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ABSTRACT The junction temperature fluctuation (ATj) of the doubly fed induction generator (DFIG)
around the synchronous speed point, deteriorates the reliability of the power converter considerably.
Therefore, a lifetime evaluation method for the power converter of DFIG is proposed in this paper. Combining
the speed-power curve of the generator with the grid side converter (GSC) and the rotor side converter
(RSC), and using the equivalent thermo-electric network of IGBT module, the junction temperature (Tj)
model of the power converter is established to calculate the average junction temperature and fundamental
frequency temperature fluctuation. Based on the field measured data of the wind speed probability and
ambient temperature of three wind power plants in different latitude region, the operation life curves of
GSC and RSC are obtained by curve fitting, and the life spans of five type of power modules are evaluated
and compared. Provedbythecomparison that thelifetime of the converter could be reduced significantly due
to the ambient temperature-induced low frequency temperature fluctuations in the thermal cycling, while,
the fundamental frequency thermal cycle caused by the running frequency of the converter has slight effect
on the overall life.

INDEX TERMS Junction temperature fluctuation, doubly fed induction generator, lifetime evaluation
method, wind speed probability, power modules.

I. INTRODUCTION among the main causes of failure in the insulated gate bipolar

With the increasing penetration of wind power plants in the
power grid during the past few decades, the reliable and cost-
effective wind energy production has become increasingly
important [1], [2]. Due to its mature industry chain and low
cost, DFIG is an attractive alternative for the MW-class power
system of the wind turbines. As the key component of the
electrical system, the power converter has relatively high cost
and higher failure rates due to faults in the power compo-
nents [3]-[5]. Shedding of the aluminum bonding wire and
the thermal fatigue leading to the failure of the solder layer are
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transistor (IGBT) module. The accumulation of thermal stress
caused by the fluctuation in the internal junction temperature
of the IGBT is the root cause of these failures. The junction
temperature of IGBT module is closely related to its packag-
ing mode, chip type, layout, heat dissipation conditions and
operating conditions. Specifically, for the DFIG operating
around the synchronous speed point, the operation cycle of
IGBT increases with the reduced fundamental frequency of
the RSC output. This in turn increases the fluctuations in
junction temperature, leading to the thermal stresses large in
amplitude and alternating in nature. This alternating cycle
of thermal stress at the junction between the layers of the
chip accelerates the process of aging and failure [6]-[9].
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Therefore, it is particularly important to develop a suit-
able method to correctly evaluate the DFIG converter’s life
expectancy while comparing the impact of different designs
of power modules on the expected operational life.

In [10], [11], the influence of Tj and Tj on the lifetime of
power devices is calculated to improve the traditional thermal
electrical model of power devices. In [12], a comparison
has been made of the power electronics lifetime for SMW
horizontal- and vertical-axis wind turbines, based on dynamic
models supplied with generated wind speed time series.
Literature in [13]-[16] depicts the lifetime evaluation of
power devices considering the effect of change in wind speed
and electrical loading conditions. In [17], DFIG wind turbine
productivity was studied considering the electrical subassem-
bly reliability. The control method with the loss distribution
optimization of GSC and RSC is presented in [18] to improve
the lifetime evaluation results of the power converter of wind
turbine. A DFIG wind turbine based on the Matlab control
model was established in [19], and the simulation verified
that the lifetime of the RSC can be effectively improved by
introducing a low-pass filter to the converter active power
control loop. In [20], with improved control and parallel-
ing devices, the positive impact of the reduced electrical
stresses on the life expectancy of the GSC and RSC are
comprehensively analyzed and demonstrated. A method for
online real-time monitoring of the operation of a wind power
generator is also provided in [21]. The parameters of power
loss calculation, junction temperature data and online oper-
ation evaluation method for the lifetime evaluation of the
power converter have attracted increasing attention in the
wind power system.

In this paper, a model for the life-span evaluation of the
power converter is established based on the site-specific
wind turbine data to incorporate their effect on the thermal
parameters of the wind turbine converter. Combining (a) the
parameters of the wind turbine, (b) the site-specific ambient
temperature, and (c) the wind speed probability curve at
the installation site, the fatigue operational life curve of the
converter is simulated and the lifespan of the converter is
evaluated. It can provide a theoretical basis for the designa-
tion and selection of the power module for the wind turbine
converter, and it is also valuable as abenchmark for the wind
turbine operation and maintenance cycle evaluation.

The manuscript is organized as the following: In the
section II, the electrical stresses of power converter for DFIG
are analyzed, which includes the current and voltage stresses
of GSC and RSC, as well as the fundamental frequency and
the power factor. Then, in section III, the thermo-electric
model of the converter is established to simulate the average
temperature Tj and junction temperature fluctuation (ATj)
for the power converter. In section IV, the lifetime assess-
ment model of the power converter is established, and the
cycle life assessment of the wind power converter with the
consideration of the five different power modules commonly
used in the 2.2MW DFIG wind power system is carried out.
The service life of the converter is also evaluated and verified
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by the results of the measured parameters of wind plants in
three geographically different and distant areas. Finally, the
conclusion is drawn in section V.

Il. OPERATING CURVE OF DFIG

A. OPERATING PRICIPLE OF POWER CONVERTER

Fig.1 shows the typical structure of a DFIG wind turbine [22].
Thedecoupling control for wind turbine of the DFIG gen-
erator is by two back-to-back three-phase converters. The
RSC controls the excitation, output power, and output power
factor of the generator. The GSC used for the constant DC bus
voltage control and grid current harmonic control.
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FIGURE 1. Schematic of the DFIG wind turbine system.

The power flowing of the DFIG wind turbine system can
be shown as following.

Py = Ps+ Pgsc = Ps+ Prsc = Ps — sPs (D

where, Pg, Prsc, Pgsc and P, indicate the active powers of
the grid port side, rotor side converter, grid side converter
and stator side, respectively, s represents the slip frequency
(ng-n)/ng of the DFIG, which varies from —0.3 to 0.3 follow-
ing the changes in the generator speed n.

The equivalent circuit diagram of DFIG is shown in
Fig. 2 (a). The stator equivalent inductance, stator equivalent
resistance, stator voltage, current, rotor equivalent induc-
tance, rotor equivalent resistance, rotor voltage, current and
excitation inductance are represented by X s, Rj g, Us, Is,
Ry 5, X> s U'r, 't X respectively. The relationship of rotor,
stator voltage and current under super-synchronous mode
and under synchronous mode are respectively shown in
Fig. 2 (b) and Fig. 2 (c). Equations (2) and (3) can
be obtained by solving the T-type equivalent diagram in
Fig. 2 (a) and neglecting the equivalent resistance of stator
and rotor, in which the polarity sign of s changes in the
super-synchronous and under synchronous regions according
to the change of generator speed. In Equation (3), o is the
leakage inductance coefficient which could be expressed as

Xo (X1 5Xa s — X)X .
- Xs .. Usze Xs
I = _X_mIS’Re + jsign(s)(— X, - X_mlsflm) 2)
; , o X, Xs . o X Xy
U, = S(X—m Us g + X—mls_lm) — jsign(s)(s X, I )
3)
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(a)One-phase equivalent circuit
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(b) Super-synchronous mode (c)Sub-synchronous mode

FIGURE 2. Phase vector diagram of the stator voltage, the stator current,
the rotor voltage and the rotor current.

The equivalent circuit diagram of GSC as can be seen in
Fig. 3 (a). X, represents equivalent inductive reactance of the
filter, Ug, Uc and Ig represent grid side voltage, converter
side voltage and grid measured converter inductance current,
respectively. The relationship between GSC voltage and cur-
rent under two modes of super-synchronization and under-
synchronization is can be seen from Fig. 3 (b) and Fig. 3 (¢)
respectively, as also shown in Equations (4) and (5).

=Ig Re +jlg_,, @)
Unge - Xglg_lm +j(_Xg1g_Re) (5)
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(b) Super-synchronous mode (c)Sub-synchronous mode

FIGURE 3. Phase diagram of the GSC output voltage and current.

B. OPERATING CURVE ANALYSIS OF DFIG
Tab.1 lists the parameters of a 2.2MW DFIG wind turbine
and the electrical parameters of the generator equivalent cir-
cuit. Tab.2 shows the basic parameters of the corresponding
DFIG converter. The converter adopts 2-level three-phase half
bridge structure, and the GSC filter uses LC structure.

Fig. 4 shows the power curve and the generator speed curve
of the wind turbine. The solid line is the power and wind
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TABLE 1. Parameters of estimated DFIG wind turbine.

Parameters Value
Wind turbine rated power (kW) 2250
Rated generator speed (r/min) 1680
Cut in wind speed (m/s) 3
Cut off wind speed (m/s) 25
Rated stator voltage(V) 690 line-line
Rated stator frequency (Hz) 50
Generator pole 4
Synchronous speed (1r/min) 1500
Turns ratio Ns/Nr 0.373
Stator winding/Rotor winding AY
Stator resistance R1 s () 0.00658
Stator leakage resistance X7 s () 0.03833
Magnetizing resistanceX;,(Q) 2.3103
Rotor resistance R2_s () 0.00549
Rotor leakage resistance X2_s (Q) 0.10088

TABLE 2. Parameters of estimated DFIG power converter.

Parameters Value
GSC and RSC topology 2 level half bridge
Grid-tied voltage (V) 690V line-line
DC link voltage Uy (V) 1100
Filter inductanceL, (mH) 0.35
Power(kW) Speed( rpm
2400 2000
22004 1800
20004 aofrrnen e { oo
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1600 : 1400
14004 E 1200
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1000 : 1 800
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FIGURE 4. Diagram of output power/generator speed vs wind speed of
the 2.2MW wind turbine.

speed curve, and the dotted line is the generator speed and
wind speed curve. It can be seen from Fig. 4 that the working
wind speed range of the wind turbine is 3~25 m/s. When
the wind speed is around 2.5m/s, the generator starts to idle,
and the generator speed rises to 1000 rpm quickly, waiting
for the wind power plant to be connected to the grid. In the
wind speed range of 3~9.4 m/s, the wind turbine outputs the
maximum power according to the wind speed power curve,
and controls the generator speed to rise rapidly. When the
wind speed reaches 9.4 m/s, the turbine reaches the rated
power of 2.25 MW, and the rated speed of the generator goes
up to 1680 rpm. The wind turbine maintains constant power
output through the pitch control system, and maintains the
generator speed as much constant as possible for the wind
speed range of 9.4 ~25 m/s. The constant power and constant
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FIGURE 5. DFIG generator, GSC and RSC working curve.

speed characteristics can be managed until the wind speed
stays up to the cut-off speed of 25 m/s. The wind turbine no
longer remains in grid connected mode when the wind speed
exceeds the cut-off speed and quickly stops by controlling
the blade angles.As shown in Fig. 4, the generator works in
sub-synchronous mode for the wind speeds from 3 m/s to
6.9 m/s. It runs in the synchronous mode for the wind speed
of about 6.9 m/s and switches to super-synchronous mode
for the wind speeds exceeding 6.9 m/s. The operation curves
for the wind turbine, GSC and RSC can be traced based on
equations (1) ~ (5) and using Fig. 4.

Fig. 5 (a) shows the power capacity curves of RSC
side, GSC side and generator stator side. The power capac-
ity of GSC and RSC named slip power, is only about
1/6™ of stator power capacity. Fig. 5 (b) shows the curves for
current on rotor side, stator side and grid side. While the kKVA
capacities of RSC and GSC are almost the same, the work-
ing current of RSC is more than twice the current of GSC.
Fig. 5 (c) shows the fundamental frequency,voltageand cur-
rent curves on the RSC side. For the wind speed correspond-
ing to the synchronous speed of the generator, the voltage
and frequency of RSC reach their lowest points, close to
zero. The current increases gradually with the wind speed
until it reaches rated RSC current value. The fundamental
frequency of RSC ranges from O to 16.7 Hz, which is much
lower than the frequency of the parallel node as 50 Hz.
Fig. 5 (d) shows the power factor and voltage curve of RSC.
The power factor of RSC is: (a) negative for the wind speeds
that correspond to less than the synchronous speed of the
generator, (b) positive for the wind speeds that cause over
synchronous speed, and this factor reaches maximum at the
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rated working point. Fig. 5 (e) show the current curves of
RSC at different power factors. The RSC current goes to a
maximum of 780A with the condition of under excitation
(0.95) power factor, which is the most severe operating point
of RSC. RSC adjusts the stator output power factor of DFIG
by controlling the excitation current. Fig. 5 (f) shows the
current curve of GSC at different output power factors. GSC
only plays a role in the stability of the DC link, rather than the
regulation of system power factor. The wind speed current
is negative before the synchronous speed, and reaches the
maximum current of GSC at the rated wind speed. Since the
GSC is always connected to the grid, the AC side voltage
remains constant.

IIl. POWER LOSS ANALYSIS OF CONVERTER

The reliability of the converter is closely related to the junc-
tion temperature and its fluctuation. Therefore, to evaluate
the reliability of the converter, it is necessary to establish its
thermo-electric model. While the reliability evaluation model
can be used to evaluate the reliability and life of the power
devices, the junction temperature of the power devices can
be derived by plugging in the actual converter loss in the
model.

The thermo-electric model of power module consists of
the device loss model and its thermal model. The loss model
represents the characteristics of the power loss varying with
voltage, current and temperature during the operation of the
converter, while the thermal model represents the heat con-
duction characteristics of the path through which the power
loss flows in the form of heat. The junction temperature value
and junction temperature fluctuation of the device can be
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directly simulated or calculated by the thermo-electric model
to evaluate the converter lifetime.

The power module is composed of IGBT and diode in par-
allel. The power loss of IGBT and diode depend on the work-
ing mode of converter. The main loss components of IGBT
are conduction loss and switching loss (E,, + E, ), whereas
the losses in diode are mainly the conduction loss and reverse
recovery loss. The conduction loss is primarily caused by
the forward conduction voltage drop when the current passes
through the IGBT or diode, which is positively related to
the current. The switching loss is positively related to (a) the
switching frequency of the converter, (b) the working voltage
at both ends of the device and (c) the conduction working
current. Equations (6) and (7) show the IGBT loss Pr and
Diode loss Pp, respectively, taking phase A as an example.

N
Uyge . .
Pr = Us (Z (E on (lig () + Eo (Jia (n>|)>

n=1

N
+ Y lia )] Vee (lia ()]) (6)
n=1

Pp =

U N N
G D Ery (lia D+ lia )] Vy (ia () (7)

de p—1 n=1

where, Uy and U}, represent the actual working DC voltage
and the loss measured DC voltage in the data sheet, respec-
tively. N is the carrier ratio, whose value is the switching
frequency over fundamental frequency, and subscript 7 is the
nth switching pattern. E,,, E,f and E,, represent the switch-
ing on loss, switching off loss, and diode reverse recovery
loss of IGBT module, respectively. i, is the sinusoidal current
passthrough the IGBT and Diode. V., and Vy represent the
connected voltage drop of IGBT and diode, respectively.

The converter capacity is usually less than 1/3 of the
turbine power due to the converter of DFIG wind turbine
only needs to deal with fraction of the turbine power, which
results in the forced air-cooling method is often used for heat
dissipation. Heat conduction can be observed between the
materials in each layer of the IGBT power module, between
the device and the heatsink, also between the heatsink and
air. The thermal resistance model of IGBT with air cooling
system is shown in Fig. 6.

The IGBT model adopts the fourth-order foster model [23],
which consists of RC network in series through RC parallel
connection. The thermal characteristic parameters of the four
layers are named as Ryyjc_71 ~ Runje_r4 and tijc_11 ~ tinje_14
respectively, which can be obtained through the dynamic
thermal impedance curve by experiment andthe RC value can
be obtained by curve fitting. Ry, _ca; is related to the TIM of
IGBT module and heatsink, such as the material and thickness
of silicone grease. Ry,_ca2 is the heat exchange resistance
between the heatsink and outside air, which represents the
cooling capacity of the radiator and cooling fan. It can be
obtained by measurement or finite element simulation.
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FIGURE 6. The Foster thermal modeling of air-cooling power modules.

In Fig.6, the model neglects the effects of heat radiation
and heat convection while accounting for the heat conduction,
so that the ambient temperature could be assumed as constant.
Average junction temperature Tj of IGBT/Diode is named as
T; r/p and shown in Equation (8).

4 2
=Pr/p Z Runjc 1pq +(Pr+Pp) Z Rinca )+ Tamp

i=1 n=1

T

-T/D

®)

where, Pr,p represents the average power loss of
IGBT/Diode which are calculated in equation (6) and (7),
Tamp represents the ambient temperature.

The junction temperature ripple of IGBT/Diode is calcu-
lated as following.

_ fon 2
! (1—e "™ty
ATj_T/D =2Pr/p Z thjcj/D(i) — loydle ©
=1 l—e [fhjC,T/D(i)

where, tyce and t,, represent the fundamental period and
loss duration of IGBT/Diode current, respectively. The time
constant of the thermal resistance inside the device is far less
than that in the external heatsink, thus the temperature of
heatsink and device case is considered constant in calculat-
ing the junction temperature ripple of IGBT/Diode. For the
2-level half bridge circuit, the upper half bridge and lower
half bridge devices work alternately during half period,
SO t,y is set as half of the fundamental period z¢yc/e.

IV. LIFTIME ASSESSMENT

The lifetime of the power module is the key factor affect-
ing the overall lifetime of the converter. In the combination
with the test data of the field anemometer tower, this section is
based on the analysis of the power cycles of the power module
to evaluate the power cycle lifetime of the converter. Based on
the literature [24], the power cycle curve of Infineon’s fourth
generation IGBT chip is fitted by using the Coffin-Manson
model. The fitting curve is shown in Fig.7, and the power
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FIGURE 7. Fitting power cycle curve versus the junction temperature and
the junction temperature ripple.

cycle after fitting the curve Nttimes is shown in formula (10).

KATﬁ1e<TJ*m> :0.083%3, &40 > ATj>0
N(T;, ATj)= J 0
T 273

K1ATf4e< j ) -0.08373, &AT; > 40

(10)

The coefficients in the formula are summarized in Tab. 3.
The curve in Fig. 7 is fitted by the device manufacturers based
on real measurement data [25]. It should be noted that the
power cycle curve defined by Infineon refers to the device’s
thermal resistance which increases by 20% or the conduction
voltage drop which increases by 5%. In this condition, the
device can still operate normally with a failure rate less
than 5%, which is different from the definition of device
damage in practical application.

TABLE 3. Cycle number curve fitting parameters of Infineon fourth
generation power devices.

Parameters Value
K 1270000000
K1 1270000
Bl -5.039
p2 7166.7
p3 -0.463
p4 -5.351

While the junction temperature of the converter is a func-

(;0 RSC IGBT and Diode chip Tj

Tj_T/D >

Tipee | Windspeeaus 77

E

Nt (T}, AT
—

ATj_T/D 0|

Field test
data

Ntgy(v)
365+24:3600+Fcy (v)

Distribution CHour)

Clyy = X323 Dyina(v) ( )

Wind speed frenquency distribution and Tamb

FIGURE 8. Flow chart of cycle life calculation.

Nt can be obtained through equation (10). Considering the
effect of working environment temperature, the Nt curve of
wind speed probability characteristics is a 3D table. The
lifetime expectancy calculation results of the device can be
obtained by averaging all the calculated values in the 3D table
according to the wind speed probability ratio, as shown in
equation (11). The flow chart of lifetime evaluation is shown
in Fig. 8.

CL, =§Dwmd O Yo L5100 R P
Y o 365 - 24 - 3600 - Fcy(v)

where, x: RSC or GSC, y: T or D. CLy y represents the
cycle life of IGBT or Diode under different wind speed and
probability ratio, its unit is year. Dy,q (v) is a function of
wind speed probability ratio, which is the percentage of wind
speed frequency N;(v) represents the total number of IGBT
or Diode cycles under different wind speeds, and Fc,(v)
represents the fundamental frequency of GSC or RSC under
different wind speeds. Considering the working wind speed
of the wind turbine is around 3~25m/s, only the cycle life
within the working wind speed isneed to be accumulated in
the calculation of power cycle life.

The converter adopts three-phase system and uses multi-
ple IGBT modules in parallel to increase the rated current
of IGBT. Therefore, based on the formula (10), the IGBT life
formula (12), the diode life formula (13), the grid side /rotor
side converter life formula (14) and the whole wind turbine

tion of the working condition of the converter as well as the
ambient temperature, the fluctuation in junction temperature
on the other hand is only affected by the working condition
of the converter. According to the wind speed data and the
monthly average temperature measured by the anemome-
ter tower installed in the early stage of the wind farm, the
probability of different wind speed and the working ambient
temperature of each month can be obtained. Then we can
get the junction temperature fluctuation at different operating
points, according to the calculation method in section 2 and
section 3. After that, the power cycle number of the device
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converter life formula (15) can be further derived.

CLy st
CL = — 12
x_T 3 .pr ( )
CLx SD
CL = — 13
x_D 3. pr ( )
1
CL, 1 1 (14)
CLy T CLyx p
1
CLConv = 1 1 ~ (15)
CLGsc + CLgsc CLrsc
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TABLE 4. Parameters of the comparison phase leg power stack.

Power stack PP1 ED3 ED4
Mechanical layout = o gmin e me
( one phase leg) %I D D D D
sl i
g ]
ool lod
Scenario GSC GSC RSC RSC
Current(A) 300 300 780 780
f(kHz) 3 3 2.5 2.5
Packaging PrimePACK EconoDUAL PrimePACK EconoDUAL EconoDUAL
IGBT Type FF1000R 171E4 FF600R17ME4 FF1000R171E4 FF600R17ME4 FF600R 17ME4
N, 1 2 2 3 4
R jer(K/W) 0.024 0.037 0.024 0.037 0.037
R jen(K/W) 0.048 0.073 0.048 0.073 0.073
Ry cal (K/'W) 0.00075 0.0086 0.00075 0.0086 0.0086
Rin ca2 (K/'W) 0.01266 0.01266 0.01266 0.01266 0.01266
Tjmun(°C) 150°C
where, CLcony represents converter’s cycle life value. CL, sr, - =IGBTloss = Diode los - =IGBTloss =Diode loss
CL, sp represent the cycle life values of single transistor z;m
IGBT and single transistor Diode, respectively. CL, 1, CLx p - .
represent the cycle life of all parallel IGBT and Diode in grid o .
side and rotor side converters, respectively. Ny, represents the - o |
number of parallel IGBT modules in grid side and rotor side . II |I . .l I.
converters. Pee g e e s sy L) W| (:f o
For the application of 22MW DFIG converter, (a) PP1 loss (b) ED2 loss
1700V half bridge IGBT modules are normally used to - RICHTIS Wil i SICETRS (SR
form phase leg power stacks with different current levels in w0 | =
parallel. The power cycle life of five power packages which - |
consists of two IGBT modules FF600R17ME4 (EconoD- . | §m
UAL package) and FF1000R171E4 (PrimePACK package) ™ || | - |||
wasevaluated [25], [26]. There are two types of power kits " ”l |5 ”
for grid side converter, namely PPl(one phase grid side RS NS S S SR B
phase leg module is composed of single FF1000R171E4) and (c)PP2 loss (d)ED3 loss
ED2 (one phase grid side phase leg module is composed - il
of two FF600R17ME in parallel).There are three types of o
power modules in the rotor side converter, namely PP2 gi.'.
(one phase rotor side phase leg module is composed of
two FF1000R171E4), ED3 (one phase rotor side phase leg e |||||
module is composed of three FF600R17ME in parallel), ED4 L JALILA LIRS RIRA L)
(one phase rotor side phase leg module is composed of four o (e)ED4”I“°S‘;’ o

FF600R17ME in parallel). Tomake all these modules are
with the same structure and size, each of them uses the same
heatsink and cooling fan, so they can be directly replaced.
The parameters of each module are shown in Tab. 4.

The loss distribution of five power modules is shown in
Fig. 9. Thepower loss represents only one power device from
the power module. The loss of the whole phase leg power
stack needs to be multiplied by the number of parallels. For
the grid side converter in Fig. 9 (a) and (b), with the change
of wind speed, the loss initially starts increasing with the
wind speed. However, it peaks and starts decreasing. The loss
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FIGURE 9. Loss breakdown of each GSC and RSC power stack device.

reaches its minimum values as the wind speed approaches
the value corresponding to the synchronous speed of the
generator. With further increase of wind speed and generator
speed, the power loss reaches the maximum. As a result, the
total power loss of ED2 module is greater than that of PP1.
With the increase of wind speed and rotor speed, the power
of the rotor side converter in Fig. 9 (c), (d), (e) increases
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FIGURE 10. The simulation results of junction temperature ripple of
RSC_PP2 power stack.
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FIGURE 11. Thermal profile comparison of each GSC and RSC power stack
device.
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FIGURE 12. Wind speed / frequency distribution curve of a wind farm.

gradually, and the total loss shows trend as ED4 module
>ED3 module > PP2 module.

Taking PP2 power module at rotor side converter as an
example, the temperature fluctuation of IGBT and diode
under different wind speeds is calculated in Fig. 10. When
the wind speed is 4 m/s, 6 m/s and 9 m/s, the fundamental
frequency of the converter on rotor side is 16.6 Hz, 5.6 Hz
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FIGURE 13. Cycle life comparison of IGBT and diode in grid side and rotor
side converters.

and 6 Hz, respectively, the power at rotor side is 110 kW,
1830 kW and 2250 kW, respectively. It is also observed
that the fundamental frequency changes with the increase of
wind speed and power. The junction temperature and absolute
temperature of IGBT/Diode significantly increase, and the
junction temperature of Diode is slightly higher than that
of the IGBT, which means that the junction temperature is
noticeably influenced by the fundamental frequency.

Fig. 11 shows a comparison diagram of junction tempera-
ture of five power modules. The comparison of junction tem-
perature ripple of three rotor side converter modules is shown
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FIGURE 14. Wind speed, wind frequency, the month and temperature distribution of three wind farms.

in Fig. 11 (a), while the two grid side converter modules is in
Fig. 11 (b). As can be seen, the ripple of grid side converter is
much smaller than that of rotor side converter. The junction
temperature ripple of IGBT devices on rotor side converter
is ED3>PP2>ED4, and the junction temperature ripple of
Diode shows like ED3>ED4>PP2. Because the most wind
speed conditions correspond to the super-synchronous speeds
for the wind turbine converter, the operating condition of the
diode is worse. Meanwhile the thermal resistance parameters
of Diode Ryjc_p is almost twice of that of IGBT Rypjc_r. Thus,
the junction temperature ripple of Diode is much higher than
that of the IGBT within the similar kind of module.

The wind speed probability ratio curve of a wind farm is
shown in Fig. 12, in which the wind speed curve conforms to
the Weibull distribution curve. The cycle number comparison
of power module is calculated according to the Equation (10),
as shown in Fig. 13. Due to the large numerical range of the
data, the logarithmic coordinate axis is adopted. Comparing
the results of Fig. 13 (a) and (b), we can have the below
conclusions that the IGBT/Diode cycle life of GSC is several
orders of magnitude longer than that of RSC., the influence of
grid side converter on the overall converter cycle life is very
small, and the he cycle capability of ED4 in RSC is very close
to that of PP2 in IGBT / diode, which is much longer than that
of ED3.

With a view to incorporate the effect of different climatic
conditions of ambient temperature and wind speeds on life
assessment of converters and to compare these, the follow-
ing three wind farms at geographically different and distant
sites were selected to carry out the life assessments of the
above five converters: (1) Hebei Province in North China,
(2) Anhui Province in Central China and (3) Guangxi
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Province in South China. The wind speed frequency ratio
characteristic curves of the three wind fields are shown in
Fig. 14. The results show that the monthly wind frequency
of Hebei wind field is relatively uniform, the characteristic
of wind frequency curve is basically the same every month,
and the proportion of high wind speed area from 9m/s to
13m/s is larger, while the monthly wind frequency of Guangxi
wind field fluctuates greatly. In the months from August to
December, the wind speed and frequency are higher, while in
other months the wind speed and frequency are significantly
lower, and that of Anhui wind field is somewhere in between,
the wind speed area is mainly in Sm/s to 8m/s. The overall
temperature of Hebei wind field is low, while the temperature
of Guangxi and Anhui wind field is significantly higher. The
high wind speed range of Hebei wind farm is concentrated
with 0~15°C, while that of Anhui and Guangxi wind farm is
concentrated with 5~13°C and 15~25°C, respectively.

Fig. 15 shows the lifetime evaluation curves of single
IGBT/Diode of three kinds of rotor side converter modules
in different months. HB, AH, and GX in the figure represent
the abbreviations of Hebei, Anhui and Guangxi wind fields,
respectively. The trends of the life curves of several wind
fields are similar for most parts, whereas the peak points
of the individual trends are somewhat different due to the
numerical difference in wind speed and ambient temperature
data of the wind fields.In every month, the life cycle times of
RSC diode are less than 2-3 times that of IGBT. The main
reason is that the diode temperature ripple caused by the
fundamental frequency is less than that of IGBT. Although
the wind frequency characteristics of different months in
different regions are quite different, the overall lifetime of
the three months from May to September is lower than that
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FIGURE 15. Comparison of IGBT/Diode power cycle life of three RSC
power modules in different wind fields.

of the other months, and GX<AH<HB, it is shown that the
effect of low frequency temperature on the overall lifetime of
the device is larger than that of RSC fundamental frequency
caused by different wind frequency characteristics, and it
is obvious that the cycle life of ED4>PP2>ED3 for single
IGBT / diode.

The comparative results of the average lifetime of RSC
converter are shown in Tab.5 and Fig. 16. Although the life of
a single IGBT/Diode ED4 module is longer than that of PP2,
considering the three-phase system and the total number of
IGBT after parallel connection Njgp,, the life of power stack
CLRsc with PP2 structure is approximately twice that of ED4
structure, which is much longer than that of ED3 module,
and has a good performance in the lifetime evaluation of
various installation areas. Since the Tj of IGBT and Diode
are only related to the power stack structure and wind turbine
operating conditions, the cycle life difference between the
various installation areas is only related to the local average
operating ambient temperature. It can be inferred from the
results of cycle life assessment of converters in Hebei and
Guangxi Provinces that every time the ambient temperature
rises by 10°C, the service life of electronic components will
be dropped by half.
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FIGURE 17. Power cycle life comparison of two different design GSC
modules of wind farm with different installation.

The lifetime evaluation curves of single IGBT/Diode of
two types of rotor side converter modules in different months
are presented in Fig. 17. The general trends of the life curves
of several wind fields are overlapping for most parts, while
the peak points of individual curves differ slightly due to vari-
ation in actual data of wind speed and ambient temperature in
wind fields. It is obvious that for single IGBT, PP1 > ED2,
and for Diode, ED2 > PP1. The unit of ordinate is year, which
is expressed by logarithmic coordinate.

Fig. 18 show the comparison results of average life of
GSC. The life of power stack with PP1 structure CLggc is
approximately the same as that of the power stack with ED2
structure, which is much longer than the 30-year design life
of the converter itself. So, they can meet the requirements of
the converter life.

According to the above evaluation, the converter prod-
ucts with PP1 on grid side converter and PP2 on rotor side
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TABLE 5. Power cycle life comparison of three RSC modules.

RSC module PpP2 ED3 ED4
]vlgbt 6 9 12

Field location He Bei AnHui GuangXi HeBei AnHui GuangXi HeBei AnHui GuangXi
CLgsc si(Year) 276.02 176.96 11537 33.16 19.77 13.20 454.96 291.73 190.24
CLgsc sp(Year) 76.59 49.28 32.26 14.94 8.93 5.99 71.94 46.36 304
CLgsc 1(Year) 46.00 29.49 19.23 3.68 2.20 1.47 3791 3241 21.14
CLgsc p(Year) 12.76 8.21 5.38 1.66 0.99 0.67 5.99 5.15 3.38

CLgs(Year) 9.99 6.42 4.20 1.14 0.68 0.46 5.18 4.44 291
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FIGURE 18. Power cycle life comparison of two different design modules

of wind farm GSC with different installation.

(a)

From sub-synchronous to super-synchronous speed

||AI||II|I|III
‘| i

4V‘ Y J‘ ‘v‘l“ WY -‘| WA U

(b) From super-synchronous to sub-synchronous speed

FIGURE 19. Experimental results for operation through the synchronous
speed (C1: DC bus voltage(200V/div), C2-C4: RSC phase A, B, C
current(200A/div)).

converter are applied to the experimental wind field, and the
experimental waveforms are shown in Fig. 19. Fig. 19 (a)
shows the waveform of speed ride through from sub synchro-
nization to super synchronization, and Fig. 19 (b) shows the
waveform of speed ride through from super synchronization
to sub synchronization.

V. CONCLUSION
In this paper, a lifetime evaluation method for the power
converter of DFIG based on the data analysis of wind speed
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probability and temperature from wind power plant is pro-
posed, and the cycle lifetime comparison of the power con-
verters with the five different power modules are analyzed.
The results showthatthe low frequency and high amplitude
current of RSC lead to the higher junction temperature and
short cycle life compared to the GSC, and the corresponding
whole lifetime of power converter of DFIG is mainly deter-
mined by that of the RSC. With the same design of power loss
and the heat dissipation, the low thermal resistance package
and multi-device parallel connection of the power module
significantly reduces the temperature fluctuation which not
only increases the reliability but also improves the cycle life-
time of the power converter. Furthermore, the geographical
site is also one of the important factors in the lifetime evalu-
ation of the power converter. The mission profile of ambient
temperature has a significant impact on the converterexpected
lifetime due to low frequency thermal cycling, but not on
the consumed lifetime due to the converter fundamental fre-
quency thermal cycling. The proposed method also shows
that a rise of 10°C in the mean annual temperature reduces
the lifetime expectancy of the converter by as much as half.
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