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Overview of Real-Time Lifetime Prediction and
Extension for SiC Power Converters
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Abstract—Remaining useful lifetime prediction and extension
of Si power devices have been studied extensively. Silicon carbide
(SiC) power devices have been developed and commercialized.
Specifically, SiC MOSFETSs have been utilized for the next generation
high-voltage, high-power converters with smaller size and higher
efficiency, covering various mainstream applications, including
photovoltaic systems, electric vehicles, solid-state transformers,
and more electric ships and airplanes. However, the SiC-based
devices have different failure modes and mechanisms compared
with Si counterparts. Therefore, a comprehensive review is critical
to develop accurate lifetime prediction and extension strategies for
SiC power converter systems. The SiC power device component-
level failure modes and mechanisms are first investigated. Different
accelerated lifetime tests and component-level lifetime models are
then compared. Power converter system-level offline lifetime mod-
eling techniques and software tools are further summarized. Be-
sides, the SiC power converter condition monitoring strategies and
health indicators are surveyed. The online measurement challenges
are also studied. Furthermore, the system-level lifetime extension
strategies are reviewed. By integrating device physics, statistical
modeling, reliability engineering, and mechanical engineering with
power electronics, this article is intended to provide a comprehen-
sive overview, address existing challenges, and unfold new research
opportunities regarding the SiC power converter real-time lifetime
prediction and extension.

Index Terms—Accelerated lifetime test (ALT), active thermal
control, ageing indicator, condition monitoring, failure mode,
lifetime control, lifetime modeling, reliability, remaining useful
lifetime (RUL), silicon carbide (SiC) MOSFET, temperature-
sensitive electrical parameter (TSEP).
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NOMENCLATURE
Oxide capacitance.
Drain—source current switching rate.
Plastic strain change in thermal cycles.
Temperature range in the entire thermal cycle.
Elastic temperature range.
Junction temperature swing.
Turn-ON time duration.
Bond wire strain.
Bond wire plastic strain.
Activation energy.
Switching frequency.
Drain—source current.
Drain leakage current.
Gate current plateau.
Gate leakage current.
Boltzmann’s constant.
Gate length.
Solder crack length.
Lifetime of components under normal use.
Lifetime of components under voltage stress.
Channel length modulation factor.
Failure rate of the ith individual component.
Maximum failure rate among all components.
System failure rate.
Electron mobility.
Number of cycles to failure.
Drain—source ON-state resistance.
Body diode ON-state resistance.
Junction-case thermal impedance.
System reliability.
Junction temperature.
Maximum junction temperature.
Average junction temperature.
ON-state collector—emitter voltage.
Drain—source voltage.
ON-state drain—source voltage.
Body diode forward voltage.
Gate—source voltage.
Gate—source voltage Miller plateau amplitude.
Normal voltage amplitude.
Stressed voltage amplitude.
Threshold voltage.

Accelerated lifetime test.
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BN Bayesian network.

CTBN Continuous-time BN.

CTE Coefficient of thermal expansion.
DBN Dynamic BN.

DCB Direct copper bonding.

DFTA Dynamic fault tree analysis.
DPWM Discontinuous PWM.

DRBD Dynamic reliability block diagram.
DTBN Discrete-time BN.

DUT Device under test.

EKF Extended Kalman filter.

FTA Fault tree analysis.

GaN Gallium nitride.

HTGB High-temperature gate bias.
HTRB High-temperature reverse bias.
KF Kalman filter.

MC Markov chain.

MTTF Mean time to failure.

PC Power cycling.

PF Particle filter.

PoF Physics of failure.

PWM Pulsewidth modulation.

RBD Reliability block diagram.

RUL Remaining useful lifetime.

SiC Silicon carbide.

TC Temperature cycling.

TDDB Time-dependent dielectric breakdown.
THD Total harmonic distortion.

TS Thermal shock.
TSEP Temperature-sensitive electrical parameter.

I. INTRODUCTION

OWER converters are the key power-processing compo-
P nents for many emerging applications including renewable
energy generation and storage systems, electric or hybrid electric
vehicle drives, solid-state transformers, more electric ships and
airplanes, etc. To reduce the total design and maintenance cost,
and to guarantee the uninterrupted power delivery system opera-
tion and the human safety, two generalized approaches have been
extensively studied. One is from the perspective of the design for
reliability [1] through integrating the reliability and durability
analysis into the design period. Most recent research in this area
has adopted artificial intelligence methods such as artificial neu-
ral network to optimize the balance between design parameters
and reliability indexes [2]. Another more widely researched
method is regarding the accurate remaining useful lifetime
(RUL) prediction of power converters, which can help prevent
unwanted failures and generate better maintenance plans. This
work will focus on the second one. The reliability and lifetime
prediction of silicon (Si) semiconductor device based power
converters have been commonly investigated [3]-[11]. Over the
past decade, power converters based on silicon carbide (SiC)
semiconductor devices such as SiC MOSFETs have demonstrated
superior performance in terms of efficiency and power density
[12]-[15]. Compared with Si devices, SiC MOSFETs feature
higher withstand voltage, higher operating temperature, higher
switching frequency, and smaller ON-state resistance [16]-[19].
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Nevertheless, SiC MOSFETSs are facing new reliability challenges
compared with Si devices [20], [21]. Therefore, to design more
reliable SiC power converters, an understanding of additional
SiC MOSFET failure modes, lifetime prediction approaches, and
online monitoring strategies is needed for real-time lifetime
prediction.

SiC MOSFETs have the chip-level and package-level failure
modes. The chip-level failure modes are mainly related to gate
oxide and body diode. Compared with Si devices, the gate oxide
of SiC MOSFETs has a higher probability of time-dependent
dielectric breakdown (TDDB) according to the following three
aspects.

1) Higher electric field is normally used to achieve lower

channel resistance.

2) Higher temperature operation is preferred to shrink the
cooling systems.

3) Higher Fowler—Nordheim tunneling current exists due to
smaller conduction band offset between SiC and SiO
[22]-[25].

The body diode failure of SiC MOSFETSs is primarily caused by
stacking faults. Most of the package-level failure modes appear
at bond wires and solder layers. The bond wires between the
SiC die and the direct copper bonding (DCB) are less reliable
compared with those in Si-based devices, due to worse flexibility
caused by about ten times hardness of SiC material [26]. Besides,
both the bond wires and solder layers in SiC devices are more
possibly subjected to thermomechanical degradation caused
by coefficient of thermal expansion (CTE) mismatch during
commonly higher temperature operation. Therefore, the SiC
MOSFET failure modes, mechanisms, and indicators are essential
to develop the component-level lifetime models.

Traditionally, to generate a lifetime prediction, offline lifetime
models are developed. These models need statistical methods
such as Monte Carlo analysis for the parameter estimation
[3], [4], [6], [7]. To verify the validity of the lifetime models,
accelerated lifetime tests (ALTS) to stress certain failure modes
should be performed [6], [7], [10]. The lifetime prediction of
power converters could be investigated from the component level
to the system level. The main components of power converters
include active switches, capacitors, and inductors. The lifetime
models of these components have been developed based on
PoF, data-driven, and hybrid methods. They are verified by
ALTs [27]-[32]. Based on component-level lifetime models,
the system-level lifetime models could be developed by RBD,
failure tree analysis (FTA), and Markov chain (MC) [4]-[11],
[33]. However, the offline system lifetime model accuracy is lim-
ited, since it cannot be dynamically adjusted during the system
operation. A more accurate real-time lifetime model with data
updating features is needed through condition monitoring. How
to combine the monitored degradation indicator information and
the ALT-based statistical models is the major challenge.

The semiconductor device reliability has been reviewed sys-
tematically [34]. Failure mechanisms and lifetime prediction
techniques have also been summarized in [35]. But these pa-
pers have not covered the RUL estimation modeling methods
of the power converter systems. Besides, the RUL estimation
models have been thoroughly analyzed in [36]-[38]. But they
are presented in a generally statistical way. Therefore, it can be
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concluded that there is no dedicated overview on system-level
RUL estimation and extension for SiC power converters.

This article intends to address these challenges and provide a
comprehensive overview of the real-time lifetime prediction and
extension strategies for SiC MOSFET-based power converters.
Fig. 1 shows the organization of this overview. Due to the
space limitation in this figure, only typical ageing indicators and
online monitored parameters have been included. More health
indicators will be explained further. As shown in this figure,
lifetime modeling can be conducted either offline or online.
By combining the static offline lifetime models with real-time
data through online monitoring, it is possible to generate a more
accurate real-time estimation method for RUL.

This real-time SiC power converter lifetime prediction
methodology could be explained in the following four steps.

A. Health Indicator Monitoring and Calculation

Both the chip-level and the package-level failure indicators
could be monitored online. By measuring these parameters, the
lifetime models derived from the ALTs could be updated, and the
corresponding real-time lifetime models could be developed. For
example, the ON-state device voltage has been measured in real
time to reflect the package-level degradation such as the bond
wire liftoff [39], [40]. The Miller plateau amplitude has been
measured to detect gate oxide ageing [41]. Equivalent series
resistance (ESR) and capacitance have been monitored to tell
the dc-link capacitor health condition [42]. Section II will be
dedicated to more detailed health indicators.

To estimate the model parameters in the lifetime models of
each component, algorithms such as the Kalman filter (KF), the

<—  Online Dynamic Lifetime Model Updating —>

Online and offline system lifetime modeling summary for power converters.

extended KF (EKF), and the particle filter (PF) could be used.
Section IIT will analyze more in this modeling part.

B. Component Health Indicator Integration

Since a component could have more than one health indi-
cator, an integration should be conducted for each component.
In this procedure, all the monitored health indicators of each
component are integrated to reflect the health condition for this
specific component. For example, 11 health indicators have been
collected and processed through principle component analysis
to detect unsupervised degradation in the SiC MOSFETs [43].

C. Component Interdependence Consideration

Different failure indicators can be the cause and result of
each other. For instance, the negative bias temperature stress
results in negative shift of Vi, which induces the increase of
I4ss [44]. Besides, when solder-fatigue happens, the thermal
impedance increases, which causes T} to rise. This, in turn,
results in an increase of Vjs_on, Which indicates another failure
mode—bond wire liftoff. Likewise, bond wire liftoff induces
uneven current distribution, which generates higher power loss
and corresponding higher junction temperature. Hence, more
thermal stress is put onto the solder layers [45].

Thus, the failure-mode interdependence among different
components in the system should be included in this procedure.

D. System-Level RUL Prediction

Based on the widely investigated system-level lifetime mod-
eling techniques, the SiC power converter system-level lifetime
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modeling could be further made and the lifetime prediction could
be conducted in real time more accurately. Further details in this
part will be presented in Section IV.

The online monitored data could be further used for ac-
tive lifetime extension. A tradeoff between reliability improve-
ment and system performance has to be cautiously considered
[46]-[49]. Section VII will summarize these techniques.

To make the more than 300 cited papers more illustrative, a
statistical analysis has been made. Fig. 2 shows the percentage of
the papers in each investigated category. The papers concerning
the component lifetime modeling takes the largest proportion,
which is 33% among all the categories. In areas of condition
monitoring as well as failure modes and mechanisms, the per-
centage is 21% and 19%, respectively. Papers regarding the
system lifetime modeling take about 14%.

Fig. 3 further classifies the four main categories into detailed
subcategory percentage. Fig. 3(a) shows that in this overview, the
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papers regarding the PoF models contribute most to the compo-
nent lifetime modeling domain. From Fig. 3(b), in the condition
monitoring area, about 38% and 23% of this research focuses
on temperature-sensitive electrical parameters (TSEPs) and non-
thermal indicators, respectively. Fig. 3(c) presents around 91%
of the cited papers in the failure-mode domain are related to
the SiC MOSFETs. In Fig. 3(d), regarding the system lifetime
modeling, the mostly cited papers are related to RBD, failure
tree analysis (FTA), and MC.

Furthermore, from the literature review, the main reliability
domains based on SiC MOSFETs, such as failure modes, ALTS,
PoF models, and TSEPs, have not been investigated exten-
sively compared with the Si counterparts. Therefore, Fig. 4
lists the amount of the SiC MOSFET-based papers included in
this overview by the year. It shows a trend of the number of
SiC MOSFET-based papers these years, especially in the areas of
failure modes and TSEPs.

This article will be organized as follows. Section II reviews
the failure modes, mechanisms of SiC MOSFETs, and the cor-
responding aging indicators. Section III first covers the ALTs
relevant to the presented specific indicators. Component-level
static RUL models are then presented. The cycle counting and
fatigue damage accumulation approaches are also analyzed as
necessary procedures of deriving lifetime models. Section IV
summarizes system-level static lifetime modeling. Section V
lists the component-level and system-level lifetime modeling
software. Section VI gives a comprehensive analysis of the SiC
power converter real-time condition monitoring methods and the
corresponding parameters. These online measured parameters
could be utilized to make the models more accurate through dy-
namically updating the initial system-level models. Section VII
reviews the system-level lifetime extension strategies to actively
improve the RUL. Finally, Section VIII provides the conclusion
and recommendations for future work.

II. S1C MOSFET FAILURE MODES AND MECHANISMS

To derive the lifetime models, the failure modes and mecha-
nisms of SiC MOSFETs should be investigated first. This physical
understanding would lay the foundation for identifying the indi-
cators of various failure modes. Furthermore, the failure criteria
could be developed based on these indicators.

The frequently encountered failure modes of SiC MOSFETS are
located at the gate oxide, body diode, bond wire, chip-substrate
solder layer, and substrate—baseplate solder layer [50]. Among
them, the gate oxide and the body diode are considered as the
device chip level, whereas the bond wire, chip solder-substrate
layer, and substrate—baseplate solder layer are considered as
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the device package level. These chip-level and package-level
failure modes are challenging to be monitored directly due to
their inaccessible locations. In the following, these two groups
of failure modes and mechanisms as well as the corresponding
indicators will be summarized.

A. Chip-Level Failure Modes of SiC MOSFETS

Fig. 5 shows an up-to-date typical chip-level SiC MOSFET
trench structure [51] with low ON-state resistance and improved
gate oxide reliability especially at the bottom of the gate trench
[52], [53]. The most common chip-level failure modes of SiC
MOSFETs occur at the gate oxide and body diode.

Gate oxide degradation failure is basically caused by the
tunneling current into the gate oxide layer [54]. Two stresses
contribute to the gate oxide degradation, i.e., high electric field
stress and high temperature stress. Compared with Si devices,
three aspects have counteracted the gate oxide reliability of
SiC MOSFETs. First, SiC MOSFETs have lower inversion channel
mobility [23]. As aresult, higher electric field is needed to realize
smaller channel resistance. So, a tradeoff exists between smaller
ON-state resistance and better gate oxide reliability. Second,
higher interface state density occurs at SiC—SiOs interface [23],
[55], which brings in lower barrier height. Thus, more mobile
hot carriers are injected from doped SiC to oxide. Therefore,
it is more likely for the carrier nonequilibrium to induce the
gate oxide dislocation. Third, smaller conduction band offset
between SiC and SiO4 [24] introduces higher Fowler—Nordheim
tunneling current at similar gate electric field and temperature.
Hence, there is higher probability of TDDB. In sum, the more
possibly degraded gate oxide in SiC MOSFETs would further lead
to the failures such as short circuit [56].

The intrinsic body diode failure is normally due to the
recombination-induced stacking fault mechanism [57]. The for-
ward voltage bias stress has been reported to be the primary
cause of the body diode degradation [16], [57], [58].
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1) Gate Oxide: There are two main failure mechanisms for
SiC MOSFET gate oxide. One is the TDDB, which is caused by
high temperature and high electric field stress [24]. Compared
with Si counterparts, SiC MOSFETSs are more often applied with
higher Vi and higher temperature to achieve lower ON-state
resistance and smaller heat sink. This would make the gate oxide
more vulnerable [59]. The other is the avalanche breakdown,
which is caused by high electric field stress [59], [60]. The most
extensively studied indicators of gate oxide degradation include
Miller plateau voltage amplitude [61], [62], Miller plateau time
duration [62], drain leakage current [63], threshold voltage [44],
gate leakage current [63], and ON-state resistance [62].

1) Miller plateau voltage amplitude Vg r,;, increases with
the Vi stress, and is identified as a more obvious indica-
tor than threshold voltage Viy, for Si MOSFET gate oxide
degradation [61]. In SiC MOSFETS, Vg 1, is verified to
be an indicator of gate oxide degradation by high electric
field stress test and positive bias temperature stress test
[64]. As shown in (1), with higher electric field stress, the
W decrease caused by electron scattering [65] and the
Vin increase caused by the electrons confined to the SiC—
SiOy interface [66] will lift up Vs mp. The second stress
of the Miller plateau shift is caused by the temperature
dependence of Vi, and electron mobility [59]

2-1;-Lg
Vs \/H}\; -Cox - Wa - (14 e - Vgs) + Vin
(H
where 1 is the electron mobility, Cox is the oxide capac-
itance, W, L are the gate width and length, respectively,
and A¢ is the channel length modulation factor.

2) Miller plateau time duration Ty v, has been shown to
have a larger positive shift in Si MOSFETs compared with
Ves_mp and Vi, under the high electric field test [62].

3) Both the drain leakage current /454 and threshold voltage
Vin tend to increase with stress time under the high tem-
perature gate bias (HTGB) test [44], [63], [67]. The change
of Iy4 and threshold voltage Vi;, fundamentally appears
together due to the same shift mechanism [68]. Their shift
is mainly caused by high electric field stress and high
temperature stress [44], [69]-[71]. When a continuous
positive Vg is applied, the electrons are gradually trapped
at the SiC-Si0O5 interface. This results in an increase in
Vin. Contrarily, with a continuous negative Vg, the holes
are trapped at the SiC-SiO» interface, which causes Vyy, to
decrease [72]. This V4, instability issue is mainly caused
by the active charge traps in the near-interfacial region
in the gate oxide [73]. Besides, due to a larger portion
of the capture and emission in the holes and electrons,
the Viy, hysteresis effect has been measured and verified
to be more obvious in SiC MOSFETs compared with Si
counterparts [74].

4) Gate leakage current [4 increases with stress time under
the high-temperature reverse bias (HTRB) test [63]. Under
the operating condition of the high electric field and high
temperature, the localized heat stresses the polycrystalline
silicon gate metal. As a result, the voids are formed and
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cracks appear in the gate metal, through which Igs flows
between the source and gate. Thus, Iy, could be an
indicator of SiC MOSFETs gate oxide breakdown. Since
SiC MOSFETs have thinner gate oxide layer compared with
Si counterparts for the sake of a desirably lower Vi, value
[75], they are more easily affected by large variations of
Vas and T5. So, there is higher probability to induce larger
Iy for SiC MOSFETs [67].

5) ON-state resistance Rgs o, 1s an indicator for Si MOSFET
gate oxide degradation [62], [67], [76], [77], although it
has been mostly used to indicate the package-related fail-
ures. SiC Rg4s_on mainly consists of the channel resistance
due to mobile carriers, resistance in the Nt source layer,
resistance in source and drain electrodes, and resistance in
the N~ drift region between two adjacent wells of p-type
semiconductor [78]. Higher electric field stress increases
the oxide charge density and further enlarges the overall
Ras on- S0, Rgs_on could indicate the SiC MOSFET gate
oxide degradation.

2) Body Diode: Formed by the N~ drift region and the well of
p-type semiconductor, the SiC MOSFET body diode degradation
is caused by the forward voltage bias stress [16], [57], [58] owing
to the stacking fault mechanism [57], [79]. The continuous
forward current flowing through SiC MOSFET p-n junction results
in accumulated hole—electron recombination energy [16], [58],
which forms the stacking fault extended at the body diode. Since
the forward current pathway is blocked by these faults, both
the ON-resistance and forward voltage of the body diode would
rise [80]. The larger body diode ON-resistance brings in the
thermal-design challenges. The increase of forward voltage drop
could degrade the blocking voltage. Therefore, in the topologies
with current commutation occurring at the body diode, such as
full-bridge inverters, these stacking faults play a significant role
in reducing the system lifetime.

Three indicators of the body diode degradation have been the
body diode ON-resistance R, [16], forward voltage Vy [81],
and drain leakage current Igss [59]. They are fundamentally
attributed to the high-density basal plane dislocation in the
lightly doped N~ driftlayer [57], [82]. V of body diode has been
demonstrated to be influenced by the forward stress duration
[571, [58], [82] based on the ALT results. Similarly, /3¢5 has
been shown to increase with the forward stress duration as
well [57].

B. Package-Level Failure Modes of SiC MOSFET

From the perspective of package-level failure modes, most
literature focuses on Si IGBT modules. SiC MOSFET package-
level failure modes have not been well studied. Fig. 6 shows one
typical SiC MOSFET power module package with bond wires.
It is mainly composed of three parts, i.e., the SiC chip die, the
DCB, and the baseplate. DCB is composed of two layers of
substrate conductors and a substrate insulator layer in between.
The substrate conductor is usually made of copper. Substrate
insulator could be made of ceramics by using AloOs, AIN, or
Si3Ny [83]-[85]. Bond wires connect the SiC die and the DCB.
The chip die and the DCB, as well as the baseplate and the DCB,
are commonly attached by solder. The baseplate could be made
of copper or AlSiC [84], [85].
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SiC MOSFET package-level structure.

Compared with that of the Si counterparts, the package-level
reliability of the SiC MOSFETs is not so promising. It will be
analyzed in detail from three perspectives regarding the semi-
conductor fabrication, mechanical, and material properties.

1) From the semiconductor fabrication perspective, SiC-
based dies have smaller active die areas compared with Si-
based ones assuming the same current rating [86]. [t means
that SiC dies have higher current density than Si ones. As a
result, the electromigration would be more likely to occur
in SiC devices [87]. Hence, there is higher probability
for the electromigration to generate more internal voids
inside the bond wires [87]. These voids would increase
the imbalanced current density among the bond wires
and strengthen the unequal self-heating effect [88]. The
electromigration could also generate more solder voids
and induce worse interconnect failures [89]. In summary,
at the same temperature and the same current rating, higher
current density in SiC devices induces higher probability
of degradation at both bond wires and solder layers. One
way of alleviating this issue is to have more bond wires in
parallel, thereby relieving stresses caused by high current
density [87].

2) From the mechanical property perspective, SiC is stiffer
and has much larger Young’s modulus than Si [90]. It
would bring in higher stress on the interface between the
SiC die attached solder and the substrate conductor during
PC. Larger Young’s modulus would also result in more
significant accumulated creep strain and creep energy con-
centration on the interface between SiC die solder and the
substrate conductor at the same junction temperature [91].
Correspondingly, for SiC MOSFETs, the crack initiation
would be more likely to occur on the interface between
the SiC die solder and substrate conductor compared with
Si counterparts.

3) From the material property perspective, SiC has higher
thermal conductivity than Si. Correspondingly, the larger
temperature variation has been reported in SiC devices
compared to Si ones at the same current [86], [92]. This
higher temperature swing could increase the stress on the
interface between SiC die solder and substrate conductor.

The detailed package-level failure will be discussed further.

Bond wires and solder layers are the two mostly studied
package-level failure locations of SiC MOSFET modules [93].
Package-level failures are mainly caused by three stresses.
First, thermomechanical stress is induced by the CTE mismatch
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among different materials. The resulted temperature swing re-
sults in solder-fatigue, crack growth, and bond wire failures [45],
[94]-[96]. Second, relative humidity stress intensifies the effects
of mechanical stresses, which reduces the metal atom bonding
energy. Thus, the atom corrosion increases the crack growth
rate at the tail of the bond wire [97]. Third, high current density
stress caused by the relatively small SiC die-size could accelerate
electromigration-related degradation [87], [97].

1) Bond Wires: Two types of failure mechanisms have been
identified in the bond wires [98]. One is the bond wire fracture
at the interface between bond wire and DCB upper surface. The
other one is the bond wire liftoff at the interface between bond
wire and SiC die. The bond wire fracture is caused by its alternate
heating and cooling [43], [99]. The TC leads to repeated expan-
sion and contraction on bond wires. When the thermomechanical
deformation is accumulated to a certain extent, the cracks would
occur. As a result, the fracture is identified at the bond wire tail
interfaced with the DCB upper surface. The other type of failure
is the bond wire liftoff caused by the CTE mismatch between
the bond wire copper and SiC, as well as ohmic self-heating
effects [87]. The thermomechanical stress changes the surface
structure through the chip metallization [100]. When the chip
surface structure change is accumulated to separate bond wires
from the SiC die, the bond wire liftoff occurs. Furthermore,
due to the parasitic resistance and high SiC current density, the
internal voids and cracks would also gradually induce the bond
wire liftoff [87].

Bond wire fracture happens more slowly than its liftoff [101].
Thus, the bond wire liftoff has been investigated more exten-
sively. Following five indicators have been studied for the bond
wire liftoff.

1) ON-state voltage has been identified to indicate bond wire

liftoff as thermal cycles accumulate [102], [103].

2) SiC MOSFET ON-state resistance Rqs on increases with the
thermal cycles [104].

3) The voltage between the Kelvin source and power source
has been used to reflect the online SiC MOSFET bond wire
liftoff [105].

4) Bond wire resistance increases when SiC MOSFET bond
wire liftoff deteriorates [87].

5) The eddy current in bond wires generated by pulsed
electromagnetic induction heating has been used as an
indicator of the IGBT bond wire liftoff [88], which could
be employed to monitor SiC MOSFETS in the induction
heating-related applications.

2) Solder Layers: Solder layers include the die attach be-
tween SiC die and DCB as well as substrate attach connecting
DCB and baseplate [50], [106]. Due to the CTE mismatches
between the SiC and solder material, between the DCB upper
layer copper and solder material, shear stress gradually generates
the cracks and voids in the solder layer [107]. These cracks
and voids reduce the effective heat conduction area between the
die and DCB copper. As a result, the thermal resistance of the
chip die-to-DCB solder increases, which leads the die-attach
temperature to rise. As the voids grow, this localized die-attach
heating process accelerates the chip damage [108]-[110]. Two
indicators have been studied in the SiC MOSFET solder layer
degradation. First, the junction-case thermal impedance has been
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shown to increase with the degradation of die-DCB solder layer
[111], substrate—baseplate solder layer [102] in the SiIGBTs and
SiC MOSFETs [112]. Second, the solder layer resistance has been
verified to be related to the SiC MOSFET solder-fatigue [106]. As
analyzed in the chip-level failure modes, Vi, shifts as SiC gate
oxide degrades. To exclude this degradation from solder-fatigue
evaluation, the body diode could be utilized to conduct the load
current. Therefore, the die-attach solder layer resistance increase
is not associated with SiC die degradation.

C. Summary of Failure Modes of SiC MOSFETs

The typical failure locations, causes, and indicators of SiC
MOSFETs are summarized in Table 1. Failure locations show
where the corresponding failure modes occur. Two chip-level
and two package-level failure modes are summarized. Failure
causes list the stresses of different failure modes. Indicators are
the external electrical parameters reflecting the corresponding
internal failure modes. The indicators are identified to determine
the number of cycles to failure in ALTs when the indicator values
reach to the defined failure criteria [113].

For the gate oxide failure, the two causes are related to high
electric field and high temperature. Higher electric field results
in more localized heat, which generates more polycrystalline
silicon voids between the gate and source [63]. As a result, the
gate leakage current I,e [63], [75] would increase. Twice the
nominal value of I, has been used as a gate oxide degradation
criterion [63]. Higher electric field and temperature stresses
also result in more charge trapping at the SiC—SiOs interface
[116]. It leads to the increase of both the threshold voltage shift
AVyy, [44], [69]-[71], [114], [115] and drain leakage current
Iqss [114], [116]. The 20% higher than the initial Vi, [114], or
five times the initial /445 [116] has been applied as the failure
criterion. Higher electric field and temperature stresses also lead
to the increase of both the fixed charge of the gate oxide and the
charge in interface states, which uplifts the Vi .y [61], [62].

For the body diode failure, the forward bias is the main stress.
It induces expansion of basal plane dislocations in the SiC
epitaxial layer [57], [58], [82], which further causes forward
voltage V and drain leakage current /44 to increase. Thus, the
body diode Vi [81] and I4ss [59] have been used as indicators.

For the bond wire and solder layer failures, the thermome-
chanical stresses are the main contributors to the failure. It
causes high junction temperature in bond wires, which fur-
ther leads to the increase of ON-state parameters Vs on and
Rgs on- Thermomechanical stresses also cause crack propaga-
tion in the solder, which increases thermal impedance Ry, jc.
Thus, Ry, jc could be used as an indicator of the solder layer
failures [113].

III. OFFLINE COMPONENT-LEVEL LIFETIME MODELING

To obtain the component-level lifetime models, it is neces-
sary to conduct the ALTs first. Then, the component-level SiC
MOSFET lifetime estimation models are extrapolated using the
information obtained from the ALTs. To analyze the irregular
thermal cycles in ALT results, cycle counting techniques are
applied. After that, the fatigue-accumulation approaches need
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TABLE I
FAILURE LOCATIONS, CAUSES, AND INDICATORS OF SiC MOSFETS
Failure location Failure Cause Failure Indicator
Gate leakage current g, [63], [75]
High .
Threshold voltage shift AV, [44], [69]-[71], [114], [115
Gate oxide electric field, high & » 441, [T, [114], [115]
temperature Drain leakage current /y, [114], [116]
Miller Plateau Vi, ,, [64]
: . Drain leakage current /;,, [59]
Body diode Forward bias [57], [58], [82] -
Body diode forward voltage Vr[81]
On-state drain-source voltage Vs ,, [103]
. Drain-source on-state resistance Ry ,, [104]
Bond wires - =
. Voltage between Kelvin, power sources [105]
Thermo-mechanical stresses - -
Bond wire resistance [87]
Solder layers Thermal resistan.ce R e [112]
Solder layer resistance [106]
TABLE II and source are shorted. Gate leakage current I [99],
COMPARISON OF DIFFERENT ALTs threshold voltage Vi, [117], [118], [124] have been used
Failure for indicating the gate oxide degradation. The HTGB test
Test Test condition Test location indicator is regarded to be passed when s or Vi, shift is within
V,, stressed to maximum , L twice the initial value [117]. Considering the bias temper-
HTGB voltage at maximum 7 Gate oxide v, ature instability in SiC MOSFETs, the V4, shift occurs due
. Edge channel to the device self-heating in the HTGB test. By measuring
V4 reversely biased to the structure and : R .
HTRB maximum voltage at T L the body diode forward voltage with a small drain cur-
maximum 7; L rent flowing through it, the self-heating related Vi, shift
junction surface . . . o .
Ve IV is avoided [125]. So, more accurate ageing condition is
Ath indicated.
U . g . .
The device is heated and . R 2) HTRB test is used to evaluate the stability and integrity of
PC Bond wire ds_on . . .
cooled by pulses ; the edge channel structure and solid-state junction surface
858 . . . .
c [117], [124]. The drain-to-source junction is reversely
— & biased [122] by stressing Vs at 80%—100% maximum
TC Short cycle time Solder joint, bond Ris on voltage rating at T);_,ax for a sufficiently long period, such
pxterna N - 1000h [117]. The gate and horted. The drai
heat and Interface between as [117]. The gate and source are shorted. The drain
TS cooling | Long cycle time DCB and R e leakage current s is used as the indicator [123]. HTRB
baseplate test is regarded to be passed when 4 is within twice the

to be used to consider the accumulative stress effect based on
the mission profiles.

A. SiC MOSFET ALTs and Indicators

To acquire reliability and lifetime data efficiently, ALTs are
commonly adopted. In SiC MOSFET-based ALTs, gate oxide,
solder layer, and bond wire have been subjected to higher-than-
normal accelerated temperature stress and voltage stress. The
test results are further applied to lifetime prediction at normal
use conditions. The widely used reliability test methods for SiC
MOSFETs are HTGB [117], [118], HTRB [117], [118], PC [104],
[119], [120], TC [121] and thermal shock (TS) [99]. Their test
conditions, locations, and failure indicators are summarized in
Table II.

1) HTGB testis designed to detect the gate oxide degradation

caused by the random oxide defects and the ionic-oxide
contamination [117], [122]. In this test, the gate oxide is
subjected to the maximum positive or negative Vg stress
at the maximum operating junction temperature 7} pax
for a long enough period, such as 1000 h [123]. The drain

3)

initial value [117].

PC test is intended to detect the degradation of bond wires
[99]. PC test can be classified into dc and ac tests based on
different heating sources [126]. The heating of dc PC tests
is from only conduction power loss P.onq. The device
under test (DUT) in ac PC tests is heated by both the
conduction loss Pconq and switching loss Py, In this test,
the gate is triggered either continuously or alternately,
so that the DUT is heated with load current flowing through
the junction. Then, the DUT is cooled down shortly by
turning OFF the power and using external cooling such
as typically chosen water cooling. Threshold voltage Vi,
[120], ON-state resistance Rqs on [104], [120], [127], gate
leakage current /4 [120], drain—source capacitance Cygs
[120], oN-state voltage Vs on [120], [122] and body diode
forward voltage Vi [99] can be used for the indicators.
One criterion for the pass is that Vs o, or Vg should be
within +5% the initial value [99]. As temperature rises,
for either Si or SiC MOSFETs, the decrease of mobility
in the drift region [128] results in an increase of drift
region resistance. For SiC MOSFETSs, the channel mobility
increase leads to channel resistance decrease [129]. This
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would counteract the increase of the drift region resistance.
As a result, Rys on is less temperature-relevant [130],
[131] and, thus, is not an ideal indicator in SiC MOSFET
PC test. Also, due to smaller die-size in SiC and resulted
less apparent change of Miller capacitance compared with
Si devices, the discharge time of Miller capacitor is not so
sensitive to be an indicator in SiC PC tests [132], [133].
Considering these constraints, the TSEPs for the SiC
MOSFETSs have been explored. One promising dc PC TSEP
is identified as body diode’s voltage drop at low current
and negative gate bias, which is shown to be independent
of the ageing effect [134], [135].

4) TC test is also used for the acceleration of the packaging
interconnection degradation. But the heating and cooling
sources are from the eternal hot plate or thermal chamber.
Compared with PC test, TC test is able to achieve more
precise temperature control of 75 nax, Tj_mean, and AT},

5) TS test is similar to TC test, but with longer thermal
cycling time. The DUT is heated in one chamber for a
sufficient time and then cooled in another chamber for
another enough period. The time should be long enough
to guarantee that the DUT has a uniform temperature dis-
tribution. The transfer time between these two chambers
does not contribute to the accelerated ageing in this test,
and thus, should be short.

The aforementioned ALT's could also be combined with other
characterization tests to realize specific functions. A double
pulse test has been integrated with a PC test platform to acquire
multiple health indicators in real time [136].

Commonly adopted reliability test standards for power de-
vices have been published by Joint Electron Device Engineering
Council JEDEC) [137], Automotive Electronics Council (AEC)
[116], [138], International Electrotechnical Commission (IEC)
[44], and Military Standard (MIL STD) 750 [138]. The transfer
characteristics are sensitive to both the measurement sweep
speed and direction for SiC MOSFETs [138]. However, none of
the existing standards has considered this issue. Besides, Vi,
shift in SiC MOSFETSs tends to recover when the temperature
rapidly decreases under a positive bias thermal stress [122]. The
minimum uninterrupted bias duration in the MIL-STD-750F
standard [139] is defined as 8 h [140]. The maximum interrupted
bias duration in the JEDEC JESD22-A108D standard [36] is
regulated as 96 h for devices working at the voltage larger than
10V, or 168 h for all other devices. Nevertheless, these minimum
uninterrupted and maximum interrupted bias durations need to
be reconsidered for SiC MOSFETs. JEDEC is now working on
JC-70.2 standards to clarify the qualification procedures and
characterization methods for SiC MOSFETs [140].

B. Component-Level Lifetime Modeling Methods

Lifetime models are used to estimate the reliability under
normal operating conditions based on the failure data obtained
from ALTs. Every acceleration model has its own application
conditions [101]. The component-level statistical models have
been reviewed in [141]. The data obtained from ALTSs are
discrete numbers. To use them in the fully parametric RUL
estimation, extrapolation is typically conducted based on PoF
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models, data-driven models, and hybrid models for both chip-
level and package-level RUL modeling.

1) PoF Models: The PoF models are based on the physical
parameters reflecting corresponding failure mechanisms. They
use statistical methods for parameter identification, which re-
quires experiments and tested data. The PoF models are classi-
fied based on different failure modes, such as gate oxide failure,
bond wire fracture and liftoff, and solder-fatigue.

Gate oxide failure could be caused by voltage stress related
to high electric field. The corresponding lifetime model is based
on stressed and normal voltage [97], [115], as shown in (2). It
has advantages in predicting long-term damage behaviors due
to their damage accumulation mathematical description

LT(VStressed) = (VvStlressed/‘/vrlolrm‘&l)B1 : LT(Vnormal) (2)

where Vitressed and Viormal are the stressed and normal voltage
amplitude, respectively, LT(Vgtressed) and LT(Viormal) are the
lifetime of the component under voltage stress and under nor-
mal use conditions, respectively, and 31 is a negative constant
depending on the acceleration test results.

Gate oxide degradation could also be associated with the high
temperature stress. A Weibull-Arrhenius model, shown in (3),
has been used to model the SiC MOSFET failure rate in terms of the
junction temperature [142]. Gate leakage current is monitored
to indicate the ageing-extent

AMLTy) = |Ba) (Co - el () |

. [t/ (01 . eEa/(kb.Tj))rQ

where A is the instantaneous failure rate, ¢ is the time, F, is
activation energy, k; is Boltzmann’s constant, S5 is the form
factor, and C; is a constant related to the material.

With a simplified form, the aforementioned SiC MOSFET gate
oxide time to failure could also be represented by [143]

-1

3

—vEox . g=Ea/(kyT)) 4)
where Tpp is time to break down for SiC MOSFET gate oxide,
T is the constant dependent on accelerated tests, -y is the electric
field acceleration factor, and Eox is gate oxide electric field.

Bond wire fracture is caused by the alternate expansion and
contraction at the wire interfaced with DCB upper surface.
Equation (5) shows the Schafft model to analyze the relationship
between N, and wire bending stress [140], [144]. Thus, the
fracture related bond wire lifetime could be predicted

T™BD = Tp " €

Ny =a; - (e9)™ ®)

where ¢, is the bond wire strain, and a; and n; are constants
based on the bond wire material.

PoF lifetime models of bond wire liftoff and solder-fatigue
are based on the fundamental form of the Coffin—-Manson model
[107], [145]-[147] in (6). The SiC MOSFET bond wire lifetime

has also been estimated with this model [148], [149]
Nf = as - (AT — AT0)7n2 (6)

where Ny is the number of cycles to failure, AT is the tem-
perature range in the entire thermal cycle, ATy is the elastic
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temperature range, which is normally regarded as insignificant,
and as and ny are defined by the database of PC tests.

However, it fails to consider the impact of the average junction
temperature T _ycan On cycles to failure. By Arrhenius approach
[107], [144], [150], more accurate Coffin—-Manson based life-
time model for bond wire liftoff and solder-fatigue is improved
[29], [151], as shown in

Ny =ag- (ATj)*ns . eBa/ (k- Tj_mean) (7)

A bond wire lifetime comparison between the Si IGBT and
SiC MOSFET has been conducted using the previous model [152].
With Rg4s_on as the degradation indicator in thermal cycling tests,
SiC MOSFETs are shown to achieve more cycles to failure than
Si IGBTs, especially at low junction temperature swing.

By further considering other parameters such as power-
ON time 7, current flowing through the wire I,,, blocking
voltage V5, and wire diameter D,,, the bond wire lifetime model
is improved in the Bayerer model in [146], [153]-[156]

Nj=ay- (AT”iBQ . B/ (T;+273) t{f;ﬁ ) 155 -Vg“ 'ijf-

®)

It has been verified to predict the lifetime of SiC MOSFETS
under thermal cycling mission profiles [157].

The bond wire liftoff could also be modeled from the per-
spective of material science. Following equation shows a plastic
strain based Coffin—Manson model, which can illustrate the
physical failure process caused by the CTE mismatch between
the bond wire copper and SiC [158], [159]

Ny =Cy - (Agp) ™ ©)

where ¢, is the plastic strain put on the bond wire. Cy and C3
are defined by the thermal test results.

Solder-fatigue is caused by the CTE mismatch. The PoF
lifetime models can be based on stress, plastic strain, creep
strain, stress—strain hysteresis energy, and crack propagation
damage [ 160]. The Coffin—-Manson model based on plastic strain
[161] is shown in (10). Norris—Landzberg model [160], [162]
leads to more precise lifetime estimation by further considering
cycling frequency and maximum temperature

Nf = Ls/ [a5 . (Aifp)n4] (10)

where L is solder crack length, Ae,, is plastic strain change in
thermal cycles, and a5 and n4 are decided by thermal cycling
tests.

The following equation presents an SiC MOSFET solder layer
lifetime model based on the exponential relationship between
the lifetime and creep strain energy accumulated in one cycle
[91]:

an

where AW, is the creep energy accumulated in one cycle, Wy
is the fatigue energy coefficient of solder material, and m is the
fatigue energy index.

Rgs on has been measured to reflect the overall RUL of the
SiC MOSFET-based on PC test results [163]. The corresponding
lifetime model is shown in

ARdsfon(t) = 91 . e@g-t + 93

AW, =Wy - (2Ns)™

12)
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where 61, 02, and 03 are the model parameters dependent on the
specific prognostic algorithms.

To estimate the model parameters in the PoF models, algo-
rithms such as the PF [160], [164], [165], the KF [164], and
the EKF [165] have been used. These algorithms are based
on Bayesian inference to generate probability density function.
Since the posterior distributions of PF algorithm parameters
are expressed by particles and weights, it is more suitable for
the prognostics of the nonlinear systems with non-Gaussian
noise compared to KF and EKF methods [166]. The correlation
between the parameters and the noise in the sensor data needs
to be considered in the model-parameter identification process.

PoF models have a direct physical meaning. But it is difficult
to obtain accurate models in real systems considering the dif-
ferent failure modes [36]. Besides, as the model becomes more
complex, laborious experiments are needed to identify the model
coefficients. Thus, PoF models are not universally applicable to
different types of power converter systems.

2) Data-Driven Models: Data-driven models estimate the
RUL based on available data without need of any physics mech-
anisms [36], [167]. The uncertainty margins are large by using
this method. Thus, it is not suitable to predict long-term lifetime
[168]. The data can be collected from either recorded failure
data or real-time condition monitoring. Considering relatively
scarce failure events, condition monitored data are the more
realizable source. This real-time data can either directly reflect
or indirectly indicate the system-health status. For the former
case, the RUL estimation is regarded as the prediction of the
condition monitored data to reach a predefined threshold level.
For the latter case, failure event data are probably needed along
with the condition monitored data for RUL estimation [36]. This
article focuses only on the former case. Both a threshold and a
model to represent the condition monitored data are required to
determine the RUL. The decision of the threshold is normally
based on the engineering experience and related standards.

Data-driven models are dependent on observed data in
both healthy and faulty states [169], [170]. RUL is estimated
normally in a form of probability density functions [171].
They include the models based on regression, Wiener process,
Gamma process, MC, and artificial intelligence. The models
based on Wiener, Gamma, and MC are related to stochastic
processes capturing degradation dynamics. Thus, these three
models are suitable to model the lifetime of the power inverters
with multiple steady states.

1) Regression-based models are most commonly used. By
using this method, the system-health condition is reflected
by the monitored variables. Hence, the RUL is estimated
by modeling these variables with a predefined threshold.

2) Modeling through Wiener process or Brownian motion
with drift [36] is appropriate when the degradation devel-
ops bidirectionally over the time with Gaussian noises.

3) Gamma process [172] based models are applicable for
the cases in which the degradation occurs gradually over
time in a sequence of small positive increments. These
models have relatively straightforward mathematical cal-
culations. Besides, they take the temporal variability into
consideration.
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TABLE III
SUMMARY OF LINEAR AND NONLINEAR DATA-DRIVEN MODELS
Model group Parameter estimation method Monitored component / location Failure indicator
Bayesian Interference [178] Power MOSFETs / Solder layers Ris on
Bayesian Interference [179] Discrete IGBTs / Solder layers Vee on
Linear model Random sample and consensus [180] Si Power MOSFETs and IGBTs / Gate oxide Vin
KF with least square fitting [117] Power MOSFETs / Bond wires, solder layers Ris on
EKF [166] SiC MOSFETs / N/A Ris on
Nonlinear model ) Si MOSFETs / N/A Ras on, Vin
Exponential model [176], [177] - =
SiIGBTs / N/A Vee_on

4) MC-based models assume that the future degradation state
depends only on the current degradation state, and the
system state can be reflected directly by observed data.
Artificial intelligence-based methods have mostly applied
machine learning to estimate the RUL of power devices
and converters, such as relevance vector machines [169],
artificial neural networks [166], [173], deep learning algo-
rithms [171], [174], genetic algorithms [175], [176], and
supervised learning [177].

a) A relevance vector machine has been utilized to train
the power MOSFET ageing data to obtain representative
vectors [169], which are fitted by a degradation model
to predict the RUL.

b) A time-delay neural network failure model has been
combined with the probabilistic function by using the
maximum likelthood method for IGBT model opti-
mization [171].

¢) A recurrent neural network scheme has been applied in
the system prognostics [166].

d) A deep learning algorithm based on stacked long short-
term memory has been used to conduct the training
and inference for Si MOSFETs and corresponding power
converters by detecting Rgs on change [171], [174]. Tt
derives a more accurate lifetime model compared to
KF and PF methods.

e) A genetic algorithm has been adopted to select the valu-
able principal components for GaN device behavioral
modeling [176].

f) Supervised learning has assisted in predicting the
switching voltage and current waveforms so that a GaN
RUL model is built to realize better device lifetime
prediction [177].

From another perspective, the parameter estimation could
be conducted through different mathematical means based on
the data derived from thermal cycling tests. Therefore, the
data-driven models could also be classified into the linear and
nonlinear groups, as shown in Table III.

a) Linear data-driven models: The maximum likelihood
estimation is the most basic linear data-driven modeling method
[177]. The least square approximation has been used to predict
the gate oxide lifetime as a function of Vs stress based on
the HTGB test data [166]. However, the estimation accuracy is
discounted due to the outliers present in the beginning part of the

5

~

data [177]. To address this issue, some ideas in other disciplines
could be applied. Random sample consensus is a way to remove
the data outliners and improve estimation accuracy [178]. But
the nonlinearity in the initial part of the data still remains.

Bayesian interference is another way to improve accuracy
by considering prior knowledge into estimation [160]. Further-
more, KF has been used to minimize the mean square errors by
estimating the posterior state [27], [179].

b) Nonlinear data-driven models: Bayesian tracking al-
gorithms such as EKF and exponential models are commonly
adopted for the nonlinear data-driven techniques [178]. First,
EKF nonlinear algorithm has been applied in SiC MOSFET
junction temperature estimation. This is based on a state-space
model describing the relationship between Rqs o, and T} [166].
The experimental result shows the robustness to load change.
Second, EKF could also be utilized together with other tech-
niques such as PF to model the RUL. The battery RUL esti-
mation has been conducted with relevance vector machine by
combining these two approaches [167], [181]. EKF is shown
to be robust but suffers from fast divergence [182]. The PF is
presented to improve the estimation accuracy. But resampling
of the particles is carried out in each iteration, which increases
the computational burden [6]. Third, exponential models have
been applied to relate the ON-state resistance and Si device
lifetime [176], [177]. The exponential lifetime model could also
be utilized in the Vi, -related degradation [177]. Furthermore, the
matrix—vector-based exponential lifetime model has been used
to create a connection between the lifetime and ON-state device
voltage [176].

¢) Data-driven models in both linear and nonlinear sys-
tems: Some models can be applied in either linear or nonlinear
circumstances. Monte Carlo simulation method [36] is espe-
cially useful when analytical approaches are not feasible. Since
it performs stochastic iterations of the independent component
variables [27] to conduct the simulation, a weighted average
value is normally used to calculate the lifetime. So, it cannot
generate an exact prediction [183]. Besides, machine learning is
an alternative in either linear or nonlinear cases by applying the
statistical techniques such as least square approximation [36]
or Bayesian inference [37]. But the RUL probability density
function is unavailable in this method [37].

3) Hybrid Models: The hybrid models could combine
the physics of failure and data-driven models [184], [185].
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TABLE IV
SUMMARY OF SiC MOSFET COMPONENT-LEVEL LIFETIME MODELS
Mode! Failure Modes Model Descriptions Features
Categories
Stressed ancbl;scégnal voltage Suitable for long-term damage behavior prediction
Gate oxide - -
breakdown Weibull-Arrhenius
exponential model and its Capable of modeling temperature stress
derivatives
B;) nd wire Schafft Model Capable of modeling wire bending stress
racture
Coffin-Manson model Fails to consider the impact of 7} jcan
Coffin-Manson model by Shows SiC MOSFETs achieve more cycles to failure than Si IGBTs,
Arrhenius approach especially at low A7;
Bond wire lift-off ot - -
PoF Bayerer model Includes power-on time 7, CL'lI‘I'CIlt 1,,, blocking voltage Vg, and wire
models diameter D,,
Plastic strain based Coffin— Capable of modeling CTE mismatch between the bond wire copper and
Manson model SiC
Coffin-Manson model by . . .
Arrhenius approach Capable of including the impact of 7} yean
Plastic strain based Coffin— Capable of modeling CTE mismatch between the DCB-die solder attach
Solder fatigue Manson model and SiC
Norris—Landzberg model Considers TC frequency and maximum temperature
Creep strain cnergy Shows exponential relationship between lifetime and creep strain energy in
acycle
Failure modes Exponential function for R Covers more than one failure mode
indicated by Ry, on po al function for Ry on overs more than one failure mo
Regression-based models Most commonly used data-driven method
. Suitable for the bi-directionally
Wiener process . .
developing degradation
Relatively straightforward Capable to reflect degradation
Gamma process calculations with temporal dynamics
variability
MC Memoryless
(ﬁ?\fz; Not specific Relevance vector machines Representative vector extraction
models failure modes Artificial neural networks Model optimization by combination
with maximum likelihood method
Deep learnine aloorithms More accurate lifetime model
Artificial intelligence P gag compared to KF, PF methods
Genetic algorithms Valuable pnnc1p_a1 component
selection
. . Voltage, current waveform
Supervised learning o
prediction
Capable of leveraging the benefits of different types of models
Hybrid Not specific Combination of two or more p. £78 - - P -
models failure modes above models More difficult to represent progtrlllostics uncertainty compared with the
other two

They could leverage the benefits of different types of models.
The PoF-based models reflect the real physical mechanisms
with the model parameters estimated by the measured data. The
challenge in this group of models is that it is more difficult to
represent the prognostics uncertainty compared with the other
two models [186].

Table IV presents a summary of all the aforementioned three
component-level lifetime models.

C. Cycle Counting and Fatigue Damage Accumulation

To efficiently count the random thermal cycles, many count-
ing algorithms have been proposed, such as level-crossing
counting, peak counting, simple-range counting, and rainflow

counting [187]. Among them, the rainflow counting algorithm
is the most well-known [10], [188]. It has been applied to
reduce the stress spectrum into simple values for the cyclic
accumulated bond wire damage when the amplitude and fre-
quency of the thermal cycles are not repetitive [92]. The ex-
treme points are counted to extract the amplitude [189], [190],
mean value [191], and cycling period [192]. Traditional rainflow
methods output half-cycles that are difficult to be integrated
into reliability algorithms. Counting small cycles within larger
ones helps this integration [10]. Besides, to overcome ineffi-
cient data storage, real-time minimum or maximum tempera-
ture could be counted by stack-based recursive programming
[193].
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Once the component-level RUL estimation model is created,
the fatigue damage accumulation is conducted by either linear
or nonlinear approaches. Thus, the stress accumulation with the
mission profile characteristics could be reflected.

The linear damage accumulation method based on the
Palmgren—Miner’s law [194] is mostly accepted in damage
evaluations. However, it is independent of the loading levels
[195], which reduces the lifetime prediction accuracy. Besides,
it assumes a constant damage accumulation rate during the life-
time. However, more damage would lead to increased stresses,
and thus causes additional physical mechanisms. This would
result in a different damage accumulation rate. For example, as
the crack propagates, Ryy,_jc increases due to more power loss,
which accelerates the damage accumulation rate in the bond
wires and solder layers. Therefore, lifetime predicted by linear
methods is impractically longer.

The nonlinear damage accumulation approach reflects the
accumulation rate change in different stress levels. For instance,
the method based on the double linear damage law [196] allows
each phase of the loading to be analyzed by the Palmgren—Miner
linear damage rule. But it ignores the mutual interaction among
different stresses. Manson—Halford model [197] considers both
stress sequences and interaction by modifying the exponent
parameter in double linear damage model. Besides, nonlinear
approaches consider the damage accumulation rate change by
putting proper weights onto the affected physical parameters.
To determine these weights, detailed experimental data are
needed, which makes these methods not generally applied.

IV. SYSTEM-LEVEL OFFLINE LIFETIME MODELING

The lifetime models based on the ALT approaches are static
because no dynamic real-time RUL estimation is conducted to
update initial models. Statistically, most system-level lifetime
have been modeled by the Weibull probability distribution func-
tions. It has been adopted in the system-level lifetime prediction
for a fuel cell dc—dc power stage [6], an LED source and
capacitor system [198], and an onboard dc—dc converter for
more electric aircraft [199]. For the systems with an irregular
cumulative distribution function (cdf), the maximum entropy
probability distribution has been presented to be more suitable
compared with the Weibull distribution [200].

In this section, five static system-level lifetime modeling
methods will be reviewed, including the combinatorial relia-
bility techniques, such as RBD, FTA, GO-FLOW, and BN, as
well as the state-based modeling techniques, such as MC. In
this section, the state-of-the-art system-level lifetime prediction
techniques are first summarized. Then, a discussion regarding
their applicability in SiC power converters is presented.

A. State-of-the-Art System-Level Lifetime
Prediction Techniques

1) Reliability Block Diagram (RBD): RBD system lifetime
modeling technique can be applied in the distributions with
either constant or inconstant failure rates [7], [9], [197], [201].
It allows us to evaluate concepts in the early design period.
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TABLE V
COMPARISON AMONG TYPICAL RELIABILITY INDEXES BETWEEN IN-PARALLEL
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This is useful to implement the design for reliability. It is a
success-oriented system analysis method [202]. Both in-series
and in-parallel systems could adopt it. One issue with RBD
is that some big systems have to be modeled with complex
series or parallel combinations [203]. Table V compares the
typical reliability indexes including system reliability, failure
rate, and mean time to failure (MTTF) for in-series and in-
parallel systems. Here, a constant failure rate is assumed. In
the table, 1; is the failure rate of individual components. A, 1S
the maximum failure rate among all the in-series components.
RBD cannot model the time-dependent failures, the sequences
among failures, or system dynamics. Dynamic RBD (DRBD)
has been proposed to resolve these issues. But more complexity
is introduced.

1) A paralleled inverter lifetime has been modeled by the
RBD approach, considering the constant failure rate [10].
A dynamic power distribution control has been adopted
to optimize both the reliability and the cost on the system
level.

2) A multilevel converter lifetime has also been estimated
with RBD, considering the constant failure rate [207].

3) This method could also be applied in the systems with in-
constant failure rates. A fuel cell dc—dc converter lifetime
has been modeled by RBD with time-dependent failure
rate [204].

2) Fault Tree Analysis (FTA): Developed by Bell Telephone
Laboratories in 1962, FTA is a deductive, top-down method
conducted in failure space to analyze the effect of initial faults on
a complex system [197], [206], [208]. FTA only focuses on the
failure combination. First, this approach has been applied to ana-
lyze the lifetime models following the distribution with constant
failure rate such as in the fuel cell lifetime modeling application
[206]. Second, FTA has also been used in the circumstances
with the inconstant failure rate. In [208], an electric vehicle
drive system lifetime has been modeled with the time-dependent
failure rate.

However, there are some issues with the FTA approach. First,
both the dependences among different degradations and the
fault sequences [206], [209] have not been modeled in this
method. Second, it could be used to evaluate complex systems
by analyzing the probabilities of combined failures [203]. But it
must model the relationship among all individual failures [202].
Thus, the failure mechanisms of each component are required.
So, with this method, the computational burden is heavy for
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complex systems [210]. To solve the abovementioned problems,
the extended FTA techniques for dynamic and complex systems
are necessary. Below are summarized three typical extended
FTA methods.
1) Dynamic FTA (DFTA) defines specific gates to represent
failure dependence, redundancy, and sequence relation-
ships [211]. To solve the fault trees, it is conventionally
translated into MCs. But Markov model becomes compli-
cated for large systems. A hybrid BN inference algorithm
has been used instead to solve the fault trees [212]. Neither
numerical integration nor conditional probability table
is needed. So, this approach is suitable for the complex
systems.
2) Pandora temporal fault trees introduce temporal gates to
describe event sequences and allow qualitative analysis of
temporal fault trees [213]. This method applies BNs to
solve fault trees to analyze dynamic dependability.
3) Repairable fault trees further extend system lifetime by
applying different repair strategies into the model [214].
3) GO-FLOW: This system analysis technique is success-
oriented [215]. Itis an alternative to FTA method and is effective
to estimate the lifetime of complex time-dependent systems with
multiple states [216]. But it is hard to model the dynamic behav-
ior characteristics. To overcome this, an extended GO integrated
with DBN has been used to model the system dynamics [216].

4) Bayesian network (BN): The BN technique could be re-
garded as a general version of FTA. Dependence among failures
could be represented with this method [217]. It is relatively
suitable for the complex system lifetime modeling because
it performs the factorization of joint probability distribution
for conditionally dependent variables [218]. It could be used
to represent interdependency among components and include
uncertainty in modeling [219]. The derivatives of BN are sum-
marized below.

1) Dynamic BN (DBN) models the temporal sequence of
the variables. It is a generalization of the hidden Markov
models and KFs [220], [221].

2) By integrating the genetic algorithm into DBN, the system
reliability has been regarded as a parameter in design
stages to promote the design for reliability [222].

3) Both the standard and DBN methods repeat the random
variable probability distribution calculation at every time
interval and increase the model complexity. To address this
issue, a discrete-time BN (DTBN) method assumes that
each event happens at most once [223]. This is especially
applicable for the nonrepairable systems.

4) The continuous-time BN (CTBN) generalizes the DTBN
framework [224]. The main advantage of a CTBN over a
DTBN is that it provides a closed-form solution for the
system lifetime. Besides, CTBN also saves memory be-
cause the probabilities are described in terms of parametric
functions rather than multidimensional tables in DTBN.

5) Markov chain (MC): The MC approach is a random pro-

cess with the next state depending only on the present state [206].
It is time independent and focuses on either successful or failed
combination. It saves the computational effort in the lifetime
calculation of systems with fault sequence [202]. MC and its
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derivatives are suitable to solve dynamic systems with compo-
nent interactions [225]. However, the Markov model expands
its state space exponentially with the number of components.
Thus, it is difficult to apply MC into large, complex systems.
Besides, MC is not suitable in systems with time-dependent
failure rates [202], [209]. Some applications of the MC methods
into the power converter area are listed as follows.

1) An interleaved dc—dc boost converter lifetime has been
modeled by applying this MC method, considering the
constant component failure rates [8].

2) An induction motor drive lifetime modeling has also been
conducted with the MC analysis [226].

3) A proton-exchange membrane fuel cell power plant life-
time has been estimated by the MC technique as well, with
the continuous state transitions [33].

B. Discussion of the Applicability in SiC Power Converters

Table VI summarizes the aforementioned system-level life-
time models and their derivatives. First, overall speaking, based
on the six evaluated indexes, DRBD and DBN could achieve
a relatively wide application range. Second, the component
failures such as gate oxide breakdown, body diode degradation,
bond wire fracture, and liftoff as well as solder-fatigue are
all time-dependent. Since the classical RBD, FTA, and MC
cannot model the time-dependent failures, they are not appli-
cable in the SiC power converter lifetime prediction. Third,
if one failure mechanism occurs after the other one, RBD,
FTA are not suitable for this sequence order modeling in the
SiC converter lifetime prediction. Fourth, for the components
with inconstant failure rate, MC is not a promising option to
predict the SiC converter system lifetime. Fifth, regarding the
dynamic behavior modeling, such as component interdepen-
dence in SiC MOSFET failure mechanisms, redundancy modeling
in the multilevel converters, and load sharing modeling in the
paralleled devices, RBD, FTA, and GO-FLOW are not appli-
cable. Although DFTA has improved the dynamic capability, it
is still hard compared with the DRBD, extended GO-FLOW,
and BN techniques. This is decided by the adopted inference
algorithm. Sixth, for the complex systems consisting of various
components such as the three-port SiC converter consisting
of an interleaved boost converter, an interleaved bidirectional
flyback converter, and a three-phase voltage source inverter
[227], it takes considerable computational resources to utilize
the RBD, FTA, and MC techniques in the converter lifetime
prediction.

The system lifetime modeling has been conducted in the Si
IGBT based inverters following exponential distribution with
constant failure rate [9], [10]. SiC MOSFET-based power con-
verter lifetime models following the Weibull distribution with
inconstant failure rate could be investigated. Furthermore, sys-
tem RUL estimation could be based on multiple indicators using
techniques such as principal component analysis [43].

V. SiC CONVERTER LIFETIME MODELING SOFTWARE

Both the academia and industry have developed component-
level and system-level simulation tools to analyze and predict
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TABLE VI
SUMMARY OF SYSTEM-LEVEL LIFETIME MODELS
i Dynamic behavior modelin;
. Time Event Applicable to the Y & Complex Success- /
Modeling dependent . . system .
N sequence fixed / variable Component Customizable . e . failure-
methods failure . . . Load sharing lifetime .
. modeling failure rate interdependency redundancy . . oriented
modeling . . modeling modeling
modeling modeling
RBD No No Either No Difficult Success
DRBD Yes Yes Either Yes Yes Success
FTA No No Either No Difficult Failure
DFTA Yes Yes Either Hard / Impossible Yes Failure
GO-FLOW Yes Yes N/A No Yes Success
Extended
GO-FLOW Yes Yes N/A Yes Yes Success
BN No Yes Either Yes Suitable N/A
DBN Yes Yes Either Yes Suitable N/A
MC No Yes Fixed N/A Difficult Either

the lifetime of the SiC converters. These software use differ-
ent random number generation methods and lifetime modeling
strategies to derive the component or system lifetime in the form
of statistical probability distributions.

A. Component-Level Lifetime Modeling Software

1y

2)

Finite-element analysis software by the ANSYS. It has
been used to simulate solder layer lifetime with energy-
based and creep-strain-based methods [228].
Finite-element analysis software by the COMSOL Mul-
tiphysics. The lifetime of the die-attach solder layer has
been modeled with thermomechanical physical analysis
[91].

B. System-Level Lifetime Modeling Software

Both the academic and commercial system-level lifetime
modeling softwares have been developed by using different
modeling categories mentioned in Section I'V.

1) Academic:

1y

2)

3)

2)
1y

Galileo tool [229] by the University of Virginia: It is
specifically designed to model and analyze the dynamic
fault trees. It can be edited in a web-based graphical
environment.

Symbolic hierarchical automated, reliability, and perfor-
mance evaluator [230] by Duke University: It could model
the system-level lifetime by integrating the information
from each component time-dependent degradation and the
system structure. It supports RBD, FTA, and MC modeling
methods. It generates lifetime results statistically in the
form of a probability distribution function.

DFTCalc [231] by the University of Twente: It translates
each top-level failure event into an input—output interac-
tive MC. The failure probability of a dynamic fault tree is
calculated by composing these chains one by one. It could
be used to output the system MTTF.

Commercial:

Isograph [232] provides two tools to model the SiC con-
verter system-level lifetime in a graphical format, includ-
ing the Reliability Workbench tool and the Availability

Workbench tool. Both of them offer RBD and FTA mod-
eling approaches. The former tool is useful when there is
need to refer to the standards such as MIL-STD 1629 and
IEC 61508.

2) RAM Commander [233] could utilize the RBD, FTA, and
MC techniques to model the system-level lifetime.

3) ReliaSoft [234] offers four tools to model the system
lifetime.

a) BlockSim tool provides RBD and FTA to model the
system-level lifetime for both repairable and nonre-
pairable systems in a graphical interface.

b) Weibull++ tool is used to analyze lifetime data using
Weibull distribution.

¢) ALTA tool could analyze the quantitative lifetime data
from accelerated tests.

d) Lambda Predicttool could estimate the system lifetime
based on the standards such as MIL-HDBK-217F.

4) Windchill RBD (formerly Relex OpSim) [235] supports
series, parallel, and hybrid RBD configurations. It can
be used to calculate the expected number of failures, the
failure rate, MTTF for nonrepairable systems, and mean
time between failures (MTBF) for repairable systems.

5) Fault Tree Analyzer [236] is an open-source tool. It could
do static FTA in a web-based graphical environment.

6) ITEM ToolKit [237] could be utilized to analyze the RBD,
FTA, and MC modeling techniques in lifetime prediction.

7) AGENARISK [238] could be used to predict the SiC
power converter lifetime with the up-to-date techniques
from Bayesian artificial intelligence and probabilistic rea-
soning. It integrates the real-time degradation data with
the knowledge about component causal relationship and
interdependence.

VI. SiC POWER CONVERTER CONDITION MONITORING

To update the static system lifetime model based on the
results of ALTs, the summary of the component-level lifetime
models, and the extrapolation of statistical lifetime modeling
in Section III, the identified degradation indicators are further
measured in real time. Condition monitoring is a passive method
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Fig. 7. Condition monitoring method classification.

to online indicate the degradation of power devices [107], [239],
[240], capacitors [32], [241], and overall systems [107]. Fig. 7
classifies condition monitoring into component and system
levels. Component-level condition monitoring includes direct
and indirect methods. Since thermally induced failure takes a
significant percentage of 55% among all sources of failures
[242], most of power electronic condition monitoring has been
focused on temperature-related failure.

1) Direct condition monitoring: Direct condition monitoring
is realized by using internal sensors and contact-based
temperature transducers. Device packaging and internal
design are essential in the internal sensor integration
method. Based on the thermistor principle, a tempera-
ture sensor is integrated into the SiC power MOSFETS to
measure T [243]. More common direct condition moni-
toring is conducted by applying contact-based temperature
transducers such as thermocouples, thermistors, resistance
temperature detectors, and semiconductor temperature
sensors [244]. However, high-bandwidth temperature sen-
sors are not cost-effective. Another extensively employed
contact-based temperature sensors have focused on the
negative thermal coefficient (NTC) thermistor. The ther-
mal impedance between the SiC die and the integrated
NTC thermistor has been modeled in a Foster thermal
network to estimate 77 [245].

2) Indirect condition monitoring: Indirect condition monitor-
ing is carried out by either physical modeling or detect-
ing parameters indicating internal degradation. Physical
modeling can be further classified into electrothermal
modeling and thermomechanical modeling. The indica-
tor detection includes the monitoring of the TSEPs and
other degradation indicators reflecting the degradation of
the gate oxide, the body diode, bond wires, and solder
layers.

3) System condition monitoring: System-level condition
monitoring has not been explored enough compared with
component-level counterpart. It is commonly performed
by comparing the responses in real time and under nor-
mal operations [107]. The difference between the two
responses is used to evaluate system-health condition.
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A. Electrothermal Modeling of SiC Power Devices

Electrothermal modeling is normally concerned with the SiC
device model, power loss model, and thermal model. Temper-
ature swing [246] and average junction temperature [151] are
targeted by electrothermal simulation including power loss cal-
culation. Compared with other temperature estimation methods,
electrothermal modeling is more cost-effective. However, it is
difficult to model the electrothermal system accurately. One
challenge is to consider uneven temperature distribution among
the chips, layers, and different points on the chip inside the power
module due to thermal coupling. Another challenge is to model
mission profiles and thermal dynamics, which are closely related
to device lifetime.

Two electrothermal modeling methods have been studied, i.e.,
1-D and 3-D thermal networks. Both approaches can be realized
by either Cauer or Foster thermal networks [247], as shown
in Fig. 8. Cauer grounded-capacitor ladder thermal network is
based on heat physics. It is more accurate but computation ex-
tensive. Foster nongrounded-capacitor ladder thermal network is
not physically based and, thus, mathematically more convenient
[248].

1-D lumped RC thermal networks are based on manufacturer
datasheets [249], [250]. They are convenient to be realized in
circuit simulation [249], and thus, fast. They are suitable for
a rough estimation of junction temperature. But they basically
estimate the average junction temperature of the chip area and
intrinsically disregard thermal coupling among chips or different
layers beneath chips [251]. Most of the 1-D RC thermal mod-
eling is conducted in the time domain and fails to consider the
boundary conditions including nonlinear heating and cooling
systems [252]. To fix this issue, an electrothermal cosimulation
is conducted based on 1-D time-domain RC thermal network by
including boundary conditions [253]. Also, a frequency-domain
1-D thermal network [254] considers the impact of boundary
conditions of nonlinear cooling system on thermal impedance.
A low-pass filter has been adopted to model the loss behavior
of thermal grease and heat sink so that the junction temperature
can be estimated more accurately.
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TABLE VII
SUMMARY OF SIC MOSFET ELECTROTHERMAL AND THERMOMECHANICAL MODELING METHODS
Model Categories Descriptions Features
Convenient to be realized in circuit simulations quickly
1-D thermal networks Suitable for a rough estimation of 7}
Disregards thermal coupling among chips or various
Electro-thermal modeling layers beneath chips
More accurate by thermal coupling consideration
3-D thermal networks Time-consuming calculation
Not efficient to analyze long-term mission profiles
Thermo-mechanical modeling Stress and strain response to thermal N/A
loading
Chip Case Thermal interface TABLE VIII
. . SUMMARY OF TSEPs OF SiC MOSFETS
. I-DRC | I-DRC| I-DRC . Positive/negative
S ;hermall - e o Iq\;hermall - e o ;hemall TSEPs of SiC MOSFETs temperature relevance
P o etwor o etwor . etwor T, Turn-on current rate dl/dt [132], [267] Positive
loss * * *

. . . Turn-off current rate dl/dt [267] Negative

= = Turn-on gate current plateau [132] Positive

Fig.9. Typical 3-D thermal network. Turn-on voltage rate dVy/dt [271] Negative

The discharge time of Miller capacitance .
during tum-off [132], [272] Positive
Another electrothermal modeling method is based on 3-D - —
K i A Turn-off delay time [269] Positive
lumped RC thermal network, as shown in Fig. 9. It is more -

. . Integral of gate drive turn-on output current -
accurate than 1-D network due to the consideration of thermal over turn-on time [270] Positive
coupling and dynamics. Differential thermal analytical equa- Gate drive turn-on peak output current [270] Positive
tions using finite-difference method .[25 1] and finite-element On-state resistance Ry o [266] Positive
method [255] have been used to derive both the steady-state Shoot-through current magnitude [133] Positive

and transient temperature profiles (junction temperature swing
AT} and maximum junction temperature 7 n.x). But they are
limited with time-consuming calculation [256]. Thus, owing to
both the high cost and possible divergence, they are not efficient
to analyze long-term mission profiles. To improve the execution
speed, the thermal boundary conditions can be transformed from
the finite-element method to circuit simulation [257].

B. Thermomechanical Modeling of SiC Power Devices

Thermomechanical modeling is derived from the thermome-
chanical stress at the bond wires and solder layers. It can be
used to diagnose the health condition of these package-level
locations. The IGBT module bond wire 3-D thermomechanical
degradation modeling has been studied in [258]. The thermo-
mechanical creep behavior of solder layers has been analyzed
in [259]. Since the package-level failure mechanisms between
SiC MOSFETs and Si IGBTs are similar based on the review in
Section II, these thermomechanical modeling methods have also
been applied to the SiC MOSFETs [162]. For example, in the SiC
power modules, the stress and strain response to thermal loading
has been modeled and simulated [158]. The difference between
Si and SiC devices regarding this thermomechanical modeling
is a potential domain to be further investigated.

A summary of SiC MOSFET electrothermal and thermome-
chanical modeling techniques has been shown in Table VII.

C. TSEP Comparison

Case temperature and junction temperature have been mea-
sured for component-level thermal condition monitoring. The
relationship has been investigated between the case temperature
and the degradation of substrate—baseplate solder as well as
bond wire [260]. TSEPs have been widely reviewed for the T}
monitoring of power devices [261]-[264]. ON-state resistance
[265], [266], turn-ON current I rate [132], [267], turn-ON gate
current plateau [132], turn-ON voltage Vs rate [268], turn-OFF
discharge time of Miller capacitance [132], turn-OFF delay time
[269], integral of the turn-ON gate current over turn-ON time
[270], turn-ON peak output current [270], shoot-through current
magnitude [133], and drain current for a low gate voltage [136]
have been used as the TSEPs of SiC MOSFETs. Table VIII
presents a brief summary of these parameters.

1) Current rate d;/dt and turn-ON gate current plateau Iy,
Current rate dI;/dt has been identified as the SiC MOSFET
TSEP [132], [267] because it increases with temperature
during turn-ON and decreases with temperature during
turn-OFF [273].

Negative temperature coefficient of the Vi), is the rea-
son behind the positive temperature coefficient of both
dI/dt and I, during SiC MOSFET turn-ON. Both of the
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two TSEPs can be integrated with gate drive. There is
also a tradeoff between switching loss and temperature-
sensitivity for both dI;/dt and I, during turn-ON. They
are not suitable for fast switching due to the obvious
interference of the parasitic inductance. Their temperature
dependence is sensitive to die-size and gate resistance.
Decoupling is needed since turn-ON I, would also be af-
fected by the nonthermal parameters such as load current.

2) Turn-ON voltage rate dVys/dt: The turn-ON voltage rate
dVygs/dt has a negative temperature dependence for SiC
MOSFETs [271]. This is mainly caused by the negative
temperature coefficient of the threshold voltage, which
is caused by the positive temperature relevance of the
intrinsic carrier concentration.

3) Miller capacitance Cyq discharge time: The discharge time
of Miller capacitance during turn-OFF is another TSEP for
SiC MOSFETs [132]. Itis less temperature-sensitive for SiC
MOSFETs compared with Si IGBTs.

4) Turn-OFF delay time: This TSEP is integrable with gate
drive with adjustable gate resistance [269]. But its tem-
perature dependence is sensitive to the dc-link voltage,
load current, and gate resistance.

5) The integral of the gate drive turn-ON output current: The
gate drive turn-ON output current could be detected in a
relatively simple gate drive setup [270]. But its temper-
ature dependence is sensitive to both the dc-link voltage
and the load.

6) Gate drive turn-ON peak output current: To detect the gate
drive turn-ON peak output current, the gate drive setup is
relatively complex [270].

7) Drain—source ON-state resistance Rgs_on: Rds_on has been
shown as the SiC MOSFET TSEP [266]. However, the SiC
MOSFET Rgs on is less temperature-dependent compared
with that of Si MOSFETs [131]. Besides, SiC MOSFET
Rgs_on 1s highly dependent on Vi [274].

8) Shoot-through current magnitude: The amplitude of the
shoot-through current caused by the crosstalk is less
temperature-sensitive for SiC MOSFETs than Si IGBTs.
This is mainly attributed to the relatively smaller Miller
capacitance in SiC MOSFETs. This TSEP is based on the
crosstalk and thus is intrusive to the normal operation
[133].

Following are some discussions about the aforementioned

TSEPs.

1) Some of the aforementioned TSEPs are not suitable for
SiC MOSFETs. As discussed in Section III-A, Rgg on is less
temperature-dependent in SiC MOSFETs compared with
Si devices. So, Rgs on 18 not a promising TSEP here.
In addition, the turn-OFF discharge time of the Miller
capacitor is not so manifest compared with Si devices due
to smaller die-size.

2) Due to higher interface state traps and fixed oxide traps
in SiC MOSFETS, the bias temperature instability results in
more significant Vyy, drift [275]. This would reduce the T}
estimation accuracy, based on Rgs _on, body diode forward
voltage V, turn-ON switching rates dI;/dt and dVys/dt
[276].
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3) Both the statistic and dynamic SiC MOSFET TSEPs have
been verified to be affected by the ageing effect in dc PC
tests [277]. Thus, to make the T; estimation more precise,
an improved measurement should be developed.

4) In some cases, more than one TSEP could be combined
with each other to make the estimation more precise. For
instance, both the square root of the device saturation
current and the threshold voltage have been integrated into
the junction temperature estimation [278].

D. Other Degradation Indicators

Other than the temperature related indicators, there is another
group of nonthermal parameters that are dedicated to reflecting
the ageing effect corresponding to different failure mechanisms
of SiC MOSFETs. Following are the summarized health indicators
that have been identified for specific failure modes. They could
quantify the degradation extent, and further be used to derive
corresponding offline lifetime models through ALTs.

1) ON-state drain—source voltage Vjs o, and body diode for-

ward voltage Vr have been used as the indicators of bond
wire liftoff failure through PC tests [99].

2) Junction-case thermal impedance Ry, . has been utilized
as the indicator of solder-fatigue through TC tests or TS
tests [99].

3) Threshold voltage Vi, [44], [69], [70], [114], [115],
[279]-[281], gate leakage current Iy [99], [282], [283],
drain leakage current /455 [114], [116], and Miller plateau
voltage Vs mp [41], [61], [62] have been adopted as the
indicators of gate oxide failure through HTGB tests.

4) Gate leakage current Iy [284] and forward voltage Vg
[571, [58], [82] have been applied as the indicators of body
diode failure through HTRB tests.

5) The turn-ON time has been analyzed as an ageing indicator
for SiC MOSFETSs in [285]. But no specific package or chip
failure has been clarified regarding this indicator.

6) The gate—source impedance has been verified as an ageing
indicator in [286]. A spread-spectrum time-domain reflec-
tometry hardware has been added to sense this impedance
change. So, the degradation could be indirectly detected.
But this work does not specify which failure mode it is
related to.

Besides, for the dc-link capacitors, the ESR and capacitance

[32] have been applied as the indicators of capacitor degradation
through floating or cycling aging tests [287], [288].

E. Review of Challenging Online Measurement Techniques

For SiC MOSFETSs, the measurement of some parameters
is sensitive and requires special implementation techniques.
Therefore, a detailed review of these measurement methods is
essential for the practical testing regarding the health indicators.

The indicator measurement of SiC MOSFETs generally fea-
tures the following challenges. The signal amplitude is small,
which is hard to detect. The parameter resolution is required
to be high enough to fit the fast switching speed. Also, they
are susceptible to high-frequency noise. Besides, the inference
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from other parameters could generate false alarms. In the result
analysis, the propagation delay of extra circuits needs to be
considered. Furthermore, the interdependence among different
physical mechanisms needs to be decoupled to analyze individ-
ual physical mechanism. Finally, the implementation complexity
should be evaluated to select a proper indicator.

To address these challenges, seven approaches have been
generally employed. They will be summarized ahead in detail.

1) Signal Amplifying: To make the small signal more de-
tectable, most techniques have used the operational amplifiers.
In the drain leakage current measurement, /4 is microampere-
level at nominal blocking voltage [67]. Due to aging, 144 could
reach to milliampere-level [289]. To make /455 more detectable,
it could be measured at a higher V5 than the nominal blocking
voltage [67]. In the gate leakage current measurement, o is
negligible in normal condition. But the milliampere-level gate
current could occur in aged devices [289]. A difference amplifier
with an enough bandwidth at designed switching frequency
range has been utilized to measure I by detecting turn-ON
gate resistance voltage drop. This voltage is then compared to a
predetermined threshold voltage to monitor the degradation.

2) High-Resolution Consideration: The detection resolution
and accuracy need to be high enough due to SiC MOSFET typ-
ically high switching frequency. A microcontroller unit high-
resolution capture peripheral with resolution of few hundred
picoseconds has been used to measure the nanosecond-level
turn-ON delay time [285]. In a turn-OFF delay time measure-
ment, the propagation delay mismatch and jitter of the signal
isolator and gate drive IC would adversely affect the measured
turn-OFF delay resolution [290]. This undesirable effect has been
alleviated by increasing the gate resistance. In a drain leakage
current measurement, the high-resolution requirement cannot be
affected by the nominal switching drain—source current [289].
In the gate leakage current measurement, the measurement
accuracy of voltage on the gate resistance has been included
into the design [289].

3) Immunity to High-Frequency Noise: The impact of high-
frequency dVys/dt overshoot and ringing noise on the measure-
ment accuracy needs to be minimized [291]. Take the peak gate
current measurement as an example. The transient noise could
be induced by the high-frequency electromagnetic interference,
and the switching transient from the gate drive power supply
or the current peak detector [270]. To resolve these unexpected
issues, additional circuits such as a filter and an amplifier with
high common-mode rejection ratio have been utilized. In the
measurement of peak gate current, an output filter has been
applied to reduce the high-frequency noises at the outputs of the
peak current detector and integrator. In the turn-ON delay time
measurement, to alleviate noise interference, an RC filter has also
been designed. The input impedance has been increased with
additional paralleled capacitors, high-bandwidth buffer circuits
[285]. In the turn-OFF delay time measurement, a series—parallel
RC circuit has been included to filter high frequency noise as
well [292]. In the gate leakage current measurement, the ampli-
fier with high common-mode rejection ratio at high switching
frequency has been applied to counteract the undesirable noise
effect [289].
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4) False Alarm Avoidance Due to Other Parameters: Since
the detected health indicators interact with other parameters with
similar electrical properties in the circuit, it is essential to prevent
them from being contaminated by these signals. Hence, a false
alarm should be avoided. In the measurement circuit of g, the
amplifier input bias current rating and input offset voltage rating
should be small enough in case that it would contaminate the
real I. It has been suggested that input bias current should be
atleast one order of magnitude smaller than gate leakage current,
and the input offset voltage should be at least one order of
magnitude smaller than the minimum ageing threshold voltage
[289]. Also, Igss could be mixed with gate charging current
during switching transients, or the current flowing through extra
gate—source resistor, protection-purpose Zener diode. To address
this issue, a Zener diode with a small leakage current at gate
voltages could be used. In the peak gate current measurement,
the switching transient properties of SiC MOSFETs are sensitive
to the gate bias voltage [270], which would also induce false
alarm.

5) Propagation Delay Consideration: Almost every re-
viewed health indicator circuit involves adding extra analog
circuits. As a result, the corresponding propagation delay would
impact the detected signal itself. Thus, including this delay
time into the final indicator judgment should be noticed. In the
turn-ON delay time measurement, a propagation delay time of the
voltage comparison circuits has been considered in the testing
result analysis [285].

6) Decoupling Among Different Physical Mechanisms:
Some indicators are dependent on more than one physical mech-
anism. To individually analyze the impact of a certain effect on
a specific parameter, a decoupling strategy is normally required.
It could be done by either identifying new indicators or devel-
oping new measurement methods.

Both the junction temperature rise and the die ageing could
cause the commonly applied TSEPs such as R4 o, to change.
Therefore, the real T} of the chip cannot be reflected. The body
diode’s voltage drop at low current and negative Vs has been
utilized as a novel TSEP to decouple the ageing effect and the
practical junction temperature rise [134]. On the other hand, if
SiC MOSFET degradation needs to be monitored separately, the
T} effect should be excluded. Rgs on in saturation region has
been measured to reflect the device ageing, and a low Vg at
startup is applied to decouple the heating effect [293].

The decoupling could also be realized through the improve-
ment of measurement methods. To decouple the self-heating
effect at high-current high-voltage region from the real turn-OFF
delay time measurement, this health indicator has been derived
by online measuring the intrinsic ON-state SiC MOSFET capac-
itance characteristics extracted from their S-parameters [294].
Another example is the decoupling of the package and chip
degradation. As mentioned in Section II, both of these two
mechanisms could impact Vs o,. Through utilizing a Kelvin
source and drain to measure the chip voltage drop and detecting
the bond wire voltage separately, these two failure modes have
been monitored individually [281].

7) Measurement Complexity Evaluation: For some health
indicators, the measurement involves more than one parameter.
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TABLE IX
SUMMARY OF ACTIVE THERMAL CONTROL STRATEGIES
. Realization details
Groups Control methods Devices
If Then
GaN HEMT [297] Tc? Vs first-step duration T — Py T — I 1 — 47T} |
Topology Adaptive gate drive Si IGBT [298] Load current | Ryt =Pyt —T;1—4T; |
Si MOSFET [296] Rison T Vg amplitude | — 7; |
Switching frequency Si IGBT [246], [299],
control [300] Load current 1 fowl = Po T — 4T |
. . . T; 1 Open-loop feed-forward control of P, and A7,
Active cooling control SiIGBT [301]
AT 1 Close-loop feed-back control of temperature
SiIGBT [302] P, 1 DPWM clamping angle T — Py | — T |
SiIGBT[11] T.1 Vac i | S Pl >T ]
! DPWM !
. Optimize redundant switching states — Py T;
PWM control SiIGBT [303] Tt P ! & = Pos s =T
modification
Si MOSFET [304] Phase current 1 Duty cycle | = Peowa | = T |
Control Si IGBT [305] Device current 1 Optimize redundant SPiCGTVTItage vectors — Py |
J
Si IGBT [306] P17 Duty cycle | — Pig | = Tj
Tum"’cf(friiﬁy time Si IGBT [307] AT} R | or C | in RC snubber circuit — P,y | — AT} |
s Py
Si IGBT [308] T, 1 or AT, 1 ol = Poud
k Duty cycle | = Peoua |
Hybrid control Si MOSFET [309], [310] T mean 1 08 AT; 1 Jou
- Load current |
Si IGBT [311] 71 Jou
Load current |
System level control SiIGBT [312] AT; 1 Reactive power injection — A7} |

Vin is such an example. The measurement of Vi, normally
requires a high sensing speed and high resolution for both
drain current and gate—source voltage [285]. As a result, from
the perspective of realization complexity, this indicator is not
preferred as an ageing indicator.

VII. SYSTEM-LEVEL LIFETIME EXTENSION

The degradation indicator information obtained from online
condition monitoring can be applied to not only passively update
but also actively control the system lifetime.

Table IX summarizes the active thermal control strategies
from the perspectives of topological and control improvement.
No SiC MOSFETs have been included in this table because most
of the literature has been focusing on the Si-based components.
The approaches applied to these Si devices could be good
references for SiC MOSFET-based converter lifetime extension.
Two inherent issues exist in this method. Additional thermal con-
trol loops are needed. There is a compromise between thermal
reliability and overall performance indices such as efficiency,
cost, and volume. Active thermal control is normally conducted
separately from the lifetime estimation. It can also be conducted
together with system lifetime estimation by integrating lifetime
and damage accumulation models into active thermal control
algorithm [295]. Basically, the control of instantaneous junction
temperature 7 [296], junction temperature swing AT} [297],
maximum junction temperature T ., [298], average junction

temperature T j,ean [151], case temperature T [179], [260],
and heat sink temperature [179] have been targeted. Controlling
T} mean and AT} together has better lifetime improvement
compared with the control of individual parameters [246]. But
the hybrid control requires more computational resources. Thus,
there exists a tradeoff between the microprocessor capability and
control preciseness.

From the perspective of the topological improvement, most
lifetime extension strategies have been focused on the adaptive
gate drives, which are configured with either analog or digital
circuits. In spite of the lower cost, the analog circuits have
intrinsic weakness of adjusting control parameters and realizing
fast switching [313]. The switching frequency is kept constant
in this method. First, case temperature-changing rate has been
controlled to adjust the turn-ON transient duration, which is
related to switching loss [297]. But there exists delay time
between the change of junction and case temperature. Second,
the load current has been controlled to adjust the gate resistance
[298]. Both T} max and AT} have been reduced without 7
measurement. But the impact of parameter variation has not been
analyzed. Third, gate resistance has been changed to reduce both
T max and AT [298]. Fourth, Vs amplitude has been adjusted
to decrease T} by tracking Rgys o, change [296]. Vs increase
causes smaller Rgs on, compensating Rgs o increase due to
temperature rise. Thus, the efficiency has been improved.

From the perspective of control methods, the switching fre-
quency control, active cooling control, active power control,
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PWM control modification, turn-OFF delay time control, hybrid
control, and system-level control have been studied.

A. Switching Frequency fs,, Control

The switching frequency fi, control has been carried out
either separately or with other parameters. It is independent of
the load cycles. The switching loss increases with higher fiy,
whereas the peak current per switching cycle rises with lower
Jfsw [306]. Thus, there is a tradeoff between the efficiency and
the device current stress. First, fs,, has been changed through
a hysteresis controller [151], [246], [299], [300], [314]. AT} is
derived from power loss modeling and used as the input of the
controller. Second, fy, has also been controlled together with
the load current to adjust T); [308], [309], [311].

B. Active Cooling Control

This approach has been conducted without estimating junc-
tion temperature [301]. Feedforward open-loop power loss and
ambient temperature control are carried out to improve the
dynamic response. Feedback closed-loop baseplate temperature
control is intended to reduce the temperature swing. Although
the temperature stress of devices could be decreased, two addi-
tional control loops make it relatively complex.

C. Active Power Control

Active power control has been applied to limit the maxi-
mum photovoltaic (PV) output power [315]. Thermal loading
is reduced by combining active power control and maximum
power point tracking. However, PV panel degradation has not
been included [316]. Therefore, the long-term overall reliability
evaluation is not accurate.

D. PWM Control Modification

Most PWM modification techniques have been conducted
in Si IGBTs. They could induce issues such as the distorted
output waveforms with high THD. To improve the quality of
the output waveform, DPWM is applied with variable dc-link
voltage control [11]. However, it suffers from unstable input
voltage. Following lists the state-of-the-art literature regarding
this PWM control modification method.

1) The clamping angle of DPWM has been controlled to
reduce the switching loss and corresponding thermal
stresses of power devices in a cascaded H-bridge converter
[302]. But it suffers from high output THD at the light
load.

2) Different from conventional PWM control, two modu-
lation waveforms have been adopted in the improved
DPWM scheme to realize active thermal control [317].

3) DPWMI1 method has been implemented in a hysteresis
controller to decrease the thermal-cycle amplitude [314].

4) Improved carrier phase-shift algorithm has been used to
optimize the gate switching sequence so that both the T}
and AT} thermal stresses of the switches are alleviated
[303]. But neither the THD nor the cost has been well
designed.
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5) Space vector PWM (SVPWM) has been adopted to reduce
the loss in multilevel topologies [305]. One issue with this
method is that the loss control and neutral-point voltage
control cannot be conducted simultaneously.

6) Duty cycle has been used as the control parameter to
decrease the power loss of devices in the isolated con-
verter [306]. Although this method has fast response and
simple implementation, there is a tradeoff between cost
and efficiency.

7) Switching states of submodules in modular multilevel
converter have been controlled according to the tempera-
ture to achieve the thermal balancing among submodules
[318]. The submodule capacitor temperature could also be
regulated by controlling the capacitor voltage [319]. But
this method suffers from a small thermal adjustment range
constrained by the constant total arm voltage requirement.

8) Improved PWM method has been used in Si MOSFETs
to adjust the switch thermal stress in dc—dc and dc—ac
interleaved converters [304]. Although only one control
loop is needed, the cost is increased due to full-scale
components.

E. Turn-OFF Delay Time Control

The turn-OFF delay time control has been conducted in Si
IGBTs by introducing a turn-OFF trajectory adjustment circuit
[307]. Individual thermal control is achieved. The turn-OFF loss
is adjusted by the IGBT turn-OFF trajectory so that the AT} is
decreased. It is useful in controlling the individual power loss
of each device. However, the volume and cost are increased.
Overall efficiency is discounted due to the additional circuit.

F. Hybrid Control Methods

The technique combining two or more of the previous control
strategies has also been extensively investigated. First, PWM
selection between SVPWM and DPWM is done accompanying
with the switching frequency modification to decrease the power
loss [320]. However, there is a tradeoff between the output
current waveform quality and the device lifetime. Second, the
control of switching frequency, PWM method, and load current
has been conducted at the same time in [308]. Although this
method is cost effective, it suffers from complex control. Third,
the switching frequency and duty cycle are both controlled in
[309] and [310]. But T} is not strictly adjusted due to parameter
drift with temperature. Fourth, the switching frequency and load
current are both controlled in [311] to optimize the torque and
efficiency at the same time. But the variability of load current is
required to achieve this optimization.

G. System-Level Active Thermal Control

The system-level active thermal control has been imple-
mented through the reactive current control in an individual
converter or load-sharing control among multiple converters.
First, the reactive current control has been conducted to stabilize
the device AT} in a three-level neutral-point-clamped inverter
[312]. But the reactive current brings in additional thermal
imbalance issues. Second, the active power is controlled between
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two paralleled three-phase PWM inverters [321]. The average
switch thermal stresses have been balanced.

According to the previous summarization, some opportunities
could be further explored in the active thermal control domain
concerning the SiC MOSFET-based power converters.

1) Most of the active thermal control is based on the Si
MOSFETs and Si IGBTs. Since temperature-dependent
characteristics of SiC MOSFET electrical parameters are
different as analyzed in the previous sections, the active
thermal control methods should be further investigated.
For example, due to less temperature-dependent ON-state
resistance in SiC MOSFETS, adjusting ON-state resistance to
compensate for the shift caused by temperature rise could
be considered.

2) Qualitative improvement has been extensively analyzed in
the state-of-the-art active thermal control literature by ob-
serving the temperature decrease. It is necessary to make a
quantitative comparison of both the lifetime improvement
and the efficiency sacrifice for SiC power converters in the
further research concerning lifetime modeling.

VIII. CONCLUSION

A literature overview of the lifetime prediction and extension
for SiC MOSFET-based power converters is presented. SiC MOS-
FET chip-level, package-level failure modes, and mechanisms
are summarized. Based on the individual failure indicators, the
ALTs are discussed. Component-level RUL estimation is con-
ducted including PoF lifetime models, data-driven lifetime mod-
els and hybrid models. Also, component-level cycle counting
algorithms and fatigue damage accumulation approaches are re-
viewed. System-level lifetime estimation methods are further in-
vestigated. The component and system-level lifetime modeling
software has been summarized based on the state-of-the-art aca-
demic and commercial development. Online monitoring tech-
niques concerning junction temperature-related parameters and
other nonthermal degradation indicators are analyzed. Finally,
the system-level lifetime extension strategies are compared. By
online updating the ALT-based static lifetime model, the overall
system lifetime estimation accuracy could be improved. Based
on the aforementioned analysis, some recommendations are
made for future possible research directions in the SiC power
converter lifetime prediction and extension area.

1) The SiC MOSFET failure criteria of some emerging in-
dicators have not been well studied. For instance, the
Miller plateau amplitude and time duration for gate oxide
breakdown, as well as the drain leakage current and
forward voltage for body diode degradation have not been
covered regarding the failure thresholds in the existing
ALT standards. Besides, the failure criteria of the ON-
state voltage and ON-state resistance for bond wire liftoff,
as well as the thermal resistance for solder-fatigue are
also needed concerning SiC MOSFETs in corresponding
standards. These regulations would help institutions and
manufacturers conduct the fair reliability comparison
among different SiC products.

2) SiC MOSFET ALT designs need to be investigated due to
their individual failure indicator shifting mechanisms.
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3) Most published PoF lifetime models for SiC MOSFETs
are based on Si IGBT power modules. Considering the
differences in the failure mechanisms between Si and
SiC, the PoF lifetime models including SiC reliabil-
ity characteristics would lead to more accurate lifetime
prediction.

4) Most published power electronic lifetime research has
done detailed parameter estimation by using the Monte
Carlo statistical extrapolating method. The statistical
strategies such as reviewed EKF, PF, and artificial
intelligence are to be further studied and compared with
the Monte Carlo technique in the SiC MOSFET power
converters.

5) Palmgren—Miner’s Law has been widely used in fatigue
damage accumulation. Rather than sticking with this lin-
ear method, the nonlinear damage accumulation methods
such as the Manson—Halford model is to be investigated
in the SiC MOSFET power converters. The fair comparison
among different accumulation approaches is useful to
improve the accuracy of lifetime prediction, especially
considering the loading-level dependence in SiC MOSFET
power converters.

6) Much system lifetime modeling has been conducted in
the Si IGBT based inverters by using an RBD or MC.
SiC MOSFET-based lifetime models following Weibull
distribution with the inconstant failure rate could be
studied. Also, the comparison by using different system
lifetime models would help optimize the system-level
lifetime prediction accuracy in SiC MOSFET power
converters.

7) Package-level thermomechanical modeling for the SiC
MOSFETs has not been given enough attention to. The
thermomechanical modeling difference between SiC
MOSFETs and Si devices is necessary to improve the
SiC MOSFET lifetime prediction accuracy and further
provide design directions to enhance their package-level
reliability.

8) How to optimally apply the monitored parameter infor-
mation to update the initial ALT-based statistical lifetime
models would be further investigated for SiC power
converters.

9) Although both of the thermal and nonthermal health indi-

cators have been well studied for SiC MOSFETs, they are

still in a relatively emerging domain and could be further
explored. For example, the Miller plateau duration has
only been studied in the Si IGBT degradation. The output
voltage harmonics have been used to indicate Si IGBT
module solder-fatigue and could be investigated in SiC

MOSFETs as well.

In the condition monitoring area, seldom literature

has explored the system-level condition monitoring of

SiC MOSFET-based power converter. This technique

plays an essential part in an accurate system-level

lifetime prediction and, thus, should be investigated
further.

Controlled parameters in SiC MOSFET-based power

converter active thermal control could unfold other

research  opportunities, considering the TSEP

10)

11
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12)

(1]
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(3]

(4]
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(6]

(71
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(91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

temperature-dependent characteristics are different

from Si devices.

Instead of resting on the qualitative analysis, further
quantitative comparison among different active thermal
control approaches is necessary to make a reasonable
tradeoff among lifetime, efficiency, and power density
for the gradually widespread applications of SiC power
converters.
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