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ABSTRACT Lifetime estimation of power semiconductor devices have been widely investigated to improve
the reliability and reduce the cost of maintenance of power converters. However in most reported work,
the aging effect is not considered in the lifetime evaluation process due to the omission or limitation of
thermal cycle counting method. Additionally, the electrical/thermal simulation and lifetime estimation are
usually implemented in different simulators/platforms, for the same reason. Thus, to tackle these problems,
a concise but comprehensive MOSFET model that enables electro-thermal modeling, aging and lifetime
estimation on LTspice®circuit simulator is proposed in this paper. The idea comes from the fact that,
MOSEFET on-state resistance R s, o, 1S not only temperature dependent, but also widely accepted as the device
failure precursor. In other words, as it carries critical information about instantaneous temperature and aging
progress. Hence, co-simulation can be achieved by constructing electrical, thermal, and aging and lifetime
sub-modules exclusively first, and using Ry, on, to build linkages among them. Averaged modeling technique
is adopted due to the ease of establishing links among these three sub-modules, and fast simulation speed
as compared to a switched converter model. Behavioral models are employed to realize the thermal cycles
counting, stress accumulation and degradation evaluation. This paper demonstrates that it is possible to use
a single simulation software to monitor performances of devices and circuits, and their lifetime estimation
simultaneously. High-stress thermal cycling and long-term random mission profiles are applied to verify
the correctness of the model and to mimic a 10-year load respectively. An accelerated aging trend can be
observed in the long-term mission profile simulation, which is in agreement with the theory. Facilitated by
the employment of averaged circuits, the proposed method is a good simulation/analytical tool to implement
a long-term mission profile that requires reliability assessment.

INDEX TERMS MOSFET model, lifetime estimation, degradation, electro-thermal averaged model,
LTspice simulation.

I. INTRODUCTION

Reliability is one of the most challenging factors that needs
thorough consideration when designing converters/inverters.
It is especially critical for those devices which require to carry
out challenging mission profiles while operating in severe
environmental conditions. In addition, it has also attracted
attention to future power supply design with increasing
power density requirement. To avoid the downtime of power
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supplies and any catastrophic failures both electrically and
economically, reliability assessment and prediction of useful
lifetime of power devices are widely investigated. By know-
ing the effective operation duration of devices, maintenance
can be scheduled before the device fails. Hence, the reliability
of the circuits and systems can be greatly improved, and the
maintenance cost can be saved.

Recent research works focusing on device reliability and
lifetime evaluation are reviewed. In [1], an experimental
platform which allows concurrent execution of accelerated
thermal cycling tests on multiple MOSFETs is built for
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reliability assessment. In [2], a MOSFET reliability model
is proposed to predict Ry, on, parametric drift through ana-
lyzing temperature distribution on the source metal so that
the degree of degradation and lifetime of the MOSFET can
be estimated. Experimental-based or endurance tests are tra-
ditional methods in assessing devices performance. They
are reliable however the process is very time consuming.
Long term and intensive tests are usually needed. Based
on the device-level studies, lifetime descriptive model can
be derived and they are widely employed in evaluating the
lifetime of converters/inverters [3]—[13]. In [3], a fast lifetime
prediction simulation strategy based on conditions mapping
(ambient temperature and load) and look-up tables (losses,
junction temperature and load) is proposed for a SiC power
module used in a PV inverter topology. In [4], an evaluation
of bond wire fatigue of IGBTs in a PV inverter under a
long-term operation are given. In [5], the lifetime of T-type
and I-type power modules employed in 1500-V three-level
PV inverters with different mission profiles and operation
frequencies are evaluated respectively. In [6], the study inves-
tigates both impacts of installation sites and the PV panel
degradation rate on the lifetime of the PV inverters. In [7],
a detailed wear-out failure probability analysis of a PV
micro-inverter is presented aiming at identifying the weak
point and improving the system reliability. In [8], the lifetime
of a modular multilevel converter (MMC) with half-bridge
as submodules operates in an offshore high voltage direct
current offshore wind power system are studied. The impacts
of comprehensive mission profiles on the lifetime of wind
power converters are studied with an improved estimation
method by considering different time scale thermal behaviors
in [9]. Similarly, a comparative lifetime evaluation of several
three-level converters with different modulation schemes are
presented by simulating a 10-MW drivetrain [10]. In [11],
the lifetime of a grid connected voltage source inverter is
estimated, and a thermal resistance feedback system which
reflects the device self-accelerating phenomenon is also intro-
duced. In [12], an online evaluation of the consumed lifetime
of aIGBT full bridge converter is presented through adopting
the electro-thermal model, the physics-of-failure analysis and
the real-time thermal counting algorithm. In [13], an online
rainflow counting algorithm is also proposed to check the
in-service operation of a three-level traction converter.
Although the aforementioned converters/inverters are
applied to different applications in [3]-[13], they follow
a similar lifetime estimation procedure: 1. Apply environ-
ment profiles (e.g. ambient temperature, wind speed, etc.)
and load profiles into inverter/converter in the circuit sim-
ulation tool (e.g. PLECS, LTspice®, MATLAB, etc.), and
get device junction temperature profile generated though
electro-thermal model (ETM); 2. Input the temperature pro-
file into a thermal cycle counting method to distribute the
random cycles into different organized categories. The pro-
cessed cycles information is utilized in the lifetime analytic
model (e.g. Coffin-Manson law, etc.) and damage accumula-
tion model to estimate the consumed and remaining lifetime.

5546

All the works in [3]-[13] have considered the device damage
phenomenon, however, only [11]-[13] have included this
degradation into lifetime estimation. Nevertheless, instanta-
neous updating of thermal resistance caused by aging is not
allowed in [11] due to the application of offline rainflow
counting algorithm. While method used in [12] suits more for
real-time estimation as it used real-time data which contains
aging information already. The problem of offline counting
in [11] is solved in [13], however, this method rely more on
programming, but difficult to be adopted in circuit simulators
as the proposed online rainflow counting algorithm is stack
based.

As the device aging progress is in an accelerated trend,
inclusion or exclusion of this process will cause a significant
difference in estimation results. The estimated lifetime values
of IGBT which included and excluded aging process are
28.25 and 39.5 years respectively in [11]. In addition, it has
also been pointed out that, the lifetime of an IGBT module not
only is dependent on the stress level, but also on the current
health state of a device [14], [15]. Therefore, it will be of
great benefit if the aging parameters can be monitored in the
modeling process. Moreover, most of the studies above inves-
tigate the aging effects on the lifetime of IGBTs, however,
few of them has taken discrete MOSFETS into account, which
are also widely used in current power supplies. As these two
devices are applied to different power rating applications,
different packages are used. For instance, widely evaluated
IGBTs are of the module design for its capability of high
currents handling, while for the MOSFETsS, discrete package
(e.g. TO220, TO247, etc.) are more common. For this reason,
aging impacts on different parameters of these two devices,
for example, thermal resistance of IGBT modules, and Ry, on
of MOSFETs are considered. Noted that, the aging does affect
the thermal resistance Ry, of a MOSFET, and R;;, can be used
as the failure precursor too. However, as compared to the Ry,
the advantages of using Ry o, as healthy indicator are due to
its higher sensitivity and ease of accessibility [16]. Hence,
the aging of Rs, on should be considered.

To tackle this problem and to provide an alternative solu-
tion on an open-source or freeware platform particularly,
a MOSFET model which contains three sub models, namely,
electro-thermal averaged model, aging model, and lifetime
analytic model is proposed in this paper. Co-simulation
of these three models and inclusion of aging effect can
be achieved by forming feedback loops among MOSFET
on-state resistance Ry o,, junction temperature and accumu-
lated stresses. While the lifetime of a device can be evaluated
through assessing the degradation level or, in other words,
the variation of the Ry, »,. Detailed derivation steps of this
model are presented, and simulated results of both accelerated
aging tests and long-term mission profile test are investigated
and discussed.

Il. DERIVATION PRINCIPLE OF THE PROPOSED MIODEL
The aim of this work is to build a MOSFET SPICE model
which can realize online simulation of electrical and thermal
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performances, degradation and lifetime estimation simulta-
neously. To achieve the co-simulation in a single software,
LTspice®, which is a free and powerful circuit simulation
tool is selected in this paper. Since it focuses more on
electrical domain simulation, transformation between ther-
mal domain and electrical domain requires thermal-electrical
analogy. The temperature (°C) and power loss (W) in the
thermal domain are represented by a voltage source (V)
and a behavioral current source (A) in the electrical domain
respectively.

An overview of the model operation principle is shown
in Fig. 1. An averaged circuit of a power converter, i.e. a boost
converter is taken as an example, is adopted to achieve
time-effective electrical simulation, while the device tem-
perature can be easily estimated by constructing a resis-
tor thermal network. Combining these two models together,
a complete electro-thermal averaged model (ETAM) is
formed. The lifetime analytic model and MOSFET degra-
dation model are added with the help of behavioral models.
Instead of using a fixed R s 0n value in the electrical model,
a variable which is a function of its initial electrical charac-
teristic, temperature and aging effects is used. Through this
approach, the feedback loops between any two models are
formed. The complete circuitry of the proposed MOSFET
SPICE model developed in LTspice®is shown in Fig. 2,
while the derivation principles of sub-models contained in the
model are discussed as follows.
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FIGURE 1. An overview of the proposed integrated electro-thermal
averaged modeling, aging and lifetime model.

A. DERIVATION OF THE ELECTRO-THERMAL AVERAGED
MODEL (ETAM)

The derivation and verification of the electro-thermal aver-
aged model is based on the previous work developed in [17].
This model mainly contains an electrical model and a thermal
model, and they are linked by utilizing the characteristic that
the MOSFET Ry; o is temperature dependent.

1) ELECTRICAL MODEL
The derivation principle of the circuit is similar to the conven-
tional averaged boost circuit. The inductor and diode series
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resistances are combined and represented by R.,, Vp is the
diode forward voltage drop, D and D’ are namely the duty
cycle and its inverse respectively. Additionally, two main
modifications are made. First, the R4s o, 1S no longer a fixed
value but is temperature and aging dependent. The value
can be estimated by (1), in which, Rjr, Tj, ARgs,on, and o
indicate the initial Ry o, value, MOSFET junction temper-
ature, degradation caused increment of resistance ARy on
and coefficient respectively. Two factors that contribute to
the increase of 7} are conduction losses and switching losses.
As the averaged model is switching frequency independent,
while the switching losses play a significant role especially
at a high frequency, the second modification is to induce
the switching losses effects into the averaged model. The
losses can be calculated by using (2), where the term f;,
T,, Ty, Iin, Vour indicate the converter operation frequency,
MOSFET turn-on rise time, turn-off fall time, input current,
and the output voltage respectively. The switching losses can
be represented by using an extra equivalent variable resistor
(Rsyy = Py /Il%l) in the circuit. Alternatively, a simple extra
voltage source Vj,, by using (3) can be added as a result of
(2), and the calculation steps can be saved. Regarding the
conduction losses, it can be easily calculated by (4), where
Iy, 1S MOSFET RMS current. The losses will be input into
the thermal model.

a Fp— o
Ris.on = (Rinit + ARgs,on) - (1 + _)T/ 25°C (1

100
Py, =05 fs (T, + Tf) *Vour * Iin 2
Vaw = 0.5 fb (T, + Tf)  Vour 3)
Pcond = iirms . Rds,on -D (4)

2) THERMAL MODEL

A simple thermal model is formed by injecting power losses
into a resistance network. Both switching and conduction
losses represented by two behavioral current sources PL_SW
and PL_Ron are considered in Fig. 2, and input into two ther-
mal resistances, namely, junction to case Rj, case to ambi-
ent R., of MOSFET. Noted that, since the averaged model
considers the steady state operation, thus, instead of using
conventional RC foster or cauer thermal network, only R is
considered here. The T}, represented by a voltage source is the
ambient temperature. In simulation, a constant temperature is
used for the accelerated tests. While for the long-term mission
profile simulation, 7, which composed of daily and annually
information with some noises is adopted, to mimic a more
realistic environment profile. It is made by merging two sine
waves with some randomly generated noises. Alternatively,
it can be achieved by importing a real environment profile.

B. DERIVATION OF LIFETIME ANALYTICAL MODEL AND
AGING MODEL

In addition to its temperature-dependent characteristic of
MOSFET Ry; on, it is also widely accepted as a device failure
precursor. In other words, Ry, ., contains device degradation
information too. Thus, advantage can be taken by adding the
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FIGURE 2. The detailed circuitry of the proposed integrated electro-thermal average model, aging and lifetime model developed in LTspice®.

degradation effects into the derived ETAM. Another benefit
of employing the averaged circuit over the switching-mode
circuit is that, it is well suited for simulating long-term mis-
sion profile due to its fast simulation speed.

1) LIFETIME ANALYTICAL MODEL

In order to evaluate the lifetime of MOSFET, the widely
accepted Coffin-Manson law (5) is adopted to evaluate the
device failure cycles. Parameters Ny, AT, T, E, and k
are namely, number of cycles before a device generates a
fault under certain thermal stress, junction temperature swing,
mean temperature, thermal activation energy and Boltzman
constant respectively, while § and A are empirical coeffi-
cients. Another important factor in lifetime estimation is the
accumulated stress Q, which evaluates the stress that a device
has undertaken after a number of thermal cycles. Widely
adopted method to calculate it is by using the Miner’s rule (6),
where N; indicates the cycles a device has performed. Once
the Q value reaches one, the threshold of the end-of-useful
lifetime of a device is reached. Thus, a continuous and linear
accumulation of Q can be observed.
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To calculate the above two equations, it is necessary
to count thermal cycles and to collect the AT; and T,
data in each cycle. Counting algorithms, such as, half-
cycle, maximum-edge, and the rainflow counting methods are
widely adopted and compared [20]. The rainflow counting
method is the most popular one with high accuracy. However,
it usually needs to be applied offline as a complete thermal
profile is required. Therefore it is not suitable to implement
as an online algorithm in circuit simulation. In this paper,
the half-cycle peak through counting method which counts
the cycle rising and falling slope as 2 half cycles is adopted.
The detailed operation in simulation is to compare the T;
amplitude of the current thermal cycle to the previous one,
and generate the difference AT; and mean temperature T,
curves. The values are fed back to (5) and (6), and counted as
half cycle.

Eq
Ny = AT)AyeFn )
n
N;
0=>Y -* (6)
o N
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2) AGING MODEL

An aging model is included in this work to compensate the
Miner’s rule, as the linear stress accumulation can hardly
reflect the self-accelerating degradation process [11]. A stress
feedback model and a non-linear stress accumulation model
are proposed in [11] and [21] respectively to reflect the
IGBT degradation performances. In this paper, the feedback
method is adopted, since the nonlinear method suits more
for the IGBT thermal resistance failure mechanism which
has a long crack initiation stages but will be propagated fast
after reaching a certain limit. While for MOSFETs, although
the aging is similarly in an exponential trend, the growing
is not as steep as IGBT. Based on the study in [1] and [2],
the aging of MOSFETS can be observed through monitoring
the increment of Ry o,. Two different models are proposed
by them to represent this phenomenon.

In [1], an exponential degradation model represented
by (7) is proposed based on the experimental results,
as shown in Fig. 3, where « and § are coefficients which
can be obtained through using curve fitting tool, and
Rinir is the initial Ry o, value. Therefore, the incremental
ARgs.on = e’

Rds,on(t) = aeﬂt + Rinit @)

Since this model is derived from experimental results,
a direct deployment as such can effectively depict the degra-
dation of the device. However, different stresses will give
different degradation performances, which will result in dif-
ferent o and B values. In other words, one group of « and
values is only suitable for a certain stress operation. This will
bring difficulties in calculating the accumulated stress when
a practical mission profile is applied.

To solve this problem, a Remaining Useful Lifetime (RUL)
estimation method is proposed in [19] through using Kalman
filter and online computation to continuously update these
two values. A random sample consensus (RANSAC) algo-
rithm coupled with a sliding window method are proposed
in [22] to delete outliers and to track some nonlinear samples
in the experiment data respectively to improve the RUL esti-
mation accuracy. These two methods focus on improving the
accuracy of predicting the aging growing trend or failures on
real data sets, as they are capable of dealing with sampling
noises, hence, they are more suitable for real-time prognosis.

In this paper, a straightforward approach to approximate
o and B values is proposed to give a general estimation.
By taking the natural logarithm of both sides of ARy on =
aelt it produces (8). A linear equation can be obtained,
where f represents NV; cycles, f is the slope and « is the initial
value. To verify this, degradation data points of cases (A)-(C)
in Fig. 3 are extracted, and the o and 8 values are obtained
through curve fitting. Following (8), the sample points are
replotted in Fig. 4, which all three cases show almost linear
growing trend. Another thing that worth noticing is that,
the initial increments of ARy, ,, remain small for all devices
under different stress levels. This can be observed from both
Figs. 3 and 4, where the In(ARgs,0n) ranges from -7 to -6,
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which is equivalent to 0.00091 to 0.00245. The range may
contain small mismatches as compared to the real experimen-
tal results due to extraction errors, however, it still gives an
insight into the estimation. Hence, an assumption is made that
asmall and fixed « value 0.0015 which is when In(AR 45, on) =
—6.5 is applied to all cycles, such that, the 8 can be easily
calculated by taking the preset maximum allowed ARy on
value, Ny for a certain stress into the equation. Both of the
curve fitted «, B values and the calculated ones are shown
in Table 2, together with its corresponding Ny cycles.

ln(ARds,on) = ln(ot) + ,Bt (8)

In [2], the authors point out that the variation of ARys ., can
be related to the accumulated stress Q. A maximum ARy on
of 0.2 p.u. of its initial Rys o, is set as the upper limit of a
device before it is actually failed. Hence, the development of
stress related aging model can be represented by (9).

ARgson =02 Rinir - Y Ff =02 Ryt -Q (9
i=1

As discussed above, coefficients in the exponential equa-
tion may differ from one to another due to different stresses.
In contrast, this approach gives a more simple and general
solution as it is stress related.

All of these three aging models, namely, the exponential
degradation model proposed by [1], the modified exponential
model by authors, and the stress related model by [2] will be
evaluated and discussed in Section III.

C. DESCRIPTION OF LTspice®FUNCTIONS USED IN THE
CIRCUIT

A few functions employed in the behavioral current or voltage
sources are explained in Table 1, and the description can be
found from [18]. Another special symbol A2 adopted in the
aging and lifetime model is the sample and hold function.
Due to the maximum allowed sample voltage, which is 10V,
the MOSFET junction temperature needs to be scaled down
before input to this function. It can be converted back to its
original value by using the behavioral source.

TABLE 1. Description and explanation of LTspice®Functions used in the
proposed model.

. . Purposes of these
Function Description [18] functions in the model
. filter out fraction for
ceil(x) Integer equal or greater than x .
ease of calculation
min(x,y) The smaller of x or y limit Rgs,on
idt(x) Integrate x accumulate stresses
random(x) | Random number between [0,1] generate noises
generate a waveform
delay(x,t) x delayed by t with t cycles delayed
for comparison
abs(x) Absolute value of x calculate AT

5549



IEEE Access

T. Cheng et al.: MOSFET SPICE Model With Integrated Electro-Thermal Averaged Modeling, Aging, and Lifetime Estimation

IIl. SIMULATION RESULTS

In this section, simulation results of the proposed MOSFET
model with high stress thermal cycling mission profiles and
a long-term random one are given. As the authors have
provided very detailed experimental results and explanations
in [19] based on the experimental platform built in [1], hence,
in this work, the same MOSFET model IRFP340 with initial
Rinir at 0.423 ohm is used. Following this work, the degra-
dation limit of ARy o is set to 0.12 p.u. instead of 0.2 p.u.,
which is equivalent to 50 mS2. The values of parameters V,,
fs» D, Ry, and Vp in the open-loop converter operation are
12V, 100 kHz, 0.5, 0.03 ohm and 0.55V respectively.

A. HIGH STRESS THERMAL CYCLING MISSION PROFILE
To verify the correctness of the proposed model, mission pro-
files which mimic the high stress thermal cycling experiments
done in [19] is applied to the model first. Four cases are simu-
lated here, A) AT = 160 °C, T,,, = 160°C, B) AT = 140°C,
Tm = 140°C, C) AT = 130°C, T, = 145°C, and D) AT =
80°C, T,, = 120°C. A simple electrical circuit is adopted
here to achieve the thermal cycling simulation, by using a
DC voltage source in series with the MOSFET Ry, o, and a
pulsating load. Only conduction losses need to be considered
in this simulation and the pulsating load allows the device to
reach the desired temperature swing AT and mean tempera-
ture 7, easily. The thermal and lifetime submodules remain
unchanged. A constant ambient temperature 7, = 25°C
is assumed for all four cases in the simulation. Part of exper-
imental results of cases (A) to (D) from [19] are replotted
in Fig. 3, where multiple groups of testing results of cases
(A) and (D) are given, while a single group of result of
cases (B) and (C) is provided respectively. Noted that, due
to the small discrepancies of devices in manufacture set-
tings, degradation performances of devices differ from one to
another. This can be observed from the experimental results
of both cases (A) and (D). Hence, selected experimental
results are used to derive the coefficients § and A in (5),
which are -5.2776 and 4.9283 x 10'3 respectively given
in [19]. Hence, the calculated Ny based on Coffin—-Manson
model (5) for above four cases are namely, 750, 1586, 2410,
and 35200 cycles. Selected experimental results of cases
(A)-(D) are Rey, R14, R24, and Rgp from Fig. 3 respectively,
as they match the calculated Ny better.

To give an overview evaluation of the proposed model
which embeds with the aforementioned three different aging
models respectively, the Ny results of cases (A)-(D) of them
are summarized and compared in Table 2. As can be observed,
for the exponential model proposed by [1], since this model
is based on the experimental results, where «; and B; val-
ues are extracted through curve fitting these devices aging
waveforms, this method allows an effectively depiction of the
aging of a device. For the exponential aging with the proposed
a3 and B, values, the simulated Ny fits the calculated Ny more
for all cases as compared to the experimental results. It is
because B is obtained from the calculated Ny value. Hence,
a conclusion can be made that, the accuracy of this method is

5550

ATy = 160°C
;
0.06 Tjmax = 240°C

AT, = 140°C AT, = 80°C
Tymax = 220C

Tymax = 160°C

AT = 130°C
Tymax = 210°C

ARdson (Q)
&

1000 10000 50000
Cycles
—o—Rla —+—R2a —+—R5a ——R6a —+—R7a R8a

R3b R7b —=—RS8b

FIGURE 3. Replotted experimental results from [19] of online ARys op
monitoring during thermal cycling under three different conditions:
(A) ATj = 160 °C, Tmax = 240°C (R5a-R8a) (B) AT; = 140°C,

Tmax = 220°C (R1a), (C) AT; = 130°C, Tmax = 210°C (R2a), and

(D) AT = 80°C, Tjy = 120°C (R3b, R7b and R8b).

-2.5
-3.0
-3.5
-4.0
-4.5
-5.0
-5.5
-6.0
-6.5

-7.0
0 500 1000 1500 2000 2500

Cycles

Ln(ARdson)

—s—Nf=710
Nf=1430
——Nf=2410

FIGURE 4. Natural logarithm plot of ARy ., = xePt with the Ny for
cases: (A) AT; = 160 °C, Tjmax = 240°C, (B) ATI- = 140°C, Tmax = 220°C,
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in relation to the precision of Ny lifetime analytical models.
While for the stress related model, it gives closer to the exper-
imental results in most cases. However, a relatively bigger
error in terms of the aging trend will occur in the high stress
thermal cycling simulation as can be observed from Fig. 5, for
example, maximum of 15 m2 error can be found in case (A).
Nevertheless, the error can be minimized in the long-term
mission profile simulation, as to reach the maximum limit
it needs hundreds of thousands of cycles. This conclusion
can be found from observing case (A) to case (D). With the
increase of Ny cycles, mismatches between simulation and
experiments are reduced, from maximum of 15 m€2 to around
8 m. Since, in relatively low stressed (e.g. case (D)) ther-
mal cycling experiments, both the exponential and the stress
related description models give flat growing trends. In other
words, the stress related model will be more closer to the real
exponential increasing trend, hence, less mismatches or errors
when it is used to estimate the aging ARy op-

In addition, another experiment in [19] which investigates
the ARys on variation of a device under different stresses is
also simulated. The operation is to keep T, at 180°C, while
changing the AT; from 180°C to 140°C at 150 th cycle.
The experimental result of the ARy o, variation from [19]
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TABLE 2. Comparison of the Nf cycles among the experimental results, the calculated values and the proposed model with two different aging models

respectively.

AT T Calculated Measured  Experimental results Proposed Ny With Aging ARy, o, =
J m .
Ny Ny in [19] al 81 a2 B2  apefit  qgef2t 0.05*%Q
Case A 160 160 750 200-750  0.313E-3 6.93E-3  1.5E-3 4.67E-3 710 750 715
Case B 140 150 1586 1430  2.413E-3  2.124E-3 1.5E-3 2.21E-3 1430 1593 1480
CaseC 130 145 2410 2410  2.696E-3 1.218E-3 1.5E-3 1.453E-3 2410 2390 2350
CaseD 80 120 35.2k 20-35k 3.7E-3 8E-5 1.5E-3 9.95E-5 31.5k 35.5k 32k

ARdson ()
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Simulated result (0.05Q)

Case C

—e— Case A Case B —@— Casc C

FIGURE 5. A comparison of ARy o, aging performances between the
simulated stress related model and the experimental results of cases (A),
(C), and (D).
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FIGURE 6. Simulation results of the proposed model with exponential
and stress related aging models, and experimental results from [19] of
ARgs, on resistance variation when AT; is reduced from 180°C to 140°C at
150 cycles with the same T, = 180°C.

and the simulated results of both two models are shown
in Fig. 6. As can be seen, to reach the 0.05 ohm limit of
AR5, on, the simulated Ny of both two models are close to
the experimental result which is 914 cycles, with 930 and
950 cycles for the exponential method and the stress related
model respectively. However, in terms of the growing trend,
the exponential method gives a better performance. A steep
increase occurs at 150th cycle due to the change of load, as the
o value for the second load is no longer 0.0015, but will be
the accumulated AR ,, caused by previous load which is
around 0.05 in the graph. Since the degradation is irreversible,
it is necessary to redefine the initial point. And it also verifies
that, the degradation is not only based on the ATj, but also
on the device current health state in [14], [15]. While for
the stress related method, since it follows the Miner’s rule,
the ARy, o, increases very fast when under high stresses.
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The calculated Ny is 371 cycles at AT; = 180°C, hence,
at 150 th cycle, the accumulated Q is around 0.4, and the
estimated ARgs o, is 0.02 ohm. The growing trend slows
down after the load is changed as the stress is lower. This
simulation has also validate the point that, a relatively large
mismatches can be obtained when use this model to depict
high stress thermal cycling experimental results.

To sum up, the exponential model gives a better perfor-
mance as compared to the stress related model when with
high stress thermal cycling mission profiles. However, this
advantage will be diminished in long-term lifetime simula-
tion, as the ARy o, Will give more flat aging trend. Both of
these two methods can be used in long-term mission profile
simulation. In terms of simplicity, the stress related method
is adopted and discussed.

B. RANDOM MISSION PROFILE

Fig. 7 gives a complete simulation result of the proposed
model with a random mission profile for 120000 seconds
(120 Ks) which mimics 10 years load. Fig. 8 gives a
close view of a 0.4 Ks simulation results from 11.6 Ks
to 12 Ks. The load R; changes every 5 seconds (5 s)
which translates to a change in every 4.8 hours in real life.
The ambient temperature profile 7, which includes both
annually and daily information is adopted to reflect the
device operation environment. Both of these two profiles are
periodical and annually based. In the simulation, they are
represented by voltage sources V(ta) and V(rl) respectively.
The estimated T} expressed by V(tj_mos) is within the range
of 40 °C - 185 °C. As can be seen from Fig. 7, the Q value
V(q) reaches 1.1 after 120 Ks, while at 12 Ks in Fig. 8,
the value is about 0.077. The lifetime of the device is around
13 years if no aging effects is considered. However, due to
the induced degradation feedback loop which accelerates the
aging progress, the lifetime is shorter than 13 years, which
occurs at 116 Ks (equivalent to 9.67 years). V(rds), which
indicates the R s on With aging (Rinir + ARgjs,on) grows in a
similar trend with V(q). While for V(rds_ins), which reflects
the aging and temperature dependent real-time Rgs op, its
values at later 60 Ks are clearly higher than the previous 60 Ks
due to the increase of V(rds). V(out) indicates the converter
output voltage, due to the open-loop operation, the value
varies in the range of 17-21.6 V range. A low V(out) can
be found when 7} is high, as the V(rds_ins) is high, more
conduction losses are generated.
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FIGURE 7. An overview of simulation results of a 120 Ks random mission
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FIGURE 8. A close look of Fig. 7, showing the last 0.4 Ks simulation
results from 11.6 Ks to 12 Ks in the first periodical period (12 Ks).

Fig. 9 shows the detailed junction temperature data pro-
cessing steps. Sample and hold function is used to extract the
V(tj_mos) at each load, giving the V(sampling) waveform.
Based on it, a continuous comparison between the current
temperature value and previous one is made to calculate the
difference AT; and the mean temperature T, and it is fed back
to (5). As can be seen from the graph, the accumulation of
V(q) remains flat when AT; is low even T}, is high. Mean-
while a steep increase can be observed when ATj is high.
Due to the transformation between different domains and
adoption of behavioral models, the real unit of each measured
waveform has been clarified in Figs. 7-9.

C. SIMULATION SPEED
In this section, the running time of a thermal cycling

profile and a long-term profile of the proposed model
is compared with a modified MOSFET SPICE model.
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FIGURE 9. T; data processing stage, including sampling and extraction,
Tm and AT; calculation, and Q stress accumulation.

The simulation is completed in a laptop computer, with
Inter(R) Core(TM) i7-7600U CPU. The modified MOSFET
SPICE model has the same functionality as the proposed
model, and the derivation follows similar procedures intro-
duced in this paper. Some minor modifications are made:
1. In the electrical model, an extra resistor is added and
connected in series with a normal MOSFET SPICE model
representing the increments of R s on caused by the tempera-
ture and aging; 2. In the thermal model, a foster RC network is
used which enables users to see the instantaneous temperature
changes. The construction of the electro-thermal model of
the modified MOSFET SPICE model can be found in the
previous work in [23]. Detailed evaluation and comparison
of these two models are given in Table 2.

TABLE 3. A comparison of elapse time of running the thermal cycling
simulation and long-term simulation between a switching model and the
proposed model.

. . Thermal cycling | Long-term mission

Simulation tasks
profile (8 Ks) profile (5 s)

Frequency (Hz) 0.1 10k 20k 50 k
Elapse time of the |, o 819.5 | 13127 | 3956
switching-model (s)
Elapse time of the 1, )¢ 0.145 | 0.119 | 0.148
proposed model (s)

As can be seen, in the 8 Ks high stress thermal cycling
simulation, the proposed method does not show significant
improvement of simulation speed over the switching model,
due to low operation frequency of this mission. However,
in the long-term mission profile simulation, with the increase
of the switching frequency, the simulation time of the switch-
ing model rises dramatically, with 819.5 s, 1312.7 s and
3955.7 s for 10 kHz, 20 kHz and 50 kHz respectively. Mean-
while, the proposed model achieves a relatively constant
simulation speed for all three cases and is at least 5600 times
faster than switched model. The gap further increases when
the switching frequency increases.

IV. DISCUSSION
As the proposed model takes advantage of the ETAM which
is independent of frequency, and the switching losses related
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terms are add-ons and are represented by equations, this
model is well suited for assessing a device which deals with
high switching frequency operation, long-term and complex
mission profiles. In addition, the precision of the model can
be improved by using more accurate equations of such as,
switching losses, Ny, and etc. One may argue that this model
has not taken parasitic parameters or manufacture settings
of the device into consideration. Noted that, the dominant
affected parameter in this device is Rys o, from both of the
thermal and aging point of view. In addition, the manufacture
settings are not easy to be reflected in modeling level, and
this scenario happens on the normal MOSFET SPICE model
as well. Since devices may differ from one to another, while
modeling gives a general information of a device, the com-
mon solution to solve it is to use the Weibull analysis to get
the time-to-failure probability distribution. Alternatively, for
an operating system, online monitoring or prognosis of Ry on
can be implemented to evaluate the device lifetime.

The proposed model allows an instantaneous calculation of
the accumulated stress and aging at each half thermal cycle,
thanks to the ease of construction of the half-cycle thermal
counting algorithm in the circuit simulator. Although it is a
widely accepted method, one drawback is that, the accuracy
of this algorithm is not as good as rainflow counting method,
especially when the device has large temperature fluctua-
tions [20]. Hence, one potential future work is to develop a
more accurate thermal counting method in the circuit simula-
tor. Another limitation of this work is that, this model has not
considered other failure modes like short circuit, etc. at this
stage, which could be considered for future work.

V. CONCLUSION

In this paper, a MOSFET model which merges electro-thermal
averaged modeling, aging and lifetime evaluation is proposed
in LTspice®, which is a powerful yet freeware circuit simu-
lation tool. Derivation principle of the proposed model are
discussed, and two aging descriptive models embedded in
it are also investigated and compared. Key features of this
work are that, it takes the device aging phenomenon into
consideration when estimates its lifetime; secondly, online
monitoring of electrical and thermal performances, stress
accumulation, degradation and lifetime consumption can
be realized simultaneously, which are achieved by using
thermal-electrical analogy and behavioral models. High
stress thermal cycling simulation is implemented for veri-
fication purpose. The results show an agreement with [19].
While for the long-term load simulation, an accelerated
degradation progress can be observed due to the accumulated
stress on device. The estimated lifetime with and without
inducing aging effects are equivalent to 9.67 and 13 years
respectively. Thus, it is important to consider aging when
evaluating device lifetime. Another benefit of the model is
the fast simulation speed due to ETAM, allowing a 120 Ks
simulation to be completed in around 46 s. Hence, the model
has high potential for long-term lifetime evaluation of circuit
device.
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