEC class 200 
  S 240°C  

250   250°C 
As for IEC class 200. Further IEC classes 
designated numerically at 25 °C 
increments. 

 
 
Epoxy – in air cored machines the coils are not supported within a stator core pack. In order to provide some 
rigidity the coils are potted in epoxy resin to produce a “coil brick”. 
 
Rotor Core Pack – in induction, synchronous, switched reluctance and buried magnet machines the rotor 
core-pack consists of laminated electrical steel sheets stacked in the axial direction. In surface mounted 
permanent magnet machines the magnets are mounted on a solid steel annulus ring. The rotor core pack is 
either keyed or heat shrunk onto the shaft. 
 
Squirrel cage and end-ring – a copper or cast aluminium (former for large machines, latter for small 
machines) is used on the rotor of an induction machine. Copper bars are inserted into the rotor slots and 
then their ends are joined by an end-ring at each end to provide a closed circuit. In the case of a cast rotor, 
the cage and end-rings are all cast.  
 
Permanent Magnets – these are used to replace the field coils in a synchronous machine. There are a 
number of different types of magnet that can be used. Rare Earth Magnets, Neodymium-Iron-Boron, are the 
most common because of their reasonable price, but the price of rare earth based magnets can be very 
volatile.  They can be found in many industrial applications including aerospace, automotive and wind. 
Ceramic based magnets, Samarium Cobalt, are used for high temperature applications in for example the 
aerospace sector. At one time the cost was greater than rare earths but they are now similar. Ferrites are 
the cheapest magnets, but exhibit very much lower energy density than rare earths. Magnets can be either 
surface mounted on the rotor (Rare Earths) or buried within the rotor core (Ferrites).  
 
Bearings – in most industrial applications a two bearing system is used to support the rotor and interface to 
the end-shields of the machine. In wind turbine applications, and in particular direct drive systems one 
bearing designs are used. In small machines roller bearings are most common, but in larger machines sleeve 
bearings are used. For direct drive generators in wind turbines the use of electromagnetic or fluid bearings 
has been proposed [6,7] as a way of reducing tower head mass. These have not been demonstrated at full 
scale. 
 
Shaft – supports the rotor, and is made from steel.  
 
Brushes – in doubly fed machines brushes are used to excite the rotor coils – for example doubly fed 
induction machine and a field wound synchronous machine.  
 
End Plates – an end plate is mounted at either end of the machine interfacing with the bearing and support 
the rotor relative to the stator. End plates are cast iron or aluminium. 
 
Cooling System – current flowing in coils in the machine generates heat which has to be removed. An air-
cooled machine can be naturally ventilated with a shaft mounted fan or force ventilated with an externally 
driven fan. In very large machines water, gas or oil cooling can be used, which requires a heat exchanger 
mounted onto the machine. In forced cooling systems there will be additional components such as pumps, 
fans and seals. 
 
 
All components are subject to failure due to defective design, manufacture and assembly in the generator. 
 
In reference 8 Tavner states that there are a number of generic root causes and failure modes in electrical 
machines – see Table 3. All machine types have common sub-components, and hence the analysis will be 
generic, rather than specific to one particular machine type. 
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Table 3: Root Causes and Failure Modes in Electrical Machines [8] 
 
Tavner breaks the generator down into the following sub-assemblies: bearings, stator, and rotor, and shows 
that the distribution of failures within these sub-assemblies varies according to machine power and voltage 
rating – Table 4. It should be noted the data collated from the numerous papers applies mainly to induction 
machines.  
 

Table 4: Distribution of failed subassemblies [8] 
 
Bearing failures dominate low voltage machines as shown in the first two columns of Table 4. However, for 
MV and HV machines the number of stator failures increases and the bearing failures decrease, which is 
explained in terms of the increased stress on the stator insulation due to MV and HV, whilst sleeve bearings 
with continuous oil maintenance are used rather than roller bearings in LV machines. It appears that rotor 
related failures are less prevalent than bearing and stator failures. The “other” category is not explained in 
reference 8, but could refer to ancillary components such as cooling systems. 
 
Existing data on machine reliability is dominated by induction and synchronous machines, which are mainly 
used in industrial applications. The doubly fed induction generator dominates the wind market, with field 
wound synchronous being used in direct drive wind turbines. More novel machines are now being considered 
for direct drive systems, such as air-cored permanent magnet machines. Failure rates are not available for 
these more novel machines. 
 
Table 4.2 provides a summary of the failure modes and consequences of sub-components within the 
generator.  The failure rates of electrical generators can vary from less than 0.1 to about 0.35 depending on 
whether a geared drivetrain or direct drive system is use [2]. Some of the common causes of failures in 
electrical generators have been discussed in [8], but actual failure rates of sub-components within generators 
have not been found for wind energy applications. 
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