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Abstract—Because of the high cost of failure, the reliability
performance of power semiconductor devices is becoming a
more and more important and stringent factor in many energy
conversion applications. Thus, the need for appropriate reliability
analysis of the power electronics emerges. Due to its conventional
approach, mainly based on failure statistics from the field, the
reliability evaluation of the power devices is still a challenging
task. In order to address the given problem, a MATLAB based
reliability assessment tool has been developed. The Design for
Reliability and Robustness (DfR?) tool allows the user to easily
investigate the reliability performance of the power electronic
components (or sub-systems) under given input mission profiles
and operating conditions. The main concept of the tool and its
framework are introduced, highlighting the reliability assessment
procedure for power semiconductor devices. Finally, a motor
drive application is implemented and the reliability performance
of the power devices is investigated with the help of the DfR>
tool, and the resulting reliability metrics are presented.

Index Terms—Reliability tool, power semiconductor device,
system-level reliability, motor drive system.

1. INTRODUCTION

Power electronics are being widely used in many mission-
critical applications such as renewable power generation,
power transmission, traction applications or motor drives,
and due to their essential role within power systems, the
reliability of the power converter is one of the main factors
that influences the overall efficiency and cost of the system.

However, according to [1]-[5], the power electronic con-
verter represents one of the most fragile sub-systems in terms
of reliability. In [1], based on the failure information and field
statistics from a photovoltaic plant operated throughout the
course of 5 years, it has been concluded that the inverter is the
most critical sub-assembly of the system. Furthermore, in [2]-
[4] it has been found that the frequency converter represents
one of the most prone to failure sub-systems of the wind
turbine system. A similar conclusion has been drawn in [5],
where the inverter unit contributed with 65% to the failure rate
of a motor drive system.

Consequently, in order to understand the main causes be-
hind the high failure rates in power converters, an in-depth
component-level reliability survey has been carried out in [6],
and it has been concluded that the power devices and the
capacitors represent the most fragile components, with respect
to reliability.

According to [7], [8], the high probability of failure in the
power devices is primarily due to the thermal cycling which
occurs in the device. These adverse temperature swings are
mainly caused by the fluctuating load of the converter or en-
vironmental temperature variations, and thus leading to some
of the most common failure mechanisms, such as bond wire
lift-off or solder cracks [9], [10]. As a result, the unexpected
wear-out failures of the power electronic components will lead
to an increase in maintenance cost, and a cutback in the total
energy production of the system (due to downtime), and thus
resulting in a higher cost of energy conversion.

Unfortunately, the conventional reliability improvement ap-
proach of power converters is still mainly based on the
failure information and statistics from the field. Due to the
fact that this method is expensive and time consuming, the
need for prior reliability assessment, during the design and
development phase, arises. Thus, by introducing a reliability
evaluation tool within the initial phases of the product life
cycle, the weaknesses and lifetime of the power converter can
be identified before introducing the product into the market.
Thus, the proposed DfR? tool will help to optimize the design
of the power converter in order to achieve a better balance
between reliability and cost, and finally result in a significant
cost reduction in the whole lifetime cycle of the product.

Similar reliability assessment tool concepts have been pro-
posed in recent years, such as Sherlock Automated Design
Analysis [11], or Simulation Assisted Reliability Assessment
(SARA) [12]. Although the previously mentioned software
tools are capable of analyzing the reliability performance of
the electronic components either through physics-to-failure
models or through reliability statistics data, they are manly
focused on microelectronics systems, and do not take into
consideration the real-life operating mission profiles of the
system.

Moreover, in [13] and [14] an initial reliability assessment
tool has been proposed and its main concept and features
have been introduced. Despite its many advantages, such
as integrating a relatively complex structure under a user-
friendly and easy-to-use interface, some crucial drawbacks
were present, among which: lack of modularity, reliability
analysis feature only for power semiconductor devices, or the
absence of system-level reliability investigation.
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Fig. 1. General structure and flow of the DfR? tool platform.

Therefore, in this paper a novel reliability assessment Fig. 1, the environmental/operating mission profiles, together
tool platform focused solely on power electronic systems, with the system specifications will represent the inputs to the
which aims at addressing the previously mentioned issues, the DfR? tool. According to the system-level models of the
is proposed. The main concept of the tool, together with its selected application, the electro-mechanical dynamic behavior
framework and functionality are initially described. Finally, of the system will be investigated, and the mission profiles
in order to highlight the reliability assessment process for can be translated into the converter-level electrical loading.

the power semiconductor devices, a motor drive application Afterwards, the resulting converter-level mission profiles
study case is investigated and the resulting reliability metrics can be inputted into the component-level models, where the
on component/system-level are presented. loss and thermal characterization of the components of interest

will be taken into account. Based on the outputted component
thermal loading and other external stressors (such as vibration
or humidity), the reliability assessment procedure for the
The Design for Reliability and Robustness (DfR?) tool has  power components can be applied.
been developed in order to assist the reliability performance in- As shown in Fig. 1, the tool employs the multi-timescale
vestigation of power electronics components (e.g. semiconduc- modelling concept [15], which allows the integration of the
tor devices, capacitors, etc.) in a fast and straightforward different time-constant of the system, ranging from microsec-
manner, and inherently help optimize the design and behavior onds (e.g. device switching) to days (e.g. environmental tem-
of the power converter under given mission profiles and system perature variations). By employing the multi-timescale model-
specifications. The tool framework has been developed with ing concept the long-term environmental mission profiles can
a generic and modular approach, and thus allows for various be translated to the component-level mission profiles, and thus
power electronic application (e.g. wind power generation, pho- facilitating the reliability assessment of the components of
tovoltaics, motor drives, etc.) to be implemented and analyzed. interest. During the component-level reliability investigation
Keeping in mind the modular approach of the tool, an the multi-stressor modeling concept is applied, which will
application independent reliability assessment procedure has allow for multiple external stressors (e.g. temperature, relative
been proposed and presented in Fig. 1. As it can be seen in  humidity, and vibration) to be taken into account, and thus

II. DESIGN FOR RELIABILITY AND ROBUSTNESS TOOL
FRAMEWORK
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Fig. 2. Power device reliability assessment procedure for motor drive applications.



providing a more accurate lifetime estimation.

Due to its modular design concept, the DfR? tool will allow
the user to select from different mission profile input levels,
according to the available data. The reliability assessment
procedure presented in Fig. 1 has been simplified and shown
in Fig. 2 in order to highlight the different mission profile
input levels, ranging from environmental to component-level,
for a motor drive application.

As it can be noticed in Fig. 2, the environmental/operating
mission profiles represent the Level 1 input level. This input
level is application dependent, and thus the mission profiles
will vary from one application to another. For the motor drive
application study case that will be investigated within this
paper, the required Level 1 mission profile consist of the
ambient temperature profile (7},), mechanical speed of the
motor (Wmech), and the load torque (7ioaq). Additionally, if
the relative humidity is taken into consideration as a stressor
for any of the components of interest, it can be included within
the Level 1 mission profile inputs.

Level 2 and Level 3 mission profile inputs are application
independent, and represent the system-level mission profiles,
and converter-level mission profiles respectively.

The final mission profile input level available to the user
is Level 4, which represents the component-level mission
profiles. Similar to Level 1, this input level is component de-
pendent, and thus the input mission profile will vary according
to the selected component of interest. As shown in Fig. 2, the
required Level 4 mission profiles for assessing the reliability
of power device are the component voltage (Veomp), junction
temperature (7}), and case temperature (7¢).

Based on the component-level mission profile, the reliability
performance of the power electronic component can be in-
vestigated. In case of the power devices, the component-level
reliability assessment procedure begins with the processing
of the mission profile data, which by means of counting
algorithms (e.g. Rainflow counting) will represent the mission
profile data so that it can be correctly applied to a lifetime
model. After selecting the desired lifetime model (and ad-
justing its parameters if necessary), the By lifetime of the
power devices can be estimated. The reliability assessment
procedure ends by applying and taking into account the
variations and uncertainties which may occur in the lifetime
model coefficients, or stressor data.

At this point it should be noted that the reliability analysis is
based mainly on the wear-out failure of the components, while
the failures caused by random/catastrophic events will be taken
into consideration as statistical user input data. Finally, the
reliability information of each individual component is used
in order to determine the reliability of the system (or sub-
system), by means of Reliability Block Diagrams (RBD).

The DfR? tool has been designed based on MATLAB and
Simulink. The reason for choosing MATLAB as the main
software development platform, is due to its multitude of
toolboxes and predefined functions, which will facilitate a
faster implementation. In order to assure a user-friendly ex-
perience a Graphical User Interface (GUI) has been designed.
The GUI will give the user various possibilities of interacting
with the source code and simulation models employed within
the tool, ranging from designing the system architecture (as
shown in Fig. 3), modeling the power electronic components or
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Fig. 3. ”System Configuration” panel for the motor drive application of the DfR? tool.



visualizing and exporting the results in a fast an comprehensive
manner. Moreover, in order to fulfill the imposed modularity
requirements, the tool should be capable as acting as a plug-
in to other 3rd party software. Thus, the user is given the
option either to utilize the tool as a standalone software, or as a
plug-in in connection with various programs focused on circuit
simulation (e.g. PLECS, Saber, etc.), finite element simulation
(e.g. ANSYS), or reliability (e.g. ReliaSoft).

III. POWER DEVICE RELIABILITY ASSESSMENT IN
MOTOR DRIVE SYSTEMS

In order to validate the DfR? tool framework and its
procedures, a motor drive application is selected as study case.
Within this paper, the reliability investigation will be carried
out only for the upper transistor/diode pair of phase A of the
machine-side inverter, and it will follow the same procedure
and flow as presented below.

A. System-level mission profile modeling

The motor drive system consists of a Permanent Magnet
Synchronous Motor (PMSM), which is connected to the grid
through a 2-level Voltage Source Inverter (VSI) on the machine
side, and a single-phase PFC boost rectifier on the grid side,
as shown in Fig. 4. The parameters of the motor drive system
are shown in Table I, while the power module choice is a 30
A 600 V IGBT module.

The speed control of the motor is assured by means of Field
Oriented Control (FOC), while the switching sequence of the
power semiconductor devices of the converter is generated by
a Space Vector Modulation (SVM) technique.

= E:?HH} '}
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r o De — 4[1}—“:'}

Fig. 4. Configuration of motor drive application with 3-phase
inverter and PFC boost rectifier.

TABLE I. Parameters for study-case PMSM.

Parameter Symbol Value Unit
Nominal Power P, 5000 [W]
Nominal Torque Th 24 [Nm)]
Nominal Speed Wmech 2000 [rpm]
Maximum EMF VEMF,max 520 [V]

Rotor Inertia J 0.0055 [Kgm?]
Stator Resistance Rs 0.39 [©2]
Stator Inductance Ls 4.9 [mH]

Nr. Pole Pairs Npp 4 [-]
DC-Link Voltage Vbc 380 [V]

Switching Frequency fsw 10 [kHz]
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Fig. 5. Speed and torque mission profiles of the motor drive
system (Operating mission profiles — Level 1).

The speed and torque mission profiles shown in Fig. 5
will represent the inputs to the system, and thus, according
to Fig. 2, the level 1 mission profile input level is employed.
Based on the electro-mechanical model of the PMSM, the cur-
rent and voltage response of the machine can be determined,
according to the given start-stop mission profiles and system
specifications. The resulting current and voltage waveforms
are presented in Fig. 6, and represent the system-level mission
profiles (input level 2).
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Fig. 6. Voltage and current loading of PMSM (System-level
mission profiles — Level 2).
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Fig. 7. Power device current loading (Converter-level mission
profiles — Level 3).

B. Converter-level mission profile modeling

Afterwards, the system-level mission profiles can be trans-
lated into the converter-level mission profiles. According to the
determined duty cycle, the current and voltage loading on each
of the 6 transistors and 6 diodes can be identified. Therefore,
the current which flows through of the upper transistor and
diode from phase A of the machine-side VSI, are calculated
and shown in Fig. 7. During the conduction period of the the
devices, the voltage loading is equal to the DC-link voltage.
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Fig. 8. Total power losses of the upper transistor/diode pair.
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Fig. 9. Power device thermal loading (Component-level mis-
sion profiles — Level 4).

C. Component-level mission profile modeling

In order to determine the component-level mission profiles,
the converter-level current and voltage loading needs to be
introduced into the component-level models, which include
the average switching cycle power loss model and the thermal
model.

Within the power loss model, the conduction losses of the
power devices can be determined based on the conduction
voltage (for transistor) and forward voltage (for diode) char-
acteristics, which are provided by the manufacturer in the data
sheet.

Similarly, based on the switching energy (for transistor)
and reverse recovery energy (for diode) characteristics the
switching losses of the semiconductor devices can be calcu-
lated. Due to the dependency between the loss characteristics
and temperature, the junction temperature (7%) of the power
devices needs to be introduced as feedback from the thermal
model. Finally, by adding together the conduction and the
switching losses, the total power losses generated by the power
devices can be identified. A detailed description of the power
loss model and the equations which are used in order to
characterize the devices can be found in [16]-[18].

Thus, the total losses generated by the upper transistor and
diode, under the given mission profiles, for the motor drive
system study case, can be seen in Fig. 8.

In the following, the power device losses can be translated
into the corresponding thermal loading. By employing the
thermal model proposed in [19], the high dynamics of the
junction temperature of the devices can be identified by using a
multilevel Foster RC network, while the slow dynamics of the
case and heat sink temperatures can be estimated by filtering
the power losses through a low-pass filter, respectively, by
including the outer thermal network of the IGBT module



(e.g. thermal grease and heat sink). Again, it should be noted
that all the necessary parameters for the thermal calculations
(e.g. thermal resistance Rj., thermal capacitance Cj, etc.) can
normally be found in the device data sheet, or they can be
determined by means of experimental test.

By introducing the power losses shown in Fig. 8, into the
thermal model, the thermal stress which occurs on the power
device is calculated and thus the component-level mission
profiles are made available to the user. As it can be observed
in Fig. 9, under the assumption that the ambient temperature is
constant and equal to 30 °C, the transistor represents the most
stressed component, and thus a faster wear-out is expected.

D. Component-level reliability modeling

Based on the obtained component-level mission profiles, the
reliability assessment procedure can be applied in order to
estimate the lifetime of the power semiconductor devices.

In order to correctly map the thermal loading data to the
strength model, the Rainflow counting algorithm needs to be
applied. By employing the counting algorithm the junction and
case temperatures of the power devices will be translated into
the thermal cycle amplitude (AT}), thermal cycle mean value
(Twj), and thermal cycle period (tperiod). As it has been shown
in [20]-[22] all 3 parameters have an impact on the lifespan
of the power device.

By introducing the regulated thermal cycles into the
Semikron lifetime model [23], the power device damage
(consumed Bjg lifetime) corresponding to the nth thermal
cycle can be computed according to the following equation
[24]:

Damage, = 1\]@(%) (1

where NV, represents the number of thermal cycles with a 10%
failure rate (B1¢). The total accumulated damage that occurs of
the power devices can be determined by using Miner’s linear
accumulation rule [25]

Damage = Z Damage, 2)

n=1

where 1 < n < m and m represents the total number of
thermal cycles resulting from the Rainflow counting algorithm.
The resulting accumulated damage which occurs on the power
devices during the given mission profiles is shown in Fig. 10.

Based on the power device damage, the lifetime can be
estimated according to the following equation:

Lifetime — - eriod of mission profile (s)

3

Operating period (s) - Acc. Damage )

Assuming that the motor drive system is operated for 12

hours per day, according to (3), the lifetime estimation for the

transistor and diode are approximately 10 years and 40 years,
respectively.

«10%  Chip Solder Accumulated Damage — T cpip
2 T T

—— Transistor I} | |
—Diode T’y

1.8

141 1

o
©
:

.

Accumulated Damage [%]
o
> N

0 . . .
0 5 10 15 20

Time [s]

. 10. Power device total accumulated damage.

Unreliability Curve

—— Transistor T}
——Diode D, il

091

081

Unreliability
o o
&)1 o

N
IS
T

36 years
0.2 i
By
04 mmmm o2 -
0 |
0 10 20 30 40 50

Operation time [years]

Fig. 11. Unreliability curves for power devices with 5%
variations in lifetime model coefficients and stressor.

The final step in the power device reliability assessment
procedure is to include and take into consideration the varia-
tion and uncertainties which may occur in the lifetime model
coefficients and stressor data. The variations in the lifetime
model coefficients are introduced in order to compensate for
the degree of uncertainty which is derived from the accelerated
test results. Similarly, the variations in the stress are introduced
because of the uncertainties introduced by the manufacturing
process (which may result in junction temperature variations),
and by the operating mission profiles of the motor drive
system. Thus, a statistical approach based on Monte Carlo



simulation is used in order to investigate the lifetime perfor-
mance of the power devices, subject to parameter variations
[26]-[27].

Assuming a 5% variation in the lifetime model coefficients
(A, Bi, B2, and f33) and in the thermal stress (ATj, T}, ,
and %period), the Monte Carlo simulation is performed with
10,000 samples. The resulting unreliability curves for the
upper transistor and diode of the machine-side inverter of the
motor drive system are shown in Fig. 11, where a decrease of
approximately 10% can be noted in the estimated B lifetime.

E. System-level reliability modeling

Finally, based on the individual reliability performance of
the power devices the system-level reliability assessment can
be performed. Due to the fact the failures induced by random
events are difficult to model and estimate, they will be taken
into account as statistical input values. For the given study case
the frequency of occurrence for random events is assumed as
1 percent per year.

Additionally, assuming that all 6 transistors and 6 diodes
which are included in the IGBT module have a similar
reliability performance as the investigated transistor/diode pair
(T1/Dy), the reliability of the power module sub-assembly can
be calculated according to the following equation [27]:

FSub(t) =1- H(l - FComp(i) (t)) (4)

where, Fgsyp represents the sub-system failure function, and
Foomp(i) represents the individual component failure function.

The results of the Reliability Block Diagram (RBD) analysis
are shown in Fig. 12, where it can be seen that the By lifetime
estimation of IGBT power module is of approximately 6 years.
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Fig. 12. Unreliability curve for the whole IGBT power module
sub-assembly.

IV. CONCLUSIONS

In this paper a novel reliability assessment tool (Design for
Reliability and Robustness) focused on power electronics sys-
tems has been proposed. The main framework and concept of
the DfR? tool have been introduced, highlighting the main ad-
vantages of the tool, among which: user-friendly graphical user
interface, modular implementation approach, various mission
profile input levels, and fast and straightforward component
and system-level reliability assessment. Additionally, in order
to validate the implementation and the employed procedures
within the tool, a motor drive application study case has been
investigated. A brief description of the application mission
profile input levels has been presented, and the component-
level reliability assessment procedure has been successfully
applied to the components of interest (transistor/diode pair).
Finally, the reliability assessment of the IGBT power module
sub-assembly has been investigated.
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