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Abstract: Over the last two decades, various models have been developed to assess and 

improve the reliability of power electronic conversion systems (PECs) with a focus on those 

used for wind turbines. However, only few studies have dealt with mitigating the PECs 

thermo-mechanical effects on their reliability taking into account variations in wind 

characteristics. This work critically investigates this issue and attempts to offer a mitigating 

technique by, first, developing realistic full scale (FS) and partial scale (PS) induction 

generator models combined with two level back-to-back PECs. Subsequently, deriving a 

driving algorithm, which reduces PEC’s operating temperature by controlling its switching 

patterns. The developed switching procedure ensures minimum temperature fluctuations by 

adapting the variable DC link and system’s frequency of operation. It was found for both FS 

and PS topologies, that the generator side converters have higher mean junction temperatures 

where the grid side ones have more fluctuations on their thermal profile. The FS and PS 

cycling temperatures were reduced by 12 °C and 5 °C, respectively. Moreover, this led to a 

significant improvement in stress; approximately 27 MPa stress reduction for the FS 

induction generator PEC. 

Keywords: insulated gate bipolar transistor (IGBT); thermo-mechanical FE analysis; PWM 

control; wind energy converter model; thermal management; dynamic DC link 
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1. Introduction 

Wind energy converters (WECs) have become one of the fastest developing renewable energy 

technologies. The performance and life cycle of WECs highly depend on power electronic converters 

(PECs). PECs play vital roles in conditioning the harvested energy and in interfacing with utility grids. 

However they suffer from reliability related issues caused by variable and unpredictable wind and other 

natural effects [1,2]. Due to their ease of driving and higher frequency switching capacities compared to 

other semiconductor devices, insulated gate bipolar transistors (IGBTs) found their wide applications in 

PECs. Malfunctions of PECs cause failures to electrical/control systems within WECs and contribute to 

approximately 41% of the total causes [3]. Temperature is one of the common causes and responsible 

for about 60% of PECs failures [4]. Temperature fluctuations lead to degradation in bonded adjacent 

layers of these semiconductor devices and eventual failures occur due to the thermal expansion. In literature, 

various analytical models has been proposed [5–9] to solve heat transfer through PECs. Electro thermal 

models for an IGBT based half bridge [10], two level back-to back [11] and for multi-level PECs [12,13] 

have also been developed. 

PECs are divided into two categories in wind energy systems, partial scale (PS) and full scale (FS), 

where doubly fed induction generator (DFIG) is common option for PS topology as seen in Figure 1. 

Senturk et al. [14] studied a thermal power capability determination algorithm for different multilevel 

topologies consist of press-pack IGBTs of grid side FS converter. Blaabjerg et al. [15] presented another 

case study on WECs for providing life time prediction and temperature cycling analysis. DC link voltage 

adaption is also one of the promising choices for WECs in terms of reliability and life time extension. In 

renewables such as solar [16,17] or wind [18,19] systems, controlling the DC bus voltage is already 

important for maximum power point tracking (MPPT), avoiding distorted energy generation and grid 

interfacing. El-Sousy et al. [20] studied a DC link voltage regulation model for a grid connected FS wind 

system in order to provide a MPPT technique. Bekakra and Attous [21] also developed a DC link voltage 

control method for a DFIG based back-to back converter connected to a variable speed wind turbine. In 

these control strategies the main aim is to keep DC voltage steady. However, it is also possible to operate 

these systems with dynamic DC link voltage as discussed by Dayarante et al. [22]. Lower DC link 

voltage can decrease the power losses [22,23]. However, it would also cause large fluctuation and hence 

larger thermal in the grid side converters. Especially, this should be avoided at low switching frequencies 

for protecting the utility grid inverter from highly distorted AC signals. Monitoring the DC link current 

and voltage ripple analysis proposed by Pei et al. [24] or constrained optimal current control adoption 

method studied by Lemmens et al. [25] can be two options for protecting the generator side converter 

from such worse case scenarios. However, based on the grid power requirements, operating at constant 

switching frequency would cause higher switching losses due to the higher current injection to grid side 

if DC link voltage is not sufficient. Therefore, controlling the switching frequency becomes crucial for 

the dynamic DC link voltage adaption methods. Recently, Andresen and Liserre [26] analysed the 

thermal cycles of the junction temperature in dependence of current and switching frequency and they 

derived a switching utilization method for an electrical vehicle by using space vector modulation (SVM). 
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Figure 1. Two level back-to-back converter topology in (a) full scale (FS) and (b) partial 

scale (PS) based wind energy system. 

Based on the surveyed research work, there is still a need for an accurate IGBT model to understand 

its thermal characteristics under wide wind speed variations. Thermally induced effects, e.g., thermal 

stress caused by temperature fluctuations, of the dynamic DC link operation have not been thoroughly 

analysed in literature. This paper offers a new switching frequency driving scheme, based on the 

optimised DC link voltage requirements. A conventional 1.7 kV/1 kA dual IGBT power electronic 

module, as shown in Figure 1, was used to build the PEC of the wind energy system in Simulink. The 

developed scheme was embedded in power loss models to minimise temperature fluctuations. The 

performance of the proposed scheme was validated and compared with the conventional back-to-back 

topology based constant and dynamic DC link operations. A finite element model (FEM) combined with 

a Simulink code was established to monitor PECs thermally induced stress based on the estimated actual 

power loss profiles for different topologies. The paper starts by investigating PEC’s heat generating 

sources in Section 2, as well as describing dynamic DC link voltage control and proposed switching 

frequency adjusting technique. In Section 3, critical assessment of the proposed control scheme is 

demonstrated and results are compared with the performance of conventional methods. Conclusions are 

depicted in final Section of the paper. 

2. State of the Art Electro-Thermal Model of IGBT Power Module 

2.1. Power Loss Modelling 

Developing a proper electro thermal model strictly requires effective power loss calculation and 

integration of the heat generation represented by internal self-heating and cross coupling effects of diode 

chips as well as the IGBTs. During recovery operation, heat generation occurs among neighbour and 

adjacent layers due to the reverse current over diode chips which also affect the mean junction 
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temperature. Power losses in PECs used for wind applications are described schematically in Figure 2. 

The stepper change in di/dt and dv/dt causes the total switching losses which leads to increase in the 

temperature through the device. Switching energy losses for a single power electronics module, over  

one period of switching processes, are divided into Turn-on and Turn-off losses, ESW,ON and ESW,OFF, for 

the IGBT. The instantaneous switching power losses, PSW,IGBT of IGBT can be calculated as [27,28]: 

 , ,,
( ) . ( ( )) ( ( )) SW ON C SW OFF CSW IGBT S

P t f E I t E I t
 

(1) 

where Ic is the IGBT collector current and fs is the switching frequency. The average switching power 

loss of IGBTs, PSW,IGBTAV can be expressed as the integral of instantaneous power losses as: 

 
1/

, , ,

0

( ( )) ( ( )) 
fo

SW IGBTAV o S SW ON C SW OFF CP f f E I t E I t dt

 
(2) 

where fo is the fundamental frequency. Similarly, diode instantaneous recovery power losses, PSW,DIODE, 

can be denoted by means of recovery energy, ESW,RR, as: 

, ,
( ) . ( ( ))

SW DIODE S SW RR F
P t f E I t

 
(3) 

where IF is the forward current across the diodes. Average recovery power loss then can be derived as: 

 
1/

, ,

0

( ( )) 
fo

SW DIODEAV o S SW RR FP f f E I t dt
 (4) 

Average switching power losses, PSW,AV, over IGBT and diodes within total number of cycle, N, in 

each fundamental frequency at nth switching period can be denoted as [2,28]: 

, , , ,
1

( ( )) ( ( )) ( ( ))


    
N

SW AV o SW ON C SW OFF C SW RR F
n

P f E I n E I n E I n

 
(5) 

Total conduction loss of power module is composed of the total IGBT/diode chips conduction losses, 

PCON,IGBT and PCON,DIODE, respectively. The instantaneous conduction loss, PCON can be derived as: 

, ,
( ) ( ) ( ) ( ( )). ( ). ( ) ( ( )). ( ). ( )   

CON CON IGBT CON DIODE CE C C I F F F D
P t P t P t V I t I t D t V I t I t D t  (6) 

where, VCE is the collector-emitter saturation voltage of the IGBT. Vf and If are the forward conduction 

voltage and current of the diode, respectively. DI is the conduction time of the IGBTs and DD for the 

diodes. Average conduction power loss, PCON,AV can be expressed as the integral of instantaneous power 

losses as [2–28]: 

 
1/ 1/

,

0 0

( ) ( ( )). ( ). ( ) ( ( )). ( ). ( )   
f fo o

CON AV o CON o CE C C I F F F DP f P t dt f V I t I t D t V I t I t D t dt

 
(7) 

Average switching power losses, PCON,AV, over IGBT and diodes within total number of cycle, can be 

derived as: 

 ,
1

( ( )). ( ). ( ) ( ( )). ( ). ( )


 
N

CON AV o CE C C I F F F D
n

P f V I n I n D n V I n I n D n

 
(8) 
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In this study, overall switching and conduction power losses were calculated by a datasheet study and 

stored in look up tables (LUTs) for each chip [29]. LUTs interpolate the energy losses based on the 

defined current characteristics of each chip with respect to the instantaneous temperature. Switching 

power loss calculation is triggered by edge detector before and after the condition duration for  

each IGBT/Diode. 

 

Figure 2. Power loss characteristics of power electronic conversion systems (PECs) in wind 

applications (modified from [29]). 

2.2. 3-D Finite Element Modelling  

An IGBT module attached to a heat sink was modelled using 3-D FEM as seen Figure 3a, based on 

the actual dimensions and the material properties stated in Table 1. The heat distribution through each 

material was generated using Equation (9): 

2 2 2

2 2 2

.    
      

T T T q c T

k k tx y z  (9) 

where T is the temperature, k is the thermal conductivity, c is specific heat capacity, ρ is the mass density 

and q is the rate of generation of energy per unit volume. Material properties such as conductivity or 

coefficient of thermal expansion are temperature dependent. 

Physical material properties are therefore defined as dynamic properties and as function of 

temperature as shown in Figure 3b e.g., for silicon layer. Two cylindrical domains, representing liquid 

cooling elements, are placed across the heat sink, operated at 25 °C. Bottom surface was modelled as 

convection boundary, where heat transfer coefficient h is found as 4200 W/m2·K using Equation (10): 

, . th hs hsh R A  (10)

where Ahs is the surface area and Rth,hs is the thermal resistance of the heat sink. 
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Figure 3. (a) Meshed model view (b) dynamic thermal conductivity property of silicon layer. 

Table 1. Physical properties of each layer material at 25 °C [29–32]. 

Layer 

Physical Properties at 25 °C 

ρ (kg/m3) 
K 

(W/m·K) 
c 

(J/(kg·K) 
CTE 

(10−6/K) 
Young Modulus 

(MPa) 
Poisson 
Ratio 

Silicon 2330 153 703 3.61 113.000 0.28 
Solder 7360 33 200 30.20 27.557 0.40 
Copper 8850 398 380 17.30 128.000 0.36 

Aluminium 3300 180 750 4.60 344.000 0.22 
Copper 8850 398 380 17.30 128.000 0.36 
Solder 11,300 35 129 29 16.876 0.44 

Baseplate 3010 180 741 0.27 192.000 0.24 
T. Grease 2500 2 700 29 15.700 0.32 
Heat Sink 2730 155 893 4.30 384.000 0.30 

Thermal grease between heat sink and base plate was defined as boundary with 2 W/m·K 

conductivity. Initially, a constant 200 W heat was applied in time domain on each chip located on the 

module where the initial temperature was 25 °C. In order to generate thermal network, simulation was 

computed until the step response of heating curve reaches steady state as seen in Figure 4a,b. Thermal 

resistance Rth and capacitance Cth for each individual layer were extracted by curve fitting using least 

square method; see Figure 4b. The thermal matrix, in Laplace domain, was then generated based on the 

self and coupling heating across [29] each active device by [33,34]: 

1 1

( ) ( )
 




 
N Kmn

mnk
m n

n k mnk

A
T s P s

s  (11)

where P is the initial heat source, A is the coefficient 1/Cth and α is the 1/τ. Temperature of each layer 

was represented for m layers and n heating sources. A matrix form of Equation (11) was derived as in 

Equation (12) where a12, … aMN are the transfer functions of thermal impedances [33,34]. 
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(12) 

By applying Forward Rectangular Euler’s rule, the thermal equation is converted in z-domain [29] to 

increase computational efficiency in Simulink. It can be written as: 

1 1

1 1


   

i

th th th

P T
T

C z R C z  
(13) 

Look up tables were used to interpolate the previously defined energy losses as function of device 

current, saturation voltage and temperature. Simulink blocks were used to generate thermal impedance 

equivalence defined in Equation (13) integrated within previously defined self and coupling heating 

based thermal impedances for all IGBT/diode chips and all layers underneath. The transient temperature 

was obtained by processing transient power losses as input to thermal models as a function of transient 

temperature which is the output of thermal models across each chip. 

 

Figure 4. (a) Temperature distribution due to heating (b) layer temperature and fitted data. 

The mismatch among adjacent layers of the module is non uniform due to the coefficient of thermal 

expansions (CTE) differences of each material [35,36]. This generates thermally induced stress which 

causes deformation and eventual solder delamination and bond-wire lift off based on the stored elastic 

energy. In order to present stress-strain and maximum stress (von Misses) distribution, FE model was 

subjected to the power loss profile extracted from each three different operations of wind energy system 

models, stated in introduction section. In the FE model, the stress distribution was defined by the yield 

function F as: 
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   
mises yield

F  (14)

where σyield is the yield stress and σmises is the von Mises stress. It is derived from the deviatoric stress 

tensor, which consider the stress due to the shape changes and is given as: 

3
( ) : ( )

2
   

mises
dev dev (15) 

It is used in failure tests such as in [35] where the maximum von Mises stress should be less than the 

yield strength in such operations. Anand’s model [37] was also used to describe the solder layers 

behaviour such as temperature sensitivity as described in [36]. 

2.3. Wind Turbine and Utility Grid Modelling 

FS and PS based two level back-to-back (BTB) power converter topologies were modelled 

individually with an induction generator based wind turbine system model in Simulink. Wind turbine 

converted mechanical output power is described by Equation (16): 

( , ) 3
2


  

m p wind

A
P c v  (16)

where Pm is the mechanical output power, cp is the performance coefficient of the turbine, ρ is the air 

density, A is the turbine swept area, vwind is the wind speed, λ is the tip speed ratio of the rotor blade to 

wind speed and β is the pitch angle. 

The base wind speed of the turbine model is 12 m/s and nominal output power is 1.5 MW. Simulated 

power characteristic of turbine with respect to speed and output power is seen in Figure 5. 

 

Figure 5. Wind turbine characteristics and power-speed curve. 

2.4. DC Link Voltage Regulation and Grid Side Converter Control 

The control for both grid and generator converters was assessed by sinusoidal pulse width modulation 

method (SPWM). Equivalent voltage equation in a balanced grid connected to a three phase PWM 

converter through a filter branch is given as [38,39]: 
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L f C

v v v  (17)

where converter voltage vc, filter voltage vf, line resistance R and inductance L are formed as: 

  L
L L C

di
v Ri L v

dt  (18)

R can be neglected since it has much lower voltage drop than L and the three-phase voltages (va,b,c) 

can be represented with respect to line currents (ia,b,c) and converter voltages (vca,b,c )as: 

     
     

      
     
     

a a Ca

b b Cb

c c Cc

v i v
d

v L i v
dt

v i v
 

(19) 

The equivalence of Equation (19) in α-β stationary coordinates becomes: 

  
  

     
      

     
L L C

L L C

dv i v
Lv i vdt

 
(20) 

Then Equation (20) is represented in rotating d-q frame as: 

   Ld

Ld Lq Cd

di
v L Li v

dt  (21)

   
Lq

Lq Ld Cq

di
v L Li v

dt  (22)

where ω is the angular frequency. As discussed in [39], usage of trigonometrical relation leads to define 

boundary condition by using Equations (21) and (22) as: 

3

2
  

Ldq Ldq
v j Li Cdqv  (23)

Assuming , , where Em is voltage amplitude, when only active power is supplied to 

the grid which leads , minimum DC-Link voltage boundary is defined as: 

2 23 ( )  m Lddclink
v E Li  (24)

Based on the minimum DC-link voltage, PWM signals are synchronised with the grid voltage by zero 

detection scheme. Iq represents the reactive power component and hence it is desirable to be zero. 

Whereas, the desired magnitude for Id, depends on actual voltage measured across the DC link. The 

converter output voltages Vcd and Vcq were regulated based on the difference between measured and 

reference values of the d-q current. Hence magnitude and phase angle delay of converter output voltages 

corresponding to grid voltages are set by: 

2 2
( )

 cd cqL pk
v V V  (25)

  

2
3

Cdq dc
v V 

Ldq m
V E


Ldq Ld

i i
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
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cq

cd

V

V  (26)

2.5. Generator Side Control with Switching Frequency Regulation 

Similar to the derived d-q elements for the three phase line voltages in previous section, stator voltages 

vsd,q can be expressed as follows [38,39]: 

    
sd s sd sd d sq

d
v R i w

dt  (27)

    
sq s sq sq d sd

d
v R i w

dt  (28)

where ωd is instantaneous speed of d-q winding set in the air gap, λsd,q and λrd,q are the stator and rotor 

flux linkage expressions, respectively. vrd,q rotor winding voltages are given as: 

    
rd r rd rd dA rq

d
v R i w

dt  (29)

    
rq r rq rq dA rd

d
v R i w

dt  (30)

where ωdA is the instantaneous speed of the d-q winding set in the air gap with respect to the rotor  

A-axis speed. The relation between inductances can be defined a unit less term leakage factor, σ as: 

2

1   m

s r

L

L L  
(31) 

where Ls and Lr are the stator and rotor inductances and Lm is the magnetization inductance. Hence, the 

stator windings are defined as: 

    m

sd s sd rd
r

L
L i

L  (32)

  
sq s sq

L i  (33)

Then, the stator d-q voltages can be expressed in terms of control and compensation terms as: 

' ,

     
 

m
s sd s sd rd d s sqsd

r

vsd vsd comp

Ld d
v R i L i w L i

dt L dt  (34)

,'

     
 

m
s sq s sq d rd d s sdsq

r

v vsq compsq

Ld
v R i L i w w L i

dt L  (35)

For the DFIG based partial scale PE control, Equations (34) and (35) are derived by Equations (29) 

and (30) for rotor voltages control. The d-q voltages can be used to derive equivalent stator generator 

voltage as: 
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2 23
( )

2
 sd sqs

v v v  (36)

In steady state balanced conditions, it is equal to the line voltage, VL, which can be defined in terms 

of DC link voltage as: 

( )

3

2 2


L rms dclink
v V

 
(37) 

Then Vdclink in Equation (37) was defined as minimum value based on the generator voltage with 

respect to generator speed. The boundary has been rearranged as: 

( )

2 2
(min)

3
  

dclink LL rms
V v V  (38)

where a control margin is set to ∆V = 10 V. Look up tables are used to provide the mechanical torque 

with respect to reference speed. The mechanical power is also interpolated based on the power vs. speed 

characteristic derived in Figure 6. Reference stator d-q currents as well as the compensation elements of 

the stator voltages are also extracted through LUTs data obtained through Equations (32)–(35) by means of 

angular speed and power. The DC link voltage is adjusted to its minimum value in the DC link calculation 

block by LUTs during operation. It is derived based on the stored generator voltage and speed data obtained 

thorough Equations (37) and (38) for the generator side; and based on the grid voltage, active power 

component Id and power factor data obtained thorough Equations (23) and (24) for the utility grid side. It is 

then assigned by a scheme according to interpolated value through both sides of PEC. 

The schematic of the proposed switching frequency adaption is shown in Figure 6. In the grid side 

inverter, the process needs to be monitored in terms of current injection, to protect the switching elements 

against high power losses. When wind speed decreases and minimum DC link voltage regulation begins, 

the edge detector block stores the latest calculated power loss for both sides of the PEC. Then switching 

frequency regulation block is activated in order to reduce the switching losses. The switching frequency 

is decreased as the stored power loss is less than the one extracted from active power loss block. When 

wind speed increase, the switching frequency is adjusted according to loss characteristic, as well. The 

lowest possible operating switching frequency is 2 kHz to mitigate lifetime consumption within 

converters caused by power cycling load of switching frequency. In order to keep each three-phase 

voltages in symmetric, switching frequency is adjusted by the ratio of modulation and carrier frequencies 

(fm & fc) in multiple of three as stated in Equation (39). 

3 , ( ) c

m

f
k k N

f  (39)
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Figure 6. Schematic of the electro thermal model with switching frequency adaption. 

3. Results and Discussion 

3.1. Dynamic DC Link Voltage and Switching Frequency Analysis 

The overall modules IGBT on time energy and conduction power losses are seen in Figure 7a,b, 

respectively. On time energy losses were expressed with respect to DC current and voltage at generator 

side converter (GSC) for different wind speeds as shown in Figure 7c. When wind speed is lower than 

the rated wind turbine speed, energy losses can be decreased by lowering the DC link voltage.  

For instance, approximately180 mJ loss deduction can be witnessed by reducing the DC link 50%, whilst 

keeping the current unchanged, when the wind speed is decreased from 12 m/s to 9 m/s. 

 

Figure 7. (a) Insulated gate bipolar transistor (IGBT) switching-on energy losses;  

(b) Conduction losses; (c) DC link voltage vs. current vs. on time losses. 

Temperature fluctuations for the GSC with respect to current and switching frequency are shown in 

Figure 8a when the wind speed is 9 m/s. It can be seen that the temperature fluctuations can be kept 

constant by lowering the switching frequency around 50%, in the case approximately current increases 

25%. Instantaneous on and off power losses, for instance, are found as 2.3 and 2.6 kW, respectively as 

seen in Figure 8b when switching frequency is 5 kHz. A case study is discussed for FS topology for 

expanding the switching frequency control without going into details. Figure 9a,b show a sample applied 

wind speed profile and the dynamic DC link operation for FS scheme grid side converter, respectively. The 

initial frequency is selected as 2 kHz where the DC link voltage is 650 V in the model. 
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Figure 8. (a) Switching frequency effect during 9 m/s wind speed; (b) Total power losses  

at 5 kHz. 

 

Figure 9. (a) Wind speed profile; (b) Adjusted DC link voltage. 

At t = 2 s, wind speed is increased from 9 m/s to 12 m/s. The look up table which obtains minimum 

value for DC link operation is triggered and increases it to 748 V. At the meantime, the switching 

frequency is adjusted by the control block shown in Figure 6, in order to control switching loss for the 

assigned current and voltage through the power modules. It holds the latest calculated switching losses 

before the wind change detected by an edge detector and based on the next calculated power loss signal, 

the frequency is increased up to 2.55 kHz as shown in Figure 10a. 

Similar operation also takes place at time t = 5 s and afterwards until t = 8 s. However at t = 8 s,  

a rapid power loss increase occurs due to higher current injection and frequency controller pulls 

switching frequency back by means of the ratio defined in Equation (33). The total power losses can also 

be seen in Figure 10b as the DC link voltage is controlled. Variable DC link and frequency operation 

causes fluctuation on the energy supplied to the utility grid. The three phase grid voltage can be seen in 

Figure 10c with distortion caused by the controller. Total harmonic distortion can also be illustrated in 

Figure 10d with respect to wind changes and switching frequency adjustments. 
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Figure 10. (a) Controlled power loss data by dynamic DC link and frequency operation;  

(b) Power losses; (c) Three phase grid voltage; (d) Total harmonic distortion. 

 

Figure 11. Applied wind speed profile. 

Table 2. Thermal parameters extracted from the finite element model (FEM). 

Layer 
Thermal Capacitance Thermal Resistance 

Cth,1 Cth,2 Cth,3 Rth,1 Rth,2 Rth,3 

Silicon 0.48 113.14 13.78 0.217 0.056 0.061 
Solder 0.69 113.31 13.92 0.212 0.055 0.058 
Copper 0.85 113.62 14.22 0.198 0.054 0.057 

AIN 1.02 113.94 14.88 0.175 0.053 0.056 
Copper 1.57 114.31 15.31 0.154 0.053 0.056 
Solder 2.01 114.78 16.04 0.136 0.052 0.052 

Baseplate 6.63 115.02 430.0 0.132 0.050 0.009 

3.2. Comparison of Temperature Profiles for FS and PS Based Back to Back (BTB) PECs 

A variable wind profile, shown in Figure 11, is applied both PS and FS models for determining the 

average junction temperature of IGBT chips. The simulation step time was 5 μs. Thermal parameters for 
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the central silicon chip (see Figure 5) and the layers underneath are shown in Table 2 which is obtained 

through FEM. In order to increase the accuracy, thermal impedances of each extracted curves were 

represented by three exponential terms. Thermal impedance for thermal grease layer is integrated within 

baseplate parameters since this layer was defined as a boundary for computational efficiency. 

Temperature distributions for GSC and utility grid side (UGS) power modules in FS and PS based 

wind systems, in three different operation modes, are shown in Figures 12 and 13 respectively. As it is 

seen in Figure 12a, temperature distribution with a fixed DC link voltage (1.1 kV at 2.5 kHz) is much 

stable compare to the variable DC link operation (fixed at 2.5 kHz) shown in Figure 12b. Especially at 

wind speed below the rated shaft speed, the temperature fluctuation is higher. During static DC link 

operation, mean junction temperature is 92 °C where it is 80 °C for variable DC link operation. On the 

other hand, the junction temperature profile of the power module, when the proposed control scheme is 

applied (see Figure 12c), has less fluctuations compare to variable DC link operation. Lower mean 

junction temperature than with the one with static DC link voltage operation is also attained. It can also 

be seen than at lower wind speed (at t = 40 s), the temperature is higher compared to the dynamic DC 

link operation. This is due to the switching frequency increase controlled by the edge detector. 

(a) (b) 

(c) 

Figure 12. Temperature profile of FS based PECs with (a) conventional fixed DC link 

voltage; dynamic DC link (b) without and (c) switching frequency adaption schemes in 

generator side (GS) and utility grid side (UGS). 
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Temperature fluctuations, for variable DC link operation, are higher for the grid side converter 

devices, due to the distorted DC link voltage and current injection. In fact, the mean temperature is 

approximately 25 °C lower than generator side converter which means the power modules will 

experience higher thermal stress caused by wind variations. Compared to FS topology, mean and peak 

temperatures of the converter modules are greater and more fluctuated for both generator and grid sides 

of PS topology as seen in Figure 13a–c. Maximum temperature fluctuation is approximately 12 °C at  

t = 80 s. Also, when frequency control algorithm applied, mean temperature is reached 92 °C. 

(a) (b) 

(c) 

Figure 13. Temperature Profile of PS based PECs with (a) conventional fixed DC link voltage; 

dynamic DC link (b) without and (c) switching frequency adaption schemes in GS and UGS. 

 

Figure 14. Surface von Mises stress for FS based BTB converter’s generator side power 

module with (a) fixed DC link; (b) dynamic DC link without and (c) with switching 

frequency adaption. 
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The temperature fluctuation however is reduced by 9 °C which would reflect on the thermal stress 

induced during the operation. Similar to the FS converter topology, higher fluctuation (~15 °C) and 

lower mean junction temperature (~70 °C) profile were estimated, on the GSC. 

3.3. Thermo-Mechanical Performance of Proposed Model 

As a case study, FS generator side converters’ power loss profiles of each three of the topological 

models were applied on top of the chips within FE analysis for obtaining the thermo-mechanical 

performances. Due to computational speed limitation in FEM, step time of loss profile was resampled 

into 5 ms range. Power losses were scaled by 1/12 factor; then were applied individually as boundary 

heat source on the each top surface of the silicon chip layer. This approach made it possible to locate 

thermal stress caused by thermo-coupling heat effect across neighbour chips located on each substrate. 

Von Mises stress which occurred due to the power loss profile extracted from each topological operating 

approach are shown in Figure 14. 

It can be commented that the most stressed regions are the solder of silicon and copper of baseplate 

layers. The maximum von Mises stress is estimated at the edges of copper layer as 142 MPa for the fixed 

DC link operation as shown in Figure 14a. On the other hand, it is possible to reduce it around 130 MPa 

with dynamic DC link operation as depicted in Figure 14b. The performance of the proposed model in 

terms of maximum stress is also shown in Figure 14c. Compared to dynamic DC link mode, 

approximately 27 MPa stress deduction was attained. The maximum stress was reduced approximately 

to 103 MPa which is lower than the yield strength of the copper [31]. Stress across silicon layer edges 

and baseplate is reduced in overall, especially around solder of neighbour substrates compared to 

dynamic DC link approach. First principle stress analyses are shown in Figure 15a–c for each topology. 

Mostly effected regions are middle edge of the silicon and aluminium ceramic layers. 

Proposed method showed better performance with total difference as lower as 36 MPa compare to 

the static and dynamic DC link operations. Total principal stress can be estimated as 56.6 MPa. Although 

dynamic DC link operation has lower mean junction temperature profile, thermal stress distribution is 

worse due its highly fluctuated characteristics, compared to proposed driving scheme. 

 

Figure 15. Surface first principle stress for FS based back-to-back (BTB) converter’s 

generator side power module with (a) fixed DC link; (b) dynamic DC link without and (c) 

with switching frequency adaption. 
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Total power losses with respect to mean and temperature fluctuations and stress for both FS and PS 

schemes are shown in Figure 16. It is seen that the proposed scheme showed better performance for the 

FS based wind energy system. Mean junction temperatures are approximately lowered by 8 °C compared 

to the static DC link system for both GSC and UGSC. Temperature fluctuation is also decreased by 

means of 50% compare to the variable DC link operation which will be the major benefit for stress 

deduction. Although the instantaneous power losses at peak point are decreased by 20% in DFIG system, 

this deduction did not reflect on mean junction temperature and maximum stress (~7 MPa in GSC,  

~10 MPa in UGSC) since the power absorption during sub-synchronous mode increase thermal cycling, 

unlike in FS topology. Despite of the highly cycling thermal profile, 5 °C mean junction temperature 

deduction is established compared to the conventional topology for both side converters of the PS based 

wind system model. 

 

Figure 16. Overall thermo-mechanical and electro-thermal for (a,c) generator and (b,d) grid 

side power modules on FS and on PS doubly fed induction generator (DFIG) based BTB PECs. 

4. Conclusions 

A model based solution to minimise thermal effects and the induced stress of PECs was demonstrated 

in this paper. Promising results were achieved by optimising switching frequency of PECs within 

dynamic DC link voltages for wind energy applications. The proposed adaptive switching driving 

scheme managed to control the total power losses of a two level back-to-back converter platform used 

in full scale (FS) and doubly fed induction generator (DFIG) based partial scale (PS) wind systems. 

Moreover, the IGBT junction’s mean temperature and the induced stress were eliminated and kept within 

acceptable levels, which in turn maximise the life cycle of such PECs. With the proposed approach, “the 
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total temperature fluctuation were notably reduced; for FSIG by 12 °C, DFIG by 5 °C. Such temperature 

reduction leads to a total stress decrease by about 27 MPa. The drawbacks associated with the proposed 

model are related to its complexity, possible current and voltage fluctuations which may cause increase 

to the total harmonic distortion fed into the utility grid. 
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