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Abstract — Due to the continuous demands for highly reliable and
cost-effective ~ power conversion, quantified reliability
performances of the power electronics converter are becoming
emerging needs. The existing reliability predictions for the power
electronics converter mainly focus on the metrics of lifetime,
accumulated damage, constant failure rate or Mean-Time-To-
Failure (MTTF). Nevertheless, the time-varying and probability-
distributed characteristics of the reliability, are rarely involved.
Moreover, in the public literatures, there are few evidences
showing that the accuracy of the predicted reliability was
experimentally validated. In this paper, a more advanced metric
“Cumulative Distribution Function (CDF)” is introduced to
predict the reliability performance of power electronics system
based on mission profiles in motor drive application. Furthermore,
the accuracy of the predicted reliability metrics is verified through
a series of wear-out tests in a converter testing system. It is
concluded that the CDF is a very suitable metric to predict the
reliability performance of converter, and it has shown good
accuracy with much more reliability information compared to the
existing approaches. In this method, the correct stress translation
and dedicated strength tests based on mission profiles are two key
factors to ensure the efficiency and accuracy of reliability
prediction.

L INTRODUCTION

Power electronics have been widely installed in emerging
applications of energy conversion such as renewables, motor
drives, aircrafts, power transmission, etc., in these applications
the reliability requirements for the power conversion system
are becoming more and more strict [1]-[7]. In order to satisfy
the stringent reliability requirements, meanwhile to limit the
development cost and reduce the testing time, there are strong
demands for more accurate prediction of the reliability
performances in power electronics components and systems.

Different from the widely used metrics for the power
electronics converter such as efficiency, power density, Total
Harmonics Distortion (THD), etc., reliability is a performance
which is difficult to quantify and characterize. In a
conventional approach to assess the reliability performance of
power electronics system, the reliability information is decided
at component level based on the statistics of large number of
failed products. Afterwards the constants of failure-rate or
Mean Time To Failure (MTTF) for various components are
established in some handbooks [8], [9], which are used to
calculate the failure-rate or MTTF of the whole converter
according to the connecting logics of multiple components or
sub systems [10]-[16]. Nowadays, this “MTTF prediction” or

“constant failure-rate prediction” approach has been
discouraged for the reliability assessment of power electronics,
since it is mission profiles independent and the accuracy is hard
to be ensured, as specified in [3], [17].

Motivated by the growing reliability demands in the
mission-critical applications of power electronics, new
approaches considering mission profiles for the reliability
prediction has been initialized based on Physic-of-Failure (PoF)
of component since 1990s’ [3], [18], [19]. A series of important
failure mechanisms for power semiconductor devices were
investigated and modelled, and the thermal cycling was
identified as one of the most important causes of failures [20]-
[23]. The lifetime of power semiconductor devices was
characterized by means of accelerated tests [24]-[28], and
many lifetime models have been developed based on various
complexities of the thermal cycles [29]-[32], or based on
different packing technologies of devices [33], [34]. A typical
example from the pioneering work in 1997 is shown in [28],
which is based on a series of accelerated tests of IGBT modules.
In this work the metrics of B10 percentile lifetime (i.e. the
number of cycles or time at which the device has 10 %
probability of failure) are provided at multiple thermal stress
levels, such as swing amplitudes AT; and mean values Tr,. This
lifetime-stress relationship is also referred as lifetime models
of components.

Recently, a series of works have been found to utilize these
lifetime models in order to better predict the reliability of
converters based on different mission profiles and applications
[35]-[38]. In these “lifetime prediction” approaches for the
reliability assessment of power electronics, the mission profiles
are correlated with the reliability performances, and the
accuracy of the predicted results strongly depends on the used
lifetime models of components. Some critical limitations in this
“lifetime prediction” approach can be identified as: 1. For most
of the existing lifetime models, the device is loaded passively
or with DC current pulses to emulate limited ranges of thermal-
stress intensities. The testing conditions are normally different
from the real-field applications, where the characteristics of the
thermal cycles are much more complex. 2. The technology and
manufacturing of power semiconductor devices have been
advanced continuously, some of the lifetime models, which
were built decades ago, need to be updated. 3. Only constants
of lifetime are provided in these lifetime models, the time-
varying and probability-distributed characteristics of the
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Fig. 1. Flow to acquire the CDF and reliability metrics of power electronics converter based on given mission profiles.

reliability are lost. Consequently, there is still no evidence in
public literatures showing that the accuracy of these predicted
lifetimes of converter was experimentally verified.

This paper serves to introduce more advanced metrics and
more efficient methods to predict the reliability performances
of power electronics under certain mission profiles.
Furthermore, the accuracy of the predicted reliability metrics,
as well as the key factors to ensure the accuracy and efficiency
of reliability prediction, are experimentally explored. The
analyzing scenario is based on the wear-out failure mechanism
of bond-wire lift-off in power semiconductors, which are
stressed with thermal cycles experienced in a motor drive
application.

II. KEY RELIABILITY METRIC CDF AND PREDICTION FLOW

A time-varying variable R(f) with the unit of % is normally
used to quantify the reliability performance of component or
system in the field of reliability engineering. R(¢) represents the
percentage of a group of samples (or the probability of one
sample) that can properly function at operating time ¢. Similarly,
the unreliability or probability of failure F(¢) can be defined as
percentage of a group of samples that fail at operating time ¢.
The plot of F(t) against the operating time ¢ is referred as
Cumulative Distribution Function (CDF) curve, which in most
of the cases increases with time and can be represented by an
analytical function developed in 1951 by Walloddi Weibull
[40]. This fitting function is also known as Weibull distribution
function.

Compared to the metrics of constants including MTTF or
lifetime, which are widely used in the existing approaches for
reliability prediction of power electronics, the metric of
variable CDF provides more information about the reliability
performance, especially the time-varying and probability-
distributed characteristics. Therefore, the CDF of a power
electronics component/system is set as the prediction target in
this paper. It is noted that the metric of CDF has already been
successfully applied in the field of reliability engineering.
However, CDF in that field is normally generated based on
statistics of failed components/products, and it is used to
describe the behaviors of failures which have already happened.
In this paper, the CDF is used for prediction of failures that
have not yet happened, and the CDF is generated based on a
given mission profile of converter, as well as a series of models
and designed tests.

In this paper, the flow to predict the CDF of converter is
summarized in Fig. 1:
1. The critical stress profiles experienced by critical
components are first translated from the given mission
profiles of converter, such as the characteristics of

component, loading condition, and the control strategies,
etc..

2. The CDF of the components is tested and extracted
under carefully selected stress levels to reveal the
strength information of components. Based on the pre-
known stress profiles extracted from the previous step,
the stress levels and number of samples for tests can be
limited in a relatively small but effective range — this is
significantly different from the existing approaches of
strength tests where the testing conditions are relatively
independent of the actual loading conditions and
mission profiles.

3. Aseries of algorithms and calculation methods from the
reliability engineering are applied to map the overall
CDF of the component/converter based on the given
mission profiles and stress/strength information
extracted in the previous steps.

4. Other reliability metrics, such as lifetime, MTTF, failure
rate, Probability Density Function (PDF), etc., can be
deducted from the acquired CDF of
components/converter under the given mission profiles.

III. PRE-ASSUMPTIONS AND HARDWARE TOOLS FOR
ANALYSIS

There are several types of failures which are related to
different aspects of reliability performance in a power
electronics system, as explained in [41]. In this paper, the wear-
out failures of components in the end of life of converter are to
be analyzed, this is because the behaviors of failure in this
period are very useful information to guide the design and
warranty, and they can be more clearly identified and tested. It
has been revealed that the thermal cycle is a critical stressor
leading to the wear-out failures of power semiconductor devices,
and the failure modes include bond-wire lift-off and soldering
fatigues [22]. This paper will put focus on the introduction of
more advanced reliability metrics to predict and validate the
wear-out behaviors of power semiconductors under given
mission profiles. In respect to the investigations of critical
components and failure mechanisms, which have been well
discussed in the past work [48], [S1]-[53], are out of the scope
of this paper.

A dedicated hardware tool based on the motor drive
application is built to demonstrate and validate the reliability
prediction method, as illustrated in Fig. 2. The setup is a three-
phase circuit shared with common DC source, and each phase
is composed of two-level H-bridge topology with individual
inductor as the load. In each phase, one leg of the H-bridge is
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used to generate the desired AC voltage of the system, and this
leg is set as the Device Under Test (DUT), which is opened and
black-painted to facilitate the chip temperature observation by
infrared camera. The other leg of H-bridge is used to control
the desired AC current flowing in the load inductor, and by this
solution the DUT is operated at Sinusoidal-Pulse-Width
Modulation (SPWM) mode to emulate the loading conditions
close to the real-field operations, such as the voltage, current,
power factor, switching frequency, modulation method and
fundamental frequency. A thermal regulator is installed to
control the temperature of the heatsink through coolant — by
this approach the environmental temperatures of the converter
system can be emulated, and the thermal impedance model can
be simplified. The detail parameters of the setup are shown in
Table I, which is based on a typical three-phase motor drive
system. As an example to demonstrate the capability of the
setup, the converter outputs under two operating conditions
with different fundamental frequencies and power factors are
shown in Fig. 3, it can be seen that the fundamental frequencies
and power factors can be flexibly adjusted, and the power
device is loaded actively under the similar condition in real
field operation.

i | Load Converter
Electric taot Ol s
Fuse
Currem‘UH
Load (L) i Sensor.
A A
i Y o\

AR
1

o T ULl VL, L WL,
1(;: -|<|3l ] “(l} “(l} 1

Control Board (DSP)
Ethernet
PC (Labview)

V( E '/l" E CE
Measure||Measure| |(Measure
ment ment

Ethernet

Fig. 2. Circuit diagram of the testing setup to demonstrate and
validate the reliability metrics of IGBT module.

Table 1. Parameters of the testing setup.

Parameters Value
Max. convert power of DUT 7 kW
Peak AC voltage range 110-150 V
DC link voltage 400V
Max. peak AC current 30A
Fundamental frequency range 0.1-50 Hz
Max. switching frequency 15 kHz
3-phase IGBT Module DUT 600 V/30A
3-phase IGBT Module Loading 1200 V/ 75A
Interface inductance 0.5 mH

Time (5 ms / div)
(a) fo =50 Hz, PF = 1 (inverting mode).

Tvagaaiy Iy Iy Vv 200 viiv)

Time (50ms / div)
(b) fo =5 Hz, PF =— 1 (rectifying mode).

Fig. 3. Outputs of the testing setup under various operating
conditions when Ipeak =20 A.

IV. STRESS TRANSLATION OF THE COMPONENTS FROM
MISSION PROFILES

One important step of the reliability prediction is to
translate the mission profile of converter to the corresponding
stress in the interested components, in the case of this paper,
the thermal cycles in power semiconductor devices. This step
can be done either by direct thermal measurement or
monitoring during the operation of converter, or by multi-
disciplinary modelling of the converter from system level to
device level [4]. Due to the limitations for the accessibility of
device as well as the flexibility of design improvement, the
modelling approach is preferred compared to the monitoring
method.

The thermal stress of the power semiconductor device is not
only determined by the materials and thermal impedances, but
is also determined by the behaviors of mechanical, control and
electrical systems. Meanwhile other factors like the DC link
voltage, cooling condition, and ambient temperature, etc. need
to be taken into account. The comprehensive translation of
mission profile to the thermal behaviors of power devices is a
dedicated work requiring large efforts, this is out of the scope
of this paper. Consequently, a simplified mission profile and
operating condition in motor drive application is used, in order
to keep the focus of this paper.

In the motor drive system, the fundamental frequency of the
converter output normally varies intensively in a broad range
as the speed and torque changes. This will lead to the
disturbances in the cycling period of the thermal cycles. The
duration time of the thermal cycle #.rios is chosen as the
targeting stress - this is different from the conventional
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methods, in which the thermal stress of swing amplitude A47;
and mean level 7, are normally focused [32].

The modelling of electrical and control parts in the motor
drive application have been extensively analyzed [43], [44].
Based on the electrical behaviors excited from the specifications
shown in Fig. 2 and Table I, the power losses on individual chip
of the power semiconductor devices can be calculated by using
the switching and conduction characteristics shown in Fig. 4,
these figures are experimentally extracted from the IGBT
modules or DUT used in the testing setup.

2.00

1.80 Vce 125°C
1.60
1.40
1.20
1.00
0.80
0.60
0.40
0.20
0.00
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10 20 30
Conducting current (A)

(a) Conduction characteristics of Transistor

1.40
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1.20

1.00
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(b) Conduction characteristics of freewheeling diode

3.00
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2.00 _» Eon25°C
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1.00
« Eoff 25 °C

Switching energy (mJ)
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0.00 ek =* * A Err25°C
0 10 20 30 40
Switching current (A)

w

(c) Switching characteristics

Fig. 4. Conduction and switching characteristics of the IGBT module
for study.

In order to extract the thermal impedance of the DUT, the
construction and material of the used IGBT module is modeled
under ANSYS to implement Finite Element Method (FEM)
simulation, as shown in Fig. 5 (a) and Fig. 5 (b). The extracted
parameters of the Foster type RC thermal networks between
junction and case for the chip Ty is illustrated, they are
generated under a step power loss on chip Ty from 0 to 10 W
with ambient temperature fixed at 25 °C, and the average
temperature of the chip surface is set as junction temperature
[47]. It is noted that the IGBT module used in this paper has no
baseplate, and the heatsink temperature is controlled through a
heater in coolant, thereby the Foster thermal impedance model
for individual chip can be correctly used by connecting with the
heatsink temperature. And the thermal coupling among chips
can be ignored since the thermal coupling only dominates in the
heatsink. If considering other types of IGBT module with
baseplate, or considering the thermal disturbances from more
complex mission profiles, more advanced thermal impedance
models have to be used in the analysis [45], [46].

A

\)

(a) Construction of the FEM model

41 Foster model for Module

Jo e e e H
'_SD"’m_ H L

Tier/Rier TicoRiez - Ties/Ries Tiea/Rics T,
Parameters Value

Rjer (k/W) 0.6737

Rjc2 (k/'W) 0.6952

Rijs (k/'W) 0.3160

Rjes (/W) 0.0678

Tic1 (s) 0.123

Tie2 (5) 0.3905

T3 (s) 0.0188

Tjea (3) 0.0009

(b) Extracted Foster type thermal impedance model of Tyr,

Fig. 5. Thermal impedance model of the IGBT module for case
study.

An infrared camera with sampling frequency of 300 Hz is
installed to measure the average temperature of chip surface in
DUT when the converter is loaded. The measured junction
temperature on the transistor chip Ty, of DUT are shown in Fig.
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6, where the fundamental frequency of the setup is set to 1 Hz
with the operating condition of case 4 shown in Table II. The
predicted thermal cycling by using the presented thermal stress
models are also illustrated for comparison. It can be seen that
the predicted thermal behavior generally follows the
experimental measurements, although there is a small error
around 6 % of the swing amplitude at the troughs — this may
due to the factor that the heat sink temperature under test is
actively controlled, and this condition is different from the one
when characterizing the thermal model in the FEM simulation.

160
140 -

120

100 -
Measurement

Avg chip temperature (°C)

80 -
60 L "‘/‘ _______
L Predicted
20 +
0 0.2 04 06 0.8 1

Time (s)

Fig. 6. Measured and predicted junction temperature on the transistor
chip Tvrof tested IGBT module (measured as the average
temperature on the chip surface by infrared camera, cycling
frequency 1 Hz, heatsink temperature is controlled at 48 °C).
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Fig. 7. Measured and predicted junction temperature ranges on the
transistor chip TvL with different cycling frequencies from Table II.

The swing ranges of the measured and predicted junction
temperatures on Ty, under different fundamental frequencies
are shown in Fig. 7, where the operating conditions of the setup
are listed in Table II. These parameters cover majority range of
the fundamental frequencies in the motor drive application
based on the testing setup, and they can ensure the measured
junction temperatures swing between 60 °C and 140 °C under
all of the testing conditions. It can be seen that the error of the
predictions under all of the conditions are within + 5 °C
compared to the experimental measurements. These errors
could bring some uncertainties to the final predicted reliability
metrics, and a series of sensitive analysis is needed to quantify
the impacts to the predicted reliability performances. However,
due to the length and scope of this paper, they are not
implemented in this paper.

Table II. Operating conditions of testing setup under different
thermal cycling frequencies

Condition Ffou Iy Toas | Vipwar | Tt
Cl 0.1Hz | 10kHz | 21A | 113V | 59°C
C2 0.2 Hz 10kHz [ 22A | 115V | 57°C
C3 0.5 Hz 10kHz [ 25A | 145V | 53¢°C
C4 1 Hz I10kHz | 30A | 140V | 48°C
C5 1.25Hz | 12kHz | 30A | 140V | 50°C
Co6 1.7Hz I15kHz | 30A | 144V | 47°C

four: fundamental frequency, f;: switching frequency, nax: load
current peak, Viemar: reference output AC voltage peak, Thu:
controlled heat sink temperature.

V. CDF OF COMPONENTS UNDER DIFFERENT STRESS
LEVELS

Another critical step for the reliability prediction of power
electronics is to extracted strength information of components
under different stress levels, this is normally done by
accelerated tests of large number of components. There are two
major limits in the existing methods: 1. For simplicity of tests,
the testing conditions of devices are significantly different from
the way that they are actually loaded in a converter; 2. The
loading behaviors of device are not always specified, thereby
many testing conditions of stress levels will be not experienced
in practical use. Since the thermal behaviors focused in this
paper have been investigated in the previous step, the testing
conditions can be limited in a relatively small but effective
range, according to the information indicated by the thermal
profiles. Moreover, the accelerated tests are performed on the
testing setup shown in Fig. 2, which can stress the devices
closer to real-field.

A. Design of number of samples and the stress levels for
strength test

Due to the trade-off between time/cost and uncertainty, the
number of samples for the tested IGBT modules need to be
carefully selected. Median Rank (MR) is one of the most used
methods to quantify the uncertainty of small number of samples
when generating a CDF curve [39]. MR is defined as a
cumulative percentage of the population represented by a
particular sample with 50 % confidence level, and the MR can
be approximated as:

N+04

where i represents the order of failures in a group of test and N
represents the total number of samples. E.g. for a test including
10 samples, by using MR the testing time when 2 samples fail
will represent the lifetime with 16.3 % probability of failure,
instead of 20 %.

From the MR, the uncertainty £ under a sample size N can
be calculated as:

e~
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é:@ N =1- (MRmax@N - MRmin@N ) (2)
where MR ux@v and MR in@y are the highest and lowest median

ranks with sample size of N. The uncertainty ¢ with relation to
the sample size NV is plotted in Fig. 8.

1.2
1.0+

=
&

0.61
0.4
0.2

0

Sample size 6 to 12 is appropriate

Uncertainty

10 15 20 25 30 35 40
Sample size

0 5

Fig. 8. The uncertainty & with relation to the sample size V.

The samples size can be decided depending on the
required uncertainty level in the results. By examining Fig. 8§,
it is concluded that the sample size between 6 and 12 for a
group of test is most cost-effective. In order to minimize the
testing time, 6 samples are used in this paper to extract the
strength information of device under each of the stress level
shown in Table II, these conditions cover most of the interested

stress behaviors under the given mission profile and application.

As a result, 36 total samples of IGBT are needed for the
strength tests — this sample size can ensure an uncertainty level
at 20 %, and all of the testing conditions are closely related to
the device loading in practical use.

6 DUTs are stressed under each of the testing condition in
Table II until the devices satisfy the failure criteria, which
defines that the static conduction voltage of transistor Ty
exceeds 5 % of the nominal value at loading current of 20 A.
Afterwards the corresponding numbers of thermal cycles to the
defined failures are recorded as the lifetime. In this test the
cycling frequency or duration time of thermal cycles is
considered as the stress level.

It is noted that the testing conditions shown in this paper are
slightly accelerated in respect to the lifetime of IGBT, the
testing conditions can be changed in order to further accelerate
the testing time, in this case extrapolation of the tested results
are needed, and larger prediction errors of reliability could be
presented. However, by studying the interested stress profiles
extracted from mission profiles, and by analyzing the required
uncertainty at different testing samples, the testing effort can
be significantly reduced.

B. Extracted CDF at one stress level

A testing example is shown in Fig. 9, in this test 6 IGBT
modules are stressed under the testing condition 4 in Table II,
and the conduction voltages of each DUT are recorded in Fig.
9 (a). The percentage of failure for a group of samples (by using
MR) in relation to the number of thermal cycles (or operating
time) is plotted in Fig. 9 (b). By fitting the testing points with a
2 parameters Weibull function with f=28.35 and n=203197 at
90 % confidence bound, the reliability function or CDF curve
under the thermal cycle with 1 second duration time is

established. The MTTF of this group of samples is around 200
k thermal cycles, which are equivalent to 2.3 days of testing
time.

Condition 4 tay=1s
1900 |
-=- Module 1 ‘
1850 1 Module 2
== Module 3
< 1800 { |-~ Module 4
E -+~ Module 5
~ 1750 {| - Module 6
S
& 1700 1
1650 -
1600 y T . :
0 50 100 150 200 250
Number of Cycles (k)
(a) Power cycling test results under one stress level
99

® Testing Points
— Weibull function fitting

— CB-90%
50

10

Test condition 4 (1 Hz)

Percentage of failure (%)

B=12225
n = 203892
180 100 200 300

Number of cycles (k)
(b) CDF curve and Weibull fitting under one stress level

Fig. 9. A group of IGBT modules tested under a stress level with
cycling frequency 1 Hz, testing condition 4 shown in Table II.

C. CDFs at multiple stress levels and model for CDF-
stress levels relationship

By repeating the similar testing process on each of the
testing conditions shown in Table II, the CDF curves of the
IGBT module under different stress levels, in this case the
duration times of thermal cycle, can be generated. The
relationship between the Bx lifetime (number of thermal cycles
to X % probability of failure: NFgs:) and stress level (duration
time of thermal cycling: #yeri0a) 1s fitted with a lifetime model
(3) with fitting parameters of a, b and n [54]. As an example
illustrated in Fig. 10, the lifetime model at 10 % probability of
failure is shown. The fitting parameters of the lifetime models
under different probabilities of failure are summarized in Table.
III, which is a strength model of power semiconductor device
with more reliability information.

d@Bx + b@Bx ) (tperiod )—n

NFEgpy (1 3)

period) =
d@px T 1
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Fig. 10. B10 Lifetime model of IGBT modules tested under different
stress levels of cycling period with testing conditions shown in Table
IL.

Table II1. Fitting parameters for the lifetime model of DUT
under different probabilities of failure.

Probability Fitting parameters in (3)
of failure
(%) a b n
1 -0.990124 1653.251685 | 0.159895
10 -0.989783 1922.651603 | 0.147656
20 -0.989940 1963.800773 | 0.143583
30 -0.990089 1979.247972 | 0.141000
40 -0.990210 1990.952300 | 0.139749
50 -0.990228 2017.864059 | 0.137350
60 -0.990233 2044.732327 | 0.135768
70 -0.990209 2077.623781 | 0.134199
80 -0.990153 2119.860095 | 0.132541

VI. MAPPING AND DEDUCTION OF RELIABILITY METRICS

A simplified mission profile of the testing setup based on a
motor drive application is first defined as a study case, as
shown in Fig. 11. The converter is stressed with variable load
for 24 hours, which are repeated until the failure criteria of
IGBT module is identified. This mission profile is composed of
three sections of thermal cycles at different frequencies, i.e. 1
Hz running for 4 hours (¢eriod =1 s), 0.5 Hz running for 5 hours
(tperioa =2 ), and 0.15 Hz running for 15 hours (¢yerioa =6.66 s).
The amplitude and mean value of thermal cycles are kept
constant in the three sections at 80 K and 100 ° C respectively.

Section1  Section 2 Section 3
tperiod = 1 S tperiod = 2 S tpen‘ad = 6 66 S
l l Repeat
e o o
4 h 5h 15 h
14.4 k 9k 8.1k
cycles cycles cycles
< 1 day >

Fig. 11. A mission profile with combined thermal cycling frequencies
for the testing setup.

A. Mapping of CDF based on stress profile and strength
model

Because the stress intensities of eriod can be easily identified
in the mission profile, it is possible to predict the time-to-failure
information of component through (3). The quantified damage
of the 1-day mission profile Dig.y@ex (in the unit of %) which
is composed of damages built in three sections, is calculated in
(4) according to the “Miner’s rule” [49] — this rule assumes that
the damage built by each of the stress cycle can be accumulated,
and the total accumulated damage is 1 when the component
fails.

Dl day @B, = Dsection]@;‘,BX + DsectionZ@Bx + Dsection?&@l?vX (4)
_ 14400 9000 8100
IVF‘({U,BK (tperiodiseclionl ) ]\'/F‘@BK (tperiodisr:clionZ ) NF‘@BX (tperiodiseclionfa )

where NFgg, represents the number of cycles to failure at
certain probability of failure, NFgs. can be found from Table
IIT and equation (3).

If assuming the device is repeatedly loaded with the given
mission profiles in Fig. 11, the lifetime of component at certain
probability of failure Lgsx under the given mission profile can
be calculated as:

1
L, =D—(day) (3)
1day@B,

Taking into account (3)-(5) and Table III, the damage-
developments in 1 day Digay@sx and the predicted lifetimes
L@gx under the given mission profile, are plotted in Fig. 12,
where the conditions with different probabilities of failure
(from B1 to B80) are indicated.

257
20F
e
@
g
E 15+
=
3 DamageB 1: 4.7969 Day
§ 10+ DamageB10; 54085 Day
2 DamageB20; 56179 Day
G DamageB30; 57509 Day
o DamageB40: 5848 Day
ar DamageB50: 59488 Day
DamageB60: 6.0351 Day
CamageB70: 61205 Day
DiamageBs0: 6.2116 Day
O I I 1

0 5 10 15 20 25
Hour

Fig. 12. Predicted accumulated damage of the DUT under different
probabilities of failure based on the mission profiles in Fig. 11.
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Consequently, the lifetimes of DUT are extracted under
different probabilities of failures, and then the quantified CDF
curve of DUT under the given mission profiles is predicted, as
illustrated in Fig. 13, where the 2 parameters Weibull function
with £=19.56 and #=6.062 is used to fit the CDF curve.

90 +

Predicted CDF curve
.80 - .
X ‘ 19.56 i
;70 1 F(f)=1=exp {—j M
S60 - 6.062 \,;
© )
w— i
S 50 Testing results: ?
240 - A Case 1:5.16 day ?
_Q —
B 30 X Case 2:5.27 day 7
ﬂe_ 20 - & Case 3:4.93 day ,’
10 - ~
0 Running time (day) Pt
T T T T an T T
0 1 2 3 4 5 6 7
Wear-out free period Wear-out :Ia;;j' tg
period urviv
period

Fig. 13. Predicted CDF curve of the DUT based on the given mission
profiles in Fig. 11 (3 testing results and Weibull function parameters
are indicated).

B.  Deduction of other reliability metrics based on CDF

The CDF curve shown in Fig. 13 contains full information
of reliability performance, other important reliability metrics
can be deducted from it. For example, the failure-rate A(t) (or
hazard rate), which describes the frequency with which a system
or component fails, can be deducted based on (6) and plotted in
Fig. 14 (referred as quantified “bathtub curve”) [50]. The
Probability Density Function (PDF) curve, which is another
important reliability metrics describing the probability
distribution of the failure time, can be deduced based on (7) and

plotted in Fig. 15 [39]:
1 dF(1)
At)=—— 6
® 1-F(t) dt N

Similarly, the metrics used in the conventional approaches
for reliability assessment can be also deducted. The MTTF of
DUT under the given mission profile can be deduced from the
CDF function by (8), and it represents the average time that a
group of samples fails. The Bx lifetime of DUT under the given
mission profile can be easily found from Fig. 13. The predicted
reliability metrics of the DUT under the given mission profiles
of Fig. 11 are summarized in Table IV.

MTTF = T[l —F(1)]dt (8)

Compared to the CDF shown in Fig. 13, MTTF and Bx
lifetime are over-simplified constants, which are independent
of time and lose the whole picture of the reliability performance
such as failure distribution and failure speed. As a result,
benchmarking the systems or components by using MTTF or
Bx lifetime is not recommended if the reliability function or
CDF curve can be generated.

The quantified reliability metrics of Table IV and Fig.13-
Fig. 15 is very useful information enabling new possibilities to
evaluate the performances of power electronics converter. For

dF (1)

f®= 7 (7

ues pr. day)
W B W
(=} [=} (=)

1]
(=]

Failue rate A (fail
=

Time (day)

Fig. 14. Predicted failure rate or “bathtub curve” for the DUT based
on the given mission profile in Fig. 11.

15

—

Probability Density

Time (day)

Fig. 15. Predicted Probability Density Function (PDF) for the DUT
based on the given mission profile in Fig. 11.

example, in Table IV, by examine the value of £ in the Weibull
function and the failure rate curve in Fig. 14, the failure type
under the testing conditions can be identified as the intensive
wear-out failure starting from the 5th day. By looking at the
CDF curve in Fig. 13, the accurate periods when the converter
is in the status of wearing-out free, wearing-out, as well as hard-
to-survive are clearly defined — this information can be used as
the design targets or maintenance schedules of products, and
these features are hard to be achieved by the existing reliability
prediction approaches targeting for MTTF and Bx lifetime.

It is worth to mention that the reliability metrics extracted
in this paper is a quantified benchmark for the reliability
performance of converters under a specified failure mechanism
(i.e. bond-wire wear-out failures of IGBT module triggered by
various fundamental frequencies of thermal cycles). The
reliability metrics for other components and wear-out failure
mechanisms of power electronics can be generated by
following the similar prediction process shown in Fig. 1.
However, the used models to translate the mission profiles, as
well as the testing methods to represent the strength of
components, need to be explored in future work.
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Table IV. Predicted reliability metrics for the DUT.

Reliability metrics Value
B1in Weibull function 19.56
n in Weibull function 6.062
y in Weibull function 0
Failure type Wear out
MTTF 5.895 day
B10 lifetime 5.4 day

VII. VALIDATION OF THE PREDICTED RELIABILITY METRICS

Long term reliability validation at months or years with
acceptable efficiency is still a challenging task, which involves
many other different activities such as monitoring techniques of
converter health as well as long term warranty data from the
manufacturers, these research topics are too large for this paper.
As a result, the reliability validations are mostly done under
different levels of accelerated and calibrated testing conditions
in order to save the validation efforts, and then the reliability
information under normal conditions can be extrapolated by
different methods in the reliability engineering. Although there
exits inevitable uncertainty in this extrapolation approach, it is
generally believed that the reliability metrics under accelerated
conditions can uncover many useful information of the
converters, and can be used to benchmark different converter
designs in respect to the reliability performances.

The mission profile shown in Fig. 11 is applied on the
testing setup to validate the predicted reliability metrics. The
static conduction voltage is online-monitored during the PWM
operation of the converter. The detected conduction voltages of
the transistors in the three phases of DUT are shown in Fig. 16
(a), which is corresponding to the defined mission profile, and
the three loading sections are clearly identified. It can be seen
that from the fifth day, there is a significant increase of the
conduction voltage on Ty, and at the testing time of 7430
minutes (5.16 days), the failure criteria is satisfied. A second
test conducted is shown in Fig. 16 (b), in which the failure
criteria is satisfied at 7600 minutes (5.27 days) of testing time.

Another test is conducted with similar loading conditions of
Fig. 11, but different loading sequence as Section 3-1-2.
According to the Miner’s rule, this loading sequence will result
in the same accumulated damage and reliability performances.
The experimental results are shown in Fig. 16 (c), and it can be
seen that at 7100 minutes (4.93 days) of testing time, the failure
criteria is satisfied.

The recorded lifetimes from the tests is plotted in Fig. 13,
and it is concluded that all of them are well located within the
range of predicted period for wear-out failures, and the
predicted reliability metrics show good accuracy.
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(b) Loading sequence of Section 1-2-3 (case 2).

1 day
3 [1]2
1950
1900
S s
E 150 [/7100 min
% 1800 + Tun
S 1750 - 1_“
= . - VH
g 0o ! -Tu
2 |1650 = Tom
5 H & - Tw
O 1600
1550 :
1500 e
0 1000 2000 3000 4000 5000 G000 7000 8000

Time (minutes)
(c) Loading sequence of Section 3-1-2 (case 3).
Fig. 16. Measured conduction voltage of the transistors in the three
phase of DUT under continuous thermal cycling test.
VIII.  CONCLUSIONS

The quantified reliability metrics based on the mission
profiles and converter design is essential information to achieve
cost-effective converter design. In this paper, a more advanced
metric “Cumulative Distribution Function (CDF)” is introduced
to predict the reliability performance of power electronics
system based on mission profiles in motor drive application,
and then a flow to extract the CDF is demonstrated.
Furthermore, the accuracy of the predicted reliability metrics is
verified through a series of wear-out tests in a converter testing
system. It is concluded that the CDF is a very suitable metric to
predict the reliability performance of converter, and it has
shown good accuracy with much more reliability information
compared to the existing approaches. In this method, the correct
stress translation and dedicated strength tests based on mission
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profiles are two key factors to ensure the efficiency and
accuracy of reliability prediction.

(1]

[12]
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