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Abstract

The life time of a component is defined by the reliability demands place on it due to its operating envi-
ronment and operation conditions. To evaluate the necessarily thermal / power cycle stability of a
power semiconductor module in a hybrid electrical vehicle (HEV), a vehicle driving cycle profile is used 
to calculate the thermal reliability requirements. The calculations are based on power loss calculation,
thermal modeling and a general approach of a life cycle model. This paper discusses the reliability re-
quirements due to active and passive thermal stress on various joints such as solder or bond joints re-
sulting by using different connections of a power module to varied cooling systems.

1. Introduction
HEV typically combines a combustion engine
with an electrical drive train. To develop a system 
with variable speed a HEV is equipped with
power semiconductors typically packaged in a
module. Nowadays most of the commercial vehi-
cles use more or less conventional power mod-
ules mounted on an air cooler or a separated liq-
uid cooling system. Hybrid systems of different
car manufacturer are so dissimilar that a com-
parison between them is rather impossible. Be-
side the cooling systems also the packaging and
even the silicon differs. 
To make such systems more comparable the
presented investigations are based on a common 
“basis-power module” called HybridPACK that is
adapted to different cooling systems. For a con-
sidered configuration a common set of input pa-
rameters such as drive cycle, type of the electri-
cal motor and even the electrical characteristics
of the semiconductors are used. Of course, influ-
ences due to different driving strategies are ne-
glected for simplification. 
In power electronics the component temperature
and temperature changes have major influences
on the reliability. Therefore, a procedure was de-
veloped, which computes the temperature over
the whole driving cycle. The calculations are
based on power loss calculation and thermal
modeling.
These calculations between the thermal conduc-
tivity from the module through to the cooler, the
active thermal stress on various joints such as
solder or bond joints can be evaluated.  By trans-
forming the thermal stress into reliability test data 
a prediction of lifetime is possible.

For judging whether the basic type module Hy-
bridPACK is appropriate for a given application
(cooling, driving conditions etc.) some exemplary
results of reliability tests are given.

2. From drive cycle to reli-
ability test

2.1. Reliability tests
During the life time a module is exposed to pas-
sive temperature swings coming from the envi-
ronment (climate) and active temperature cycles
generated by operation. Temperature cycling and 
power cycling tests represent these conditions.
Temperature Cycling: In temperature cycling
tests the temperature of a power module is
changed by variation of the ambient temperature
(TST: Thermal Shock Test) or the temperature of 
the case (TC: Thermal Cycle Test) without elec-
trical stressing. This test is applied mainly to
evaluate the lifetime of the solder joints and to
evaluate the resistance to the sudden changes in 
temperature the device can experience during
storage, transportation or in use.
Power Cycling: Power cycling (PC) tests are used
to determine the resistance of a semiconductor
device to thermal and mechanical stresses due
to cycling the power dissipation of the internal
semiconductor die and internal connectors. This
happens when load currents are periodically ap-
plied and removed causing rapid changes of
temperature. The power cycling test is represen-
tative to high temperature operating life [1].
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The predominant failure mechanisms due to
thermal stress are the degradation of solder lay-
ers (solder fatigue) and the bond wire lift-off.

2.2. General approach
Fig. 1 explains the procedure how the represent-
ing number of test cycles for a reliability test can
be derived from the information of the inverter
system (cooling conditions) and the driving strat-
egy (mission profile, motor and drive control) for
a given set of electrical parameters (electrical
characteristics of the power module). Only the
few red marked parameters were varied during
this investigation.

Fig. 1. General approach for calculating the
number of equivalent tests cycles. Only
the parameters marked red were varied
in investigation

2.3. Basic Conditions (Input pa-
rameter)

In order to get independent from drive conditions,
motor characteristics as well as chip characteris-
tics a common set of input parameters was cho-
sen.
A well known and investigated power semicon-
ductor module was selected. This module type is 
designed for Mild Hybrid Electrical Vehicle appli-
cations for a power range up to 20 kW [2]. De-
signed for a junction operation temperature at
150°C, the module accommodates a Six-Pack
configuration and is rated up to 400A/600V (Fig.
2).
The mission profile was developed by using a
drive cycle which represents more or less a typi-
cal vehicle cycle including several start stop se-
quences and 5 ten second long recuperation cy-
cles under full load.
Module gate driving conditions was assumed
ideal although this may lead to an underestima-
tion of power losses in the complete inverter sys-
tem. This fact was compensated by calculating
the power losses for the worst case conditions
(maximum temperature) during an incremental
step [6].

Fig. 2. The basic module is based on the Hy-
bridPACKTM1 [3][4][5]

2.4. Calculation of power losses 
The power losses of a module result by adding
the static (PDC: conducting) and the dynamic
(PSW: switching) losses.
The power losses calculation in the dies for in-
verter operation use sinusoidal half-waves to
model the heat in the dies. This approach is
based on the calculation methods used in
IPOSIM [7].
Based on this approach the conducting losses of 
the IGBT³ [8] and the diode can be calculated
based on the electrical parameters of the module 
[9] [10].
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It has to be mentioned that the parameters r,
VCE0, rD and VF0 are temperature T dependent. 
The switching losses of a power module can be
described by using equation 3 and 4. The losses
are determined by the product of the switching
frequency fsw and the switching energies Eon_nom,
Eoff_nom, Erec_nom at nominal conditions (Vnom, Inom,
Tnom) adapted to the applied voltage VDC, current
î and temperature Tj [11].
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All necessary parameters can be extracted from
the power module datasheet [12].
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2.5. Thermal model
For calculating the power module reliability, it is
necessary to know transient temperatures of
semiconductor junctions, as well the system sol-
der temperature. The solder joint temperature is
necessary for the calculation of the solder fatigue 
due the thermal cycling.
The thermal model, describing the dependency
between the dies virtual junction temperatures
(Tvj), system solder average temperature (Tsold)
and the power losses of IGBT (I) and Diode (D),
is given in a transient thermal impedance matrix
form with following equation: 
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The model included apart from the transient
thermal impedance junction-to-ambient (Zth,ja) of
IGBT and Diode, also cross coupling elements
which describe the interdependencies between
the chips and the solder. Therefore power losses 
of the silicon leads to an increase of the tempera-
ture in the solder layer [6].
An equivalent circuit representation of the equa-
tion 5, implemented into circuit simulator, is
shown in Fig. 3.

Fig. 3. RC-network (Foster-model)

For transient thermal impedance entries ap-
proximation the Foster RC-networks was chosen
[13]. The values of the R’s and C’s were derived
by 3D transient finite element simulation using
the system’s material properties and physical di-
mensions or they were extracted from measure-
ment.

2.6. Temperature profile simulation
With the aid of the thermal model the tempera-
ture of the IGBT, the diode and the solder can be 
calculated for the load conditions of a given driv-
ing cycle.
Hereby the conditions of the applications were
taken into account, e. g. for an air cooled system 
which is mounted nearby the passenger com-
partment the ambient temperature was set to
40°C (Fig. 4).

Fig. 4. Temperature profile of a power module
mounted on air cooler for one 3000 sec-
ond driving cycle

In this case the resulting maximum temperatures
were Tj max IGBT = 118°C, Tj max diode = 126°C and Tj

max solder = 96°C respectively (see also Table 2). 
The temperature itself is not the major parameter 
which is responsible for solder and bond wire ag-
ing but rather the temperature swings. Therefore
an automatic algorithm is implemented in the
simulation to extract the temperature differences
ΔT.

2.7. Determination of ΔT occurrence
Active cycles: Fig. 5 shows the number of occur-
rence for a certain temperature swing at the di-
ode for an air cooled system. Temperature
ranges below 3 K are neglected since they do not 
decrease lifetime significant. Most of the swings
lead to an increase of temperature below 30°K.
Only a few cycles with higher ΔT occurred. 5 high 
temperature swings was observed at ΔT > 60°K.
These swings represent the peaks of Fig. 4.
Overlaid to these active swings are always pas-
sive swings due to the operational environmental.
Passive cycles: The heating up of a cooling sys-
tem during operation also leads to a temperature
swing which has to be considered during life time
calculation.
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Fig. 5. Diode: Number of cycles for different ΔT
(α=454W/m² K) for one driving cycle 

Assuming a vehicle lifetime of 15 years and two
cycles per day 10950 additionally cycles are ap-
plied to a power module. The environmental
temperature was defined in table 1 reaching from 
5 days with -25°C up to 35 days with 30°C out-
door temperature.

Outdoor temperature -25 -20 -15 -10 -5 0 5 10 15 20 25 30 sum
Days per year 5 10 10 20 25 30 45 50 50 50 35 35
Cycles per day 2 2 2 2 2 22 2 2 2 2 2 2
Cycles per year 10 20 20 40 50 660 90 100 100 100 70 70
Cycles in 15 years 150 300 300 600 750 900 1350 1500 1500 1500 1050 1050 10950

Table 1. Passive temperature swings due to
heating up the cooling system from en-
vironmental temperature to operation
temperature

The temperature swing of the heating up se-
quence was always defined as the difference be-
tween the maximum temperature during the driv-
ing cycle and the minimum temperature at the
start equal to the environmental temperature (see
Table 3).
A reliability test applying different temperature
swings to a device is rather nonpractical. There-
fore standardization to a common ΔT has to be
done.

3. Transformation from duty
cycles to test cycles

3.1. Solder joint acceleration calcu-
lation

Models for mechanical failure, material fatigue or
material deformation typically have terms relating 
to stress cycles or change in temperatures. A
model of this type known as the (modified) Cof-
fin-Manson model has been used successfully to
model crack growth in solder and other metals
due to repeated temperature cycling as equip-
ment is turned on and off. The form of this fre-
quently-cited equation makes it clear that fatigue
will result in much earlier failure when the joint

experiences wider temperature excursions. The
most useful derivative of this equation is probably 
the relationship between the number of cycles to
failure with two different thermal ranges
(ΔTduty_cycle and ΔTtest) [14]. Although different ex-
ponents have been mentioned in the literature,
the calculations that have been done use an ex-
ponent of 3,3. This model takes the form
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The equivalent number of test cycles ntest_cycle for
a specified test temperature range ΔTtest can be
calculated from the number nduty_cycle of duty cy-
cles with a given ΔTduty_cycle coming from the tem-
perature profile.

3.2. Wire bond acceleration calcula-
tion

The relation between an arbitrary parameter set
under duty condition (current I, junction tempera-
ture Tj, operation time ton and temperature swing
ΔT) and the number of equivalent cycles for a
known reliability test setup is given in equation 6.
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This formula also contains the ratio of the differ-
ent temperature differences but it has been modi-
fied due to results of a large number of per-
formed tests [15].
Based on equation 6 the number of equivalent
test cycles (conditions: ΔTtest=100K, Tj,min=50°C,
ton, test = 2s and reference current of Itest = 400A)
results from the summation of all p transforma-
tion for any duty cycle i calculated in chapter 2.5.
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4. Variation of parameters

4.1. Cooling conditions
Cooling capability: 2 air cooled systems, 1 liquid
cooled system and 1 direct cooled system were
compared.
For the air and the liquid cooled system thermal
grease between the flat baseplate and the flat
cooler was supposed. 
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The difference cooling capabilities of these two
systems were taken into account by using differ-
ent heat transfer coefficient a applied to the back 
side of the heat sink. (See Table 2: a = 124
W/m²K - poor air cooler; a = 454 W/m²K - forced 
air cooler; a = 20000 W/m²K - strong liquid
cooler).

cooling
efficiency

αeff

[W/m²K]
VDC

[V]
Irms

[A]
Ambient

[°C]
IGBT
[°C]

Diode
[°C]

Solder
[°C]

air cooler 124 150 150 40 150 157 128
air cooler forced 454 150 150 40 118 126 96
air cooler forced 454 300 80 40 94 100 79

liquid cooler 20000 150 150 70 124 129 97
liquid cooler 20000 150 150 95 149 154 122

direct cooling PinFin 10 l / min 150 150 70 100 107 85
direct cooling PinFin 10 l / min 300 80 70 90 95 80
direct cooling PinFin 10 l / min 150 150 95 128 135 111

     maximum
  temperature

electrical
parameters

Table 2. Variation of system parameters

In order to get an ideal heat transfer from the
module to the cooler a PIN FIN structured base-
plate was assumed. This module type is directly
mounted on an open liquid cooler with direct con-
tact of the pins and the cooling medium. There-
fore the thermal grease with it’s bad thermal con-
ductivity can be removed. Due to the direct con-
tact of the baseplate to the liquid the value α is
not defined. In such a case the flow rate of liquid
represents different cooling capabilities.

Fig. 6. Example of a PIN FIN structured base-
plate (HybridPACKTM2) [16][17] in com-
parison to a flat baseplate 

Ambient temperature: As mentioned in chapter
2.6 the maximum ambient temperature was set
to 40°C for an air cooled system and it was de-
fined to 70°C/95°C for the liquid cooled systems
(Table 2).

4.2. Electrical parameters
Battery voltage: A lot of car manufacturer prefer
to apply relative low voltages for the high voltage
battery of a mild hybrid system. Higher voltage
can only be realized by adding further cells to the 
battery what clearly leads to higher cost and
weight. In order to get a feeling how the system is 
influenced by the battery voltage VDC two set of
electrical parameters were compared (Table 2).

5. Results
As shown in Fig. 1 the active swings generated
during the drive cycle and the passive swings
due to the operational environmental have to be
considered. For the silicon side the worst case
condition of IGBT and diode has to be consid-
ered. Due to the 5 recuperation cycles the high-
est load is on the diode. Therefore most of the
examples represent the diode. 
Power Cycling: For the failure mechanism bond
wire lift off the maximum temperature of the bond 
wire is set to the maximum chip temperature Tj

max. The life cycle modeling allows the number of
equivalent power cycles for passive and active
cycles to be calculated. 
The equivalent number of active cycles was cal-
culated by transforming the number of ΔT occur-
rence given in Fig. 5 by using equation 7. Similar
to the passive case the number of driving cycles
was set to 10950.
For calculating the equivalent number of test cy-
cles for the stress due to passive cycles the
transformation of the cycle numbers from Table 1
was done. The result is shown is Table 3.

Outdoor temperature -25 -20 -15 -10 -5 0 5 10 15 20 25 30 sum

Days per year 5 10 10 20 25 30 45 50 50 50 35 35
Cycles per day 2 2 2 2 2 22 2 2 2 2 2 2

Cycles per year 10 20 20 40 50 660 90 100 100 100 70 70

Cycles in 15 years 150 300 300 600 750 900 1350 1500 1500 1500 1050 1050 10950

Minimum Chip Temperature
[°C] -25 -20 -15 -10 -5 0 5 10 15 20 25 30

Maximum Chip Temperature
[°C]

126 126 126 126 126 126 126 126 126 126 126 126

ΔΤ chip [K] 151 146 141 136 131 126 121 116 111 106 101 96
equivalent number of 

cycles ΔT=100K
293 521 462 814 893 936 1220 1170 1004 855 506 424 9097

Table 3. Power cycling diode: Calculation of
equivalent test cycles representing the
passive temperature swings 

Thermal Cycling: A similar procedure was ap-
plied while transforming passive and active cy-
cles as described in chapter 3.1. Maximum tem-
perature for the solder was derived from the drive 
cycle calculation (Fig. 4).
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Outdoor temperature -25 -20 -15 -10 -5 0 5 10 15 20 25 30 sum

Days per year 5 10 10 20 25 30 45 50 50 50 35 35
Cycles per day 2 2 2 2 2 22 2 2 2 2 2 2

Cycles per year 10 20 20 40 50 660 90 100 100 100 70 70

Cycles in 15 years 150 300 300 600 750 900 1350 1500 1500 1500 1050 1050 10950

Minimum Chip Temperature
[°C] -25 -20 -15 -10 -5 0 5 10 15 20 25 30

Maximum Chip Temperature
[°C]

126 126 126 126 126 126 126 126 126 126 126 126

ΔΤ chip [K] 151 146 141 136 131 126 121 116 111 106 101 96
equivalent number of 

cycles ΔT=100K
293 521 462 814 893 936 1220 1170 1004 855 506 424 9097

Table 4: Thermal cycling solder: Calculation of
equivalent test cycles representing the
passive temperature swings

5.1. Overview
Fig. 7 and Fig. 8 show a comparison of equiva-
lent test cycles for the different parameters. 
Power cycling: In Fig. 7 the number of equivalent
test cycles (conditions: ΔTtest=100K, Tj, test=150°C,
ton, test = 2s and reference current of Itest = 400A)
for a power cycling test is given as the sum of cy-
cles generated by active operation and the num-
ber of cycles representing the passive swings.

Fig. 7. Number of equivalent power cycles for
different parameters for a given drive cy-
cle

Thermal cycling: In Fig. 8 the number of equiva-
lent test cycles (conditions: ΔT = 80K) for a ther-
mal cycling test are given as the sum of cycles
generated by active operation and the number of 
cycles representing the passive swings.

Fig. 8. Number of equivalent thermal cycles for
different parameters for a given drive cy-
cle

The influence of the active cycles can be ne-
glected in every case. This is justified because of 
the very low temperature swing of the solder dur-
ing operation (< 55°C; forced air cooler) com-
pared to the high ΔT of the passive swings.

5.2. Statements
Even the two reliability tests can not be com-
pared although the trend for both test are similar. 
This is because in both cases a higher ΔT leads
to a higher number of equivalent test cycles.
1) A better cooling capability leads to lower reli-

ability requirements.
(Of course, such a trivial statement can be given
by everyone – the aim of this paper is to give a
hint how much the cooling capability influences
the reliability requirements.)
2) A forced air cooler with ambient temperature

of 40°C has similar performance as a liquid
cooled module with ambient temperature of
70°C.

3) Increase of coolant temperature from 70°C to 
95°C doubles the number of equivalent cy-
cles. The use of a separate (independent)
cooling circuit for the inverter seems to be
mandatory. The use of the engine cooling
cycle with temperature up to 125°C can not
be realized with conventional mounting and
joining techniques. 

4) Even without module operation the solder
suffers from temperature swings due to
changes in the outdoor temperature.

5) The use of a direct cooled module reduce
significant the demands on module.

6) Increase of the battery voltage reduces the
power cycling requirements of the air cooled
system by a factor of 4; thermal requirements 
are reduce by 40%.

7) The influence of the bus voltage is reduced
by the use of better cooling capability.

8) The avoiding of the 5 ten second long recu-
peration cycles under full load reduces the
requirements by 60% for power cycling and
40% for thermal cycling (compare dashed
columns in Fig. 7 and Fig. 8 for forced air
cooler).

The last two statements express the necessity for 
a global system approach for a HEV develop-
ment by adjusting the driving strategy, the cooling 
system, the battery voltage and the module ther-
mal load cycles stability.  A joint development be-
tween vehicle manufacturer, the inverter supplier
and the supplier of the power semiconductor
module avoids an over sizing of the power mod-
ule and cost can be reduced.
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5.3. Experimental results
For judging whether a module is appropriate for a 
given application (cooling, driving conditions etc.)
the thermal load cycles stability of the power
module has to be known. The lifetime of the
module can then be derived by using results of
reliability tests. For our basic type module Hy-
bridPACKTM1 (see Fig. 2 and Fig. 6) some tests
were performed.
For the different parameter set ups shown in Fig.
7 only the case of the very poor air cooler (α =
124W/m²K) and the use of a hot liquid coolant (
95°C) while mounting the module with thermal
grease lead to equivalent number of cycles ex-
ceeding the power cycling capability of a state of
the art bonding process. 
Under the conditions valid for Fig. 8 (ΔT = 80K, Tj

min = 25°C) only a small (<10 %) delamination
was observed after 20000 cycles and no increase
of the thermal resistance Rth (which is used as
failure criteria) was measured. Even 25000 cy-
cles were reached in this test with still being in
the required limits.

Fig. 9. Ultrasonic measurement of the delami-
nation after 20000 cycles (ΔT = 80K)

The picture shows that even by using a copper
base plate it is possible to reach numbers of cy-
cles which were so far reserved to material
stacks using AlSiC base plates.
Similar improvements were made with the in-
crease of thermal load cycle stability of the sys-
tem soldering for thermal shock tests (TST) with
high ΔT.

Fig. 10.Ultrasonic measurement of the delami-
nation after 1000 cycles [-40°C –150°C]

Due to the fact that the delamination occurs at
the edge of the ceramic substrates the thermal
resistance of the silicon chips is not affected.

6. Conclusion
Nowadays most of the commercial hybrid vehi-
cles use more or less conventional power mod-
ules. Due to a missing standardization hybrid
systems of different car manufacturer are so dis-
similar that a comparison between them is rather 
impossible. In order to make inverter systems
more comparable the presented investigations
were based on a unified “basis-power module”
and a common set of input parameters. 
To evaluate the necessarily thermal / power cycle 
stability of a power semiconductor module in a
hybrid electrical vehicle (HEV), a procedure was
developed, which computes the temperature of
the silicon and the solder over a given driving cy-
cle.
By transforming the thermal stress on solder and 
bond joints due to active and passive thermal
stress into reliability test data a calculation of
equivalent test cycles was done. 
In this paper eight different sets of parameter
varying in cooling conditions and/or battery volt-
age were compared. One result was that a joint
development between vehicle manufacturer, the
inverter supplier and the supplier of the power
semiconductor module is very helpful in finding a 
cost effective solution by adjusting the driving
strategy, the cooling system, the battery voltage
and the module thermal capabilities.

7. Remark
Some remaining correlation of variables used in
the model restricts the model to ranges of test
conditions of selected data. Therefore, authors
strongly recommend not applying the model
without consulting experts at Infineon Technolo-
gies. Furthermore some of the showed tests re-
sults may differ to results of released products
due to unmentioned changes in material or proc-
esses.
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