590

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 30, NO. 2, FEBRUARY 2015

Thermal Loading and Lifetime Estimation for Power
Device Considering Mission Profiles in Wind
Power Converter

Ke Ma, Member, IEEE, Marco Liserre, Fellow, IEEE, Frede Blaabjerg, Fellow, IEEE,
and Tamas Kerekes, Member, IEEE

Abstract—As a key component in the wind turbine system, the
power electronic converter and its power semiconductors suffer
from complicated power loadings related to environment, and are
proven to have high failure rates. Therefore, correct lifetime esti-
mation of wind power converter is crucial for the reliability im-
provement and also for cost reduction of wind power technol-
ogy. Unfortunately, the existing lifetime estimation methods for
the power electronic converter are not yet suitable in the wind
power application, because the comprehensive mission profiles are
not well specified and included. Consequently, a relative more ad-
vanced approach is proposed in this paper, which is based on the
loading and strength analysis of devices and takes into account dif-
ferent time constants of the thermal behaviors in power converter.
With the established methods for loading and lifetime estimation
for power devices, more detailed information of the lifetime-related
performance in wind power converter can be obtained. Some exper-
imental results are also included to validate the thermal behavior
of power device under different mission profiles.

Index Terms—IGBT, lifetime prediction, mission profiles, power
semiconductor device, thermal cycling, wind power.

I. INTRODUCTION

HE fast growth in the total installation and individual ca-

pacity makes the failures of wind turbines more critical for
the power system stability and also more costly to repair [ 1]-[3].
Former field feedbacks have shown that the power electronics
tend to have higher failure rate than the other parts in the wind
turbine system [4], [5]. As a result, correctly estimating the reli-
ability performance of the wind power converter is crucial, not
only for lifetime extension, but also for the cost reduction of the
wind power technology [6], [7].

The reliability research in power electronics has been car-
ried out for decades. As the state-of-the-art trend, the reliability
engineering in power electronics is now moving from a solely
statistical approach that has been proven to be unsatisfactory
in the automotive industry, to a more physics-based approach
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Fig. 1. Physics-based lifetime estimation for power electronic components.

which involves not only the statistics but also the root cause be-
hind the failures [8]—[14]. In this approach, the correct mapping
of loading profile which can trigger the failures of components
(the stress analysis), as well as the lifetime modeling which
investigates how much loading the components can withstand
(the strength models), are two of the most important factors for
reliability estimation, as illustrated in Fig. 1.

The failure mechanisms of power electronics are complicated
and are affected by many factors [19]. It has been revealed that
the thermal cycling (i.e., temperature swings inside or outside
the devices) is one of the most critical failure causes in power
electronics system [11]-[14]. The temperature fluctuation on
different materials with mismatched coefficients of thermal ex-
pansion may cause disconnection in the contacting areas after
certain cycles, thus leading to the failures of the devices. Many
manufacturers of power electronic devices such as power semi-
conductors or capacitors have developed their reliability mod-
els, which normally are based on accelerated or aging tests,
and are able to transfer certain thermal cycling of components
into the corresponding lifetime information [15]-[18]. How-
ever, correctly mapping a mission profile of converter into a
specific loading profile of power electronic components is a
challenging task: For example, in the wind power system, vari-
ous dynamical changes of wind speeds or ambient temperature
at time constants ranging from seconds to months, together with
the corresponding control behaviors of turbine, generator, and

0885-8993 © 2014 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution
requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



MA et al.: THERMAL LOADING AND LIFETIME ESTIMATION FOR POWER DEVICE

converter, all lead to complicated loading profiles of the devices
that are difficult to be handled when doing lifetime calculation.

Some simplified methods for the loading profile mapping
have been used in traction and electric vehicle applications—
they typically focus on a selected and tough operating condition
of the converters in a very short term, and then the longer term
loading profiles are generated by simply repeating the results
acquired in short term [16], [19]-[21]. However, this approach
may lead to significant deviation from reality in applications
with more complicated mission profiles. For example, in the
wind power converter the thermal loading of the power devices
does not periodically repeat but randomly changes with the
wind speeds and ambient temperature. Moreover, these existing
lifetime estimations can just acquire very general lifetime infor-
mation of devices (e.g., number of years to failure), while the
lifetime distribution—which indicates the failure contribution
by different loading conditions as well as failure mechanisms,
would be more useful for the design and improvement of con-
verter reliability.

In this paper, a more advanced approach for thermal profile
mapping as well as lifetime estimation of wind power converter
is proposed. It is based on the failure mechanism of power semi-
conductor devices, i.e., thermal stress generation and lifetime
models, and a more complete mission profile of wind power
converter are processed considering different time constants. In
the end some possibilities as well as limits of the proposed meth-
ods are discussed, and some experimental validations regarding
the thermal loading of the power devices are given.

II. BASIC IDEA AND MISSION PROFILE FOR STUDY

As mentioned earlier, correct transforming the mission profile
of wind power converter into the corresponding loading profile
of the power devices is a challenging task: First, many factors
which have influence on the thermal loading of devices should be
taken into account, like the wind speed and ambient variations,
behaviors of mechanical parts, behaviors of electrical parts, and
also grid conditions. These considerations may involve mul-
tidisciplinary models with quite different time constants, and
therefore it is difficult to evaluate these models together at the
same time step in order to acquire the interested thermal be-
haviors. Second, in the case of long-term analysis, e.g., 1-year
operation which is necessary for lifetime estimation, a large
amount of loading data may be generated, which is difficult to
be handled if considering too many details of the system. On
the contrary, if too rough models and longer time step are used,
the generated loading profile may not contain enough thermal
dynamics and the lifetime information may significantly deviate
from the reality. Therefore, it is important first to develop a way
to properly extract and sort the thermal loading in wind power
converter for the sake of lifetime estimation.

Inspired by the approach used in photography, where lenses
with different focal length are widely used to acquire the im-
ages with different sizes and details, the thermal behaviors of
the power device in wind power converter can be also focused
at different “focal length,” which in this case is represented by
time constants or time step. According to the main causes of
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Fig. 2. Thermal cycles of power semiconductors in a wind power converter
with three different time constants.
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Fig. 3. One year mission profile of wind speed and ambient temperature from

a wind farm (3-h averaged).

loading change in a wind power converter, the thermal behav-
iors of power electronic components can be generally classified
into three time constants: long term, medium term, and short
term, as indicated in Fig. 2. It is noted that in each of the time
constant the interested loading behaviors, time step and model
details are different, thereby the thermal loading of components
can be more efficiently generated. After the loading profiles in
each of the time domain are acquired, the corresponding life-
time performance can be estimated, respectively, and then be
combined together according to the Miner’s rule [22].

A typical wind condition and wind turbine system has to
be settled first as a study case. As shown in Fig. 3, a 1-year
wind speed and ambient temperature profile is used with 3 h
averaged at 80 m hub height, which were collected for the wind
farm located near Thyborgn, Denmark, with latitude 56.71° and
longitude 8.20°. The chosen hub wind speed belongs to the wind
class IEC I with average wind speed of 8.5-10 m/s [23], [24]
and a 2.0 MW wind turbine V80 [25] is chosen to fit the given
wind condition.

Inrespect to the wind power converter, the most adopted two-
level back-to-back voltage source converter topology is chosen,
as shown in Fig. 4. Only the grid side converter is chosen as a
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Fig. 4. Wind power converter for lifetime estimation.

TABLE L.
PARAMETERS OF CONVERTER IN FIG. 4

Rated output active power P, 2 MW

DC bus voltage V. 1.1kV DC
“Rated primary side voltage v, 690 V rms
Rated load current /;,,4 1.93 kA rms
Fundemental frequency f, 50 Hz
Swtiching frequency f; 1950 Hz
Filter inductance L, 132 pH (0.2 p.u.)

*Line-to-line voltage in the primary windings of transformer.

Lifetime
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Loading Profile
Generation
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Fig.5. Flowchart for lifetime estimation of power devices caused by long-term
thermal cycles.

case study, whose parameters are basically designed according
to Table I, which is a state-of-the-art configuration for the two
level wind power converter [1], [3]. The generator side converter
can share the similar approach for the analysis.

III. LONG-TERM LOADING PROFILES AND LIFETIME
ESTIMATION

As indicated in Section II, the lifetime estimation of wind
power converter is going to be conducted under different time
constants. In this section, the condition with long-time constant
will be analyzed. It is noted that this group of models and esti-
mations only focus on the long-term thermal behaviors and cor-
responding lifetime caused by the environmental disturbances,
e.g., the variation of wind speeds or the ambient temperatures
in a few days or months. Therefore, the simplified models and
large time step are generally used.

As shown in Fig. 5, the flow for the lifetime estimation under
long-term time constant is straightforward: the wind profiles
in Fig. 3 is directly fed into a series of wind turbine models
in order to generate the corresponding thermal loading of the
power devices. Then the acquired thermal loading is processed
for lifetime estimation. The analysis in this section is conducted
with a time span of 1 year and step of 3 h, which is synchronized
with the wind speed and ambient temperature profiles given in
Fig. 3.
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power converter.

A. Long-Term Loading Profile Generation

In Fig. 6, a diagram for long-term loading profile generation
is indicated. It can be seen that multidisciplinary models like the
wind turbine, generator, converter, as well as loss and thermal
characteristics of the power devices are all included in order to
map the mission profile of the wind turbines into the thermal
loading of power semiconductors.

Because the wind speed is sampled at 3 h and only long-term
thermal behaviors are focused, the inertia effects of the wind
turbine and generator which normally range in the time constant
of seconds to minutes can be ignored. The output power of wind
turbine can be looked up from the power curve provided by
the manufacturer [25] and can be directly used as the delivered
power of converter.

Similarly, because the response time of converter power and
corresponding losses is much smaller than the interested time
constant, the loss on the power semiconductor can be directly
acquired from lookup table in order to accelerate the analyz-
ing speed. The IGBT module from ABB 5SNA 2400E170305
(2.4 kA/1.1 kV/150 °C) are chosen as power semiconductor de-
vices, which in this paper have maximum junction temperature
at 115°C, when the liquid temperature of water-cooled heat sink
is at 40 °C. In order to enable the temperature dependence of
the device losses [26], [27], a 3-D lookup table is established.
As shown in Fig. 7, the losses consumed by the power devices
are decided by the input power of converter as well as device
junction temperature. For the sake of accuracy, each of the point
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IGBT Module
Note:
Tir T :
IGBT Diode T;: Junction temperature
R .g Ry ? T¢: Case temperature
m-c; D{rc} ct p

T Heat sink temperature
Tua: Water-cooler fluid

temperature

Ryj.c): Thermal resistance
from junction to case

R..iy: Thermal resistance
from case to heat sink

Heat sink
R.r Rg.p: Thermal resistance
from heat sink to fluid
T.ﬂ'uid —I—
Fig. 8. Thermal network of power semiconductor devices for the long-term

thermal profile generation.

in the lookup table is simulated in a detailed circuit model with
complete switching behaviors of the power devices, and the
conduction loss, switching loss, and diode reverse recovery loss
are all taken into account [26].

The thermal model (i.e., the network of thermal resistance and
capacitance), which can transfer the acquired power loss in Fig. 7
to the corresponding temperature inside and outside the power
devices, is an important consideration for the loading profile
generation. Normally, the thermal capacitance of materials will
lead to fast thermal changes of the power devices range in the
time constants of seconds to minutes [28]—which are still much
smaller than the interested time constants for long-term thermal
loading. As a result, the thermal capacitance inside the power
device as well as the heat sink can be ignored and only thermal
resistance is taken into account for long-term loading analysis.
The used thermal network is shown in Fig. 8. It is noted that the
fluid temperature of the water cooled heat sink 7} ,,;q is assumed
to be maintained at 40°C if the IGBT is generating power losses,
and Thyiq is set to the nacelle temperature if the wind speed is
below the cut in speed more thanl2 h.

Based on the aforementioned models and the 1-year mission
profile shown in Fig. 3, the long-term thermal loading of the
IGBT modules in the given wind power converter can be gen-
erated. As shown in Fig. 9, the junction temperature 7; of the
IGBT chips, and case temperature 7, of IGBT-based plate are
shown respectively because they are closely related to the major
failure mechanisms of the IGBT module [16]. It can be seen
that the fluctuation of 7} and T, are very intensive with large
fluctuating amplitude from 1-year point of view.

B. Lifetime Estimation With Long-Term Thermal Loading

After the long-term thermal loading of the given IGBT is gen-
erated, a rain flow counting method [29], [30] has to be applied
in order to convert the randomly changed thermal profile to the
regulated thermal cycles which are more suitable to be utilized
by the lifetime models. It is becoming a common agreement that
not only the amplitude AT} and the mean value 7}, of thermal
cycles, but also the cycling period t.y.1 all have strong impacts
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to the lifetime of power devices [15]-[18]. Different from the
traditional approach, a rain flow counting method which extracts
AT}, Tjy,, and also teyele is used in this paper. The counting
results from the long-term thermal loading in Fig. 9 is shown
in Fig. 10, where 460 thermal cycles are identified and each
counted cycle with its corresponding AT}, Tj,,, and tcycle are
shown.

After the thermal profiles are counted and regulated, the life-
time models for power devices can be used. There are many
different approaches for lifetime modeling of power semicon-
ductor devices, but they are not concluded yet and updated
regularly [17], [18]. Generally, the lifetime models provided by
device manufacturers are more frequently used. These lifetime
models are based on mathematical fitting of enormous aging
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test data, and normally the numbers of thermal cycles Vg, to
a certain failure rate (By ) is used as an indicator for the life-
time of power devices, which means an individual power device
will have X % probability to fail (or a group of power devices
have X % population to fail) after suffering Ny;s. of the thermal
cycles.

In this paper, the lifetime model provided by manufacturer is
used for the lifetime estimation [16]. This model is a series of
lookup tables which can map the nth counted thermal cycle in
Fig. 10, to the corresponding number of cycles that the IGBT
have 10% failure rate (IV, jifo at Byg). Then the “consumed
Bio lifetime” by each counted thermal cycle can simply be
calculated in (1). And the total “consumed B lifetime” by the
counted 460 long-term thermal cycles in 1-year C'Liyear_long
can be accumulated in (2) according to Miner’s rule [22]

100
L, = 1
¢ " Nn_lifc (%) ( )
460
CLlyoar_long = Z CLn ()
n=1

The total 1-year consumed B lifetime of the IGBT module
when applying the long-term thermal loading in Fig. 9 are shown
in Fig. 11, in which three failure mechanisms like the crack
of base plate soldering (B solder, caused by case temperature
cycling), crack of chip soldering (C solder, caused by junction
temperature cycling), and bond wire lift-off (bond wire, caused
by junction temperature cycling) are shown, respectively. It can
be seen that the temperature cycling on the chip soldering (C
solder) consume more lifetime (i.e., more quick to failure) than
the other two failure mechanisms. It is worth to mention that this
lifetime result only reflects the influenced by long-term thermal
cycles with a period larger than 3 h.

IV. MEDIUM-TERM LOADING PROFILES AND
LIFETIME ESTIMATION

In order to estimate the converter lifetime influenced by the
thermal cycles less than 3 h, the loading profile with time con-
stants of seconds to minutes has to be established. This group
of analysis mainly focuses on the medium-term thermal loading
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of power device caused by the mechanical behaviors of wind
turbine system, such as the pitch control to limit the generated
power and speed control to maximize the power production.
Therefore, more complicated models and smaller time step have
to be applied in order to generate enough details of the loading
information and thus correctly estimate the lifetime. In this sec-
tion, the analysis is conducted with time span of 3 h in order to
restrain the data size, and a time step of 1 s is applied. How-
ever, the loading profile of 3 h only accounts for a small part
of the complete loading information in 1 year, which is neces-
sary for the lifetime estimation of power devices. As a result, an
extrapolation method from 3 h to 1 year has to be proposed.
As shown in Fig. 12, the flow for lifetime estimation caused
by medium-term thermal loading is different from Fig. 5: the
wind profile in Fig. 3 is first converted to a wind speed distri-
bution, as indicated in Fig. 13, which represents the frequency
of a certain wind speed appearing in 1 year (% in 365 days).
Afterward a series of wind speed variations within 3 h are recon-
structed. The used model for wind speed generation has been
developed at RIS@ National Laboratory based on the Kaimal
spectra [31]. The wind speed is calculated as an average value
over the whole rotor, and it takes the tower shadow and the rota-
tional turbulences into account. A turbulence intensity of 18% is
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applied, which belongs to the Class A wind turbulence [23] and
is also the defined wind condition by the used wind turbines.
Then the rotor rotational speed and the desired average wind
speed are the two inputs for the wind speed generation model.
As an example shown in Fig. 15, three generated wind speed
variations within 3 h at average speed of 7, 11, and 23 m/s are
illustrated.

By processing each of the reconstructed wind speed variations
of 3 h at different average values V.., the loading profiles
generations as well as the lifetime estimations are implemented,
respectively, and then the total 1-year consumed lifetime by
medium-term thermal cycles can be extrapolated by including
the information of wind speed distribution. More details of the
process are demonstrated as follows.

A. Medium-Term Loading Profile Generation

Because the interested time constant for the medium-term
thermal loading is reduced to seconds’ level, the dynamics of
the mechanical parts cannot be ignored. In order to focus the
analysis on the converter loading and lifetime estimation, an
inertia transfer function with time constant of 20 s is added
to roughly emulate the power inertia of the wind turbine, drive
train, and generator. Nevertheless the used models can be further
detailed depending on the required accuracy.

Moreover, the turn ON and turn OFF of power converter will
introduce significant power changes and thus have strong effects
on the thermal cycling of power devices; therefore, the cut-in and
cut-out behaviors of wind turbine should be carefully specified
for lifetime estimation. According to the datasheet, it is defined
that the rated wind speed for the used wind turbine is at 12 m/s.
The cut-in wind speed is set at 3 m/s with 5 min average, cut out
wind speed is at 25 m/s with 5 min averaged or 32 m/s with 5 s
averaged. The recut in wind speed is set at 24 m/s with a delay
time of 30 min to emulate the startup process of the whole wind
power generation system. Based on the assumed behaviors of
wind turbines, three output power of wind power converter are
shown in Fig. 15, where the conditions when the average wind
speed V,ve = 7, 11, and 23 m/s are illustrated, respectively.

In this section, the interested thermal behaviors of power
devices have much smaller time constant, therefore the ther-
mal capacitance which determines the fast thermal dynamics
ranging from seconds to minutes can no longer be ignored.
Unfortunately, as detailed in [32], it is found that both of the
existing Cauer and Foster thermal networks which contain ther-
mal capacitance have their limits to acquire the appropriate case
temperature of power device. As a result, a new thermal model
which combines the advantages of these two thermal networks
is proposed [32]. As shown in Fig. 14, the proposed thermal
model contains two paths, and it is noted that to ensure a mathe-
matically correct model, the heat flow in these two thermal paths
are not coupled: The first thermal path is used for the junction
temperature estimation. In this path, the datasheet-based mul-
tilayer Foster thermal network inside power devices are used,
and only a temperature potential, whose value is determined by
the case temperature 7, from the other thermal path, is con-
nected to the Foster network. As a result, the Foster network
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is correctly used and abrupt change of case/junction tempera-
ture can be avoided [32]. The second thermal path is used for
the case and heat sink temperature estimation. In this path, the
thermal network inside IGBT module is just used for the loss
filtering rather than for the junction temperature estimation, and
the complete thermal network outside the IGBT module (i.e.,
thermal grease and heat sink) have to be included. It is noted that
the multilayer Foster network inside the IGBT module is math-
ematically transformed to a single-layer Cauer RC unit. This
transformation will lose some accuracy for the thermal dynam-
ics of junction temperature, but it can regain certain physical
meaning because any object can be simply represented as a sin-
gle Cauer RC unit from the thermal point of view; therefore, it
is more suitable for the loss filtering and establishment of the
case temperature 7., which has much slower thermal dynamics
than the junction temperature 7 [32].

By the proposed thermal model and simulation method, it is
possible to estimate not only the junction temperature but also
the case and heat sink temperature in a relative long-time pe-
riod. When feeding the input power of converter in Fig. 15 to
the loss and thermal model of the devices shown in Figs. 7 and
14, the medium-term thermal loading of the IGBT (7} and T;)
can be generated, as shown in Fig. 16. It can be seen that the
medium-term thermal behaviors of power devices have several
notable features: Generally the T} is higher than T, and has
faster thermal dynamics. Both T} and 7T} fluctuate accordingly
with the output power of converter with much smaller fluctu-
ating amplitude compared to the long-term thermal profile in
Fig. 9. Moreover, the thermal loadings of power devices are
quite different under various wind conditions, when average
wind speed is below 11 m/s, the fluctuation amplitude of T); and
T, increases with the increasing of wind speeds, as shown in
Figs. 16(a) and 16(b); when the average wind speed is higher
than 11 m/s, the temperature fluctuation is much smaller, and
the cut-out and recut-in behaviors of wind turbine will intro-
duce significant thermal cycles to the power devices, as shown
in Fig. 16(c).

B. Lifetime Estimation With Medium-Term Thermal Loading

With the same approach used in Section II to count and con-
vert the thermal loadings in Fig. 16, the consumed lifetime of
power device by medium-term thermal cycles can be estimated.
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In order to extrapolate the lifetime results from 3 h to 1 year,
the thermal generation and lifetime estimation are carried out
15 times under each wind speed variation of 3 h with different
Vive (from 1 to 29 m/s with step of 2 m/s). Then the 1-year
total consumed lifetime by medium-term thermal loading can

be accumulated with
365 - 24
= T(Wl m/s ° CLl m/s_3h+

WSm/s : CVLBm/s_f’)h +o

CLl year_medium

+ W29m/s . CLZQm/s_3h) 3

where Wi, /s to Wayg /s are the weighting factors obtained
from the density of wind speed distribution in Fig. 13.

The calculated 1-year consumed B lifetime of the IGBT
module when applying the given medium-term thermal loadings
are shown in Fig. 17, in which the consumed lifetime by three
failure mechanisms are given, respectively. It is noted that this
consumed lifetime only reflects the impacts by medium-term
thermal cycles with period between 1 s to 3 h. Different from
Fig. 11, the temperature cycling on the based plate of IGBT
consumes more lifetime than the other two failure mechanisms.

By the proposed approach for lifetime estimation caused by
medium-term thermal loading, another interesting lifetime in-
formation can be plotted in Fig. 18 as function of wind speeds.
It can be seen that the lifetime of the power devices is consumed
intensively at wind speeds of 10-12 m/s. This speed range is
around the rated wind speed of the wind turbine, when the pitch
system of wind turbine need to be activated and the output
power of the converter varies significantly, as it can be observed
in Fig. 15(b).
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Fig. 17. Consumed By lifetime of IGBT by medium-term thermal cycles for
1 year (lifetime models from [16] is used, only considering the thermal cycles
ranging from 1 s to 3 h, B solder means base plate solder, C solder means chip
solder).

V. SHORT-TERM LOADING PROFILES AND LIFETIME
ESTIMATION

In order to estimate the converter lifetime influenced by the
short-term thermal cycles with less than 1 s, the loading profile
with time constants of milliseconds has to be established. This
group of thermal behavior is mainly caused by the fast electrical
disturbances of the converter such as load current alternating,
switching of power device, or the impacts of grid faults. There-
fore, small time steps are generally required for analysis.

As it is difficult to investigate the complete loading profile of
1 year with the required small time step, the idea for lifetime
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Fig. 18. Consumed B lifetime distribution by medium-term thermal cycles

(lifetime models from [16] is used, only considering the thermal cycles ranging
from 1 s to 3 h, B solder means base plate solder, C solder means chip solder).
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Fig. 19.  Short-term thermal behaviors inside power device when wind speed
vy = 12 m/s (0.2 s with 0.5 ms time step, T;.f = 40°C).

estimation and extrapolation as shown in Fig. 12 is also ap-
plied for the lifetime analysis with short-term thermal loadings.
However, the methods for loading profile generation and used
lifetime models are different, as explained in the following.

A. Short-Term Loading Profile Generation

This group of thermal behaviors in the power devices is
mainly caused by the fast and periodical current alternating
in the converter. The junction temperature of power devices
swings at relative smaller amplitude and at fundamental fre-
quency of the converter output. A simulation result is shown in
Fig. 19, where the converter is operating under rated condition
of Table I, and the T); and 7, within 200 ms are illustrated. It
can be seen that the junction temperature 7} oscillates at 50 Hz
with constant swinging amplitude, while the case temperature
T, remains almost unchanged. Therefore, with the information
of temperature mean value and cycling amplitude, the lifetime
models can be directly applied to T} without rain flow counting.
And because of relative larger thermal capacitance, the thermal
dynamics of the T is not as fast as the T}, thereby the case
temperature are not considered in the lifetime estimation by
short-term thermal cycles.

As detailed in [34], the cycling amplitude of the junction
temperature AT} caused by load current altering of converter
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can be analytically solved by

AT‘J = Ploss : Zth (83}0) + 2Ploss : Zth <41f0> (4)
where P is the loss of power device which can be looked up
from Fig. 7; Zy, is a time-based expression of device thermal
impedance, which can be found in the datasheet; f, is the fun-
damental frequency of the converter output, which is normally
set at 50 Hz and it is also the cycling frequency of the interested
thermal behavior in short term.

In respect to the mean junction temperature, the loading pro-
file shown in Fig. 16 can be directly used. Therefore, the genera-
tion of short-term loading profile can be significantly accelerated
because the detailed circuit models with the switching behaviors
can be avoided, and only analytical functions of (4), as well as
a series of simulations with medium time step are needed.

B. Lifetime Estimation With Short-Term Thermal Loading

It is noted that due to the lack of the testing data, most manu-
facturer cannot provide enough lifetime information by thermal
cycles with small AT} (<10 K) and high cycling frequency
(>1 Hz). The manufacturer has a Coffin—Manson-based life-
time model [35] which is tested under cycling period of 2 s, this
is the closest testing condition that can be found and it is used
in this paper for a rough approximation. The lifetime model can
be expressed as

Nijge = 1.017020-Tim =AT; /20710 g 9 101 ¢ (AT;) 7228,
5

It is noted that this lifetime model only reflects the general
failures of IGBT module and cannot separate the three fail-
ure mechanisms shown in Fig. 11. When inputting the mean
junction temperature T}, from Fig. 16, and AT} from (4), the
consumed lifetime of IGBT caused by the short-term thermal
cycles (50 Hz) can be mapped. It is noted that in order to ex-
trapolate the lifetime results from 1 s to 1 year, the simulations
are carried out 15 times under 3 h medium-term wind profiles
with different average speeds (1, 3, 5, . . .,29 m/s). Then the total
consumed lifetime in 1 year can be accumulated according to
the wind speed distribution shown in Fig. 13.

The 1-year lifetime distribution of IGBT under different wind
speeds by short-term thermal cycles is shown in Fig. 20. It
is interesting to see that the lifetime is consumed intensively
at wind speeds of 14-15 m/s, this is quite different from the
lifetime distribution by the medium-term thermal cycles shown
in Fig. 18, where the lifetime is consumed intensively at 10—
12 m/s. This is because the cycling amplitude of short-term
thermal loading is mainly decided by the absolute power loss
which achieves the maximum at 14—15 m/s when the wind
turbine generates the maximum output power. It is noted that in
Fig. 20 the values of consumed lifetime is much higher than the
one shown in Fig. 18, this is because different lifetime models
are used and the number of thermal cycling is significantly larger
in short-term thermal behaviors.
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VI. POSSIBILITIES AND LIMITS DISCUSSION OF THE PROPOSED
METHOD FOR LIFETIME ESTIMATION

With the proposed lifetime estimation approach for wind
power converter, some other interesting information related to
the lifetime of power devices can be acquired. Fig. 21 shows the
consumed lifetime distribution by different failure mechanisms
as well as the thermal behaviors under different time constants.
Among medium-term and long-term thermal cycles, the criti-
cal thermal stresses which cause the reliability problem of the
given converter can be addressed—the base plate and chip sol-
der fatigues caused by medium-term thermal cycles. Because
the used lifetime model in Fig. 21 only covers thermal cycles
with very limited cycling period (10 s—1 day), the lifetime con-
sumed by short-term thermal cycles (1 s below) is not applicable
and thereby is not included.

Fig. 22 shows a series of consumed lifetime distribution at
different wind speeds caused by medium-term and short-term
thermal cycles, where the same loading profiles of power devices
are applied with another important lifetime model from [15]
and [17]. It is noticed that because this lifetime models only
covers the thermal cycling at period between 2 and 30 s, the
long-term thermal loadings are not included. It is noticed that
different lifetime models mentioned in this paper are developed
based on various technologies, ratings, testing conditions and the
criteria of failures, thereby the acquired lifetime when different
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models are applied may vary in a large range even with the
same loading of power device; however, the justification and
evaluation of these lifetime models are out of the scope of this
paper which mainly focuses on how to use them.

It is worth to mention that most of the lifetime models pro-
vided by manufacturer are based on accelerated tests, which can
only cover very limited ranges of AT}, T}, , and tperioq Of the
thermal cycles because the accelerated tests are very time con-
suming. Moreover, some testing conditions are relative hard to
be implemented such as very fast or very slow thermal cycling,
or cycling with low 7}, but large AT} [15]-[17]. However, in
this paper, it was found that in the wind power applications many
thermal behaviors the power devices will present, which are not
yet tested to map the corresponding lifetime. In this paper, in
order to translate these “unidentified thermal cycles” into life-
time, AT; and T}, are interpolated/extrapolated linearly with
log scale, and some cycling period jerioq are not consistent
with the specification in the lifetime models—-this could lead
to in-confidence of the acquired lifetime results. Therefore, even
more advanced lifetime models which can cover more loading
conditions of power devices are required for better lifetime es-
timation based on mission profiles.

Furthermore, it is noted that the three time intervals and corre-
sponding time steps in Sections I1I-V are qualitative definitions,
which give emphasis on separating the analysis at different time
scale and details of the models. Depending on the study cases,
the used models, available data, and needs of accuracy, the spe-
cific time intervals and steps can be varied. However, the basic
idea and approach for the lifetime estimation can be generally
adapted to different scenarios, where the long, medium, and
short term can be defined individually.

It is also noted that the failure mechanisms of power electron-
ics are complicated and are related to many factors [36]-[41].
In this paper, the fatigue on the interconnections inside IGBT
modules based on soldering and aluminium bond wires is mainly
focused, and according to many surveys the thermal cycling is
one of the most important causes of failure for this failure mech-
anism. However, in respect to other cause of failures in power
electronics like electrical degradation, humidity, vibration, cos-
mic radiation, etc., quite different scenarios and approaches have
to be involved and they cannot be evaluated in this paper.
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VII. VALIDATION OF THE RESULTS

A. Discussion on the Lifetime Validation

One potential way to validate the lifetime estimation by this
paper is to justify the obtained results with the failure statistics
observed in real-world wind power converters. Some compre-
hensive investigations of the failures in wind power converters
were implemented in [4], [5], [42]-[44]. However, these data
normally does not reflect the state-of-the-art wind turbine tech-
nology and most of them only recorded the numbers of failures
for the whole converter system. While more detail information
like the causes and types of failures are seldom available or hard
to be accessed by the public. As mentioned earlier and also ad-
dressed in [2], [19], [36]—-[38], thermal-related failures of power
semiconductor devices (the focus of this paper) are just one
part of the whole reliability calculation for the converter sys-
tem, therefore the general failure statistics, which include many
other unknown causes of failure, cannot be used to validate the
thermal-related lifetime modeled in this paper.

Nevertheless, some of the general reliability information ob-
tained by this paper can be partly agreed to by the existing works
having different focuses and approaches. In [41] and [45], it was
found that the wind power converter consumes the lifetime much
more intensively around rated wind speed, this is agreed by the
results shown in Fig. 18. In [16] and [18], it was claimed that
as the technology improvement, soldering fatigues start to dom-
inate the failures of the IGBT modules instead of bond wire
liftoff, this conclusion is consistent with the results shown in
Figs. 11, 17, and 21. In [40], Weiss and Eckel point out the
small thermal cycles should be also important factor for device
failures, this discovery agrees with the results given in Fig. 22.

It is worth to mention that as one of the most important causes
of failure in power electronics, thermal loading of power devices
should be closely related to the specific mission profiles of the
converter [36]-[41]. This correlation has not yet been clearly
validated especially when considering different time constants
in wind power application. Therefore, the validation of the ther-
mal behaviors caused by the mission profiles under different
time constants will be the main target of this paper, because it is
a critical step for the lifetime estimation conducted in this paper.

B. Validation of Thermal Loading in Power Device Under
Different Time Constants

The thermal behaviors caused by medium- and short-term
mission profiles are validated on a downscale dc—ac converter.
The approach is to use a high-frequency infrared thermal camera
to obverse the internal structure of an opened power module
during the operation of converter. As shown in Fig. 23, the circuit
configurations and setup photo are both illustrated. A three-
phase three-level neutral point clamped converter (3 L-NPC) is
used because this topology has only half of the voltage stress on
the devices compared to the 2 L converter, and this advantage is
beneficial for the long-term operation of the setup because the
used power module is opened with degraded voltage insulation
capability. The detailed parameters of the experimental setup
are shown in Table II. Two dc sources are used to feed the
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Fig. 23. Configurations of experimental setup for thermal behavior validation.
(a) Circuit topology (3 L-NPC, power module of phase A is opened and black
painted). (b) Setup photo (main parts are indicated).

TABLE IT

PARAMETERS OF EXPERIMENTAL SETUP
DC bus voltage V. 600 VDC
DC capacitance C,/C, 3300 puF
Rated power P,yeq 10 kW
Makx. load current 7,,,,, 20 A
Fundamental frequency £, 50 Hz
Switching frequency f; 20 kHz
Filter inductance Ly 3 mH
Load resistance R; 16 Q
Infrared camera FLIR X8400sc
3L-NPC Power Module 1200V /30 A
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Fig. 24.  Electrical outputs of converter setup at rated condition, line-to-line
voltage pulses—signal 1 (1 kV/div), phase voltage pulses—signal2 (500 V/div),
load current— signal 3 (20 A/div), 4 ms/div, modulation index M = 1 p.u., DC
bus voltage V. = 600V, fs = 20 kHz, PF = 1.
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Fig. 25.  Thermal image inside a 3L-NPC power module by infrared camera
during the operation of converter (T, and Dy chips are indicated, rated
operating condition of Fig. 24, data acquisition points are indicated as tp1 (T’
and tp2 (7,) in the image, MOSEFET is imaged). (a) Zoom-in on two chips.
(b) Overview of the whole module.

converter with constant dc voltage and three-phase passive RL
loads are applied, thereby the current loading of device can be
adjusted by changing the modulation index. Based on the setup
the electrical outputs of converter under rated condition are
shown in Fig. 24, where the line-to-line voltage pulses (blue),
phase voltage pulses (red), and load current (green) in one phase
are indicated, respectively.

A thermal image of the opened power module observed by
infrared camera is shown in Fig. 25, where the outer switch
chip T4, and the clamping diode chip D, in Fig. 23(a) are
illustrated; the converter is operating under the rated conditions
given in Table I. As shown in Fig. 25, the temperature distribu-
tion on the chips and based plate can be clearly observed, where
two testing points tpl and tp2 are defined to represent the chip
temperature 7); and base plated temperature 7., respectively.

The thermal profiles of the two predefined testing points
within a medium term is shown in Fig. 26, in which the current
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Fig. 26. Experimental results of medium-term thermal behaviors within

10 min (corresponding to segment of 5100-5700 s in Fig. 16 (b), with tem-

perature sampling rate at 10 Hz).
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Fig. 27. Experimental results of short-term thermal behaviors within 0.2 s

(corresponding to Fig. 19, current loading is maintained constant under rated
condition of Table II, with temperature sampling rate at 350 Hz).

loading is varied according to the p.u. converter power within a
10 min segment (5100-5700 s) shown in Fig. 15(b), and the tem-
perature sampling rate by infrared camera is set at 10 Hz. It can
be seen that 77 is higher than 7, with larger cycling amplitude,
and they fluctuate in accordance with the current loading—these
features are consistent with the estimated thermal profiles shown
in Fig. 16(b).

The thermal behaviors of the two predefined testing points
within a short term is shown in Fig. 27, in which the current
loading of converter remains constant at rated output power of
10 kW, and the sampling rate of temperature is set at 350 Hz. It
can be seen that the thermal profiles are quite different compared
to the one under medium term shown in Fig. 26: T} oscillates
at the fundamental frequency of 50 Hz with constant fluctuat-
ing amplitude of 1.5 °C, while 7 is almost constant without
significant fluctuations—these features are consistent with the
estimated thermal profiles shown in Fig. 19.

VIII. CONCLUSION

A comprehensive lifetime estimation method for the power
semiconductors in wind power converter is proposed in this pa-
per. Itis based on the thermal cycling and corresponding strength
models inside power devices, and the method separates the
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analysis under different time constants of the thermal behaviors
in the wind turbine system. With the established approaches for
loading profile generation and lifetime estimation, more possi-
bilities and details of the lifetime information for wind power
converter can be obtained like the lifetime consumption by dif-
ferent thermal behaviors, wind speeds, and failure mechanisms.
This is very useful to indicate and improve the weakness of
the system in respect to the reliability performance. The esti-
mated thermal behaviors in the power devices are validated on
a downscale experimental setup.

It is also found that in the wind power application, many
loading conditions of power devices that are not covered by
most of the lifetime models by manufactures could be presented.
Therefore, more advanced lifetime modeling and power cycling
tests are required for the lifetime estimation of converter based
on mission profiles.
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