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Abstract- Reliability is a crucial performance indicator of
power electronic systems in terms of availability, mission
accomplishment and life cycle cost. A paradigm shift in the
research on reliability of power electronics is going on from
simple handbook based calculations (e.g. models in MIL-
HDBK-217F handbook) to the physics-of-failure approach and
design for reliability process. A systematic design procedure
consisting of various design tools is presented in this paper to
design reliability into the power electronic converters since the
early concept phase. The corresponding design procedures and
reliability prediction models are provided. A case study on a
2.3 MW wind power converter is discussed with emphasis on
the reliability critical component IGBT modules.

1l INTRODUCTION

Advances in power electronics in the last four decades
have enabled power converters exhibiting high efficiency
and high power density. Recently, more and more efforts
are devoted to reliability aspect due to the issues on
availability, maintenance cost and safety in emerging
applications (e.g.. renewable energy conversion, electric
vehicles and smart grid) [1]-[7]. Surveys are presented in
[8]-[13] to analyze the failure examples, reliability prediction
and on-line condition monitoring. It can be noted that the
terms, such as bathtub curve, mean-time-to-failure (MTTF)
and mean-time-between-failures (MTBF), are dominantly
used to indicate the reliability of power electronic
components and systems. Bathtub curve [14] describes three
distinct periods of the operation of a device or system.
‘While it is approximately consistent with some practical
cases, the assumptions of “random” failures and constant
hazard rate during the useful life period are misleading [14]
and the true root causes of different failure modes are not
identified. The fundamental assumptions of MTTF or MTBF
are constant failure rate and no wear out. Therefore, their
values have high degree of inaccuracy if wear out occurs
within the estimated time. Moreover, MTTF represents the
time when 63.2% of items would fail and varies with
operation conditions and testing methods [15].

For reliability prediction, military handbook MIL-
HDBEK-217F [16] is widely used to predict the failure rate of
electronic components [3]-[7]. However, temperature

cycling, failure rate change with material, combined
enviromments, supplier variations (e.g. technology and
quality) are not considered. Moreover, as failure details are
not collected and addressed, the handbook method could not
give designers insight into the root cause of a failure and the
inspiration for reliability enhancement. Physically, a failure
rate of a component is the sum of the failure rates of various
failure modes, which have different reliability prediction
models corresponding to different failure mechanisms.
Statistics 1s a necessary basis to deal with the effects of
uncertainty and variability on reliability. However, as the
variation is often a function of time and operating conditions,
statistics itself is not sufficient to interpret the reliability data
without judgment of the assumptions and non-statistical
factors (e.g. modification of designs, new generation of
components. etc.).

To perform reliability-oriented design, 1t is worthwhile to
explore the major failure modes and failure mechanisms of
all reliability-critical components. Fig. 1 and Fig. 2 show the
failure distribution among power electronic components [10]
and source of stresses that have significant impact on
reliability [17].

To tackle the limitations of the dominant reliability
research in the area of power electronics, this paper proposes
a systematic method for reliability-oriented design for power
electronic converters. A case study on a 2.3 MW wind
power converter is presented with emphasis on the reliability
critical IGBT modules.
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Figure 1. Failure root cause Figure 2. Source of stresses for
distribution for power electronic electronic equipment (Data source:
systems (Data source: [10]). [17.
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Figure 3. Proposed reliability-oniented design procedure for power electronic converters.

II. PROPOSED RELIABILITY-ORIENTED DESIGN GUIDELINE

A systematic reliability-oriented design procedure
specifically applicable to power electronic system is
proposed as shown in Fig. 3. It can be noted that the
procedure designs reliability into each development process
(i.e. concept, design, validation, production and release) of
power electronic products, especially in the design phase.
Therefore, attention is given to the detailed procedures and
various design tools applied in the design phase according to
the 1nitial design concept.

A. Concept Phase

In the initial concept phase, the conditions to which the
power electronic converters are expected to be exposed (i.e.
mission profile) are identified. Benchmarking of system
architecture and circuit topology is conducted. Then, the
potential new risks brought into the design are analyzed
based on past experience and applied new type of devices
and topologies. In the wind power application, the mission

profile mainly depends on the wind speed profile.
Therefore, it is necessary to analyze the feature of the wind
profile based on record data of a specific location and time
period. Fig. 4 gives an example of one year wind speed at
records in Aalborg, Denmark.
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Figure 4 Example of one year wind speed profile.
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Figure 5. Proposed reliability prediction procedure for power electrome systems.

B. Design Phase - Analysis

The analysis covers the following four aspects: a) basic
operation of the power electronic circuit and system: b)
electrical and thermal stress analysis based on the system
specifications and mission profile for preliminary selection
of components to meet the stress-strength requirement; c)
Failure Mode Effect and Analysis (FMEA) [18] to identify
the failure mechanisms, failure mode (e.g. open circuit,
short circuit, etc.), occurrence and severity level of the
failure and likelihood of prior detection for each cause of
failure and d) list of reliability critical components in the
system and their associated failure mechanisms.

C. Design Phase — Initial Design

Multi-domain simulation, especially the electrical-
thermal simulation is a wvery useful tool to virtually
investigate the static and dynamic properties of the system
to be designed as discussed in [21]-[22]. The link between
the electrical domain and thermal domain is the power loss
and thermal model of individual component. Finite Element
Analysis (FEA) can be used for thermal study.

At this stage, an initial reliability prediction can be
performed. Fig. 5 proposes a generic prediction procedure
based on the PoF approach. The toolbox includes combined
models and various sources of awvailable data (e.g.
manufacturer testing data, simulation data and field data,
etc.) for the reliability prediction of individual components
and then the whole system. Statistical models are well
presented in [18] and will not be discussed here.
Temperature and temperature cycling are the major stressors
that affect the reliability performance as shown in Fig. 2,

which will be more significant with the trend for high power
density and high temperature power electronic systems.

[II. PHYSICAL MODELS FOR THE IMPACT OF TEMPERATURE
AND TEMPERATURE CYCLING

Temperature and temperature cycling are the major
stressors that affect the reliability performance as shown in
Fig. 2. Therefore, two physical models are derived to
explore the impact of temperature and temperature cycling
on reliability.

A. Degradation Model for the Temperature Effect

Fig. 6(a) illustrates the degradation of a material or
device from initial stable state with free energy of E; to a
degraded state with free energy of E,. The driving force for
this degradation is the free energy difference between E;
and E, defined as AE. The heat induced by power losses in
power electronic components provides the energy for the
transformation from one state to another. The degradation
rate is limited by the activation energy E,. Define kg,
Kyeverse and k., as the degradation rate, recovery rate and net
reaction rate, respectively. It can be derived that

E
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where E, =- K, [In(k,, )/ (1/T)] , Kz is the Boltzmann’s
constant (8.62x107eV/K). T is the temperature in Kelvin
and ky is a material/device specific constant. It should be
noted that the approximated result in (1) is the Arrhenius
equation [23] which is widely used for reliability prediction.
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The value of the activation energy is dependent on the type
of material and device, which can be obtained by the curve
fitting of accelerated lifetime testing data under various
temperatures.

When combined stresses are applied, the activation
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energy AE is dependent on additional applied stress O(e.g.

electrical stress, mechanical stress, and chemical stress) as

shown in Fig. 6(b). The parameters a and b are determined

from stress-induced degradation testing data. a is

temperature dependent and defined as @ = ay + o, Kp7T. It
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B. Lifetime Model for the Temperature Cycling Effect

The thermal cycling is a response to the converter line
and loading variations as well as periodically commutation
of power switching devices. It will induce cyclic
temperature stress on different layers of materials used for
fabrication of power electronic components. According to
the plastic and elastic behaviors analyzed in [19] and [24]. it
can be obtained that

N=k(Dr-Dr;)" 3)

where Uand k are empirically-determined constants and Ny
is the number of cycle to failure. AT is temperature cycle
range and AT, is portion of AT that in the elastic strain
range. If AT, is negligible compared to AT, it can be
dropped out from the above equation and the equation turns
to be the Coffin-Manson model as discussed in [2].
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IV. CASE STUDY ON A 2.3 MW WIND POWER CONVERTER

The case study on a 2.3 MW wind power converter is
performed as an example to demonstrate the proposed
reliability-oriented design method. In this paper, the
selection of the reliability critical component IGBT modules
is focused. According to the general reliability prediction
procedure shown in Fig. 5, a specific block diagram used for
predicting the lifetime of IGBT modules is shown in Fig. 7.
The following analysis follows the steps in Fig. 7.

A. Topology and Specification of the Converter

As shown in Fig. 8, the full-scale power converter in
wind power configuration equipped with permanent magnet
synchronous generator (PMSG) is considered as a
promising technology for multi-MW wind turbine system.
A two level back-to-back topology is applied for the
application, which is a relatively simple structure with few
components. Table T shows the specification of the power
converter. For illustration purpose, IGBT modules in the
grid-side converter are focused in this paper. Two kinds of
selections of the IGBT modules are shown in Table L.

Generator-side
converter

Grid-side
converter

Figure 8. 2.3 MW Two level back-to-back wind power converter.

TABLE I CONVERTER PARAMETERS FOR THE CASE STUDY.

Topology 2L-BTB as shown m Fig. 8
Rated output active power P, 23MW

DC bus voltage Va 1.1kVDC

‘Rated primary side voltage Ve 690V s

Rated load current Jay 1.93 kA rms

Switching frequency f 1950 Hz

Filter inductance Ly 132 pH

IGBT Selection I (gnd side)

1.6 KA/1.7 kKV/125°C, two
parallel

IGBT Selection II (grid side)

24 KkA /1.7 kV/150°C, single

switch

Wind speed (mis)
@

3

0 200 400 600

1000 1200 1400 1600 1800

Time {second)

Figure 9.  Wind speed profile for the case study.

B. The Studied Wind Speed Profile

For illustration purpose, a wind speed profile during a
half hour shown in Fig. 9 is analyzed. It should be noted
that for practical applications, the profiles are obtained by
collecting wind speeds during a much longer time period.

C. Distribution of Temperature Profile and Temperature
Cycling
Figs. 10 (a) and (b) show the case temperature and
junction temperature of IGBT modules from Selection I and
Selection 11, respectively. It can be noted that IGBT modules
with a lower current rating have higher amplitudes of [7;and
07T,. thus, lower number of cycles to failure.

To perform the lifetime prediction, the analysis of the
temperature cycling distribution is necessary. The Rainflow
counting method [25] is applied to extract the temperature
information as shown in Fig. 11. Figs. 11(a) and (b) show
the case temperature and junction temperature cycling of the
IGBT modules from Selection I. Figs.11(c) and (d) give
those of the IGBT modules from Section II. The majority
of the temperature cycling is of low amplitude (i.e. less than
07p) which has negligible impact on the lifetime.
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(a) The IGBT junction temperature and case temperature with Selection I of
two 1.6 kA/1.7kV IGBTs in parallel.
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(b) The IGBT junction temperature and case temperature with Selection IT
of single 2.4 kA /1.7 kV IGBT.

Figure 10. Temperature profiles of the two kinds of selected IGBT modules.
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Figure 11. Rainflow counting of the temperature profiles of the IGBT
modules.

D. IGBT Module Lifetime Prediction models

Thermal cycling is found to be one of the main drivers
for the fatigue of IGBT modules. With a low cyclic
temperature below 07, no damage occurs and the material is
in the elastic region. When the stress is increased above 0T,
an irreversible deformation is induced and the material enters
into the plastic region. The coefficients of thermal expansion
for different materials in the IGBT modules are different,
leading to stress formation in the packaging and continuous
degradation with each cycle until the material fails.

As discussed in [26], there are three critical failure sites
of IGBT modules: baseplate solder joints, chip solder joints,
and the wire bonds. As the procedure shown in Fig. 5, a
specific lifetime model is required for each failure
mechanism. Therefore, the model shown in (3) is to be
applied and the associated parameters for the three different
failure sites are to be estimated respectively from testing
data, which consider both the plastic and elastic behavior of
the interface materials.

Moreover, as the amplitude and average temperature
level of the thermal cycling are different when the wind is
fluctuating, the Palmgren - Miner linear cumulative damage
model [27] is applied in the form of

3 @)

where »; 1s the number of applied temperature cycles at stress
0O7; and ; is the number of cycles to failure at the same
stress and for the same cycle type. Therefore, each type of
[T; accounts for a portion of damage. Failure occurs when
the sum of the left hand side of (4) reaches one.



E. Parameter Estimation of Lifetime Models

The manufacturer of the IGBT modules has performed a
series of power cycling experiments as described in [26].
Based on the By, lifetime testing data (which is the number
of cycles when 10% of the total number of modules fail),
the parameters of the derived model in (3) can be estimated
as shown in Fig. 12.
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Figure 12. Parameter estimations based on the model denved in (3) and the
Coffin-Mansion model (lifetime testing data source: [26]).

The lifetime testing data are also used to fit the widely
used Coffin-Mansion model, in which the yield amplitude
of the temperature cycling and therefore the elastic behavior
are not taken into account. However, with large number of
cycling (> 10*) under low cyclic temperature stress, the
absence of the elastic behavior may induce high level of
inaccuracy. As shown in Fig. 12, the model in (3) fits the
testing data better.

Moreover, the number of cycles to failure also depends
on the average junction temperature 7; and average case
temperature 7,. A scaling factor is provided by the
manufacturer in [28] as

Scaling factor =1.017 (or) 5

where 07, is the difference between two maximum
junction temperature levels or two minimum case
temperature levels.

F. Lifetime Prediction Results

According to the calibrated models shown in Fig. 12,
only the temperature cycling with 07, > 15.8°C, O7, s3>
25°C and 0T} jopr > 33.2°C is considered for the lifetime
prediction of baseplate solder joints, IGBT chip solder joints
and wire bonds, respectively. The impact of the ones with
lower amplitude is sufficiently to be neglected. For
illustration purpose, the wind profile is assumed to repeat as
that in the analyzed half hour and the wind turbine operates
24 hours per day and 365 days per year. According to the
models based on (3) in Fig. 12 and the ones shown in (4)
and (5), the lifetime of the two selected IGBT modules is
predicted and the results are given in Table II.

It should be noted that the purpose of the case study on
the IGBT modules is to demonstrate the procedure to
perform reliability prediction based on mission profile and
PoF approach with differentiation of various failure sites.
For practical considerations, wind speed profile during long
time period at specific location needs to be collected and
analyzed. Therefore, wind profile as shown in Fig. 4 could
be useful for future research. Moreover, other failure
mechanisms in IGBT modules may induce additional
failures and should also be considered in the lifetime
estimation. The failure rates of other reliability critical
components are also required to be taken into account for
the system level prediction of failure rate and lifetime.

TABLE I LIFETIME PREDICTION RESULTS.
By lifetime (year)
Failure sites
Selection I Section I
Baseplate solder joints (due to LT} ) 358 24
IGBT chip solder jomnts (due to O7) jeer) 438 22
Wire bonds (due to LT} jeer) 2633 74
Overall (determined by the shortest one) 358 22




CONCLUSIONS

A reliability-oriented design method is proposed for

achieving more reliable power electronic converters.
Lifetime models revealing the impact of temperature and
temperature cycling are derived. A case study on a 2.3 MW
wind power converter has been demonstrated. The detailed
procedure for lifetime prediction of the applied IGBT
modules is discussed. It is based on analysis on the mission

profile,

failure mechanism, thermal profile and the

parameter estimation of associated lifetime models.
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