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Abstract— In view of the frequent and costly failures of power 

converters in wind turbines, a large consortium of research 
institutes and companies has joined forces to investigate the 
underlying causes and key driving factors of the failures. This 
paper presents an exploratory statistical analysis of the 
comprehensive field data provided by the project partners. The 
evaluated dataset covers converter failures recorded from 2003-
2017 during almost 7400 operating years of variable-speed wind 
turbines of different manufacturers and types, operating at 
onshore and offshore sites in 23 countries. The results include the 
distribution of failures within the converter system and the 
comparison of converter failure rates among turbines with 
different generator-converter concepts, from different 
manufacturers as well as from different turbine generations. By 
means of combined analyses of converter-failure data with 
operating and climate data, conditions promoting failure are 
identified. In line with the results of a previous, much smaller 
study of the authors, the present analysis provides further 
indications against the wide-spread assumption that thermal-
cycling induced fatigue is the lifetime-limiting mechanism in the 
power converters of wind turbines. Instead, the results suggest 
that humidity and condensation play an important role in the 
emergence of converter failures in this application.   

Index Terms— Converters, power electronics, failure analysis, 
reliability, wind turbine.   

I. INTRODUCTION 
HE main power-converter system in wind turbines (WT) 
is a frequent source of failure and, as such, a driver of 
repair cost and downtime. The problem of high converter 

failure rates is limited neither to single manufacturers nor to 
specific sites. It is rather observed worldwide and in a 
multitude of different WT types, as proven by numerous 
studies and widely confirmed by the experience of WT 
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operators. As a basis for the development of effective 
countermeasures, it is crucial to understand the prevailing 
mechanisms and causes of converter failure in wind turbines. 
This has been the main subject of a research cluster formed by 
a consortium of 16 companies including wind-turbine and 
component manufacturers, operators and maintenance-service 
providers, as well as Fraunhofer institutes and academia [1, 2]. 
Using a field-experience based approach, the research work 
within this cluster builds on a systematic analysis of 
comprehensive failure and operating data provided by the 
project partners, on field measurement campaigns and on post-
mortem analysis of converter hardware to identify the main 
root causes of failure. 
A. Power converters in wind turbines 

Power converters are key components of almost all modern 
wind turbines. Located between the generator and the WT 
transformer, they enable variable-speed operation and ensure 
grid-code compliant behavior of the turbine. The generator-
converter topologies commonly used in WT are:  
a) doubly-fed induction generators (DFIG) with partially 

rated converters, 
b) squirrel-cage induction generators with full-scale 

converters (IG+FPC), and 
c) permanent-magnet or electrically excited synchronous 

generators (PMSG, EESG) with fully rated converters.  
The converter technology prevailing in the wind application 

consists of low-voltage 2-level IGBT-based voltage source 
converters in back-to-back configuration. Figure 1 shows such 
a converter in its simplest form.  

 
Fig. 1.  Voltage-source converter topology prevailing in wind turbines 
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Due to the limited current-carrying capacity of a single 
power semiconductor, each device in Fig. 1 represents a larger 
number of paralleled IGBTs or diodes, respectively. If 
necessary, several of the units shown in this figure are again 
connected in parallel in a WT, typically with a joint DC link.  

3-level and modular multilevel converters for the wind 
application are commercially available, but have not achieved 
a broad distribution in the field yet. Generally speaking, the 
widely expected shift towards the use of medium-voltage 
(MV) converters in WT with more than 3-5 MW is not 
observed so far. As first examples, the turbine types Areva 
M5000/Adwen AD5, Mervento 3.6, XEMC XD115 and 
Adwen AD8 can be named, all of which are equipped with 
MV-PMSG and fully rated converters. Depending on the 
manufacturer, either IGCTs (e.g. ABB) or MV-IGBTs (e.g. 
Converteam, Ingeteam) are applied in the MV converters [3]. 
However, the majority of new turbine types, such as Siemens 
Gamesa SWT-7.0/SG-8.0, Enercon E126-7.58 and MHI 
Vestas V164-8.0, continues to use low-voltage IGBT 
converters. For a comprehensive overview of the different 
power-electronic converters applied in or suitable for WT, 
including low-voltage and medium-voltage topologies, please 
refer to [4]. 
B. Research on power converter reliability in wind turbines 

The publicly available scientific literature covering the 
reliability of the (main) converters in WT can be mainly 
assigned to two categories: 

(a) field-data based failure statistics or reliability studies, 
respectively, typically with a system-level focus, and 

(b) theoretical lifetime calculation based on mission 
profiles and existing lifetime models, however, without 
consideration of the failure modes occurring in the field. 

Major contributions in the category (a) include the 
reliability study based on 373 variable-speed WT with rated 
capacities ≥850 kW carried out within the RELIAWIND 
project, using data from 2004-2010 covering in total 1115 WT 
operating years [5, 6]. In addition, the comprehensive work at 
the University of Durham (e.g. [7, 8]) on the basis of field data 
from 1993-2004, as well as that of ISET / Fraunhofer IWES 
based on data from the WMEP program from 1989-2006 (e.g. 
[9, 10]) fall into this first category. Their relevance for today’s 
wind turbine technology is, however, limited by the old and 
technologically in many cases outdated WT fleets underlying 
these studies. More recent reliability studies on WT have been 
published by the University of Strathclyde (cf. [11, 12, 13]). 
These are based on comprehensive field data from WT of one 
of the leading manufacturers. However, as the main purpose of 
that work is operations and maintenance (O&M) modelling, it 
provides little information that could support an identification 
of the causes of power-converter failure. Another relatively 
recent system-level reliability study based on >5800 failures 
reported during 2010-2012 in a fleet of Chinese wind turbines 
is published in [14]. In line with the results of European 
studies, the largest portion of failures is allotted to the power 
converter also in the Chinese fleet. 

The wind-power specific scientific literature dealing with 
lifetime estimations of power converters that falls into the 
abovenamed category (b) has been strongly focused on the 
failure mechanisms of power electronics in other areas of 

application so far: the gradual degradation of die-attach solder 
as well as the lift-off or damage of bond wires (see e.g. [15, 
16, 17, 18, 19, 20]). Both failure modes result from fatigue 
caused by the long-term impact of thermal cycling of material 
combinations with different thermal expansion behavior. For 
these ‘classical’ failure modes of power electronics, lifetime 
models are available (e.g. [21, 22, 23]), which might explain 
the attractiveness of assuming their dominance for theoretical 
lifetime calculations. Furthermore, also the design and 
accelerated life testing of today’s power modules are primarily 
focused on these fatigue-based failure mechanisms. One of the 
consequences of this strong focus on bond-wire and solder 
fatigue is that the wind-power specific literature has 
concentrated mainly on the machine-side converter in WT 
with DFIG (see e.g. [24, 25, 26, 27, 28]) as well as in WT with 
low-speed PMSG (e.g. [29, 30, 31, 32]). Because these 
converters are subject to high currents at low frequencies and 
therefore to particularly severe thermal cycling [33], they have 
been considered to have a particularly high risk of failure.    

Within the project CONFAIL [34, 35], converter failure in 
WT was systematically investigated for the first time by 
means of a field-data and field-experience based approach, 
with the objective to shed light on the causes of failure. 
Subject of the investigation were two WT types of similar 
rated capacity, but from different manufacturers, one of them 
with DFIG, the other of IG+FPC-type. In CONFAIL, field 
data from approx. 370 operating years was evaluated. The 
analysis of this data as well as of several defect power 
modules from the field provided indications of insufficient 
protection of the converters against the environment (salt, 
insects, humidity and condensation) as well as, in case of one 
wind park, some temporal coincidence of thunderstorms and 
converter failures. A particularly interesting result was that the 
post-mortem-analyzed power modules lacked any signs of 
fatigue damage – an observation that has raised the question if 
thermal-cycling induced fatigue damage plays in fact a 
relevant role in the emergence of the converter failures in WT. 
To answer this question based on a much more comprehensive 
and varied WT fleet and to identify the (possibly different) 
key drivers of converter failure in the field is among the main 
objectives of the initially introduced research cluster and the 
work presented in the following.   

A previous paper of the authors, [36], presented first results 
of statistical analyses carried out within this research cluster. It 
used a data subset covering 1269 wind-turbine operating years 
to identify the most frequently failing components and the 
main repair-cost drivers within the power-converter system.  

This paper presents converter-specific failure statistics 
based on a substantially extended field-data basis provided by 
the partners of the research cluster, which now includes almost 
7400 years of wind-turbine operation. The work is novel and 
unique due to  
(i) the comprehensiveness, depth and timeliness of the data 

basis,  
(ii) the focus on statistical analysis for the purpose of failure 

root-cause identification, 
(iii) the combined evaluation of failure and operating data, 

which allows to identify operating conditions promoting 
converter failure. 
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C. Paper outline 
The subsequent parts of the paper are structured as follows: 

Section II describes the data basis underlying the subsequent 
analysis and introduces the processing and evaluation 
methods. Section III presents and discusses the results of the 
different data analyses. Section IV summarizes the main 
conclusions and provides an outlook to further work. 

II. DATA BASIS AND METHODS OF ANALYSIS 
A. Data underlying the analysis 

The failure data covers in total 2734 wind turbines with a 
main converter, which are operating in 23 different countries 
spread over four different continents (see Fig. 2).  

  
Fig. 2.  Distribution of the evaluated diverse wind-turbine fleet over 
continents (portions based on the number of turbines) 

The turbines are equipped with DFIG, EESG or IG+FPC. In 
addition, there are single turbines with PMSG. The dataset 
covers turbines by eleven different manufacturers, namely 
DeWind, Enercon, Fuhrländer, Gamesa, General Electric, 
Kenersys, Nordex, Senvion, Suzlon, Siemens, and Vestas. The 
nominal power of the turbines ranges from 500 to 3600 kW. 
Their commissioning dates spread over the years 1997-2015. 

All power converters in the investigated turbines are low-
voltage 2-level IGBT-based voltage source converters, i.e. of 
the prevailing technology in wind turbines (cf. Section I.A). In 
the EESG-based WT, the AC-DC conversion on the generator 
side is implemented by means of diode- or thyristor-based 
rectifier. In addition, these turbines contain a unit for the 
electrical excitation of the generator and, depending on the 
WT type, a step-up unit in the DC link. In the present paper, 
these components are considered as parts of the power-
converter system. 

 Inside the turbines, the power converters are located inside 
the nacelle or in the tower base. Alternatively, in some WT 
types, the machine-side converter is placed in the nacelle and 
the grid-side converter in the tower base. In single cases of 
WT built on lattice towers, the converters are located in a 
station next to the tower base. The converters are either air-
cooled or liquid-cooled.  

The data includes converter failure events from 2003 to 
2017. The length of the periods, from which failure data has 
been evaluated, ranges from several months to 12 years per 
turbine. Figure 3 illustrates the total number of operating years 
covered by the dataset from turbines of different ages. Note 

that this includes both turbines with and without converter 
failures. With a total number of more than 1500 turbine 
operating years, most data is available from turbines in their 
first year of operation. The dataset includes similar amounts of 
data from turbine ages of 3 to 13 years and – to a minor extent 
– from older turbines with an age of up to 19 years. In total, 
the evaluated failure data covers almost 7400 WT operating 
years, with a portion of approx. 10% from offshore wind 
parks. For a small portion of the evaluated fleet, the turbine 
age is unknown. The pie chart included in Fig. 3 shows the 
data portions corresponding to the each of the eleven WT 
manufacturers (OEM). In addition to the failure data, the data 
basis comprises operating histories in the form of 10min-
averaged signals from the Supervisory Control And Data 
Acquisition (SCADA) system as well as SCADA status-logs 
from more than half of the turbines. 

 

 Fig. 3.  Amount of evaluated data from wind turbines of different ages (bar 
chart) and portions of turbines by different manufacturers (pie chart, based on 
evaluated number of WT operating years)   

The converter-specific failure data has been derived from 
maintenance reports including information on used spare parts 
or from turbine logbooks. Only faults requiring on-site repair 
and the consumption of material or spare parts are counted as 
failure events. Faults remedied by measures such as a remote 
reset, cleaning or retightening of components are therefore not 
included. 

Based on the above information, failures are classified using 
the following converter-component categories: phase module 
(including IGBT modules and corresponding driver boards, 
DC-link capacitors, busbars; in EESG-based WT also the 
corresponding components in the excitation unit), converter 
control board, cooling system, main circuit breaker, grid-
coupling contactor, other converter failures. Note that a failure 
event can cover several of these categories in case components 
of more than one category were replaced in order to restore the 
functionality of the converter.   
B. Calculation of failure rates and their confidence intervals 

The present analysis is based on average failure rates, which 
is a common measure for assessing the reliability of a 
component, not at least due to its suitability for cases with 
lacking information about the component age. The average 

Europe62%

Asia23%
North America
8%

South America
7%

This is the author's version of an article that has been published in this journal. Changes were made to this version by the publisher prior to publication.
The final version of record is available at  http://dx.doi.org/10.1109/TPEL.2018.2875005

Copyright (c) 2018 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.org.



Manuscript ID TPEL-Reg-2018-03-0557 
 

4

failure rate of a component is defined as    
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   with Ni denoting the number of failure events of this 
component in the time interval i, Xi describing the total 
number of turbines evaluated in this time interval, and Ti being 
the duration of the time interval. The overall number of 
observed failure events of the component of interest will be 
denoted N and the total number of evaluated wind-turbine 
operating years T, including both failed and non-failed 
turbines. All failure rates are given in failures per wind turbine 
and year (1 a-1  1.14∙105 FIT). 

Although average failure rates are widely used in wind-
turbine failure statistics, the conclusiveness of the sole failure 
rates is limited by the fact that they do not provide information 
about the uncertainty their value is afflicted with. E.g. the 
occurrence of 10 failures during 50 WT operating years results 
in the same failure rate of 0.2 a-1 per turbine as 100 failures 
observed in a total of 500 operating years, while the 
uncertainty of the failure-rate value is much higher in the first 
case. As the present paper will compare the failure rates of 
different groups of turbines, with large differences in the 
covered amount of turbine operating years between the 
groups, it takes a step beyond previous failure-rate analyses by 
quantifying the uncertainty of the provided failure rates by 
means of confidence intervals. 

Instead of a single value, a confidence interval provides a 
range for a parameter of a population’s probability 
distribution. Its lower and upper limit are constructed to meet 
a level of confidence (1-α), with 0<α<1. A two-sided 
confidence interval for the parameter θ with confidence level 
(1-α) is an interval with the boundaries [θl, θu] that has the 
property P(θl≤θ≤θu)=1-α. When confidence intervals are 
estimated based on sample data, the confidence level is to be 
interpreted in terms of frequency: If a large number of samples 
(i.e. failure datasets from a given population of wind turbines) 
was evaluated, the confidence level would be equal to the 
proportion of the samples whose confidence limits contain the 
true parameter.  

The time periods Ti in the dataset evaluated for the present 
paper are time-censored, i.e. they are not terminated with 
component failure. As described in [37], the confidence 
interval for the average failure rate incorporating time-
censoring is estimated according to 
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where χ2(α/2,2N) is the (α/2)-quantile of the chi-square 

distribution with 2N degrees of freedom. In the present paper, 
the average failure rates are presented with the 90% 
confidence intervals, corresponding to α=0.1. 

For the abovementioned example, this results in a 
confidence interval of [0.1085 a-1, 0.3392 a-1] for the case of 

10 failures observed in 50 WT operating years. In contrast 
with [0.1683 a-1, 0.2362 a-1], it is more narrow in case of 100 
failures during 500 WT operating years, indicating a higher 
certainty of the calculated average failure rate in the second 
case. 
C. Combined evaluation of failure and operating data 

For the failure events of selected converter-component 
categories, the date and time of failure as well as the operating 
conditions in the 10min-interval preceding the failures are 
identified from the turbines’ SCADA 10min-data and/or 
status-logs. Figure 4 illustrates this procedure. It shows a 3-
day excerpt of the 10min-averaged signals wind speed, active 
power and generator speed, with a low-wind period on the first 
day and part-load operation ended by a failure event on the 
second day. The information that the failure concerns a 
component of the power-converter system is obtained from the 
maintenance records and the status-logs.  

 

 
Fig. 4.  Identification of operating conditions preceding converter failure from 
the operating history (SCADA 10min data) of a 1.5 MW wind turbine 

 
A magnified view of the signals around the time of failure 

in Fig. 4 shows the sudden drop of the generator speed and the 
active power while the wind speed is still well above the 
turbine’s cut-in wind speed. It is important to note that the last 
10min-averaged value above zero before the downtime is 
typically no suitable characterization of the turbine operating 
condition in the moment of failure, because it is the result of 
an averaging over a 10min-interval that covers both operation 
and downtime. To identify the approximate load range in 
which the converter failure occurred, it is therefore necessary 
to evaluate the preceding time-step. In the case shown in 
Fig. 4, this corresponds to the local maximum of the generator 
speed and the active power of 342 kW. As the turbine has a 
rated power of 1500 kW, this failure event is assigned to a 
load range of 20-30% of the rated power.  

III. RESULTS AND DISCUSSION 
Based on the field data described in the previous section, a 

variety of different analyses have been carried out. Their 
results are presented and discussed in the following. 

Converter failure 
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A. Distribution of failures over converter components 
In order to identify the predominantly failing components in 

the converters of WT, all turbines for which failure data from 
the complete converter system is available have been 
evaluated with respect to the distribution of the affected 
converter components. Figure 5 shows the distribution of 
failed components over the converter-component categories 
defined in Section II.A.  

 

 
Fig. 5.  Distribution of failed converter components over categories, based on 
3829 operating years of wind turbines of different generator-converter 
concepts and types    

 
Taking into account that the category “Other” covers a large 

number of different – mostly minor – items, it reveals that 
with 22% the phase-module category makes up the largest 
portion of failed converter components. In 26% of all 
converter-failure events, the phase-module category was 
affected. (Note that the discrepancy between 22% and 26% is 
caused by the fact that in a part of the failure events 
components from more than one category were found to be 
defect, so that the overall number of failed components is 
larger than the number of failure events.) Besides the phase 
module, the cooling system (mainly with fan and pump failure 
as well as coolant leakage) and the control board of the 
converter are frequently failure-affected components. As the 
phase-module category stands out not only with respect to the 
portion of failures, but also with a high repair cost among the 
converter components, as a previous study of the authors [36] 
showed, a particular focus will be set on the analysis of phase-
module failures in the following parts of this paper. In the 
majority of the WT investigated, the phase modules are 
replaced as a unit after a failure and information about the 
location of the defect within the phase module is not available. 
Solely in the group of turbines with EESG and full power 
converters, a further distinction of failed components within 
the phase-module category has been possible. In these 
turbines, power-module and driver-board failures occurred at 
similar frequencies and prevailed clearly over failures of DC 
link capacitors or busbars.      
B. Converter failure rates of wind turbines with different 
generator-converter concepts 

Different generator types involve distinctive operating 
conditions and loads for the converter. In search of factors 

benefitting or counteracting converter reliability, it is therefore 
a reasonable step to compare the converter failure rates of WT 
with different generator-converter concepts. 

Figure 6 shows the average converter failure rates of 
turbines with DFIG, EESG and IG+FPC as well as of the 
evaluated turbine fleet in total. In addition to the bars 
indicating the average failure rates, the diagram includes the 
confidence intervals calculated according to Equation (2) in 
Section II.B. Note that the amount of available data, 
characterized by the sum of evaluated WT operating years, 
varies considerably between the groups of turbines, but also 
within the groups of turbines. The former results from the 
composition of the turbine fleet covered by the data (see 
Section II.A), which is strongly dominated by DFIG turbines. 
The latter is a consequence of the fact that only phase-module 
failures were reported from a portion of the turbines. In case 
of the turbine group ‘IG+FPC’, data covering the complete 
converter system was considered too limited to allow 
conclusive results and was therefore excluded from the 
analysis.   

 

 
Fig. 6.  Comparison of average failure rates of the overall converter system 
(left bar) and the phase-module components (right bar) as the core of the 
converter among wind-turbine groups with different generator-converter 
concepts    

On average, 0.48 power-converter failures per wind turbine 
and year occurred in the fleet. Among these are 0.16 a-1 phase-
module failures per WT. As indicated by Fig. 6, the failure 
rates obtained for the fleets with DFIG, EESG and IG+FPC 
differ strongly: The EESG fleet shows a significantly lower 
failure rate than the DFIG fleet, both regarding the phase-
module category and regarding the complete converter system. 
The turbines with IG+FPC have the highest phase-module 
failure rate.  

The widths of the failure-rate confidence intervals in Fig. 6 
depend on both the number of failures and the amount of 
evaluated operating years, cf. Equation (2). This is clearly 
reflected in Fig. 6, where the failure rates calculated from a 
large data basis such as in case of the DFIG turbines have a 
narrow confidence interval (e.g. [0.149 a-1, 0.164 a-1] for the 
phase-module failures) while the uncertainty is much higher in 
case of the relatively small fleet of turbines with IG+FPC 
(with a broad confidence interval of [0.293 a-1, 0.443 a-1]).  
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C. Converter failure rates of DFIG-based wind turbines of 
different manufacturers 

Turbines with DFIG constitute the largest portion in the 
data basis assembled for the present work. This allows 
splitting the DFIG-based fleet into sub-groups of WT in order 
to compare the converter reliability in DFIG turbines of 
different manufacturers. Figure 7 shows the resulting diagram. 
The names of the WT manufacturers are anonymized for the 
sake of confidentiality. The evaluation is based on failure data 
from 75 to 2316 WT operating years per OEM (cf. Fig. 3). 
Besides the WT by manufacturer OEM6, for which only 
phase-module failure data has been available, the diagram 
shows the failure rates of all converter-component categories. 
Note that the failure rates of the different component 
categories do not sum up to the converter-system failure rate, 
but that their sum is usually higher than the overall failure 
rate. This results from the fact that a part of the failures has 
affected more than one component category. Such cases are 
included in the failure rate of each affected category, but 
considered only a single failure event in the calculation of the 
converter-system failure rate. 

Figure 7 reveals that there are large differences in the 
failure behavior of the turbines of different manufacturers, 
both with respect to the reliability level and the distribution of 
failures within the converter system. The average failure rate 
of the overall converter system ranges from 0.235 a-1 per 
turbine (OEM5) to a value as high as 1.539 a-1 (OEM1). On a 
similar note, the phase-module failure rates vary from 0.034 a-
1 per WT (OEM7) to 0.266 a-1 (OEM4) among the fleets from 
different manufacturers, i.e. by a factor of almost eight. The 
results make clear that, in spite of the widespread occurrence 
of high converter failure rates in wind turbines, low converter 
reliability is not inherent to the wind application; the fact that 
the converters and in particular the phase modules in WT of 
certain manufacturers achieve such low failure-rate levels 
proves that a relatively high reliability can be realized already 
with existing converter technology, which is an important 
finding.  

In addition to the different reliability levels, Fig. 7 shows 
that the converter systems used by the WT manufacturers 
OEM1…OEM8 have different weak points: In most of the 

cases, the phase-module category has the highest failure rate 
(apart from the cumulative category “Other”). In the case of 
single manufacturers, however, the failure rates of the 
converter cooling system (OEM1 and 7) or of the main circuit 
breaker and the converter control-board (OEM1) exceed those 
of the phase-module category considerably.  
D. Generator-side vs. grid-side converter failures in DFIG 
turbines 

In addition to the failure rates of the different converter 
components presented in the previous sections, also the 
distribution of failures over the machine-side and the line-side 
converter can reveal relevant insights. This applies in 
particular for turbines with DFIG: If the lifetime of converters 
in WT was indeed predominantly determined by thermal 
cycles and the resulting fatigue of bond-wire connections and 
die-attach solder on the chip level, as it is widely postulated in 
the scientific literature, failures should be observed mainly in 
the machine-side converter in DFIG turbines, which is subject 
to particularly severe thermal cycling due to the low current 
frequencies. 

This is investigated on the basis of the field data described 
above. The analysis can be carried out for DFIG turbines of 
three different manufacturers, namely OEM3, 5 and 6 
introduced in Section C, with in total 660 failure events of 
IGBT modules (incl. the driver board). In case of OEM3 and 
OEM6, the evaluated failure data originate from the first five 
years after commissioning, while in case of OEM5 the 
analysis includes data from WT with operating ages up to 13 
years. 

Figure 8 shows the distribution of IGBT-module failures 
over the machine-side converter (MSC), the line-side 
converter (LSC) as well as the chopper module used for 
voltage limitation in the DC link. In case of OEM3, MSC and 
LSC failures are found in approximately equal portions, while 
LSC clearly outnumber MSC failures in the WT of 
manufacturer OEM6. This is a strong indication against the 
assumption that thermal-cycling induced fatigue is a relevant 
cause of the observed converter failures. Solely in case of 
OEM5, the largest portion of failures is found in the MSC. 
The fact that, in contrast to the other two cases, also older WT 
of operating ages up to 13 years are included raises the 

Fig. 7.  Average failure rates of the overall converter system and its components in groups of DFIG-based wind turbines of manufacturers OEM1…OEM8 
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question if fatigue damage might play a role at least in this 
group with older turbines. However, a detailed analysis of 
several field-returned IGBT modules from these oldest WT 
has revealed no indications of fatigue damage: The attachment 
of the bond-wires to the chips as well as the investigated die-
attach solder layers were found in a good condition, which 
makes thermal-cycling induced fatigue an unlikely cause of 
converter failures also in WT of manufacturer OEM5.   

 
E. Converter failure – a problem of aging fleets? 

An important question in the context of this work is if high 
converter failure rates are an issue of older wind-turbine 
generations only or if this continues to be a problem in 
contemporary turbines. To shed light on this question, the 
turbine populations covered by the given data basis have been 
separated into three groups: wind turbines commissioned  
(a) until 2005, (b) during 2006-2010 and (c) during 2011-
2015. Turbines with unknown year of commissioning are not 
included in this analysis. The average failure rates and the 
corresponding confidence intervals calculated for each of 
these three turbine generations are shown in Fig. 9 for both 
DFIG-based and EESG-based systems. Note that only failures 
of the phase module as the core component of the power 
converter are considered in this as well as in the subsequent 
analyses.  

The analysis is carried out in two steps: In the first step, all 
phase-module failure data from the respective group of 

turbines is included (see the darker-colored bars in Fig. 9). In 
this way, the analysis can be based on the largest possible 
amount of data. However, the drawback of this procedure is 
that the group of newest WT contains only data from the first 
years of operation (corresponding to the left-side part of Fig. 
3) while the group of oldest turbines commissioned until 2005 
covers data from the full range of  WT ages and with that also 
from all phases of the so-called “bathtub curve”, i.e. early-
failure, intrinsic-failure and deterioration behavior. As 
according to [8], [11] and [38], converters display early-failure 
characteristics, there is a risk that the different turbine-age 
range in the three groups systematically influences the result. 

Therefore, in a second analysis step, only data from the 3rd 
to 6th operating year of each WT has been evaluated (cf. the 
lighter bars in Fig. 9), in order to guarantee a comparability of 
the failure-rate results. This procedure, in turn, has the 
disadvantage that it considerably reduces the amount of 
evaluated data, which leads to wider confidence intervals for 
the failure rates compared to the former case; for the group of 
EESG-based turbines commissioned 2011-2015, the 
remaining dataset becomes even insufficient for statistical 
evaluation. 

 Figure 9 gives a clear answer to the initial question: 
Converter failure is not a problem limited to older wind-
turbine generations. Even if the phase-module failure rate of 
the newest EESG-based turbines is afflicted with a large 
uncertainty and should therefore be considered with caution, it 
can be stated that the converter reliability of contemporary 
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LSC16%

MSC39%
both24%

Chop-per1%

un-known 20%
LSC 55%

MSC34%both4%
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un-known1%

OEM3 OEM5 OEM6 

Fig. 8.  Distribution of IGBT-module failures over machine-side converter (MSC), line-side converter (LSC) and chopper in DFIG-based wind turbines 

Fig. 9.  Phase-module failure rates of DFIG-based and EESG-based wind turbines commissioned until 2005, during 2006-2010 and during 2011-2015 
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WT is not higher than that of WT commissioned 10-15 years 
earlier. As a matter of course, it should not be ignored that the 
average rated power of converters in WT has increased during 
this time, so that there are on average less failures per 
produced kWh. On the other hand, however, larger converters 
involve more expensive spare parts and logistics in case of 
failure and cause higher production (i.e. revenue) losses 
during WT downtime. The results obtained in this analysis are 
therefore nonetheless alarming and underline the urgent need 
to understand and eliminate the causes of converter failure. 
F. Seasonal variation of phase-module failure rates 

In search of the main causes and drivers of converter 
failure, temporal or spatial patterns in the failure behavior can 
often provide valuable indications. In order to identify a 
potential season-dependent clustering of failures, the average 
phase-module failure rates of WT fleets in different regions 
and climate zones are evaluated for each month of the year. 
All available failure data from the specific region and month is 
included in this analysis, so that e.g. the average failure rate 
obtained for the month of January is based on failures in 
January 2003, January 2004, …, and January 2017.  

A particularly clear seasonal clustering of failures is 
observed in the fleet in India, cf. the top left diagram in Fig. 
10: Here, the phase-module failure rates during the months 
June to September are considerably higher than during the rest 

of the year, with a maximum in August. A less extreme, but 
still clear seasonal clustering of failure is found in 
Scandinavia: According to the corresponding top right 
diagram in Fig. 10, the highest phase-module failure rates are 
observed during the months July to October. It is interesting to 
note that in case of the Scandinavian fleet, a clustering of 
phase-module failures in this season can be observed 
independently for WT of different designs and manufacturers. 
In other regions such as Germany, no similarly clear seasonal 
failure pattern is found. An interesting difference in this 
context is that the fleet in Germany is strongly dominated by 
WT with air-cooled converters while the investigated Indian 
and Scandinavian fleets use liquid-cooled converters.  

The seasonal variation of the phase-module failure rate 
indicates that the local wind and / or climate conditions have a 
crucial influence on converter reliability. In the Indian fleet, 
the failure cluster coincides with the period of Monsoon, 
which is characterized by strong winds and heavy rains. In 
order to narrow down the potential influencing factors, the 
monthly average values of wind speed, relative humidity, 
ambient temperature and dew-point temperature have been 
identified for both the sites in India and Scandinavia. In case 
of the wind speed, these are determined directly from the 
SCADA data of WT in the respective region. The monthly 
values of humidity and temperature are derived from climate 
data by [39, 40] (Scandinavia, data from [34]) and [41] (India) 

Fig. 10.  Seasonal variation of phase-module failure rates in India (left, based on data from 590 WT operating years) and Scandinavia (right, 933 WT operating 
years) with corresponding monthly average values of wind speed, ambient temperature and relative humidity 
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by means of averaging over the regions of interest as well as 
over several years. Figure 10 shows the monthly average 
values of these quantities through the course of the year and 
allows a direct visual comparison with the phase-module 
failure rates. 

In case of the Indian WT fleet, the highest average wind 
speed occurs in June. However, particularly high failure rates 
are found in August, when the average wind speed has already 
decreased considerably. Similarly, there is little correlation 
with the ambient temperature. In contrast, the excessive phase-
module failures fall into the months with particularly high 
relative humidity (RH) and dew-point temperatures. In case of 
the Scandinavian fleet, there is a particularly strong correlation 
between failures and high values of the dew-point 
temperature. Here, in view of the much smaller variation of 
RH in Scandinavia compared to India, the dew point is 
predominantly determined by the ambient temperature (and 
with that the water vapor absorption capacity of the air). If 
there is a mostly unhindered air exchange between the ambient 
air and the interior of the WT and electrical cabinets, a high 
dew-point temperature in the ambient air results in a similarly 
high dew point inside the converter cabinet. Because of the 
fact that the temperature level of the converter components is 
mainly determined by the operating point and the settings of 
the cooling system, the risk of condensation in the power 
converter increases directly with the dew-point temperature. 
Therefore, the results shown in Fig. 10 provide a strong 
indication that humidity and condensation have a relevant 
influence on the emergence of phase-module failures. This is 
further supported by the frequent occurrence of converter 
failures during the re-start of WT after longer periods of 
downtime, which is widely reported from the field and which 
is likely to be caused by condensation (related to missing or 
insufficient converter pre-heating routines) [34, 1]. 
G. Influence of the WT operating point 

Another question that can be investigated by means of a 
combined analysis of failure and operating data is, from which 
operating point the phase-module failures have occurred. For 
this purpose, the average active power in the 10min interval 
preceding failure is determined as described in Section II.C. 
For four groups of WT (with the group name indicating the 
generator concept and each group corresponding to a certain 
manufacturer), the distribution of phase-module failure events 
is plotted against the (normalized) active power, as shown in 
the upper diagrams in Fig. 11. It can be noted that failures do 
not only occur in the range of >0…100% of the WT rated 
power. They are also observed in states, in which no power is 
fed into the grid or in which the 10min-average of the active 
power exceeds the rated power.  

A particularly high number of phase-module failures is 
found in full-load operation as well as at low part-load 
operation and at P≤0 kW. However, the sole evaluation of the 
absolute number of failures (or their distribution) over the 
active power is only of limited informative value because the 
operating time of a WT in each of the ranges or bins of active 
power differs considerably (cf. the diagrams in the middle of 
each subfigure of Fig. 11). This is closely related to the 
differing frequency distributions of wind speed at the different 
sites. In order to obtain a visual representation that allows 

conclusions about the risk of converter failure in different 
operating points, for each bin the absolute number of failures 
is divided by the total operating time in this load range. This 
procedure results in a failure rate or failure frequency for each 
load bin, which is shown in normalized form in the diagrams 
at the bottom of the subfigures in Fig. 11.  
  If phase-module failure occurred fully independently of the 
WT operating point, the failure rate in all bins of active power 
should be approximately equal. However, the results in the 
lower diagrams in Fig. 11 show clearly that this is not the 
case. There is rather a common tendency in all considered 
groups of WT that the failure rate increases with the active 
power that the WT feed into the grid. (Note that in case of 
turbines with DFIG, this is not identical with the active power 
Pconv passing the power converter; see e.g. [28] for a 
presentation of the relation of Pconv and PWT in a DFIG-WT.) 
The full-load operation is obviously afflicted with a higher 
risk of failure for the phase-module components than the 
operation at low part load. On closer inspection of Fig. 11, 
however, there are also major differences between the 
considered groups of WT: In the groups “DFIG2” and 
“IG+FPC”, the failure rates are particularly high in the range 
of >90…100% of the rated power. In contrast, the group 
“EESG” stands out with an exceptionally high failure rate 
during operation above the rated power.  

A final remark is that the analysis method applied in this 
section can provide useful results only if the number of failure 
events is high enough. The reason of this is that the lower the 
number of failures, the higher is the uncertainty and variation 
of the resulting failure-rate bar diagrams, so that a 
substantiated recognition of particularly failure-critical 
operating points is not possible. The diagrams shown in Fig. 
11 are based on numbers of 45 to 245 phase-module failures 
per WT group. 

IV. CONCLUSIONS 
With the objective to contribute to the identification of root 

causes and drivers of the frequent power-converter failures in 
wind turbines, this paper has presented the results of an in-
depth analysis of failure and operating data. The underlying 
data basis covers in total ~7400 operating years of 2734 
variable-speed wind turbines of a multitude of manufacturers 
and types, operating at onshore and offshore sites on four 
different continents, which is to the authors’ knowledge the to 
date most comprehensive converter-specific field-data 
collection in the world. Methodologically, the paper takes a 
step beyond previous failure-rate based analyses, on the one 
hand by quantifying the uncertainty of the provided failure 
rates by means of confidence intervals, on the other hand by 
combining failure and operating data to obtain deeper insights 
in the emergence of converter failure. 

The study has investigated failures of the complete main 
power-converter system, which is defined to include – besides 
the power modules, their driver boards as well as the DC link 
capacitors and busbars as core components – the converter 
cooling system, converter control and filters, but also the main 
circuit breaker and the grid-coupling contactor. Within the 
converter system, the abovementioned core components, 
which are denoted ‘phase-module’ components, stand out with 
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the on average highest portion of failures (neglecting the 
category “Other” with miscellaneous minor items). Due to the 
fact that this component category dominates also the annual 
average converter-related repair costs and downtimes, as a 
previous study of the authors had shown, the majority of 

analyses in this paper have been focused on the phase-module 
category. 

 On average, 0.48 a-1 converter-system failures per WT have 
been observed in the investigated turbine fleet. Among these 
are 0.16 a-1 phase-module failures per turbine. The analysis has 

Fig. 11.  Analysis of the operating point preceding  phase-module failures for wind turbines of four different manufacturers (designation indicates the generator 
type); distribution of failure events over bins of active power (top), operating time (middle) and  resulting failure rate (bottom) in each active-power bin 
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revealed large differences between groups of WT with 
different generator-converter concepts: Among the compared 
concepts, the group of EESG-based WT stands out with the 
highest converter and phase-module reliability. It is followed 
by the group of WT with DFIG, while the considered WT with 
IG+FPC show the lowest phase-module reliability. 
Particularly interesting results have been obtained for DFIG-
based WT, which according to the literature are widely 
considered to have a particularly high risk of converter failure 
due to the severe thermal cycling of the power semiconductors 
in their machine-side part: One is that the converters in DFIG-
WT are not found in the last row with respect to reliability and 
that in fact very low phase-module failure rates have been 
found in DFIG turbines of certain manufacturers. The other 
interesting result in this context is that there are not generally 
more IGBT-module failures in the machine-side than in the 
grid-side converter of DFIG-turbines. These findings question 
the high failure risk of DFIG-converters postulated in the 
literature and with that also the underlying widespread 
assumption that accumulating thermal-cycling induced fatigue 
is the lifetime-determining mechanism in WT power 
converters. The observation that power converters in WT 
exhibit early-failure characteristics [38, 8, 11] instead of a 
degradation-dominated failure behavior and the fact that no 
signs of fatigue damage could be found in field-returned 
power modules of WT converters [35, 1] provide further 
important indications against the relevance of fatigue-based 
converter failures in this application.  

  Another important finding is the result that the converters 
and in particular the phase modules in WT of certain 
manufacturers achieve failure-rate levels as low as 0.034 a-1 
per turbine, which proves that a relatively high reliability is in 
fact achievable with the existing modular 2-level IGBT-based 
low-voltage converter technology. Research should therefore 
prioritize understanding and learning from these differences in 
field-reliability levels before aiming at further chip-technology 
enhancements such as e.g. new materials for enhanced power-
cycling design life. 

A comparison of the failure rates of WT commissioned 
from 1997 to 2015 has shown that the problem of high 
converter failure rates in not limited to old fleets, but that the 
average phase-module reliability has not increased over the 
WT generations. This stresses the continued necessity to 
understand and eliminate the causes of converter failure also 
in contemporary wind turbines. 

In search of factors promoting failure, the observation of a 
strong seasonal variation of phase-module failure rates in WT 
fleets in India and Scandinavian has revealed valuable 
indications: The finding that the months with high failure rates 
coincide with the periods of highest absolute humidity 
suggests that humidity and / or condensation play an important 
role in the emergence of phase-module failures. Finally, an 
investigation of the WT operating points preceding phase-
module failures has shown that, in spite of certain WT-type 
specific differences, the risk of failure is highest during 
operation close to, at or (as observed in some WT types) even 
above rated power, i.e. under the impact of high electrical 
loading. 

Subsequent work seeks to utilize the field data to investigate 
the effect of design factors and operating histories on 

converter reliability, to link the data-analysis results with the 
findings of comprehensive post-mortem analyses of damaged 
components, and to derive on this basis recommended 
measures for enhancing the power-converter reliability in 
wind turbines. 
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