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Abstract— Enhancing power electronics (PE) converter relia-

bility is crucial for ensuring a reliable operation of current and 

future operating Wind Turbines (WTs). Achieving high reliability 

of variable speed WT PE systems requires careful consideration of 

their operation, and particularly their thermal cycling. This paper 

presents a methodology for evaluating and reconsidering opera-

tional strategies of WTs with relation to the thermal loading and 

lifetime consumption of the converter. The methodology is applied 

to compare control strategies for the WT generator and evaluate 

their impact on the converter reliability by observation of the ther-

mal cycles and by calculating the resultant lifetime consumption 

of those stress cycles. The thermal stress on both the Machine Side 

Converter (MSC) and the Grid Side Converter (GSC) is examined 

and compared. It is shown that the least reliable of the three eval-

uated control strategies is the one that tracks the power curve be-

low rated speed most closely. This paper suggests that dynamic 

transients associated with the WT control largely influence the 

IGBT module wear-out and their modelling needs to be prioritized 

for lifetime studies. These dynamic transients are captured by the 

improved model whose value is confirmed for the comparisons in 

the case study of the paper.  
 

Index Terms-- Wind Turbine Reliability, Thermal Cycling, 

Lifetime Estimation, Wear Out, Power Electronics, Converter Re-

liability 

I.  INTRODUCTION 

IND energy has a major role in world’s energy transition 

towards the goal of reaching net zero greenhouse emis-

sions by 2050 [1], [2]. A record new wind capacity of 93 GW 

was installed in 2020, bringing the total capacity to 743 GW 

[2]. Annual installation numbers are expected to keep increas-

ing and the global cumulative capacity is expected to surpass 

1 TW before 2025 [2]. However, this growth also comes with 

an increased pressure on wind power systems: the need for very 

high reliability in order to ensure low downtime, high availabil-

ity and energy production, as well as adequacy and security of 

energy supply in the power network. To help enable this, there 

is a need for models which provide information about the sys-

tem operation and in combination with algorithms investigate 

scenarios that are likely to lead to failures of the system and its 

subassemblies [3]–[6]. 
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Previous models and research on converter reliability have 

recognized thermal cycling as the dominating failure mecha-

nism for IGBT power modules [7]–[13]. Thermal stressors and 

cycling are considered as the most critical failure cause by the 

industry too [4], [14]. Thermal cycling is the cause for one of 

the most studied failure modes for IGBT power modules: the 

bond-wire lift-off failure mode [15]. There are established prac-

tices for the evaluation of lifetime based on this failure mode, 

but there exists a level of ambiguity in mapping the operational 

root-causes to the failure mechanism [9], [15]. In previous re-

search, different approaches have been used to account for the 

higher resolution thermal transients while also looking at a sub-

stantial period of WT operation when estimating thermal load-

ing and lifetime consumption [9], [16], [17]. Some operational 

aspects have been included as part of the mission profile. How-

ever, in order to run yearly analysis and manage the computa-

tional burden, there is a high level of approximation adopted by 

most approaches. Thus, any transient impact of the turbine con-

trol or operation is commonly neglected, apart from wind speed 

input turbulence which may be included in some cases.  

Better modelling and revision of the approaches that are used 

to understand the problem of estimating PE reliability in WTs 

are needed. Limitations and possible inaccuracies by current es-

tablished practices in research are discussed in [18]. One of the 

conclusions is that any filtering of transients in the mission pro-

file can lead to misinterpretation of consumed lifetime for IGBT 

modules. The need for improved modelling is also suggested by 

reliability data for an extensive fleet of modern operating WTs 

in [19], [20], where the authors argue that some of the observed 

failure rates are not aligned with what standard and fairly 

straightforward models would suggest. Access to similar relia-

bility data to support the modelling is limited because of com-

mercial sensitivity as well as the unprecedented pace of change 

of the technology, which means that some data from reliability 

surveys are not representative of more recently deployed tech-

nology. Accurate model representation will thus remain an im-

portant component in de-risking future WT technology, and 

therefore improving these models is of high interest. 

Thermal loading for DFIG dynamic response has been mod-

elled in [11] where the region of operation around synchronous 

speed is identified to be the least reliable region of operation. A 

similar machine and solution have been studied in [7] where a 

controller adjustment to mitigate large thermal cycling has been 

suggested. Both of these studies have confirmed that there is a 

potential for further improvement of converter reliability with 

finding root causes of stress in the operation of the WT and 
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making proper adjustments to mitigate those conditions.  

Converter reliability assessment of a direct-drive PMSG sys-

tem has been undertaken in [21]. This study has considered both 

long-term power cycling and short term (fundamental fre-

quency) cycling, but only for steady-state WT operation using 

the wind speed probability distribution instead of the actual un-

filtered wind speed profile. To the authors’ knowledge, there is 

no previous work that has provided a full approach for PE reli-

ability enhancements of fully-rated converter WTs while inves-

tigating the relevance of the system-level operational and con-

trol transients as undertaken in the rest of this paper. Here, some 

of the lifetime estimation principles used by previous work have 

been adjusted and applied in combination with a specific oper-

ational model of a WT adapted from the NREL baseline 5MW 

WT [22]. The effects that operational aspects of different con-

trol design can have on converter reliability are analyzed. Ad-

ditionally, the difference in lifetime results for the MSC and 

GSC, which operate in rectifier and inverter mode respectively, 

is also shown.  

The main contribution of the work in this paper can be sum-

marized as follows: 

 Proposal of an augmented methodology for lifetime esti-

mation of WT IGBT modules. Compared to previous ap-

proaches, this methodology advances the mission profile 

consideration and focuses on the WT operation where root 

causes for some of the largest temperature stress in the con-

verter can be found. For this intention, an extra level of 

model complexity is added. This improvement provides 

pronounced potential for reliability enhancements using 

WT and converter control features. 

 The application and usefulness of the methodology are 

demonstrated by the comparisons and case study in the pa-

per. First, the value of using more detailed WT modelling 

and time-series wind profile data for this kind of analysis 

is confirmed: the largest thermal cycling (stress) in the con-

verter is a result of the WT transients, which are ignored by 

models that apply a yearly wind distribution with simpli-

fied steady-state analysis. Moreover, the case study is used 

to produce reliability information and conclusions for dif-

ferent WT operational aspects, mainly the comparison of 

thermal stress and lifetime consumption for widely-used 

WT control strategies, as well as the machine side and the 

grid side converter design and control modes (rectifier and 

inverter). 

The paper is organized as follows: in section 2, the structure 

of the modelling methodology for quantifying lifetime con-

sumption is introduced. In section 3, the relevant control aspects 

of the WT, generator, and the two converters are discussed. In 

section 4, the model is run at WT rated wind speed and the 

steady-state evaluation of the thermal-loss model is shown. Fi-

nally, in section 5, the WT model is run with turbulent wind 

data and different control scenarios are compared in terms of 

thermal stress and lifetime consumption. The conclusions and 

main insights from the analysis are discussed in section VI. 

II.  DESCRIPTION OF THE METHODOLOGY 

An overview of the approach that is used in this paper for 

linking the transient changes in the WT operational system to 

the converter thermal loading, and calculating the consumed 

lifetime for the IGBT power module, is shown in Fig. 1. Unlike 

previous approaches, in this paper a higher focus is placed on 

the first layer, the WT Operational Model: it is assessed how 

the changes in this level are reflected in the other two levels, the 

converter thermal stress and its lifetime consumption. This un-

locks an opportunity to identify root causes of major failure 

contributors and thus contribute to reliability and thermal fa-

tigue improvements. In Fig. 1, the full line arrows indicate con-

nection/dependency in the time-series models and dashed lines 

indicate information flow. In the following subsections, the un-

derlying structure of each of the three distinct layers forming 

this approach is briefly introduced. 

 
Fig. 1.  Structure of the methodology for calculating converter consumed life-

time with dependence on control and operational transients of the WT. 

A.  WT Operational Model 

The WT configuration modelled in the analysis is the NREL 

baseline 5 MW WT [22] that has been adapted for a direct-drive 

application [23]. The elimination of the gearbox is preferred for 

offshore WTs because it is susceptible to a high failure rate, 

contribution to downtime, and maintenance issues [24]. The 

generator is a PMSG with electrical parameters adapted from 

[25]. The converter is a theoretical design: 5SNA 0400J650100 

ABB HiPak modules [26] which are connected in series and 

parallel to match the power and voltage ratings in a two-level 

VSC configuration. The thermal and lifetime analysis is done 

on one of these IGBT modules. The two-level VSC was chosen 

for simplification of the control at the switching-device level, 

which is not the focus of the model here. PWM switching fre-

quency events are too fast to impose any lifetime-significant 

thermal cycling and are not modelled. More details for thermal 

and lifetime analysis for a three-level NPC can be found in ref-

erences [9], [27]. Technical and theoretical aspects have been 

respected in adapting and constructing the whole WT and con-

verter system, however since industrial practice is commer-

cially sensitive and not always public, sometimes the model 

may vary from industrial design. Nevertheless, the aim of this 

work is not converter design. The topology in this paper has 
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been carefully selected and the aspects that are being compared 

are in line with industrial practice of current and planned oper-

ating WTs – therefore, the conclusions and contributions are 

valid for the intended analysis and applicable to the majority of 

standard WTs. Moreover, to assess the reliability of more spe-

cific aspects of various WT system designs, the model can be 

modified, with added detail as necessary. 

The WT operational model is a time-series model that has 

been built in MATLAB/SIMULINK. It consists of an analytical 

turbine-aerodynamics representation and a mechanical model, 

which are based on (1)-(6) and (7)-(9). The kinetic power of the 

wind 𝑃𝑘 [W], given in (1), is proportional to the air density 𝜌 

[kg/m3], turbine swept area A [m2] and wind speed 𝑣𝑤 [m/s]. As 

given in (2), the WT extracted power 𝑃𝑤 is related to 𝑃𝑘 through 

the power coefficient 𝐶𝑝, which is defined by (3)-(4) and is re-

lated to the blade pitch angle 𝛽 and the tip-speed ratio 𝜆. The 

tip-speed ratio is given in (5), where 𝑙 [m] is the blade length 

and 𝜔𝑤 [rad/s] is the turbine angular speed. The WT torque is 

given with the expression in (6) [28], [29]. 
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The mechanical drivetrain model in torque equations (7)-(9) 

is a two-mass model which provides the necessary level of fi-

delity for the transients and dynamics of interest [29]. With w 

and g subscripts are referred the WT and generator quantities 

respectively: J is the moment of inertia, 𝑘𝑤𝑔 and 𝑑𝑤𝑔 are the 

shaft mutual stiffness and damping, 𝜃 is the shaft angle. These 

WT specific parameters, most notably the moment of inertia for 

the turbine and generator, are important when designing the 

control which is considered in this paper: because they affect 

the response of the generator to wind speed changes, as well as 

the converter current transients to impose such response, they 

are reflected in the thermal stress of the converter as well.   
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B.  Converter Thermal Loading Model 

The thermal stress of the converter chips (IGBT and diode) 

is impacted by changes in external (ambient) temperature as 

well as the internal losses and power cycling generated from the 

current through the device [4]. The thermal stress that can be 

directly correlated to the turbine operation dynamics and the 

mission profile is a consequence of the losses generated inside 

the device. Therefore, the main part of the converter loading 

model applied here consists of calculating the losses in the 

IGBT and diode chips. After calculating the losses, to obtain the 

temperature change, the thermal network for one module con-

nected to its heatsink is considered. The temperature change of 

the ambient is added to the analysis using superposition.   

Conduction losses of the IGBT/diode are defined with (10), 

where Ic is the current through the chip, and 𝑘0, 𝑘1,  𝑚0, 𝑚1,  

are coefficients used to implement temperature-dependent cal-

culation of losses using curve fitting of datasheet information 

[30]. 
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 With (10) are given the instantaneous power losses of the 

chip as a function of the current. Using (10), the average con-

duction losses of the IGBT can be derived with the integration 

in (11).  
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If the current Ic is given with (12), then for inverter operation 

the duty-variation (PWM pulse pattern) of the IGBT – if a suit-

ably fast switching frequency is assumed – can be written as 

(13) [31]. 
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In (13), m is the modulation index and φ is the angle between 

the current phasor and synthetized voltage phasor. Combining 

(11)-(13) and performing the integration, the expression (14) 

for the IGBT conduction losses is derived. 

 

     

   

2

c c

av, cond CE0 CE0

2c
cCE0 CE0

1 I I

2 4

I 1
cos I

8 3






 
     
 
 

 
        

 

j j j

j j

P T V T r T

m V T r T

 (14) 

Switching and reverse recovery losses, for the IGBT and di-

ode respectively, are given in (15) and (16), where with ref are 

indexed the reference values for the given datasheet infor-

mation; 𝐾𝑣1 and  𝐾𝑣2 are factors for scaling to the operating 

voltage. With the constants 𝐾𝑇,𝑠𝑤, and 𝐾𝑇,𝑟𝑟 the junction tem-

perature 𝑇𝑗 dependence of the switching losses is added [32]. 
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Reference losses 𝐸𝑜𝑛+𝑜𝑓𝑓
𝑟𝑒𝑓

 and 𝐸𝑟𝑟
𝑟𝑒𝑓

  are given in datasheets as 

the polynomial function in (17). The average switching losses, 

using (15) and as a function of phase-current Ic and switching 
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frequency fsw, as well as the sum of the energy loss of all the 

switching transients given with (18), are calculated with (19) 

[31], [32]. 

  2
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Similar equations to (14) and (19) are derived for the anti-

parallel diode, with the difference being the adjustment in cur-

rent direction and consequently the phase delay of the conduc-

tion and the power factor angle. A more extended explanation 

and derivation of these equations can be found in [31]–[33]. 

Furthermore, when the VSC of the same topology is operating 

in rectifier mode (in case of the MSC), the current and pulse 

pattern in (12) and (13) need to be adapted in relation to how 

the converter is being controlled. 

C.  Lifetime Estimation 

For lifetime estimation, the cycles in the junction tempera-

ture change observed for each chip (diode and IGBT) of a mod-

ule, are counted. This counting is done by implementing a rain-

flow algorithm where cycles and half cycles between tempera-

ture reversals are counted according to the ASTM E1049 stand-

ard [34]. Then, the quantified lifetime evaluation is done using 

datasheet B10 curves and post-processing of the matrices pro-

duced by the rain-flow algorithm. In this paper, the evaluation 

and processing of the exported matrices has been undertaken 

using the data analysis package Pandas in Python [35].  

For evaluating lifetime, two parameters from the counted cy-

cles are considered: the range (amplitude) of the temperature 

swing ΔT, and the mean value of the temperature swing Tm. 

From the resulting cycles in the rain-flow matrix, cycles smaller 

than 5 °C are discarded because their effect in the consumed 

lifetime is negligible compared to larger cycles, and addition-

ally this lifetime evaluation method is less suited for evaluating 

the effect of very small cycles accurately [18], [36]. The re-

maining cycles in the rain-flow matrix, are evaluated against 

B10 lifetime curves [37], and a cumulative lifetime consumption 

(damage) is calculated for the total effect of all cycles. From the 

perspective of the wear-out, the bond-wire connections of the 

diode and the IGBT chips are identical and are referenced to the 

same B10 curves [37]. 
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The calculated lifetime that is used in this paper is based on 

the equation shown in (20), where Nf is the number of cycles to 

failure; a, n and k are constants; and Ea is the activation energy 

[7]. The equation is not applied directly, but by using the infor-

mation in B10 curves. The curves themselves are a result of ap-

plying a variation of this equation for a fleet of tested devices 

by manufacturers, where the parameters of the equation have 

been defined by statistical analysis of the failures for the tested 

devices [37]. Curve fitting B10 curves to get the parameters for 

the equation can yield high inaccuracy for some values given 

that the number of data points is not high enough in order to 

have a satisfactory ‘goodness of fit’. Thus, applying B10 data as 

look-up tables is a solution to use the accessible information 

without additional inaccuracy. 

Interpreting the data in lifetime curves can also introduce in-

accuracy: the number (y-axis) is in a logarithmic scale, while 

for this type of technology and the failure mode considered 

here, the lifetime data is summarized by 13 curves (for different 

Tm) each defined by 9 data points (different ΔT). For each curve, 

extrapolation needs to be done, and the introduced accuracy of 

the extrapolation needs to be minimal. For this, at every B10 de-

fined data point (for different ΔT in x-axis), the y value, i.e. 𝑁𝑓 

from (20), has been used as given from manufacturers. Outside 

of the defined points (e.g. for cycle range of 25 °C which falls 

between the defined 20 °C and 30 °C), a logarithmic extrapola-

tion has been used.  

The total damage effect is given by (21) where the lifetime 

evaluation of cycles is calculated as the ratio of 𝑛𝑖 – the number 

of counted cycles at a certain temperature swing and average 

temperature, and 𝑁𝑓,𝑖 – the number of cycles that the module is 

expected to withstand until failure for the same thermal cycling 

conditions.  
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Fig. 2.  Diagram of function for lifetime estimation procedure 

The lifetime evaluation procedure is applied as a recursive 

function, shown in the diagram in Fig. 2. First, rain-flow matri-
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range ΔT and average value Tm of the junction temperature cy-

cle. Using these values, as well as the number of counted cycles 

ni (full and half cycles), eq (20), and Miners rule in (21) are 

applied while looping through all rows of the matrix, and re-

sulting lifetime effect is calculated.   

III.  CONTROL ASPECTS OF THE WIND TURBINE AND THE 

CONVERTERS 

 
Fig. 3.  Layout of the connection between the PMSG and WF AC grid per phase 

The layout of the connection between the PMSG WT gener-

ator and the WF array AC network is shown in Fig. 3. The as-

sumed current directions and voltage polarities are labelled and 

have been used for designing the control of the MSC and GSC. 

The analysis for the rest of the paper is focused on one IGBT 

and diode (one phase-module) – as far as the lifetime consump-

tion is considered, the analysis will be identical if applied for 

the other modules in the other converter phases and legs of the 

MSC and GSC.  

The control of the WT and converter for the model in this 

paper includes several layers of control that have been observed 

to be relevant for the considered transients, starting from the 

inner current loop of the converters, the outer power/torque 

control, as well as the WT blade pitch control for limiting the 

generated power above rated speed. The control parameters for 

these different layers are given in Table 1. The control design 

and the differences in control between the MSC and GSC are 

discussed in the next subsections.  

Table 1.  Control parameters for the converter current and power loops as well 

as collective blade pitch control1,2 

   fn (Hz) ζ Kp Ki 

MSC Inner current loop 10 0.7 0.64 30.8 

Outer NREL  

(Region 2) 

0.05 1 [-26.8 to -30.2] x106 -3825 x103 

Outer OTSR  

(Region 2) 

0.05 1 -7450 -1170 

GSC Inner current loop 450 0.7 0.5 975 

Outer DC link  
control 

10 1 6.5 200 

3rd Level Pitch (Region 3) 0.05 0.7 [630 to 1150] [140 to 250] 
1For PI gain scheduling, the range in which the PI gains fall is given. 

 2Negative coefficients mean a negative correlation between the error and the 

manipulated variable in the PI loop. In this case the negative sign comes from 

the assumed positive direction of shaft torque, speed, and current. 

A.  Grid-Side Converter (GSC) 

The grid-side converter is controlled using voltage-oriented 

control in dq vector coordinates [38]. The phasor diagram is 

shown in Fig. 4. Apart from the control design, this phasor is 

used for calculation of the losses for the GSC, where the right 

phase angles in the current waveform and the duty ratio of the 

chips need to be used when evaluating the chip losses as ex-

plained in Section II. B. The outer control loops for the GSC are 

the real and reactive power loops, given in (22) and (23). The 

active power loop is designed and tuned to respond to the power 

output from the WT so that the DC link voltage remains con-

stant and all the generated power from wind is injected to the 

grid. The reactive power loop can be used to provide grid volt-

age support independent of the real power output, and this 

change in power factor is an additional dynamic that will affect 

the thermal cycling and the reliability of the GSC [39], [40]. 

Phase-Locked Loop (PLL) dynamics are not considered in the 

converter control because the WT is assumed to be connected 

to a large modern offshore system, where the frequency will be 

set by the offshore MMC VSC HVDC converter which is as-

sumed to offer a stiff AC source as a 'grid forming' reference. 

Therefore apart from the short synchronizing instant when the 

WT connects to the system, the effect of the PLL in this system 

will be minor. The effect of the PLL dynamics would be more 

significant, and reflected in the converter operation, in a case 

when the methodology is adapted for a WT that is connected to 

a weak grid. 

  1.5g dg dg qg qgP v i v i   (22) 

  1.5g qg dg dg qgQ v i v i   (23) 

 
Fig. 4.  Grid Side Converter phasor diagram for zero d-axis control and unity 

power factor connection with the grid. 

 
Fig. 5.  Machine Side Converter phasor diagram for Field-oriented control and 

rectifier operation of the VSC. 
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In Fig. 4 and Fig. 5 the voltage and current phasors are con-

sistent with the annotations in Fig. 3; ϕg and ϕs are the phase 

angles between the current and the voltage in the GSC and MSC 

terminals respectively; ωg
e is the electrical frequency of dq syn-

chronous reference frame; μ is the phase difference between dq 

(synch.) reference frame and αβ (stator) reference frame; δ is 

the phase angle between machine generated voltage and the 

MSC AC terminal voltage (Vs and VR in Fig. 3.). 

B.  Machine-Side Converter (MSC) 

The machine-side converter is controlled in vector coordi-

nates with field-oriented control of the PMSG [38]. The phasor 

diagram is shown in Fig. 5. The phasor diagram represents op-

eration of the inverter VSC topology in rectifier mode – the cur-

rent is lagging the voltage by ϕs = ∠ (π – δ). The outer loop of 

the MSC is usually designed to optimize WT operation and 

power generation. For the outer loops of the MSC, three differ-

ent design options for the power curve tracking mechanism of 

the WT are discussed in the following section. 

C.  WT Control: Maximum Power Point Tracking (MPPT) and 

Pitch Control 

The WT generator is controlled for Maximum Power Point 

Tracking (MPPT) at the second region of the power curve 

(above cut-in and below rated wind speed). This control adjusts 

the torque and speed of the WT in order to generate the optimal 

power as the wind speed fluctuates. The aim is not just to track 

the power curve, because other factors such as mechanical load-

ing torque need to be taken into account. In addition, the choices 

in this control affect the reliability and thermal loading of the 

power converter as the rest of this paper examines. 

 
Fig. 6.  Control loops for the three MPPT implementations compared in this 

paper: 1. Optimal Torque Control (NREL); 2. OTSR (NREL) – using FAST 

with gain scheduling; and 3. Optimal Tip-Speed Ratio (OTSR) Control – using 

swing equation and textbook control design methods. 

The MPPT control in this paper is realized in three different 

ways: two controls suggested by NREL for their definition WT, 

and the third is a simpler classic speed control loop designed for 

the adapted configuration of the 5 MW WT in this paper. The 

generic MPPT controller that was originally implemented for 

the NREL 5MW baseline turbine is Optimal Torque Control 

(OTC) which is shown as the first option in Fig. 6 [22]. This 

OTC ensures MPPT by having a defined torque set-point for 

any generator speed, using relation given by (24); where coef-

ficient Kopt is calculated for power-maximizing (optimal) values 

of power coefficient Cp and tip-speed ratio λ as in (25). 

 
2

e opt gT K   (24) 
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The OTC does not give much flexibility in controlling the 

response characteristics and in practice can have a significant 

steady-state error because of the inaccuracy in the calculation 

of Kopt  [41]. In order to match with industry standards that em-

ploy a more advanced MPPT, an updated controller was sug-

gested by NREL in [41] for the same WT. This control has been 

developed by advanced techniques and using FAST software. 

The MPPT is done by keeping an Optimal Tip-Speed Ratio 

(OTSR) with an outer PI loop which employs gain scheduling 

and is tuned to regulate the PMSG torque based on the meas-

ured rotor speed. This is shown as the second option in Fig. 6. 

The third option for MPPT in Fig. 6 is an OTSR loop designed 

by the authors here using a differential equation based on the 

swing equation. Essentially this is a simpler version of OTSR 

than the one provided by NREL (option 2 in Fig. 6), with no 

gain scheduling or any complex control design or FAST soft-

ware. As demonstrated by the results in the next sections, if 

tuned correctly and for the particular WT configuration here, 

this simpler control design provides a WT response that is very 

close to the advanced OTSR version by NREL. The used tuning 

parameters for the two OTSR options are given in Table 1.  

The dynamics of the response of the pitch angle control and 

the dynamics above rated speed are also relevant for the thermal 

loading of the converter. The blade pitch control has been con-

sidered with a collective pitch angle for all three WT blades and 

the control loop has been designed with a PI controller using 

gain-scheduling adapted from the original reference [22]. 

IV.  STEADY-STATE ANALYSIS 

A.  WT Step Response 

The response of the WT during a step change of the wind 

input from 9 to 10 m/s for all three different controls is shown 

in Fig. 7 and Fig 8. Both of the OTSR methods have a quicker 

response than the OTC, and have some degree of overshoot. 

This faster response comes at the cost of having a larger gener-

ator torque (Fig. 8) applied to the shaft for providing the neces-

sary acceleration. For the OTC, the torque changes depending 

on the measured rotor speed and cannot be controlled for chang-

ing its acceleration or deceleration rate. Note that the transient 

response i.e. torque effort in this paper (Fig. 8) for both OTSR 

(NREL) and OTSR options is larger than in the WT in reference 

[41] because of the drivetrain alterations made in this paper 
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when adapting the WT for a gear-less application. This meant 

elimination of the multi-stage gearbox (with ratio of 97:1), 

which resulted in having a considerably larger torque on the 

generator shaft.  The elimination of the gearbox makes the tran-

sient response highly dependent on the large turbine inertia 

which also diminishes the potential for improved control with 

gain scheduling – this also results in the very small difference 

in response between the advanced control of the NREL OTSR 

and the simplified OTSR. The large inertia and the slow re-

sponse for the OTC case, contributes to a behavior that filters 

out some fast wind speed turbulences without reflecting them 

to the torque response – this means less mechanical drive-train 

and power electronics stress, but also means lower effectiveness 

of power curve tracking. The other two controls give an oppor-

tunity to control this response, but there can be a compromise 

in reliability and converter fatigue as demonstrated by the anal-

ysis in the rest of this paper.   

 
Fig. 7.  Generator speed step response for wind speed change of 9 to 10 m/s 

for the three different MPPT control implementations 

 
Fig. 8.  Generator speed step response for wind speed change of 9 to 10 m/s 

for the three different MPPT control implementations 

B.  Steady-State Converter Thermal Loading 

The thermal behavior of materials can be described by equiv-

alent circuits that contain thermal resistances Rth and capaci-

tances Cth, which can be analyzed like electrical circuits. Gen-

erally, two types of networks are built for making this analogy, 

Foster and Cauer networks. In a Foster network, RC elements 

represent mathematical transfer functions and time constants; 

while for Cauer networks, RC elements indicate a “ladder” type 

connection that more correctly represent the physical properties 

of material heat conductivity for Rth and heat storage capacity 

for Cth [11]. For the purpose of power electronic module thermal 

analysis, the transformation to a Cauer network enables con-

necting interfacing materials (e.g. thermal grease and heatsink) 

in series to build a full thermal network that can model more 

realistically the heat flow and the temperature [42], [43].  

 
Fig. 9.  Cauer thermal network of one IGBT module connected to a heatsink  

Table 2.  Power module thermal parameters 

 Foster [26] Cauer (transformed) 

IGBT Diode IGBT Diode 

Thermal  

Resistance [K/kW] 

r1=12.75  

r2=2.99  

r1=25.5  

r2=6.3  

Rt(1)=4   

Rt(2)=11.71 

Rd(1)=8.47 

Rd(2)=23.32 

Thermal Time 

Constant [ms] 
τ1=151 

τ2=5.84 

τ1=144 

τ2=5.83 

τ1=6.76 

τ2=130.45 

τ1=6.74 

τ2=124.5 

 

 
Fig. 10.  Thermal cycling and power losses for the IGBT and diode for WT 

steady-state operation with rated wind input of 11.4 m/s: a) MSC, and b) GSC 

The Cauer thermal network used to represent the power mod-

ule connected to the heatsink is shown in Fig. 9. The power 

module’s Foster thermal parameters were taken from the 

datasheet and transformed to Cauer parameters using the La-

place-domain method from [42] and are shown in Table 2. 

Thermal grease resistance of 0.012 K/W and 0.024 K/W per 

chip is added in series for case-heatsink connection of the IGBT 

and the diode respectively [26]. The used values for the re-

sistance and thermal time constant of the heatsink are 0.05 K/W 

and 100 s which are consistent with commercial heatsink solu-

tions for similar converter devices [44]. This completes the sim-

plified representation of the thermal network from junction to 
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ambient (converter cabinet) – more complex converter thermal 

network representations that include effects such as cross cou-

pling can be considered [33], [43]. The ambient (i.e. converter 

cabinet) temperature is set to remain constant at 25 °C for the 

purpose of analyzing only converter thermal profile variations 

resulting from the WT operation. The steady-state results of the 

loss and thermal models have been verified by comparison to 

results from manufacturer’s simulation tool [45]. 

The thermal cycling in steady-state operation for rated input 

speed (11.4 m/s) as well as the losses in each of the module 

chips are plotted in Fig. 10 a) and b) for the MSC and GSC 

respectively. The average losses for both MSC and GSC as well 

as the average junction temperatures for this same steady-state 

operation at rated wind are shown in Fig. 11. In Fig. 10 it can 

be noticed that there are differences in magnitude (range – ΔT) 

and absolute temperature (mean – Tm) of the cycling between 

the MSC and GSC. The difference in cycling range between the 

converters comes from their different AC waveform frequency, 

which governs the transfer of current between the diode and 

IGBT switches and consequently the steady-state thermal cy-

cling. The frequency of the GSC current is 50 Hz, while on the 

MSC it varies with the wind speed and for this particular gen-

erator design is maximally 20 Hz at rated speed and in the pitch 

control region. This difference in frequency can be seen in the 

frequency of the temperature cycling in Fig. 10 and makes the 

temperature swings in the MSC roughly twice as large as the 

ones in the GSC. The other difference between the MSC and 

GSC is that because of the difference in operation (rectifier vs 

inverter Fig. 4 and Fig. 5), for the MSC side the diode losses 

are about 25% higher than those in the GSC as seen in  

Fig. 11. a). This is enough to make the diode average tempera-

ture surpass that of the IGBT in the MSC, even though the total 

losses in the IGBT are still larger (mainly because of the switch-

ing losses). This higher chip temperature for lower losses is a 

consequence of the diode being a smaller chip and having a 

larger thermal resistance than the IGBT (see Table 2). There-

fore, as a consequence of the variable and lower frequency on 

the machine side compared to the grid side, as well as of the 

difference in operation mode, the MSC is more thermally 

stressed than the GSC in steady-state operation both in terms of 

temperature swing and mean temperature. 

   
a) Average Losses    b) Junction Temperature 

Fig. 11. a) Average chip losses and b) Average chip junction temperature, for 

the MSC and the GSC for steady-state WT operation at rated wind of 11.4 m/s. 

V.  LIFETIME ESTIMATION FOR TURBULENT WIND PROFILE 

OPERATION 

The thermal cycling which is a consequence of transients in 

the WT operation is by a large factor greater and more signifi-

cant than the steady-state fundamental frequency cycling. This  

 
Fig. 12. Turbulent wind profile in an offshore site in the UK (November 2018). 

 
Fig. 13. Generator speed change for the turbulent wind profile. 

 

 
Fig. 14. Wind turbine response for the turbulent wind profile (zoomed in to 

show 30s for clarity) 

cycling is studied in this section and a comparison is made be-

tween the control strategies of the WT. The WT and converter 

thermal loading model has been run with a wind profile shown 

in Fig. 12. This wind profile is from measurements with 1 sec-

ond resolution in November 2018 at a real offshore wind tur-

bine in the UK. The simulation has been run for 50 minutes and 

the resulting generator speed change is shown in Fig. 13 for the  
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Fig. 15. OTSR, diode cycle count histogram GSC vs MSC (range) 

 
Fig. 17. MSC, diode cycle count histogram OTC vs OTSR (range) 

 
Fig. 19 OTSR, cycle count histogram of most thermally stressed chips, GSC 

IGBT vs MSC Diode (range) 

 
Fig. 16. OTSR, diode cycle count histogram GSC vs MSC (mean) 

 
Fig. 18. MSC, diode cycle range histogram OTC vs OTSR (mean) 

 
Fig. 20 OTSR, cycle count histogram of most thermally stressed chips, GSC  

IGBT vs MSC Diode (mean) 
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three different MPPT controls. To show the differences be-

tween the three considered controls (from Fig. 6), the results for 

generator generated electrical power are given in Fig. 14 in a 

timespan of 30s (from the full analyzed 50 minutes) for better 

clarity. 

A.  Assessment of Temperature Cycles 

The histograms of the GSC vs MSC comparison of counted 

cycles for the diode chip with OTSR operation are shown in  

Fig. 15 and Fig. 16. In the histogram in Fig. 15, the AC fre-

quency cycles, which represent the highest number of counted 

cycles, have been annotated. These cycles result from current 

conduction through the IGBT and parallel diode at the different 

half periods of the AC cycle – the same cycling that was ob-

served in steady-state operation (Fig. 10).  The rest of the cycles 

– more importantly for the reliability, the larger swings on the 

right of the histogram – are the ones that are simulated by con-

sidering the mission profile and by using the high resolution 

turbulent wind profile and the WT operation. As in the case of 

the steady-state analysis, it can be seen that both in terms of 

cycle ranges and cycle means, the MSC is the converter with 

the higher thermal stress and that has the higher probability of 

failure due to this failure mechanism. It should be noted how 

substantial the thermal stress cycles that result from the detailed 

mission profile consideration are.  

The comparison of the counted cycles in the MSC diode for 

two control methods is shown in Fig. 17 and Fig. 18. From the 

histograms it is clear that the OTSR counted cycles have a con-

siderably larger cycle range than the OTC (Fig. 17), while the 

cycle mean is more similar – although there is still a difference 

in the number of cycles in the separate bins (Fig. 18). It is im-

portant to note that in the simulation the controls differ only in 

the transient behavior, and in steady-state they reach the same 

value (Fig. 7 and Fig. 8) – therefore any difference in counted 

cycles and lifetime is because of the modelling of transients. 

The number of AC frequency counted cycles is essentially 

equal for both controls (Fig. 17) – this number is equal because 

the current waveform frequency is much larger than the fre-

quency of the generator control, and is hardly affected by the 

transients of the generator. However, a larger difference can be 

seen in the other cycles that are much lower in number and re-

sult from the control interaction with the wind profile. It can be 

seen that the slow response of the OTC filters out, and does not 

track, the faster turbulences in the wind speed (see Fig. 14), 

which results there being no cycles with a range lower than  

5 °C. The OTSR responds much faster and these cycles are pre-

sent. Additionally there is a significant difference in the large 

cycles. Note that because of the logarithmic dependence of life-

time on temperature range, although the AC-frequency cycles 

dominate the total number of counted cycles, this dominance 

does not necessarily translate to a dominance in the resulting 

lifetime consumption. Therefore, the final step of quantifying 

the lifetime is a major part of the analysis. 

From the analysis in steady state, the most thermally stressed 

chip in the MSC is the diode while in the GSC the IGBT. For 

the turbulent operation, the comparison of thermal cycles be-

tween these most thermally stressed switches in the different 

converters for OTSR control is shown in Fig. 19 and Fig. 20. 

Similar histograms that show the thermal loading can be pro-

duced for the other combinations of controls and devices; or for 

less ambiguous assessment the comparison can be made using 

the lifetime consumption evaluation. 

B.  Assessment of Consumed Lifetime 

The observations that are made while analyzing the histo-

grams of cycle counts are consistent with the observations when 

the layer of evaluating the lifetime estimation is added to the 

analysis. The quantified lifetime consumptions of all three con-

trol scenarios in the 50-min analyzed period are shown in  

Fig. 21. These lifetimes have been calculated applying the 

methodology explained in Section II. C. and Fig. 2. It can be 

seen that the most affected bond-wire connection is the one con-

necting the diode on the MSC for the scenario of NREL OTSR 

control. This quantifies the qualitative observations that were 

made in the histogram analysis: for instance, the consumed life-

time for the MSC side is an order of magnitude higher than for 

the GSC. Also the lifetime consumption for both of the OTSR 

controls is around 2 times larger than for OTC – this difference 

is clear for both chips in the MSC in Fig. 21. In the case of the 

GSC it is clear only for the IGBT where the difference is more 

than 50%, while for the GSC diode, the absolute thermal load-

ing is too small for all three controls and a useful relative com-

parison cannot be made at this scale. 

It should be noted that relative lifetime consumption is a 

proxy for the degree of wear that each of the control schemes 

induces and their relative impact on converter reliability. It 

should also be noted that the absolute lifetime consumption on 

the module by these effects only, is not so large that the failure 

within 30 years is necessarily inevitable. Nonetheless, for more 

rigorous calculations of the absolute lifetime consumption, 

other wear out effects need to be added which can be modelled 

by other previously established models.  

   

Fig. 21. Comparison of the lifetime consumption of both chips in MSC and 

GSC and for all three different controls (for operation of 50mins) 

The main results of this paper can be further discussed with 

reference to Fig. 21. First of all these results show the difference 

in reliability for different chips of a module, for different con-

verters (MSC or GSC), and for differences in-built to the WT 

generator control strategies. This information can be taken for-

ward to design more reliable systems or mechanisms that will 

help extend converter lifetime. This model can be combined 

with a detailed failure detection and localization method such 

as in [12] where it will be used as an additional parameter to 

make the localization faster and more accurate.      

When comparing the different MPPT strategies it is observed 

that strategies which track the power curve more closely typi-

cally have larger converter lifetime consumption. This can be 

traced back to the way these control strategies are designed: to 

have a faster response with an inherent torque overshoot which 

is consequently also reflected in the machine current and the 

thermal cycling of the converter. In case this kind of response 
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and close tracking of the WT power curve is seen as necessary 

in a particular application, in this paper we show that additional 

considerations would be needed to not do this at the cost of con-

siderably lowering the converter reliability. In case of contin-

gencies where it is known that the whole converter is at higher 

risk of failure (for example there is a malfunction and the cool-

ing system is operating at reduced capacity), the control can be 

temporarily altered to track the power curve less closely so that 

complete WT downtime is avoided – until an intervention is 

undertaken which for offshore WFs can take some time espe-

cially during periods with harsh weather conditions.  

From the cycle counting results it can be seen that there are 

counted cycles larger than 20 °C and up to 35 °C. In the consid-

ered 50 minute interval the number of these large cycles is rel-

atively low, but still the lifetime estimation proved them to be 

highly detrimental for the lifetime. Throughout the operating 

lifetime of the WT, this number of large cycles will be much 

larger. In order to predict useful lifetime consumption that is 

close to what happens in reality, it is important for lifetime mod-

els to simulate the effect of these dominating cycles as accu-

rately as possible. To do this, including transients and detailed 

WT operation is crucial. For the results here, at the worst case 

scenario (the OTC vs NREL comparison in MSC – Fig. 21), the 

evaluation of consumed lifetime could be underestimated by 

more than 50% if the modelling is simplified and differences in 

control transients of the WT are neglected. 

VI.  CONCLUSION 

In this paper a methodology for evaluating the comparative 

lifetime consumption of an IGBT converter module for a direct-

drive PMSG WT configuration was presented. The methodol-

ogy is based on bond-wire lift-off as a dominating failure mode 

and was demonstrated and applied for steady state and transient 

operation. Three different control strategies of the WT genera-

tor were compared for the WT case study with the particular 

wind profile input. Using the lifetime consumption methodol-

ogy, it was evaluated that the control strategies which track the 

optimal WT power curve more closely have larger converter 

lifetime consumption. Furthermore, a comparison between 

MSC and GSC thermal stress and lifetime consumption has 

been undertaken, identifying where the weakest link of the 

module is for the different converters and modes of operation. 

It was identified that the bond-wire that connects the diode chip 

on the MSC side is the most thermally stressed and with the 

highest probability of failure.  

A discussion was given on how the presented methodology 

can be useful both in terms of design of the system itself as well 

as the condition monitoring and maintenance procedures. The 

results in the paper indicate short operational and control tran-

sients in lifetime modelling need to be prioritized and deserve 

more attention. They can introduce a high number of thermal 

cycles with large temperature swings and are more problematic 

than some other aspects which are more commonly considered 

in lifetime estimation methodologies, such as the long-term sea-

sonal change of wind speed and ambient temperature. 

 

 

 

 

 

VII.  APPENDIX 

Table A.1.  Parameters of the WT system configuration 

Parameter Symbol Value 

Rated power  P𝑟𝑎𝑡𝑒𝑑 5.08 MW 

Nominal Torque  𝑇𝑟𝑎𝑡𝑒𝑑 4.02 MNm 

Rated mech. rotor speed  𝜔𝑟𝑎𝑡𝑒𝑑 1.25 rad/s 

PMSG Pole Pairs pp pp 100 

Generator mom. of inertia  J𝑔 534.166 kgm2 

Turbine moment of inertia J𝑤 38.76 x106 kgm2 

Shaft stiffness k𝑤𝑔 767.63 x106  Nm/rad 

Shaft damping  d𝑤𝑔 6.21 x106  Nm/(rad/s) 

Stator Resistance Rs 50 mΩ 

Stator inductance (dq) Lsd = Lsq 7.8 mH 

DC link voltage VDC 7.2 kV 

DC link capacitance CDC 50 mF 
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