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Abstract—Bond wire fatigue is one of the dominant failure mech-
anisms in insulated-gate bipolar transistor (IGBT) modules under
cyclic stresses. However, there are still major challenges ahead to
achieve a realistic bond wire lifetime prediction in field operation.
This paper proposes a Monte Carlo based analysis method to pre-
dict the lifetime consumption of bond wires of IGBT modules in
a photovoltaic (PV) inverter. The variations in IGBT parameters
(e.g., on-state collector–emitter voltage), lifetime models, and envi-
ronmental and operational stresses are taken into account in the
lifetime prediction. The distribution of the annual lifetime con-
sumption is estimated based on a long-term annual stress profile of
solar irradiance and ambient temperature. The proposed method
enables a more realistic lifetime prediction with a specified confi-
dence level compared to the state-of-the-art approaches. A study
case of IGBT modules in a 10-kW three-phase PV inverter is given
to demonstrate the procedure of the method. The obtained results
of the lifetime distribution can be used to justify the selection of
IGBTs for the PV inverter applications and the corresponding risk
of unreliability.

Index Terms—Bond wire fatigue, insulated-gate bipolar transis-
tor, mission profile, Monte Carlo methods, reliability.

I. INTRODUCTION

A substantial effort is in place to the reliability and the as-
sociated maintenance cost of grid-connected transformer-

less photovoltaic (PV) inverters in recent years [1], [2]. It is a
challenge to fulfill the product design specifications with ever-
increasing lifetime requirements and more stringent cost con-
straints [3], [4]. Many efforts have been devoted to the reliability
study of PV power conversion systems [5]–[11]. One aspect of
study is on the reliability issues from the control perspective,
especially the islanding control and the maximum power point
tracking [12]. The other aspect is on the system-level reliability
prediction. Many of the reliability prediction methods are based
on the component-level reliability information provided in the
Military-Handbook-217F [13], such as those presented in [5]–
[7] and [9]. The reliability data in this handbook are simple to
be used but could be inappropriate for electronic components,
since they are based on an assumption of constant failure rates
(i.e., wear out is not included) as discussed in detail in [14].
In [6] and [8], the component-level reliability information is
based on the guide FIDES [15], which provides the acceleration
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factors of different stressors (e.g., temperature and humidity)
and includes also the wear out failure mechanisms of electronic
components. The data in FIDES are still relatively general to a
certain type of components (e.g., insulated-gate bipolar transis-
tors (IGBTs), capacitors, and resistors), without the differenti-
ation of technologies and manufacturers. To have an improved
reliability prediction, the impact of the loading conditions has
been considered in [6], [8], [10], and [11]. However, it is quite
challenging to have a realistic system-level reliability predic-
tion due to the lack of more specific component-level reliability
analyses.

A reliability analysis of the PV systems components is indis-
pensable in order to identify the weakest components; according
to a survey based on field experiences from power electronics
manufacturers, about 31% of the 56 responders consider power
semiconductor devices as the most fragile components [16].
IGBTs are the commonly used semiconductor devices in PV in-
verters; however, the reliability analysis of the IGBTs designed
in PV inverters is usually not well treated. One of the dominant
failure mechanisms of IGBT modules is the bond wire fatigue
due to temperature excursions [17], [18]. The ambient tempera-
ture variation and the self-heating of IGBTs contribute to these
temperature excursions.

The lifetime prediction methods of IGBT bond wires can be
classified into three categories. The first category is based on
constant failure rate models from various handbooks, for ex-
ample, the Military-Handbook-217F [13], [14]. This method is
simple but inappropriate, since it is based on an assumption of
constant failure rates and the impact of temperature excursions
is not considered. Even though it is still used in the literature,
the Military-Handbook-217F has been cancelled in 1995. An
updated version, the Military-Handbook-217H, is under discus-
sion [19] based on a more physics-based method. The second
category is based on empirical lifetime models developed mainly
from accelerated lifetime testing data [20]–[23]. It is the most
widely used method for the lifetime prediction of IGBT mod-
ules. The main drawback of empirical lifetime models is that
they are obtained from statistical analysis of available lifetime
data, which do not directly describe the physical failure mech-
anisms. The use of these lifetime models should be justified in
terms of applicability, limitations, and the underlying statisti-
cal properties. The third category is based on physics-of-failure
(PoF) lifetime models, which are obtained by modeling the
stress–strain deformations due to thermal–mechanical stresses
[24]. The PoF method provides a better insight in the physical
mechanisms that cause the bond wire fatigue in IGBT modules.
However, the use of PoF-based lifetime models is still limited
due to the lack of detailed information of the materials and
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geometries of IGBT modules. It is still an open question on
how to introduce statistics into the PoF-based lifetime models
of IGBT modules to incorporate the variations and uncertain-
ties, besides the deterministic physical properties. In this paper,
a well-justified empirical lifetime model of IGBT bond wires
will be used for the proposed method.

The challenges to predict the IGBT lifetime in PV inverters
lie in the following aspects: 1) it is necessary to differentiate
various fatigue failure mechanisms and failure sites (e.g., bond
wires and solder joints) [25], [26]; 2) each lifetime model has
its limitations due to specific technologies, failure mechanisms,
and certain environmental and operational stresses (e.g., temper-
ature range, cycle time of temperature excursions) [23]; 3) the
stress levels of IGBTs vary with the mission profiles (i.e., solar
irradiance and ambient temperature during the life cycle) due to
the intermittent solar power [27], [28]; and 4) the end-of-life of a
population of IGBTs with the same product part number varies
in field operations due to variances in manufacturing process
and statistical properties of the lifetime models.

The research in [24], [29], and [30] discusses the differenti-
ation of various failure mechanisms and reveals that the power
cycling with heating time (i.e., the period where power losses
are generated in the device resulting in a temperature rise) below
1 min has a significant effect on the fatigue of bond wires. More-
over, a long-term mission profile, which has been presented in
[31] and [32], has been adopted. However, there is still a lack
of study on the effect of variances in IGBT parameters (e.g.,
on-state collector–emitter voltage) and statistical properties of
lifetime models. The relevant variances in IGBT lifetime pre-
diction in PV applications can be classified into: 1) variances in
environmental and operational stresses (e.g., the solar irradiance
and ambient temperature); 2) variances in empirical lifetime
models introduced by the statistical life data analysis to derive
the lifetime models; 3) variances in IGBT electrical parameters
and thermal parameters due to the variations in manufacturing
processes; and 4) variances in time-dependent parameters due
to IGBT degradation.

The Monte Carlo method can be applied to take into account
the above variances. It has been applied for other reliability as-
pects, as discussed in [33]–[36]. In [33], the statistical properties
of temperature and humidity are considered in a deterministic
PoF lifetime model by Monte Carlo simulations. In [34] and
[35], the impact of the geometry parameters of an IGBT power
module is simulated by applying the Monte Carlo method. An
optimal design of the parameters can, therefore, be achieved. In
[36], the uncertainties of the IGBT on-state saturation voltage
degradation curve are analyzed for online prognostic purpose.

In PV applications, IGBTs that can fulfill a specific lifetime
requirement are usually readily available. The practical issue
for PV inverter designers is how to select the IGBTs with a
minimum cost and measurable risk of unreliability. This paper
proposes a Monte Carlo based analysis method to study the
impact of the above variances on the bond wire fatigue of IG-
BTs in a PV inverter. The presented study tackles the issue by
predicting the bond wire lifetime distribution with a specified
confidence level, allowing the accumulated failure analysis due
to bond wire fatigue along with the long operation.

Fig. 1. Proposed Monte Carlo based method for lifetime prediction of IGBT
bond wires.

This paper is organized as follows: Section II presents the
proposed procedure to perform the lifetime prediction of bond
wires under a long-term operation. Section III demonstrates the
procedure in detail by a case study with experimental tests on
a 10-kW three-phase PV inverter, considering the variances in
IGBT parameters and stresses. Finally, concluding remarks are
given.

II. PROPOSED MONTE CARLO BASED LIFETIME

PREDICTION METHOD

The proposed Monte Carlo based method for bond wire life-
time analysis is shown in Fig. 1. The procedure includes four
major steps. A mission profile (i.e., the solar irradiance and
ambient temperature) is applied as the input. The output is the
lifetime of bond wires of IGBTs in PV inverters with a confi-
dence level (e.g., 90%). The feedback loop from the output to
the electrothermal model of IGBTs shows the design iterations
to select the proper IGBT modules from multiple candidates.
The purpose of the method is to provide a guideline to select
the IGBT modules in the design phase to fulfill the reliability
requirements, which is based on lifetime models and specific
mission profiles. Based on the predicted results, an additional
design margin will be added to select the most suitable IGBT for
a given application. The detailed discussions on the procedure
are provided in the following, and the flowchart in Fig. 2 gives
the steps of the proposed algorithm.

A. Mission Profile Translation

In PV applications, the power semiconductor devices are ex-
posed to varying electrical and thermal stresses due to the fluctu-
ations of ambient temperature and solar irradiance. A represen-
tative long-term mission profile (e.g., an annual stress profile)
is needed for the analysis.

According to the long-term mission profile, the power losses
of power semiconductor devices are calculated by three steps.

1) Output power of PV arrays (PPV): The output power of a
given PV array configuration can be calculated according
to the PV string model discussed in [27]. Its mapping
relationship with the solar irradiance (SI) and ambient
temperature can be obtained. For the sake of simplicity,
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Fig. 2. Algorithm of the Monte Carlo based method for bond wire life-
time analysis: Tamb—ambient temperature, Theatsink —heatsink temperature,
SI—solar irradiance, PPV—output power of PV arrays, Pinv—inverter input
power, Ploss —total inverter power loss, Tj —junction temperature, ΔTj —
junction temperature fluctuation, Rth —thermal resistance, L—lifetime, pdf—
probability density function, and CI—confidence interval.

four typical ambient temperature levels are used to analyze
the output power profile of the PV arrays, as shown in
Fig. 2. Ambient temperatures different from the four levels
are approximated to the closest one.

2) Input voltage and current of the PV inverter (Pinv ): The
input voltage and input current profile of the PV inverter
can be derived based on the output power and the PV array
configuration.

3) Power loss profile of IGBT modules (Ploss): A mapping
relationship between the power loss of the IGBT mod-
ules and the input voltage and current of the PV inverter
is derived by either simulations or experimental charac-
terizations. Then, a long-term power loss profile can be
obtained by using the derived mapping relationship.

Further details of the above three steps will be discussed in
Section III.

B. Electrothermal Model

An electrothermal model is applied to obtain the thermal
stress of a single IGBT as shown in Fig. 3. The IGBT junction
temperature Tj and its fluctuation ΔTj can be estimated ac-
cording to the method in [31], [32], and [37], where the thermal

Fig. 3. Thermal model of power devices: Tj,(IGBT) —IGBT junction temper-
ature, Tj,(D ) —diode junction temperature, Th —heatsink temperature, Ta —
ambient temperature, Zth(j−h ) , IGBT—IGBT thermal impedance from junction
to heatsink, Zth(j−h ) ,D —diode thermal impedance from junction to heatsink,
Zth(h−a ) —thermal impedance from heatsink to ambient.

impedance from junction to heatsink, Zth(j−h) , is modeled as a
multilayer Foster RC network. The parameters in the thermal
model can be obtained by one of the following ways: 1) based on
the datasheet from the IGBT module manufacturer [38]; 2) based
on a simplified model from finite-element method simulation of
the IGBT module [39]; and 3) based on thermal characterization
of the IGBT module. The thermal impedance may increase with
operation time due to the degradation of IGBT modules, which
can be taken into account in the thermal analysis, as discussed
in [31].

C. Lifetime Model of IGBTs

Among the three well-known dominant failure mechanisms
of IGBT modules, this study focuses on the bond wire lift-off
[4]. The number of cycles to failure, Nf , can be predicted based
on a specific lifetime model. The best lifetime model would be
from the one which considers the same testing conditions as the
ones in the field operation. However, it is almost not feasible
and not desirable in practice due to the time required. That is
why different accelerated testing concepts have been proposed in
reliability engineering for the last few decades, in order to reduce
the testing time. The key point is that the selection of the lifetime
model should be well justified, as discussed in more detail in
Section III. For illustration purpose, an empirical lifetime model
for the bond wire fatigue of IGBT modules is given below [23]

Nf = A · (ΔTj )−β 1 · exp
(

β2

Tj,min + 273

)
· tβ 3

on · Iβ 4 · V β 5 · Dβ 6

(1)
where ΔTj is the junction temperature fluctuation, Tj,min is
the minimum junction temperature, ton is the heating time of
the power cycling, V is the blocking voltage of the chip, D is
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Fig. 4. Step-by-step proposed Monte Carlo analysis: β1 and β2 —fitting coefficients of the applied lifetime model, Tj,min—minimum junction temperature,
ΔTj —junction temperature fluctuation, Vce,on—collector–emitter voltage, pdf—probability distribution function.

the bond wire diameter, I is the current per wire, and A, β1 , β2 ,
β3 , β4 , β5 , and β6 are the constant parameters as discussed in
[23]. The results would be more trustable if the lifetime model
parameter values are based on the true sample and working con-
ditions; nonetheless, to reduce the testing time while obtaining
meaningful lifetime models, the parameter values in [23] are
widely accepted in reliability engineering.

D. Monte Carlo Analysis

The application of the lifetime model in (1) results in a fixed
accumulated damage due to bond wire fatigue. It is far from
reality since the IGBT parameter variations and the statistical
properties of the lifetime model are not considered. In field
operations, the time to end-of-life of bond wires could vary
within a range due to the tolerance in physical parameters and
difference in the experienced stresses. Therefore, a statistical
approach based on Monte Carlo simulations is applied as shown
in Fig. 4. Especially, the distributions of the temperature-related
lifetime constants β1 and β2 and the IGBT tolerance-related
parameter Vce,on are plotted. Different values of Vce,on result
into different thermal stresses in terms of Tj,min and ΔTj . Then,
the sensitivity of the accumulated damage to β1 , β2 , Tj,min, and
ΔTj can be evaluated individually or collectively. Finally, the
distribution of the end-of-life of bond wires can be obtained,
allowing a lifetime analysis with a specified confidence level.
Further details are discussed in Section III.

E. Feedback for End-of-Life Analysis Due to Bond Wire
Fatigue

Once the bond wire lifetime for a single type of IGBT has been
predicted, it is possible to repeat the same procedure for several
IGBTs. This method helps PV inverter designers to select the
most cost-effective IGBTs, among the available options in the
market for a given PV inverter application.

III. LIFETIME ANALYSIS OF IGBT BOND WIRES IN A 10-KW
PV INVERTER

A case study of a 10-kW two-level voltage source inverter
(2L-VSI) for PV application is discussed in this section to

Fig. 5. 10-kW three-phase grid-connected PV system based on a 2L-VSI
topology.

TABLE I
SPECIFICATIONS OF THE THREE-PHASE 2L-VSI

Three-phase 2L-VSI design ratings

Rated Power P = 10 kW
Output phase voltage Vn = 230 V (RMS)
Switching frequency Fsw = 7 kHz

IGBT module power ratings
Collector–emitter voltage Vce = 1200 V
Collector current Ic = 50 A

LCL-filter parameters
Inverter side Lc = 3.6 mH ; Rc = 0.04 Ω
Grid side Lg = 8.6 mH ; Rc = 1.72 Ω
Filter capacitor Cf = 4.7 μF ; Rf = 0.4 Ω

demonstrate the proposed method. Three IGBT modules of
1200 V/ 50 A fourth generation of IGBT technology and with
aluminum bond wires are used in the PV inverter. Fig. 5 and
Table I show the circuit topology and the specifications of the
PV inverter, respectively. The PV inverter topology consists of a
boost stage, a three-phase 2L-VSI, and a passive LCL filter. The
current controller of the PV inverter consists of a proportional
resonant controller with harmonic compensators [40]. The LCL
filter is designed according to [41]. To perform a long-term
mission profile analysis, the one-year data of solar irradiance
and ambient temperature at Aalborg, Denmark, are used for the
analysis [31]. The data are recorded by a mission profile logger
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Fig. 6. Loading of a 10-kW three-phase 2L-VSI (1 s per sampling data). (a) Annual solar irradiance mission profile (SI). (b) Annual ambient temperature mission
profile. (c) Annual inverter input current. (d) Daily inverter input current. (e) Annual available power from PV panels. (f) Daily available power from PV panels.
(g) Annual total power loss of the IGBTs. (h) Daily total power loss of the IGBTs. (i) Annual power loss profile of single IGBT. (j) Daily power loss profile of
single IGBT.

located on the roof where PV panels are located. The resolution
is 1 s per data.

A. IGBT Power Loss Analysis

The IGBT power loss is analyzed by simulations under differ-
ent power levels based on the electrical characteristics from the
IGBT datasheet. Therefore, the relationship between the power
loss and the inverter power level can be derived, enabling the
translation of the annual mission profile into the power losses
of the IGBT modules.

The available power from the PV panels is obtained by means
of a PV string model that consists of BP365 modules, as pre-
sented in [27]. The corresponding current and voltage values
for a 10-kW panel installation at four different ambient tem-
peratures (i.e., −25 ◦C, 0 ◦C, 25 ◦C, and 50 ◦C) and 16 differ-
ent solar irradiance levels (0–1500 W/m2, with a step of 100
W/m2) have been obtained. Fig. 6(a) and (b) shows the mission
profile. Fig. 6(c) and (d) shows the annual and daily inverter
current loading. Fig. 6(e) and (f) plots the annual and daily
inverter input power from the PV panels based on the mis-
sion profile. To avoid the overloading of the PV inverter, the
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Fig. 7. Experimental setup of the three-phase 2L-VSI.

Fig. 8. Measured and simulated power losses of the inverter.

maximum power limit is set to 11 kW (i.e., 10% above the rated
power).

The next step is to obtain the annual power loss of the IGBT
modules. An experimental setup of the 10-kW PV inverter is
built up as shown in Fig. 7. The experimental setup has been
tested at different input power levels and heatsink temperatures,
in order to measure the total power losses of the three IGBT
modules. The total power losses of the IGBTs consisting the PV
inverter can be represented as a function of the inverter input
power and the heatsink temperature. The results are presented
in Fig. 6(g) and (h).

Furthermore, due to the inability to measure the power losses
of a single IGBT (i.e., excluding its free-wheeling diode), in the
experimental setup, the 10-kW PV inverter has been analyzed
by simulations in PLECS/Simulink. Since the accuracy of the
translation between the mission profile and the power losses
per IGBT is important, experimental results of the 10-kW PV
inverter are compared with the simulation results in Fig. 8. It can
be noted that the simulation results are in well agreement with
the measurements, especially when the input power is above

Fig. 9. Schematic cross section of an IGBT module without baseplate [24].

3 kW. Fig. 6(i) and (j) shows the annual and daily power losses
of a single IGBT based on the mission profile.

B. IGBT Thermal Stress Analysis

The IGBT modules used in the PV inverter have a packaging
without a base plate. Its internal structure is shown in Fig. 9
[24]. The IGBT and diode power losses flow through separate
paths from the junction to the heatsink, where they merge and
finally dissipate to the ambient [30].

The estimated heatsink temperature Theatsink and the junction
temperature Tj for one-year mission profile are shown in Fig. 10.
The heatsink temperature is calculated based on the ambient
temperature fluctuations from the mission profile data and the
annual power losses obtained via experiments. The junction
temperature is calculated based on the heatsink temperature and
the power loss of a single IGBT, which has been estimated via
simulations.

C. Bond Wire Lifetime Consumption Analysis

The solar irradiance and ambient temperature fluctuations
cause temperature excursions of the IGBT modules. The ther-
mal stress have two origins: the first one is power cycling which
comes from load variations due to mission profiles that induce
loss variations in the IGBT modules; the second one is the ther-
mal cycling due to the variations of the ambient temperature. The
IGBT power modules are, therefore, exposed to both stresses
with various levels of temperature swings and frequencies. Pre-
vious studies have shown three ageing mechanisms on the bond
wires: heel fractures (mechanical constraints in the wires and fa-
tigue phenomenon due to the deformation related to temperature
swings), wire bond lift-off (mechanical stress on Al–Si joints
due to the difference in the thermal expansion coefficient be-
tween Al and Si), and metallurgical damage (thermomechanical
stress on Al coming from the difference in the thermal expansion
coefficient between Al and Si) [18], [20], [42]. According to the
International Electrotechnical Commission [43], two types of
cycle periods are considered: the subsecond to tens of seconds
regime and the minute-range regime. Bond wire degradation
strongly depends on power cycling and low-frequency thermal
cycling in the subsecond to tens of seconds regime. Typically,
longer cycles (e.g., above 60 s) contribute to baseplate solder
degradation (if applicable) rather than bond wire degradation
[44]. Consequently, the lifetime consumption in percentage of
the total available life is calculated for two types of temperature
stresses: power cycling due to the line frequency and thermal
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Fig. 10. Thermal loading of a single IGBT in the 2L-VSI PV inverter based
on a year mission profile (1 s per sampling data). (a) Heatsink temperature. (b)
IGBT junction temperature.

cycling with heating time, ton, less than 60 s due to the so-
lar irradiance (SI) and ambient temperature (Tamb) fluctuations.
Further details are given in this section to justify the reason of the
applied lifetime model and the lifetime consumption analysis.

1) Justification of the Applied Lifetime Model: An empiri-
cal model has been applied to predict the bond wire lifetime
consumption for the annual mission profile. As discussed in
Section I, the empirical models are easier to use because they
do not require the knowledge of physical properties of the power
semiconductor devices [45]. However, the use of them should
be well justified.

One of the most widely used empirical lifetime models is the
Coffin–Manson model shown in (2), which describes the effect
of the junction temperature fluctuation ΔTj . In this case, the
lifetime is inversely proportional to the temperature swing. A
and α are the curve fitting parameters [46]

Nf = A × (ΔTj )−α . (2)

The Coffin–Manson model is modified by adding the effect of
the mean junction temperature Tjm, expressed by an Arrhenius
equation [47]. Ea is the activation energy and kb is the Boltz-
mann constant. The Coffin–Manson Arrhenius model is given
as

Nf = A × (ΔTj )−α × exp
(

Ea

kb × Tjm

)
. (3)

Nevertheless, this model does not consider the cycle heating
time, which strongly affects the bond wire fatigue. The Norris–
Landzberg model presented in (4) takes into account the cycle
frequency f , where the exponential term β is a curve fitting

parameter [48]

Nf = A × fβ × (ΔTj )−α × exp
(

Ea

kb × Tjm

)
. (4)

Finally, the Bayerer model shown in (1) includes the cycle
heating time effect together with the impact of other bond wire
parameters [23]. The IGBT module samples used in the ac-
celeration testing to obtain the constants in (1) have the same
technology as the ones applied in the PV inverter prototype.
Moreover, comprehensive testing data are provided in [23], en-
abling the possibility to analyze the statistical variations of the
lifetime model. Therefore, the model shown in (1) is applied in
the present case study.

Since power cycling or thermal cycling with heating time
ton below 60 s highly contributes to the bond wire fatigue, the
dependence of ton as a function of the number of cycles to
failure is considered according to [44], as follows:

Ncyc(ton)
Ncyc(1.5s)

=
(

ton

1.5s

)−0.3

, 0.1 s < ton < 60 s. (5)

2) Accumulated Damage Analysis of Line Frequency Power
Cycling: There are various kinds of cumulative damage mod-
els in the literature for the reliability engineering assessment, as
discussed in [49]. For the lifetime prediction of IGBT modules,
the most widely used one is the Miner’s rule, which is a linear
cumulative damage model [50], [51]. The assumption of Miner’s
rule is that the damage of the IGBT modules is independent of
the stresses experienced during its life cycle, that is, the order
of the cyclic thermal stresses. Some of the nonlinear cumulative
damage models presented in [52] could be more close to the re-
ality due the self-accelerating effect along with the degradation
of the IGBT modules. However, it still requires considerable
validation efforts before applying them for the lifetime predic-
tion of the IGBT modules. An improved way could consider
the change of the electrothermal parameters due to degradation
(e.g., the increase of the thermal impedance and on-state voltage
of IGBT modules), which will result in an accelerated damage
under the same loading condition and ambient condition. With
the assumption of linear cumulative damage, Miner’s rule is ap-
plied in this paper for the accumulated damage analysis of bond
wires.

The whole life cycle can be divided into fractions for each
datum of the mission profile data. Since the mission profile has
been measured with a sampling rate of one second, the number
of cycles per second due to line frequency power cycling is 50
(f = 50 Hz). Each consumption fraction is summed up to obtain
the accumulated damage due to line frequency power cycling as
follows:

Damage 50 =
∑

i

ni,50

Ni,50
(6)

where ni,50 is the number of temperature cycles due to the line
frequency cycling and Ni,50 is the number of cycles to failure
for the same cycle type and same stress as ni,50 .

The number of cycles to failure has been calculated based
on (1) and (5) considering the load variations coming from the
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TABLE II
ACCUMULATED DAMAGE PER YEAR DUE TO POWER CYCLING AND THERMAL

CYCLING

Loading ton Accumulated Lifetime
damage consumption

Line frequency 0.01 s 0.0257 2.57%
Tamb & SI 1 s–60 s 0.0027 0.27%

Fig. 11. Rainflow counting of the annual junction temperature profile: δTj —
junction temperature fluctuation, and Tj,min—minimum junction temperature.

given mission profile. The junction temperature and its fluctua-
tion are extracted from the mission profile for each measurement
point. The heating time has a fixed periodicity (ton = 0.01 s) and
the rest of the parameters (V,D, I) are kept constant. The ob-
tained results are summarized in Table II. It is worth to note that
the predicted lifetime consumption only considers the end-of-
life of the bond wires. There are also other failure mechanisms
of IGBT modules, such as base plate solder fatigue, chip sol-
der fatigue, and single-event inducted catastrophic failure (e.g.,
short-circuit failure). The lifetime of an IGBT module depends
on the summation of the accumulated failure of each kind of fail-
ure mechanism, of which bond wires contribute only part of it.

3) Accumulated Damage Analysis of Low-Frequency Ther-
mal Cycling: The second type of cycling exposed by the IGBTs
results from the solar irradiance and ambient temperature fluc-
tuations. Since temperature cycles do not follow a repetitive
pattern in terms of amplitude and duration, the cycle counting
principle applied in the presented study is according to the Rain-
flow method described in [53]. Accordingly, the Rainflow codes
are programmed by the authors, being one of the most popular
cycle counting techniques used in fatigue analysis. Fig. 11 illus-
trates the distribution of junction temperature cycling obtained
through the Rainflow counting algorithm.

Similarly, the linear cumulative damage model is applied to
obtain the lifetime consumption due to low-frequency thermal
cycling by means of (7). Notice that only temperature cycles
with heating time durations below 60 s are taken into account

Damage ST =
∑

i

ni, ST

Ni,ST
(7)

where ni,ST is the number of cycles due to low-frequency ther-
mal cycling and Ni,ST is the number of cycles to failure for the
same cycle type and same stress as nST. The obtained results
are summarized in Table II.

It is thus apparent that the accumulated damage corresponding
to the low-frequency thermal cycling has less contribution to
the bond wire end-of-life consumption than the line frequency
power cycling, for the considered mission profile. One of the
reasons is that the majority of the thermal cycles have very low
amplitudes (ΔTj ) when the heating time is below 60 s.

D. Monte Carlo Based Analysis of the Variances in IGBT
Parameters and Lifetime Model

This section investigates the reliability analysis of IGBTs by
taking into account the long-term operation and the relevant pa-
rameter variations. Two types of uncertainties are considered:
1) parameter uncertainties in the applied lifetime model, and 2)
parameter uncertainties due to manufacturing process variations
among IGBTs with the same product part number. Regarding
the first type of uncertainty, each lifetime model has its limi-
tations due to the specific test conditions, device technologies,
and failure mechanism considered. The applied lifetime model
in this study, the Bayerer model presented in (1), is derived from
the testing data presented in [23]. The variations of the constants
in (1) and the boundaries of the testing conditions are available
based on the data shown in [23]. Therefore, the uncertainty of
the fitting coefficients corresponding to the junction temperature
and its fluctuation (β1 and β2) are taken into account. The impact
of current variation per bond wire may be caused by electromi-
gration; nonetheless, this failure mechanism is unlikely in the
field operation since it usually appears under the combination
of high junction temperature and high current density [23], [24].
Regarding the second type of uncertainty, the end-of-life of a
large population of IGBTs with the same specification and same
product part number varies in field operations due to variances in
the manufacturing process. The IGBT parameter variations are
defined in the manufacturer datasheet with a typical maximum
and minimum value (e.g., on-state voltage Vce,on). The variances
in Vce,on are taken into account in this analysis, since they have
a direct effect on the IGBT conduction losses and therefore the
Tj and ΔTj .

The bond wire lifetime prediction is based on the empirical
lifetime model of (1) combined with (5), the cumulative damage
model of (6) and (7), and the long-term mission profile. Param-
eter variations have been analyzed individually and jointly. All
the parameters in the analysis are modeled by means of normal
probability distribution functions as shown in Fig. 12. β1 and
β2 are assumed to have a 5% and 20% variation, respectively,
with a 90% confidence level according to the accelerated test-
ing data published in [23]. Consequently, the typical maximum
and minimum value of Vce,on is extracted from the datasheet
provided by the IGBT module. The variation of Vce,on leads to
5% variation of ΔTj and a 0.66% variation of Tj for the power
module in the analysis. Since the mission profile data are con-
tinuously changing over the whole year, the dynamical mission
profile has been converted into an equivalent static one, which
produces the same degradation [46].
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Fig. 12. Probability density functions of the parameters under analysis: β1
and β2 are the fitting coefficients of the applied lifetime model, Tj,min50 and
ΔTj,50 are the minimum junction temperature and its fluctuation for the line
frequency power cycling, and Tj,minST and ΔTj,ST are the minimum junction
temperature and its fluctuation for the low-frequency thermal cycling.

TABLE III
EQUIVALENT STATIC VALUES FOR THE ANALYSIS OF THE VARIANCES

IN IGBT PARAMETERS

Line frequency Tamb & SI

Average minimum junction
temperature, (Tj , min) 20.36 ◦C 20.36 ◦C

Accumulated damage
per year, (Damage) 0.0257 0.0027

Number of cycles
per year, (n ) 1.57 ×109 72264

Heating time, (ton) 0.01 s 23.71 s
Number of cycles
to failure, (Nf ) 6.1 × 101 0 2.6 × 107

Junction temperature
fluctuation, (ΔTj ) 6.98 ◦C 23.75 ◦C

The dynamical stresses are converted into static values for
each type of temperature stress. The obtained results are sum-
marized in Table III. The annual number of cycles to failure due
to line frequency power cycling is calculated according to (6)

Damage 50 =
∑

i

ni, 50

Ni, 50

N50 =
1.57 × 109

0.0257
= 6.1 × 1010 cycles per year. (8)

The equivalent junction temperature fluctuation due to line
frequency power cycling during a year is

6.1 × 1010 = 9.34 × 1014 × ΔT−4.416
j,50

× exp
(

1290
20.36 + 273

)
× 9.6 × 10−4 ×

(
0.01
1.5

)−0.3

(9)

ΔTj, 50 = 6.98 ◦C. (10)

The annual number of cycles due to low-frequency thermal
cycling are calculated from (7)

Damage ST =
∑

i

ni, ST

Ni, ST

NST =
72264
0.0027

= 2.6 × 107 cycles per year. (11)

The equivalent junction temperature fluctuation due to low-
frequency thermal cycling during a year is

2.6 × 107 = 9.34 × 1014 × ΔT−4.416
j, ST

× exp
(

1290
20.36 + 273

)
× 9.6 × 10−4 ×

(
23.71
1.5

)−0.3

. (12)

ΔTj, ST = 23.75 ◦C. (13)

1) Individual Parameter Variation: A sensitivity analysis is
carried out by considering individual parameter variations, while
maintaining the other parameters to the mean of their distribu-
tions. The average minimum junction temperature Tj,min, the
junction temperature fluctuation ΔTj , and the applied lifetime
model parameters β1 and β2 have been modeled by normal
probability distribution functions. The number of simulations
is selected by considering the tradeoff between accuracy and
the computation time. Therefore, 10.000 data points within the
associated distributions are generated to build up the output
accumulated damage distribution.

The lifetime consumption of the line frequency power cycling
and the low-frequency thermal cycling is shown in Table III,
each consumption fraction is summed up to obtain the total
bond wire accumulated damage as

Damage = Damage 50 + Damage ST = 0.0284. (14)

Fig. 13 shows the impact of individual parameters on the
annual accumulated damage. The largest standard deviations
are observed for the lifetime model parameters β1 and β2 . It is
now well highlighted the degree of importance to consider the
uncertainties of the applied lifetime model parameters. Whereas
β1 and β2 have a standard deviation of 0.0037 and 0.0083,
respectively, Tj and ΔTj have a standard deviation of 2.5 ×
10−4 and 0.0019, respectively.

2) Variances in all Parameters: The second aspect of the
study is to consider that all the parameters in the analyses could
vary within the specified ranges as shown in Fig. 12. The accu-
mulated damage distribution due to bond wire fatigue is given in
Fig. 14 (a) with a population of 10.000 IGBTs. The accumulated
failure due to bond wire of a single IGBT is between 0.017 to
0.048 out of 1 with a 90% confidence level. 10% of the IGBTs
are predicted to have an annual damage less than 0.02 due to
bond wire fatigue.

Fig. 14(b) and (c) illustrates the end-of-life distribution of
bond wires due to fatigue. It can be noted that the estimated
lifetime of a single IGBT is within 21 years to 60 years with
a 90% confidence level. 1%, 5%, and 10% of the IGBTs are
predicted to have failure due to bond wire fatigue after 17, 21,
and 24 years, respectively as shown in Fig. 14(c).
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Fig. 13. Annual accumulated damage due to bond wire fatigue (μ—mean value; σ—standard deviation). (a) Lifetime model parameter β1 . (b) Lifetime model
parameter β2 . (c) Minimum junction temperature Tj . (d) Junction temperature fluctuation ΔTj . (e) Zoom-in minimum junction temperature Tj . (f) Zoom-in
junction temperature fluctuation ΔTj .

Fig. 14. Monte Carlo analysis based on bond wire fatigue (μ—mean value; σ—standard deviation). (a) Accumulated damage probability distribution function.
(b) End-of-life probability distribution function. (c) End-of-life cumulative distribution function.

IV. CONCLUSION

The analysis in this paper has revealed a statistical approach
for IGBT bond wire fatigue analysis and a guideline to evaluate
its performance under relevant parameter variations. The im-
pact of these variations has been evaluated by means of Monte
Carlo simulations, and as a result, the accumulated failure due
to bond wire fatigue and lifetime distribution with a specified
confidence level are obtained. A case study on a 10-kW PV in-
verter has been presented with an experimentally verified power
loss profile. The bond wires in the IGBTs have been estimated
with a lifetime range from 21 to 60 years with a 90% confi-
dence level. The predicted accumulated failure along with the
long-term operation allows the PV inverter designers to have a
risk analysis of unreliability. Moreover, the proposed method
can be extended to different IGBT candidates to assist the

selection of IGBTs. Therefore, PV inverter designers can select
the most cost-effective IGBTs based on the cost information and
the reliability specifications, avoiding either lack of robustness
or overdesign with an unnecessary cost increase.
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