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Abstract - For lifetime estimation of power converters in
traction applications, one method is to calculate numerically
the stress-strain hysteresis curves of the interfaces silicon-
solder-DCB and/or DCB-solder-baseplate inside the power
modules. This can only be achieved if the transient junction
temperatures in these layers are known for a defined mission-
profile. Therefore, one has to couple circuit simulation with
thermal simulation and stress-strain computation. The second
challenge of this problem is to perform this transient
simulation taking into account switching losses in the ps-range
for mission profiles over a couple of minutes. In this paper we
employ a new multi-domain simulation software to achieve
results with reasonable computational effort.

[.  INTRODUCTION

Switching frequencies typically define the smallest time-
constants in a simulation. The numerical time steps have to
be set at least by a factor 100 smaller then these time-
constants. If the simulation has to be performed over long
time periods, the number of time-steps and the according
computational effort becomes huge. In lifetime estimation,
mission profiles [1] lasting over a couple of minutes (e.g. 30
minutes for the European Driving Cycle) or even hours
result in extremely time-consuming simulations, especially
if the switching frequencies are high.

For lifetime estimation it is necessary to know the
transient temperature distribution inside the power modules
during the mission because temperature amplitude plus
absolute temperature impact the lifetime of the power
module [2], [3]. Calculating temperature distributions of
three-dimensional structures is done with 3D-FEM software
which comes with a very high computational effort (high
memory consumption, very long simulation times). In case
of coupled transient simulations it will be necessary to
perform a 3D-thermal simulation at least every few time-
steps of the circuit simulator which will result in
unacceptably long simulation times. One solution is to
extract a compact thermal model from the 3D-structure to
describe the thermal behavior of the power module
(including heat sink and cooling) employing a 3D-FEM
simulator, and then employ this thermal compact model in a

transient simulation of the circuit simulator. This will speed
up the coupled simulation by orders of magnitude.

If physical models are employed in lifetime estimation,
one has to set up a model of the stress-strain behavior of the
material interfaces inside the power module where damage
might occur. Such physical models describe effects like
deformation and creep via differential equations. Input to
the model is the transient temperature at the critical interface
of the power module, and output of the physical model is the
stress in dependency of the strain which typically results in a
hysteresis curve where the area of the hysteresis loop is in
approximation proportional to the deformation energy per
load cycle. The physical model has to be parameterized
based on preliminary cycling tests and/or material and
geometry information from databases. Here, a large initial
computational effort is necessary to parameterize the
physical model correctly before feeding the simulated
transient temperature data. Alternatively, performing the
lifetime simulation after the transient temperatures have
been simulated, the stress-strain computation could be
performed directly coupled to the transient temperature
simulation taking into account the effect of rising thermal
resistances due to solder layer cracking and/or increasing
losses at the wire-bond interfaces due to wire-bond lift-off.

The effort of such a complex coupled numerical
simulation circuit - thermal - reliability is very high. In the
following we show how to speed up the whole process
employing multi-domain simulation software that has been
developed at the PES / ETH Zurich especially for this type
problem [4]. We will apply the procedure to the analysis of
the power electronics of a wearable power supply [5].

II. EXAMPLE: WEARABLE POWER SUPPLY

The US Department of Defense organized a competition
in 2008 with the goal defined as: “... Demonstrate a
wearable electric power system providing 96 hours of
equipment operation. The power system should attach to a
vest and provide 20W average electric power for 96 hours
with peak power requirements of up to 200W for short
periods. All components, including the generation, storage,



electronics, and connections must weigh 4kg or less,
including the attachment system. ...” ([6]).

A team of the ETH Zurich participates in the competition
with a system, where a internal combustion engine and a
generator supply electrical energy to the load [7]. The power
electronic circuit to be analyzed consists of an AC-DC
converter that rectifies the three-phase output of the
generator, and a DC-DC buck-type converter that keeps the
DC-output voltage at 28V (see Fig.1(a)). The inverter
operates like a diode bridge to minimize the switching
losses while the buck rectifier operates at a switching
frequency of 250kHz to keep passive components small.
Circuit parameters are given in Tab.1. A 48 hour-mission
profile for the required output power (defined as “Profile A”
in [8]) is shown in Fig.1(b).
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Figure 1. (a) Power circuit with inverter attached to a generator providing

three-phase voltage. The DC-DC rectifier sets the output voltage to 28V. (b)

“Load Profile A” for 48 hours [8]: 4x base load, 12x communications load,
5x base load, 8x video feed load, 3x base load, 5x communications load, 4x
base load, 5x video feed load, 3x base load.

UPHASEMAX = C, =470uF C, = 100uF L, =45uH
=18.2V (battery in prototype)

fGENERATOR fauck = MOSFET [9] @ 130°C:

=330Hz =250kHz kon =2.38 uWs/W

ko]:p =1.50 uWs/A
ron = 7.4mOhm

Table 1. Parameters of the power circuit Fig.1(a) and component properties.

In the following we will simulate the transient junction
temperatures of all 8 semiconductors over the 48 hours load
profile. In a second step we will evaluate the lifetime of the
power electronic switches in comparison to a load profile
with an equal energy requirement but reduced peak power.

III. TRANSIENT MULTI-DOMAIN SIMULATION CIRCUIT-
THERMAL

A.  General Simulation Strategy

The simulation strategy [10] for the coupled electric-
thermal simulation is based on the following concepts:

e  Employing a circuit simulator optimized for high-speed
simulation of switched systems [4]

e  Extracting a thermal impedance matrix from a 3D-
structure of power module plus heat sink and
convective cooling [11]

e Modeling transient switching losses of the power
semiconductors employing a energy-pulse-counter
scheme under consideration of the temperature-
dependency of the losses [12]

e Maximizing the simulation speed of the thermal
impedance matrix embedded in the circuit simulator
via matrix splitting [13]

With the general strategy it is possible to realize full
coupling of the physical domains.

This means that the switching losses are assumed to be
temperature-dependent. In the example of the wearable
power supply the DC-DC converter switching frequency is
250kHz which makes the numerical step width as small as
At=20ns. Employing the simulator shown in Fig.2,
performing a fully coupled simulation for the duration of
one second took 37 minutes. Storing the data for 8 transient
junction temperatures for one simulated second would
require about 4.5GB on the hard disk. Most critical in the
mission profile are the repeated 5 minutes of 200W during
“video feed” followed by 5 minutes of 20W. Simulating
these most critical 10 minutes would take 370 hours and/or
15 days. The theoretical amount of 2700GB simulation data
would have to be significantly compressed. Typically, in
such simulation tasks, it is not only simulation speed but
also data handling which is critical.
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Figure 2. Power circuit (blue) and control circuit (green) for the wearable
power supply. The transient losses of the semiconductors are delivered by
the loss block (red) and are based on the loss parameters of the MOSFETs
given in the datasheet (Tab.1). The employed multi-domain simulator
GeckoCIRCUITS [4] has been developed at the PES/ETH Zurich.



B.  Applied Simulation Strategy and Results

In order to perform the simulation with acceptable effort,
the temperature-dependency of the semiconductor losses is
neglected by assuming losses for 130°C. This gives a
conservative design margin. The simulation is performed in
five steps as listed below. If temperature-dependency of
semiconductor losses should be considered, one has to go
back with the results of (4) to step (2) as long as temperature
eITors OCCur.

(1) Simulate transient behavior of junction temperatures
for step-change of load (e.g. 3W > 200W) to verify
that the transient overshoot of the semiconductor losses
(due to temporary current oscillations at load changes)
does have negligible effect on the junction temperature
time behavior.

(2) Simulate transient losses of all semiconductors for
stationary operation of the converter system at a given
output power (Fig.2 and Fig.3). Do this for all output
power levels as defined in the mission profile (3W,
20W, 50W, 200W, see Tab.2) under the assumption of
Ty=130°C.

(3) Extract a compact thermal model from a detailed three-
dimensional description of the MOSFETSs on the PCB
plus heat sink (Fig.4 and Fig.5).

(4) Feed the compact thermal model with transient losses
based on the defined load profile and the loss values
calculated in (2) to get the junction temperatures of all
8 MOSFETs (Fig.6 and Fig.7).
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Figure 3. Simulated time-behavior of system properties for a stationary
operation at 200W. (Top) The three-phase AC voltages uR, uS, uT, the
inverter output voltage uZ and the buck output voltage uOUT; (Middle) the
inverter AC side current of one phase iNR; (Bottom) first-order filtered
transient semiconductor losses of the MOSFETSs S1, S7 and S8.

Current oscillations at load changes typically occur in this
application for durations of 0.2 seconds which means

simulation times of around 8 minutes. Therefore, step (1) is
not critical. For simulating the losses at stationary loads one
just needs a few AC cycles resulting in simulation times
below 5 minutes. Also step (2), resulting in the values of
Tab.2, is not critical.

Pour = 3W / Royr = 2600hm
PV,SI,AVG =0.020W
Pv,s7,AVG =0.132W
Py ssavg = 0.165W

Pour = 20W / Royr = 390hm
PV,SI,AVG =0.136W

PV,S7,AVG = 074W

Pv)gg'A\/G = 077W

POUT =50W/ ROUT =15.7ohm
PV,SLAVG =0.35W

PV,SIAVG =1.67W PV,S7,AVG =6.92W
Py ssavg = 1.69W Py sgavg = 6.57TW

POUT =200W / ROUT =3.90hm
PV,SI,AVG = 159W

Table 2. Simulated average semiconductor losses at different stationary
load conditions assuming T; = 130°C. Average losses are approximately
equal for all six inverter MOSFETs S1, S2, S3, S4, S5 and S7.
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Figure 4. 3D-model of the 8 MOSFETSs mounted onto a 4-layer PCB (green)
with 35u-copper layers (orange). The aluminum plate (light blue) on top of
the MOSFETs represents a small heat sink employing natural convection
(lem-fins every 4 mm - h = 30 W/Km?). Natural convection (h = 15
W/Km?) is assumed to be the dominating cooling mechanism on both sides
of the PCB. The thermal 3D-simulator is part of GeckoCIRCUITS [4].

Setting up the 3D-model of the MOSFETs mounted onto
the PCB including the heat sink plus the copper layer
structures of the 4-layer PCB via schematic entry takes
between 30minutes and 1 hour for the experienced user if a
drawing of the PCB is already available.

Extracting a compact thermal model for the circuit
simulator is time-consuming. The simulator shown in Fig.4
has a built-in algorithm that performs the extraction
automatically ([11], [13]), but finding simulation parameters
(e.g. acceptable error) of this procedure needs a couple of
stationary and transient simulations which might take a
couple of hours. The model extracting algorithm’s effort is
strongly model-dependent. In our application it takes
between 15 and 20 hours and is typically done over night.
In a next step it is planned to significantly increase the
simulation speed of the thermal 3D-simulator by employing
a Multigrid-Solver [14] instead of Gauss-Seidel [15] (as
currently used).

The simulation of the transient junction temperatures
shown in Fig.7 took about 9 minutes. As shown in Fig.7 the
transient temperatures of all 8 switches show approximately
equal temperatures because they are strongly thermally
coupled by the heat sink.



The entire procedure to get the transient junction
temperatures took about 24 hours calculation time with the
main bottleneck of the extraction of the thermal model. With
the implementation of the much faster Multigrid algorithm
as a next step, we assume that this task will be done by
about one order of magnitude faster [14]. The five-step
approach also helped to keep control of the data size and the
data accuracy because the data compression could be
optimized for each individual step.
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Figure 5. Transient thermal step responses of all 8 MOSFETSs based on the
thermal model shown in Fig.4. The curves are very close to each other due
to the aluminum heat sink which provides strong thermal coupling.
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Figure 6. After loading the mission profile (Fig.1(b)) via a signal-block into
GeckoCIRCUITS [4], the time behavior of the semiconductor losses based

on the values of Tab.2 is defined employing the control blocks (green). The
transient semiconductor losses are used to control the eight “power loss*-
sources (red) that feed the transient losses into the symbol of the compact

thermal model (extracted from the 3D-model shown in Fig.4). On the
compact model’s eight input terminals the according junction temperatures
can be measured directly.

By applying the transient temperature to a physical stress-
strain model in the next section, we will estimate the
lifetime of the semiconductors of the power circuit. Because
of lack of experimental data (accelerated testing via power
cycling of the employed semiconductor [16]) we cannot
give absolute lifetime estimates like “the semiconductors
will survive X times Load Profile A”. But we can give a
relative lifetime comparison with a different mission profile.
For demonstration of the proposed procedure we define in
the following a modified load profile with its total energy

consumption and duration unchanged (see Fig.8(a)). We call
this new profile “Load Profile M”. The corresponding
junction temperature for Load Profile M is shown in
Fig.8(b).
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Figure 7. (a) Transient junction temperature [°C] of power semiconductor
S7 simulated as shown in Fig.6 for Load Profile A (Fig.1(b)) over 48 hours
[time-axis: Thour/label ]; (b) Zoom into the most critical “Video Feed”
mode [time-axis: 10min/label ].
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Figure 8. (a) Load Profile M defined for lifetime comparison. Energy
content is equal to Load Profile A as shown in Fig.1(b). (b) Junction
temperature time behavior [°C] for one semiconductor when Load Profile
M is applied. See Fig.7(a) for a direct comparison.

IV. PHYSICAL MODELING FOR LIFETIME ESTIMATION IN
POWER ELECTRONICS

A.  Physical Model of Metal-Interfaces Inside Power-Modules
for Lifetime Estimation

For our physical model, we basically follow the approach
given in [17]-[24] with some modifications [25]. The first
two equations of the stress-strain hysteresis model are given
as



T m1 (7, =) 1+sgn(z, -dy)
Th oo,
Vo= = G(T) pm |TI G" ( ) )
712 :_?Z'FD](Tz_Z))
(1
with
GT)=Gy+G;- T 2)

and G, = 24782MPa, G, = 39.63MPa as defined for
63Sn37Pb [23]. A detailed parameter description of (1) is
given in [17] and/or [24]. Furthermore, we define

Cp ... plastic strain coefficient
m...  stress sensitivity of plastic strain

The stress reduction line employs two parameters K and
D;. K is dependent on the geometry of the solder connection
and the layer-internal spring force, and D, is dependent on
geometry of the solder interface and the mismatch of the
heat expansion coefficient at the interface. Both parameters
K and D, must be identified by fitting of experimental data.

Equation (1) describes elastic strain plus initial plastic
strain. The second set of equations is given as
V2% 7, =D (I, -T))

. 3)
7, =1e = Vs (1,7,) - At
with the secondary creep rate generally given as
Vss =Vssit¥Vssa 4)

Depending on the stress level we employ Dislocation
Control Creep or Diffusion Control Creep ([24]). In case of
Dislocation Control Creep we have low-temperature

dislocation glide process controlled creep
0

.
-5
n 86210 (273+7))

2h e

. G (4
=C —=——-sign T sinh
Y ss1 lT 273 gn( ) (

T

2

)
and high-temperature dislocation climb process controlled

creep
0

h

n 8.62-10’3(27342)

)he

. G a
=C —=———-sign z' sinh
Y ss2 hT 273 ign( ) (

T

2
(6)
where C; and Cy are constants, o is a parameter related to
power-law break down, and n; and n, are the stress
exponents. Dislocation Control Creep can not accurately
predict creep deformation at very low stresses. At the
sufficiently low stress level, the creep process is controlled
by diffusion [24]. Here, for Diffusion Control Creep the

Coble creep model describes low-temperature grain
boundary diffusional creep
. T Q
Yssi =B ——(— 2 = .
'T, +273 G, 86210 (273+1T,)
(7

and the Nabaro-Herring creep model describes high-
temperature matrix diffusional creep

Vss2 =By ——— ( g > }
T +273 G, 86210 (273+7T,)
®)

B, and B, are constants, Q, is the activation energy for
grain boundary process, and Q) is the activation energy for
matrix diffusional process. Equations (5) - (8) are valid
dependent on the actual location in the temperature — stress
plane as defined in [24]. After evaluation of the temperature
— stress location at each simulation step, the relevant
equation has to be selected.

B.  Numerical Simulation of the Stress-Strain Characteristic

With the parameters C;= 2:10~, C,,= 0.25, Ql 48.5, Qy
=81.5, a = 1289, B, = 1.09:10° ”, B,=2.06:10%, Q, = 54.5,
Qn = 87.5, n; = 5, n, = 3 taken from database and/or the
literature [17] - [24], there remains a total of four parameters
(K, Dy, m, Cp) to be found to correctly parameterize the
physical model introduced in the previous section.

The procedure of parameterization starts with the
assumption that we can apply the Norris-Landzberg [26]

equation
k1 -
N, AT
/.4 z[_AJ (QJ exp( (Tn:ale TaxA))
N/’B ATB fB
)

which takes into account not only temperature cycle
(Coffin-Manson [27]) and absolute temperature (Arrhenius
Law) but also the frequency of the cycling test.

With the thermal model of the MOSFET [9] one can
perform numerical temperature simulations of various
different cycling tests as shown in Fig.9. If a certain
parameter set (K, Dy, m, Cp) is assumed, the physical model
will give a hysteresis loop for each parameter test in the
stress-strain plain as shown in Fig.10. If two different
cycling tests of Fig.9 give a certain ratio of the number of
cycles to failure ry = N;a/Ngp according to the Norris-
Landzberg equation (9), then the ratio of the hysteresis areas
(Fig.10) of these two cycling tests must give the same ratio.
This is because the area of the hysteresis loop represents the
energy damage per cycle. If the accumulated energy damage
reaches a certain level the device will fail.

This must be valid for all possible combinations of
cycling tests. If the parameter set (K, D, m, Cp) is chosen
correctly by a search algorithm applied to this
parameterization problem, the condition is fulfilled.

Fig.10 shows the hysteresis loops for a set (K, Dy, m, Cp)
where the maximum error is 1.67 (deviation of 67% from
ideal matching). Since cycling test results often stray by a
factor 2 or more (see [28] for an excellent overview), we
assume this to be an acceptable solution. The search
algorithm applied needed about 15 minutes calculation time
to find this optimum parameter set.
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Figure 9. Simulation of the time-behaviour of the junction temperatures [°C]
of four cycling tests based on the thermal model of the MOSFET [9]. (a)
Pv=320W / £=625Hz / dopx=0.1768; (b) Pv=137W / f=417Hz / dox=0.6749;
(c) Pv=179W / £=278Hz / dox=0.4788; (d) Pv=127W / f=159Hz /
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Figure 10. Simulation of a single hysteresis loop in the stress-strain plane
for the four cycling tests described in Fig.9. The parameters of the
underlying physical model found by the search algorithm are (K=2000,
D,=4.59-107, m=4.4, C;=28.3-10"'%). This parameter set results in a
parameterization error of 1.67.

If the number of cycles to failure N¢ is known for at least
one experiment, the physical model is able to estimate the
lifetime for a certain mission profile in absolute terms: If
one knows the damage energy per cycle (hysteresis area),
and one knows the number of cycles to failure, then the total
damage energy for the device can be calculated directly. If,

for an arbitrary mission profile, the strain is integrated over
the stress based on the physical model, the accumulated
damage energy for that mission profile is found. If the total
damage energy for the device is divided through the
accumulated damage energy for the mission profile, one
gets the number of missions to failure.

In our investigation we do not have experimental cycling
test data for the employed MOSFET [9]. Therefore, we can
only perform a relative comparison between different
mission profiles. In order to find the impact on lifetime for
two different mission profiles (Load Profile A, Fig.1(a), vs.
Load Profile M, see definition at the end of the previous
section) we will apply in the following the according
temperature profiles to our physical model.

V. NUMERICAL SIMULATION OF LONG-TERM MISSION
PROFILES

Integrating stress along strain gives a value proportional
to deformation energy. Stress and strain are not clearly
defined in this model, so the integration gives a value that
can only be used to compare different mission profiles or
has to be parameterized by at least one cycling experiment
(see previous section). In Fig.11 the stress-strain curves for
Load Profile A and Load Profile M are shown in a three-
dimensional representation. Integration and division gives
the ratio

- |

Profile A

o(8)ds / [ o6)ds=138 (10)

Profile M

which means that Profile A results in 7.8 times more
deformation damage than Profile M. Therefore, applying
Profile M will result in an increase of the lifetime of the
semiconductors by a factor 7.8 as compared to the
application of Profile A. This means that 7.8 more missions
of Type M can be performed than of Type A. If data of an
experimental cycling test would be available it would be
possible to make absolute lifetime estimations for both load
profiles.

The numerical simulations shown in Fig.11 took more
than 2 days calculation time for each one. This is due to the
simulation time step that has to be set to a very small value
(by about a factor 100 smaller than for the temperature
simulations shown in Fig.7 and Fig.8(b)) in order to achieve
numerical stability of the physical model (1) — (8). Still one
can clearly see small numerical oscillations of the curves
shown in Fig.11. The result of a relative lifetime difference
of a factor 7.8 (see equation (10)) needs experimental
verification which is part of a research project currently
performed at the PES / ETH Zurich. For verification it is
also necessary to analyze the numerical stability of the
physical model in much greater detail, to speed up the
numerical procedures, and to study the sensitivity of the
physical model concerning parameter changes. This
research is currently performed [25] and will show if the
proposed procedure is reliable enough to be introduced in
the power electronics design process.
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Figure 11. Simulation of the time-dependent stress-strain relation for (a)
Load Profile A and (b) Load Profile M. Parameters of the physical model
are set according to the previous section and caption of Fig.10.

VI. SUMMARY

We demonstrated the numerical calculation of the
semiconductor lifetime of the power electronics of a
wearable power supply (96 hours operation at 3W with short
peaks of 20W, 50W and 200W, and a weight of 4kg). With
a total simulation effort of about 4 days it was possible to
calculate the relative lifetime ratio for two different mission
profiles. The physical lifetime model proposed is very
promising but needs more detailed theoretical analysis and
experimental verification before it can be applied in the
power electronics design procedure.
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