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Abstract: Turbine systems equipped with doubly fed induction generation (DFIG) are becoming
increasingly vital in wind power generation, with the reliability of the devices serving as a pillar in
the industrial sector. Thermal stress and lifetime assessment are fundamental indicators in this regard.
This paper primarily addresses the thermal stress and lifespan of power semiconductor devices
utilized in a DFIG grid-side converter (GSC) and rotor-side converter (RSC). PLECS (Piecewise
Linear Electrical Circuit Simulation) is employed to validate the electrical and thermal stress of the
power devices. Additionally, Ansys Icepak, a finite element analysis (FEA) software, is utilized to
confirm temperature fluctuations under various operations. The power consumption and junction
temperature of the power devices in the GS5C and RSC of a 2 MW DFIG are compared. It is evident
that the most stressed power semiconductor is the IGBT for the GSC with a temperature swing of
3.4 °C, while the diode in the RSC is the most stressed with a temperature swing of 10.1 °C. This paper
also presents a lifetime model to estimate the lifespan of the power device based on the annual wind
profile. By considering the annual mission profile, we observe that the lifetime of the back-to-back
power converter is limited by the diode of the RSC, whose By lifetime is calculated at 15 years.
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Model-Based Thermal Stress and
Lifetime Estimation of DFIG Wind

Power Converter. Energies 2024, 17,
3451. hitps://doi.org/10.3390/ 1. Introduction
enl7143451 The 2024 Global Offshore Wind Report marks a new frontier in the worldwide growth
of offshore wind. The global offshore market is expected to grow from 10.8 GW in 2023
to 37.1 GW in 2028, bringing its share of new global installations from today’s 9% to 20%
by 2028 [1]. It has been demonstrated that wind turbine generation has played a very
important role and will continue to do so in the coming decade.

DFIG is the primary choice of wind turbine manufacturers because it is an extremely
cost-effective solution. The reliable operation of the converter module and the lifetime
cycle of the power converter and power semiconductor devices have become important

® factors restricting DFIG [2,3].
The capacity of the back-to-back power converter is relatively small compared to the

DFIG, leading to its cost-effectiveness from the viewpoint of economics. The rotor in DFIG
is linked to the power grid using the RSC and the GSC, while the stator side is directly
This article is an open access article ~ cOnnected to the grid. The function of the GSC is to keep the DC bus voltage fixed and
distributed under the terms and  Meet the reactive power demand according to the grid codes, while the RSC can produce
conditions of the Creative Commons  active power to the power grid through following maximum power point tracking (MPPT)
Attribution (CC BY) license (https://  and providing the exciting current for DFIG [4].

creativecommons.org/ licenses /by / DFIG is typically controlled through coordinate transformation, which gives the
40/). possibility to control its active and reactive power independently. The vector control is
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commonly used, including the stator voltage orientation and stator flux orientation [5-8].
If the stator voltage orientation is applied, the synchronous rotating frame is aligned with
the stator voltage.

In order to obtain a device’s lifetime model, the power cycling testing of wind turbine
power devices is required under different stress conditions [9-11]. Common power cy-cling
methods can be classified into active power cycles (self-operation) and passive power cycles
(external thermal chamber) [12,13]. In respect to active power cycling, it can be further
divided into DC power cycling and AC power cycling according to the current passing
through. Active power cycling has been studied more because of its flexible control and
diverse temperature monitoring methods [14-18]. At the same time, according to the control
parameters of each cycle, it is divided into constant current, constant power, and constant
junction temperature fluctuation. Constant current indicates that the current applied to
the IGBT remains constant. The power loss level of the IGBT device is maintained at a
fixed value for the constant power approach. In the case of constant junction temperature
fluctuation, the power cycle to failure lifetime of the device is controlled by junction
temperature fluctuations [19]. In this process, the physical mechanism of fatigue failure
(crack expansion rate, degradation growth in the solder joint, bond wire lift-off, electrical
migration and aluminum metal reconfiguration) can be studied [20,21]. The remaining
part of the power cycle test focuses on the accuracy of the lifetime assessment by selecting
thermally sensitive parameters (such as on-state voltage drop, maximum temperature and
junction temperature fluctuation) [14,20].

The key to investigating the reliability of the DFIG power converter is to understand its
failure mechanisms, where thermal-mechanical stress-related degradation is dominant for
power semiconductors. Due to the different features and complex control strategies of the
back-to-back power converter, the simulation is needed to efficiently evaluate the loading
conditions and obtain the equivalent thermal stress of the wind power converter. Therefore,
it is necessary to establish the theoretical models and to compare the thermal stress of the
power semiconductor devices, which forms the basis for subsequent simulation. Prior-art
DFIG research mainly focuses on the fields of converter control and fault ride-through.
There are few studies on the thermal stress and lifetime of turbine generator devices in
sub-synchronous and super-synchronous states. This study aims to provide guidelines for
power semiconductor reliability pre-design and lifetime extension.

The remaining part of this paper is organized as follows. Section 2 describes the
topology and operating principle of the DFIG systems, where the case conditions are
introduced. GSC and RSC models as well as their control principles are presented in
Section 3. The power loss model and thermal model are described in Section 4. Section 5
presents a thermal stress comparison between the DFIG GSC and RSC, including theoretical
calculations and simulation verification. In Section 6, the finite element simulations of
the two power converters are compared. Section 7 estimates the lifespan of the power
semiconductor based on the annual mission profile. Finally, some concluding remarks are
drawn in Section 8.

2. Operation Principle of DFIG

As shown in Figure 1, a typical DFIG system consists of a generator, gearbox, trans-
former, power grid, a cascaded three-phase power converter (back-to-back power con-
verter), a dc-link capacitor bank, and a filter inductor [22]. The wind power captured using
the DFIG turbine is converted into electrical energy via the generator and transmitted to
the grid through the stator and rotor windings. The main advantage of DFIG is that it
maintains the amplitude and frequency of the output voltage at a constant value regardless
of the wind turbine rotor speed. Therefore, the DFIG can be connected directly to the AC
power grid and always remain synchronized. In this process, the structure and indepen-
dent control of GSC and RSC played a crucial role. Since the power converter of the wind
turbine only needs to handle a small part of the rated power, the converter power devices
have higher lifetime cycles under different thermal profiles. Based on the rotor speed,
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DFIG operates in either a super-synchronous state (when the slip becomes negative) or a
sub-synchronous state (when the slip becomes positive). In order to simplify the analysis,
the mechanical losses inside the generator are ignored. Therefore, P, is the mechanical
power of DFIG, P, is the input air-gap electromagnetic power and P, = P;,. Considering
‘s’ as the slip of the rotor, the relation between slip and the rotating speed is expressed as
s = (n, — ne)/ny, where n, and n, are the rotor speed and rated synchronous speed of the
DFIG, respectively. The stator active power P; and rotor active power Pr compose the me-
chanical power Py,. Therefore, the power injected into the grid is Py = (1 — s)Ps. Depending
on the slip value, it generates or absorbs active power from the rotor side of the generator.

Transformer Grid

— 30

GSC T Pg

<|

Figure 1. DFIG topology with back-to-back power converter.

The active power curve based on wind speed is one of the methods to control the
active power of the DFIG wind turbine. According to the aerodynamic model [23,24], the
active power generated using the wind turbine is determined by the power coefficient.

This case study applies a 2 MW wind turbine to investigate the thermal performance
of converters and power semiconductors. The relationship between DFIG rotor speed and
output power concerning the wind speed is shown in Figure 2. As the wind speed increases
from the cut-in wind speed of 4 m/s to the rated wind speed of 12 m/s, the output power
also increases to the rated value. The detailed parameters of the wind turbine system are
listed in Table 1.

= 1800

= — Output power P, || 1600 £
[f — Rotor speed n, ~
- 11400 £
2 3
S 11200 2
5 S
g. 11000 g
O O

0 5 10 15 20 25
Wind speed V,, (m/s)

Figure 2. DFIG output power and rotor speed at various wind speeds.

Table 1. Parameters for wind turbine.

Specification Value Specification Value

Rated power P4 2 MW Blade radius R 41.3m

Cut-in wind speed Vs i 4m/s Cut-off wind speed V1 o 25m/s
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Table 1. Cont.
Specification Value Specification Value
Rated wind speed V04 12m/s Optimal tip speed ratio Agpt 8.1
Maximum power 0.41 Gearbox ratio G 26

LJ
M

Grid

coefficient Cp_max

3. Model and Control of GSC and RSC

This paper takes the GSC and RSC as an example for analysis, where the grid voltage-
oriented control approach is used with a dq reference rotating frame. As shown in Figure 3,
the GSC control strategy includes two cascaded loops. The inner loop mainly focuses on the
grid current g, and the outer loop takes care of the reactive power Qg and dc-link voltage
Uy The d-axis grid current is used to keep the dc-link voltage constant, and the g-axis grid
current regulates the reactive power [2,22].

Control scheme of GSC

GsC : *Ug +Vdc i
| | . . - !
l R > T PI V|
! cd - |

| - gd
| svpwm |« |08 >< o, o |
! b dq |e— I
. oL - !
= N A .
| S @@~
| poo
| Qq !

H |
'o T ' Current controller T |
| controller i
I
|

LE |
| ————01 !
PLL !
| I
Ugabe =l: Ugap .- Ugdg - Pg :
foabe | of | oo — | Power ’ !
gabe » abc lgop_, lgdg » caculation | .Q, !
| |
Transformer ! i
|
| |
I |

Figure 3. Control scheme of the grid-side converter for the DFIG system.

If there is a single inductor in the GSC output side, the relationship under the rotating
frame between the grid and GSC can be expressed as the following:

. digd .

Uegd = Ugd — Rglgd - Lgﬁ + “Jnglgq (1)
. digg ,

Uegg = Ugq — Rglgg — Lg— = — wilgley 2)

where 1, and ug denote the GSC converter output voltage and grid voltage, and Rg
denotes the grid equivalent filter resistance. iy denotes the grid current. L, denotes the
filter inductance. w; represents the stator angular frequency. The subscripts d and g are
the variables under the d-axis and g-axis, respectively. The active power Pg and reactive
power Qg flow between the GSC and grid will be proportional to i¢; and igq, respectively;
the relationship can be expressed by

3

Py = 5 Ugigy (3)
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Qe = - % Ugigg )

Based on (3), the active power is only related to the d-axis grid current. Meanwhile,
under the unity power factor condition, the reactive power is zero, and the g-axis reference
current is set to zero.

The objective of RSC is to regulate the stator active and reactive power injected into
the power grid. As shown in Figure 4, the RSC control strategy also includes two cascaded
control loops. The inner current loop i, regulates the d-axis and g-axis rotor current, and the
outer loop decouples the reactive and active power of the stator side. Aligning the d-axis
of the reference frame along the stator voltage vector position, the relationship between the
rotor voltage and rotor current can be found:

. di L ,
Upg = Rty + aer—;d + s,UsL—m — wWsO Lyirg (5)
S
. dirq .
Urg = Ryipg + 0Ly —— + ws0Lyipg 6)

dt

where 1, denotes the RSC rotor voltage. i, denotes the rotor current. R, denotes the
rotor resistance. L, L,, and L,, denote the stator inductance, the rotor inductance, and
the magnetizing inductance, respectively. ¢ represents the leakage coefficient and equals
(LsLy — Li?/LsLy). s; represents the slip of the induction generator and equals ws/w .

SLnUg/Ls | +
- + +
P P R— P -

i ird - o u *
p, 1 o] « ] Ut
. d
g K01 VR g
. + +
Q PI X— P &

o't

Power controller Current controller

-

Yy

T

Q100 | g

0] 4¢—

P _ Usdg _ Usap
s - Power -

N A -jo1
caculation | lsdg €

o isaB

Transformer
(W]

Grid

RSC Controller

Figure 4. Control scheme of the rotor-side converter for the DFIG system.

The stator’s active and reactive power flow can then be expressed by

3L .
Ps = _Efr:uslrd @)
3/ U2 ULy,
= = 8
Qs > (wlLs + L. Irg (8)

where Ps and Qs denote the active and reactive power of the stator side. U is the peak
phase voltage of the stator. Due to the constant stator voltage, the stator side active power
and reactive power are controlled via i,; and 7,5, respectively.
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4. Loss Model and Thermal Model

The power device dissipation of GSC and RSC mainly includes conduction loss and
switching loss. Under specific wind speed conditions, the turbine will generate a specific
frequency, voltage, current, and displacement angle in order to maintain maximum power
point tracking. In the fundamental period, the linear approximation of the IGBT forward
characteristics is assumed [22,24,25], and the GSC conduction loss P, can be further
simplified as follows:

1/1 1 1 1
Peont = 3 (TEVCEOIZ + n,VCEOIZZ) +MCOS§0(§VCEOIZ + 37TVc50112> )

where Vgo means the collector-emitter initial voltage drop, and ¢ is the displacement
angle of the output phase current and voltage. M denotes the voltage modulation index. I;
denotes the peak value of the output current. For the conduction power loss of the RSC
and GSC, the RSC current [; in (9) becomes half of the GSC, as the two paralleled power
modules are selected for the RSC due to its higher current stress.

The MATLAB polynomial fitting method is used to represent the switching loss of
the IGBT according to the turn-on loss and turn-off loss, respectively. In the fundamental
period, the sum of turn-on loss and turn-off loss consists of the switching loss. The GSC
switching loss Py, in a fundamental period can be calculated as follows:

Psz:fsw;j{<azT+nIl+(ZIlz) (10)
where f, is switching frequency. V. and Vd* ; denote dc-link voltage and reference dc-link
voltage, respectively. ar, by, and cr denote the corresponding coefficient of the fitting
function, respectively. The above three parameters are obtained at the worst junction
temperature (150 °C) from the datasheet. The diode switching loss only includes the
reserve-recovery loss. It is worth noting that, the RSC current is also half of the GSC.

The thermal network of the power module is shown in Figure 5a. In general, in
order to facilitate calculation, the junction-to-case RC network will be converted into a
fourth-order Foster model (from junction to case) [26]. Combined with the thermal network
mathematical model, as shown in Figure 5b, the actual physical material layers from top to
bottom are the silicon chip, solder, direct copper bonding (DCB) substrate, the baseplate,
thermal interface material (TIM), and the heatsink.

_ IGBT Diode ]

Rthjc‘_Tll - Rthchj
T thic_ T4 T thch T - ~ /-

e i ?)CB AN .\.-Z\; Baseplate

su s\»trate / Heatsink

Rinic_pa TIM [5 X
T thjc_ D4

ey

(@) (b)

Figure 5. Thermal model of IGBT power semiconductor module. (a) RC thermal network. (b) Basic
layout of the power module.

According to the thermal profile in the condition of periodical power dissipation at
steady state, the relationship of the mean junction temperature T; 1 and junction tempera-
ture swing AT; t can be obtained as follows:

4
Tir=Pr (Z Ripje_1(¥) + RthchT) + (Pr + Pp) Ry + Ta (11)
i=1
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—ton \
1— eTthjch i
4
ATj 1 =2PrY_ Ryjc_1(i) —T (12)
i=1
1 — ¢ thjc_T ;

where T 1 stands for the chip surface temperature, T, 7 indicates the case temperature,
T}, denotes heatsink temperature, T, means ambient temperature, Pt denotes total IGBT
power loss, Pp denotes total diode power loss, Ryyjc_1, Rinng, and Ryjc_t are the junction-case,
case-heatsink, and heatsink-ambient thermal resistance. Moreover, t,,; denotes half of the
fundamental period and T is the fundamental period of the load current. T denotes the
thermal time constant of each network.

5. Power Devices Thermal Stress Comparison between DFIG GSC and RSC

In this section, the simulated loss dissipation and thermal cycling of the power device
will be presented and compared with mathematical calculations from the loss and thermal
models. A case study of the 2 MW DFIG system is carried out. The important parameters
of the wind turbine are listed in Table 2, where the number of pole pairs p = 2. Moreover,
the Danfoss P3 power module is selected [27].

Table 2. Parameters and conditions of the DFIG GSC and RSC systems.

Power device in GSC cell Single P3
Fundamental frequency fg 50 Hz
Switching frequency fg sw 2 kHz
GSC Grid voltage (phase voltage) Uy 563 V
dc-link voltage Uy 1050 V
Filter inductance L 0.5 mH
Power device in RSC cell paralleled P3
Fundamental frequency f s x 50 Hz
Switching frequency f; sw 2 kHz
RSC Rotor resistance Ry 1.524 mQ)
Rotor leakage inductance L; 0.064 mH
Stator resistance Ry 1.688 mQ)
Stator leakage inductance Ly 0.038 mH
Magnetizing inductance Ly, 2.91 mH

5.1. GSC and RSC Power Loss and Thermal Stress

With the different wind speed conditions, there are different loading conditions for
the GSC and RSC power semiconductor energy output and thermal stress. The sub-
synchronous state (V, = 6.8 m/s, Py, = 0.4 MW, n, = 1200 rpm, s = 0.2) and super-
synchronous state (V, = 12 m/s, Py, = 2 MW, n, = 1800 rpm, s = —0.2) are selected for
working status comparison. Figure 6 shows the PLECS comparison between the IGBT and
diode under different operation modes. It is worth noting that the voltage and current dis-
placement angle can be obtained using the time difference at the zero-crossing. According
to the amplitude of voltage, current, and its displacement angle, the power consumption of
the corresponding device can be obtained.
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RSC IGBT power loss (W)
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Figure 6. IGBT and diode power dissipation and junction temperature in different operation states
of DFIG. (a) GSC in sub-synchronous state. (b) RSC in sub-synchronous state. (¢) GSC in super-
synchronous state. (d) RSC in super-synchronous state.

As the performance of both the GSC and RSC are different, the comparison between
the sub-synchronous state and super-synchronous state results are shown in Figure 6a—d,
respectively. During sub-synchronous mode, the power loss of the diode in the GSC is
higher, and diode conduction losses and switching losses are higher in this state; moreover,
the junction temperature fluctuations are higher than the GSC. Figure 6¢,d show the output
of the GSC and RSC in the super-synchronous state, respectively. In the super-synchronous
mode, the GSC IGBT power consumption is higher, but the GSC IGBT junction temperature
fluctuates less than the diode. Compared with the sub-synchronous mode and super-
synchronous mode, the latter has higher thermal stress.

5.2. Calculation and Simulation Comparison of Thermal Stress

Under different wind speed conditions, the theoretical and the PLECS simulation
comparison of DFIG GSC and RSC are shown in Figure 7. To evaluate all the loading
conditions of the DFIG power converter, the wind speed from the cut-in value (4 m/s)
to the rated value (12 m/s) are taken into account. Figures 7a—c and 7d—f are the output
voltage, current, power consumption, and junction temperature fluctuation of the G5C and
RSC, respectively.
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Figure 7. DFIG 2 MW wind turbine converter output comparison of theoretical and PLECS simulated
results with (a) GSC voltage and current. (b) GSC IGBT and diode power loss. (c) GSC temperature
swing. (d) RSC voltage and current. (e) RSC IGBT and diode power loss. (f) RSC temperature swing.

It can be clearly seen that the output voltage, current, power consumption, and
theoretical calculations are completely consistent with the PLECS simulation results, which
verifies the correctness of the model. It is worth noting that for simplicity, the instantaneous
sinusoidal power loss is regarded as the average step-changing power loss, which is
different from the theoretical model. This is the reason for little difference between the
calculation and simulation for the temperature swing.

For the two states, during the process from sub-synchronous to super-synchronous
in the GSC, the operating thermal stress of the diode becomes higher. In the RSC, the
diode has a higher mean junction temperature and junction temperature fluctuation, which
indicates that the lifetime between the back-to-back power converter will be unbalanced in
the case where the whole wind speed range is considered.

6. Finite Element Analysis of IGBT Module

Finite element software (ANSYS/Icepak: Ansys Electronics Desktop 2022 R1) and
heat transfer theory are used to analyze and simulate IGBT power modules with different
structures. Based on the thermal conductivity listed in Table 3, a 3D model according to
the P3 module and assigned material properties can be established. The P3 module is a
half-bridge structure, and its upper and lower bridge arms are composed of six sets of IGBT
with diode chips connected in parallel. The following assumptions need to be made in the
simulation: (1) The solder layer is evenly distributed without defects such as peeling and
voids. (2) The main forms of heat transfer are heat conduction, ignoring heat convection
and heat radiation. (3) The heat generated through wire bonding and connecting wire is
ignored. During the operation of the IGBT power module, the heat source mainly comes
from the power loss of the semiconductor chip.

Table 3. Parameters for module material properties.

Material Copper Al,O3 Silicon Aluminum Solders Thermal
Grease
Thermal conductivity 390 o5 146 0375 0 )

(W/M * k)
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As the power loss of the IGBT module is applied to the chip according to Table 4,
the steady-state and transient-state thermal simulations monitor average chip surface
temperature and fluctuations. Other boundary conditions are as follows: (1) The heat
dissipation method is fin temperature heatsink cooling; both the heatsink temperature and
ambient temperature are 50 °C. (2) The module size data come from the Danfoss company
(Flensburg, Germany). It should be noted that, in order to achieve a small module geometry,
the IGBT chips and diode chips are placed close to each other, and the chips are thermally
coupled; this is due to the single-chip testing used in this paper following industrial testing
practices. Therefore, only 1/6 of the original power consumption is required during power
loss setup.

Table 4. Parameters for ANSYS simulation.

Operation State

Power Loss and Temp GSC Power Device RSC Power Device

Sub-synchronous state

IGBT 12.5 Diode 21.6 IGBT 23 Diode 22.5

Power loss (W)

Super-synchronous state IGBT 63.2 Diode 27.1 IGBT 41.8 Diode 43.5
Sub-synchronous state IGBT 54.1 Diode 56.7 IGBT 54.2 Diode 56.7
Mean temp (°C)
Super-synchronous state IGBT 57.8 Diode 62.1 IGBT 58.5 Diode 62.2
Sub-synchronous state IGBT 0.6 Diode 2.7 IGBT 2.1 Diode 5.0
Temp swing (°C) - -
Super-synchronous state IGBT 3.4 Diode 3.1 IGBT 4.1 Diode 10.1

For simple comparison, as shown in Figure 8, steady-state simulation and transient-state
simulation have the same structure and mesh settings (Min Face alignment = 0.21 > 0.05, Min
Skewness = 0.03 > 0.02), and the only difference is that the periodic power value is the thermal
assignment at transient time. In Ansys Icepak, the boundary temperature is defined as 50 °C,
there is no convection, the transient simulation uses a square wave power consumption, and
the loss dissipation of the IGBT and diode are considered for half a cycle. As usual, the mesh
settings (Maximum Element Size X =1, Y =1, Z = 1, Minimum Gap X=0,Y=0,Z2=0;
Multi-Level Meshing Max Levels = 3, Buffer Layers = 1; Enforce Multi-Level Meshing (MLM))
in all objects select the 3D mode.

Figure 8a is the 3D model of P3. Since the main focus is on the thermal radiation
and junction temperature changes in the IGBT and diode under different thermal stress
conditions, its simplified 3D model is shown in Figure 8b, where the thermal coupling
phenomenon of adjacent chips is verified; therefore, the single-chip test method is used
in actual testing. Figure 8c—f shows the junction temperature changes in the IGBT and
diode in sub-synchronous state during the steady state. The temperature in the central
area of the chip is the highest and the edge temperature is the lowest, and the mean value
of the five points is taken as the junction temperature of the chip. The transient-state
temperature radiation of GSC and RSC under two operations are shown in Figure 9a,b.
In Figure 9a, the upper result shows the device temperature change in GSC during the
transient state. Compared to the PLECS curve in Figure 6c, the corresponding device mean
junction temperature is close. Figure 9b shows the temperature change waveform of the
RSC. The material property parameter settings in Ansys are very important (parameters
include those such as the thermal conductivity and heat capacity of the material from
junction to case, which is related to the material process and manufacturer). Therefore, the
generated thermal resistance and thermal capacity cannot completely match the thermal
impedance parameters of the P3 module’s datasheet. This creates a fluctuating difference
in the conduction of heat in the material.
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Figure 8. P3 power module Ansys simulation results in different operation states: (a) Danfoss P3

50.0000

structure; (b) multi-chip temperature coupling; (c) GSC power devices temperature radiation in sub-
synchronous state; (d) RSC power devices temperature radiation in sub-synchronous state; (e) GSC
power devices temperature radiation in super-synchronous state; (f) RSC power devices temperature
radiation in super-synchronous state.

As shown in Figure 10, throughout Ansys thermal simulation, the transient thermal
stress of the IGBT and diode in the GSC and RSC converters in the sub-synchronous
and super-synchronous states is measured. It is obvious that the device stress in the
sub-synchronous state is smaller compared to the super-synchronous state, and the IGBT
and diode junction temperature fluctuations in the super-synchronous state are higher
than those in the sub-synchronous state. The main reason for the difference in results
between PLECS and Ansys in terms of the junction temperature swing is that the physical
material property settings (including thermal conductivity coefficient, density, specific
heat capacity, etc.) and settings in PLECS (the thermal resistance and thermal capacity
parameters provided by the developer are imported) are not completely consistent with
the thermal-related properties of physical materials.



Energies 2024, 17, 3451 12 of 15

70.00 70.00

5
g

65.00

60.00

s

%
8
Monitors - Temperature [cel]
3
=4

Monitors - Temperature [cel]

50.00 |-+
0 5

15 20 25 30
Time [s]

70.00 7]

7 T :

< = 65.00 diode

£ g ]

g g 1

m m -

g b ]

=1 =]

g £ 6000

= & 1

§ £

E E 55.00

S S V- 4

= ] = ]

5000 T T T T T T T 5000 T T T T T T T T
20.96 2097 2998 29.99 30.00 29.80 29.85 29.90 29.95 30.00

Time [s] Time [s]
(a) (b)

Figure 9. DFIG 2 MW wind turbine converter P3 power module Ansys simulation results during
transient states: (a) GSC transient temperature swing in super-synchronous state; (b) RSC transient
temperature swing in super-synchronous state.
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Figure 10. Ansys and PLECS simulation comparison of GSC and RSC power devices under different
working conditions. (a) Power loss. (b) Junction temperature. (c) Junction temperature swing.

7. Lifetime Estimation of Power Device

According to the parameters given by the manufacturer, the Coffin-Manson lifetime
model of the power device can be established [25]. The work process and relationship
between the number of Bjg power cycles and the corresponding wind speed can be cal-
culated, as shown in Figure 11. With the different wind speeds, the DFIG rotor speed
and power also change (this paper mainly focuses on the change in the DFIG from the
sub-synchronous state to super-synchronous state during the change in wind speed from
4m/sto12m/s).
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Figure 11. Mission profile-based assessment procedure for wind power converter reliability.

The thermal stress of the power device changes with the wind speed; the lifetime
can be evaluated based on the annual mission profile. The lifetime from power cycling
to failure is established based on the Coffin-Manson lifetime model. Finally, the device’s
working status is related to the annual wind speed distribution, and the By lifetime of the
device can be derived. The By lifetime formula of IGBT is as follows:

e A A
N, =1.27 x 10° x AT}, 729 5 ™" ir x (0.7) (13)
CLT:fv><365><24><3600><f (14)
Ny
25
TCLr = Y CLr (15)
n=4

where t,, denotes half of the loading current period. f ;, denotes the annual percentage of
every wind speed. f denotes the fundamental frequency of the converter current.

According to the above formula, the relationship between the Bjg power cycling
lifetime and the corresponding wind speed can be found, as shown in Figure 12a. During
the sub-synchronous range, the amount of power cycles to failure of the GSC is higher than
that of the RSC, and the amount of power cycles to failure of the diode is lower than the
IGBT. During the super-synchronous condition, GSC power devices have a longer lifetime
due to smaller junction temperature fluctuations.

1020 L

— GSC IGBT — GSC Diode || 102
==RSCIGBT == RSC Diode

IGBT B10 lifetime power cycles N¢

AY
10
107 g 1

(a)

0 15
Wind speed (m/s)

2% oo 10t

L8 : 10° 8§ ® = IGBT

S £ 10|[—GscIGBT —GSCDiode s g = diode

° ==RSCIGBT ==RSC Diode a 2.,

5 A PP abh T S o210

= O T o .=

o w 4 © =

= g I' ------ g =
se B[ p M T 0°E 3 107

= R 3 @

E 3 ", 2 5 4

g E £

a1 4] 2 O

® 5107 5 =

8 © © 5 10°

20 25 5 & 5 1 158 20 25 s F GSC RSC
o Wind speed (m/s) .52
(b) (c)

Figure 12. DFIG GSC and RSC power device under different wind speed comparison. (a) Power
cycling to failure lifetime (Nf). (b) Consumed lifetime (CL). (c) Total consumed lifetime (TCL).

In order to conveniently and intuitively estimate the number of power cycles per year,
the wind profiles are assumed to be consistent every year. The annual consumed lifetime
of IGBT CLT is defined as (14). By using the Class-I wind profile with an average wind
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speed of 11.4 m/s, the total consumed lifetime TCL of IGBTs and diodes in RSC and GSC
can be easily estimated. Obviously, the annual consumed lifetime of GSC and RSC diodes
is higher than that of the IGBT. The annual total consumed lifetime of the diode in the RSC
is 6.5 x 1072, which indicates the diode By lifetime of 15 years.

8. Conclusions

This paper mainly focuses on the thermal stress and lifetime estimation of a power
semiconductor used in DFIG back-to-back converters. By setting different loading pro-files,
the power consumption as well as the junction temperature of the devices in the DFIG
power converter are compared with the theoretical calculation and the simulation models.
It is evident that the thermal stress of the GSC power devices becomes the least significant
around the synchronous operation, while it leads to the highest junction temperature at
the rate wind speed. For the RSC power devices, the highest thermal stress condition
appears at the rated wind speed, but it is important to note that the junction temperature
swing becomes higher around the synchronous operation point due to the extremely low
fundamental frequency. Through comparing the back-to-back power converter, we observe
that the most stressed power semiconductor is the IGBT for the GSC with a temperature
swing of 3.4 °C, while the diode in the RSC is the most stressed, with a temperature swing
of 10.1 °C. Considering the annual mission profile, the By lifetime of the RSC diode is
15 years, which is much higher than the GSC IGBT.
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