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Member, IEEE, Thomas Geury, Pooya Davari, Senior Member, IEEE, Frede Blaabjerg, Fellow, IEEE,
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Abstract— The rapid growth of Battery Electric Vehicles (BEVS)
in the automotive field has led to a need for improving their
drivetrain performance, mainly focusing on the extension of the
battery operating range. However, the majority of performed
technical assessments only consider battery SoC and depth of
discharge while neglecting the effects on lifetime and failure
probability of power electronic components, more specifically the
emerging wide-bandgap-based (WBG) technologies. Toward
fulfilling this gap, the EV market demands lifetime estimation
performed under real-life mission profile to confirm efficiency and
reliable operation of EV power electronics for an extended range
meeting the EVs lifetime requirements. In this regard, the present
study proposes a versatile experimental device-under-test setup to
investigate a novel stepwise holistic system-level lifetime
estimation approach for BEV drivetrains equipped with SiC
interleaved bidirectional HV DC/DC converter (IBC). To this end,
three different real-life mission profile use-cases are investigated
in this paper and provides systematic stress-based lifetime
estimation, statistical analyses, and validations in comparison. The
study outcome highlights realistic information related to
significant impacts of operation range and battery SoC features on
the IBC lifetime from all aspects.

Index Terms—Real-life mission profile, power electronics
reliability, battery pack SoC, interleaved DC/DC converter, SiC
power modules, Electric Vehicles, Monte Carlo optimization,
Weibull fit, component-level lifetime, system-level lifetime.

l. INTRODUCTION

Battery Electric vehicles (BEVs) are rapidly gaining
popularity and are expected to achieve a 30% market share in
all modes of automotive industries by 2030 [1]. The main
concerns regarding widespread adoption of the EVs are
comfort, range, safety, battery lifespan, fast charging, control
robustness and ageing [2]. Regarding the latter, the standards
AEC Q100, Q101, Q200 are used as stress/lifetime testing
qualification in the automotive industry [3]. Hence, the power
electronics converters (PECs) mounted on BEVs need to satisfy
the automotive lifetime requirements [4]. Moreover, failure of
the EV’s PECs accelerates the unplanned maintenance cost up
to 59% [5]. It is found from field test data that the PECs are
responsible for 37% of the unscheduled maintenances in the
electrical traction systems [5]. Therefore, in BEVS, the lifetime
estimation of the PECs draws the attention of both academia
and automotive original equipment manufacturers (OEMs). An

industry-oriented survey of eighty companies [6] mentioned
that semiconductor devices are the most failure-prone
components and responsible for overall 31% of the failures in
the PECs.

A. The necessity to investigate SiC power module’s failures

As this paper is focused only on SiC-based technology, the
SiC power module failures need to be investigated thoroughly.
There are two fundamental modes for SiC power modules: (a)
wear-out failures and (b) catastrophic failures, as mentioned in
[71, [8]. Packaging failures constitute wear-out failures, where
the failure is a consequence of accumulated damage due to the
temperature, threshold voltage, vibration, and humidity stresses
on the SiC power module. Within these stress factors, the
temperature, or more precisely, the junction temperature, is
considered the most critical in inducing failures in the SiC
power modules. The cross-sectional view of a SiC MOSFET
module is depicted in Fig. 1, which represents different types of
possible wear-out damage due to varying coefficients of
thermal expansion (CTE) among the various materials in a
wire-bonded SiC power module package [7],[9].

According to the accelerated lifetime testing (ALT) of the
SiC power modules, as mentioned in [10]-[15], due to the CTE
mismatch between the adjacent layers, the bond wire and die
attach-solder layer is identified as the most vulnerable area.
Moreover, the thermo-mechanical stresses coming from
temperature swings in these two areas accelerate the
degradation, leading to various wear-out damages such as bond
wire hill-crack, bond wire lift-off and solder joint damage. In
addition to that, the extreme mean junction temperature in the
SiC power module is responsible for bond wire-body and chip
metallization damages. On the contrary, the SiC power
module’s catastrophic failures occur when the operating
conditions exceed the limits of the SiC properties of critical
breakdown electric field (MV/cm) and thermal conductivity
(W/cm/K). Overheating, overvoltage, or overcurrent operating
conditions can activate such catastrophic failures.

SiC power modules also suffer from steady-state attrition
over the long term due to intrinsic wear out. One such failure is
the time-dependent dielectric breakdown (TDDB), a kind of
ageing that MOSFETSs suffer from due to the breakdown of the
gate oxide that occurs as a result of the application of gate
voltage [16], [17]. Such failures can cause ageing issues for
power modules that last in the long term.
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Fig. 1. Cross-sectional schematlc of a SiC power module with the coefficient of thermal expansion, here scanning electron microscopy (SEM) images of the
following failure mechanisms are illustrated: (1) bond wire lift-off damage [18], (2) bond wire hill-crack damage [19], (3) bond wire-body damage [19], (4) chip
metallization damage [18] and (5) solder-joint damage [20]. The potential failure positions in the SIC MOSFET power module is also indicated via red arrow.

Such failure can also occur due to extrinsic or intrinsic reasons;
since extrinsic factors, such as manufacturing defects, are
weeded out through qualification testing, this research
considers the intrinsic factors, like electrical stress, which could
cause wear out. Hence, this research study is focused on
investigating the SiC power module’s wear out due to electro-
thermal stress and the intrinsic effects of dielectric breakdown
while PECs are in operation and on assessing the failure that
might arise through ageing and the TDDB analysis.

B. The necessity to investigate failure caused in the DC-link
capacitor

According to the aforementioned industrial survey [6], the
second failure-prone device in the PEC is the DC-link
capacitor. The DC-link capacitor is responsible for the root
cause of 19% of all failures. On the one hand, the electrolytic
DC-link capacitor’s cost-effectiveness and simplicity make it a
preferable choice for the PECs developers [21]. On the other
hand, the electrolytic DC-link capacitor can give rise to ageing
issues. The potential cause of electrolytic DC-link capacitor
ageing is the uneven electro-thermal reaction and/or electrolytic
evaporation. These ageing factors are accelerated due to
excessive electro-thermal stresses on the capacitor [21], [22].
The electro-thermal stresses can be increased due to high ripple
current and DC-link voltage variation. The ripple current is
responsible for increasing the Equivalent Series Resistance
(ESR) over time, hence, increasing the hot spot temperature to
accelerate the ageing impact on the electrolytic DC-link
capacitor. Therefore, in this paper, the DC-link capacitor ageing
is also investigated for PECs in full load operation.

C. Lifetime requirement of
electronics converters

The BEV lifetime requirement is determined based on the
standard set up by automotive OEMs [23]. Currently, BEVs
exponentially penetrate the wvehicle industry; hence, the
automotive PECs are required to be compliant with the standard
certification requirements set by AEC Q100, Q101 and/or Q200
to prevent undesirable failures of the BEVs [3]. The lifetime
requirements of commercial light-duty BEVs concerning
different scenarios are depicted in Table 1.

The operational lifetime requirement for both traction
Inverter and DC/DC converter is 300,000 km/15 years, which
assumes around 8000 h operation with an average speed of 37.5
km/h [23]. The lifetime requirement for vehicle-to-grid (V2G)
components is 300,000 km/15 years [23]. In contrast, in the
integrated BEVSs, the lifetime requirement is anticipated to
prolong by a factor of 2 (600,000 km) as both the inverter and
DC/DC converter usage is doubled [24]. In the future, for
shared mobility EVSs, the lifetime requirement will be extended
to around 2-5 times (600,000 km-1000,000 km) based on
autonomous driving and ride-sharing opportunities [25].

automotive-grade  power

TABLE 1. BEV’S LIFETIME REQUIREMENTS REGARDING SCENARIOS.

Scenario 1: Standard EVs Scenario 2: Vehicle to Grid
Applications

Traction Inverter
(300,000 km /15 years)
DC-DC converter
(300,000 km /15 years)

Traction Inverter
(300,000 km/15 years)
DC-DC converter
(300,000 km/15 years)

Scenario 3: Integrated PE System Scenario 4: Sharing Vehicles

Traction Inverter
(600,000/1000,000 km) ~ (2-5) times
DC-DC converter
(600,000/1000,000 km) ~ (2-5) times

Traction Inverter
(600,000 km/15 years) ~2 times
DC-DC converter
(600,000 km/15 years) ~2 times
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Fig. 2. Bidirectional HV DC/DC converter in an EV-drivetrain application along with EMS and TMS strategies.

D. Role of HV DC/DC converter in E-drivetrain

Fig. 2 illustrates simplified vehicle architecture, which
comprises of a battery pack, bidirectional HV DC/DC, inverter,
electric motor (EM), differential transmission and rear-wheel
drive, and is also considered as a baseline vehicle for this
research study [26]. In BEV powertrain architecture, the
addition of an HV DC/DC converter can have several benefits.
First of all, booster mode allows higher and variable DC-link
voltage operation, which offers 1.5% lower losses in the
drivetrain components (i.e., improvement of losses in inverter
by 37.6% and motor by 5.4%) and improves the battery pack
ageing [26], [27]. Due to the HV DC/DC converter, system
design dependency on the customer’s battery pack voltage is
reduced, which improves the design scalability [26]. The
inclusion of the HV DC/DC converter can reduce the number
of series cells and significantly reduce the EV battery pack cost,
which has a considerable impact on the overall EV system cost.
Besides, the HV DC/DC converter improves the efficiency of
regenerative braking and reduces the DC-link capacitance size.
The HV DC/DC converter has a number of shortcomings,
primarily costs and losses of the converter itself. These
disadvantages can be considered as a trade-off.

E. Lifetime research trends of automotive power electronics
converter

The lifetime of a bidirectional DC/DC boost converter in
Series-Hybrid EVs (SHEV) is described in [28]. FTP-75 was
used as a mission profile, while the initial battery SoC was
considered 100%. A multistate Markov analysis in lifetime
evaluation for interleaved DC/DC converter is presented in
[29]. A MILHDBK-27F based lifetime estimation was utilized
in that research. A MILHDBK based parts count method was
being used for the lifetime estimation of a bidirectional HV
DC/DC converter in a hybrid electric vehicle (HEVs) [30]. The
lifetime of possible bidirectional DC/DC converter topologies
for an efficient EV is studied in [31]. Failure in time (FIT) rates
were calculated for lifetime calculation of the HV DC/DC
converters based on a 30-minute generic drive cycle with less

dynamics behaviour.

A mission-profile-oriented lifetime prediction of the PECs
for a series-HEV (Toyota Prius) is shown in [32], where the
initial battery SoC was considered 100%. The reliability
coefficients were used based on the reliability book RDF 2000.
The extra-urban driving cycle (EUDC) based lifetime
estimation of the used PECs applied in the EVs is studied in [3].
An empirical model was utilized to estimate the PEC lifetime
in the ppm range (0.001%). A systematic approach for lifetime
evaluation of the DC converter in DC microgrid system is
analysed in [33], where high initial state-of-charge (SoC) of the
battery, mission profile, and dynamic load variations were
studied.

The main shortcoming of these studies is the mission profile
formulation utilized in the lifetime estimation process. These
studies used only standard driving cycles as NEDC, WLTC,
FTP-75 and EUDC. Previous research in [3], [28]-[32], had not
considered real-life mission-profile measurements. The device-
level loading factors of the PECs are highly dependent on the
mission profile, which significantly impact the ageing of the
device under test (i.e., PECs). Moreover, the actual battery pack
responses based on the real-life mission profiles have remained
unimpeded so far in the literature.

F. The main contribution of this research paper

In this paper, three distinct real-life mission profiles have
been utilized as the EV loading factors with separate initial
battery pack SoC (i.e., 95%, 75%, 35%), while previous
research in [3], [28]-[32] applied standard mission profile, high
SoC range of batteries and/or generic EV parameters. Some of
these publications did not consider the battery and its associated
SoC conditions [3], [29]-[31]. However, it is well known that
battery pack behaviour can vary significantly from high SoC to
low SoC (i.e., battery voltage, current and temperature) [34].

Previous research in [3], [28]-[32] considered a constant
coolant temperature response (60°C), while the impact of the
powertrain thermal systems (PWTSs) had not been applied.
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However, according to [3], [35]-[37], the long-term
reliability of the PECs is highly dependent on the active
temperature cycling, which is basically generated through the
PWTs. PWTs behaviour dynamically varies based on the
driving profiles, environmental temperature and heat generated
from the PECs. The PWTs may impose higher stress on the
PECs; therefore, thermal cycles caused by the PWTs are
considered as stress loading factors. In this paper, the inlet
coolant temperature of the PWTs has been used as an active
cyclic thermal stressor.

Nowadays, it is of high importance for automotive OEMs to
guarantee the reliable operation of the PECs to avoid
unexpected downtime of the entire EV system and therefore
reducing warranty costs. Hence, failures in the PECs need to be
tracked and resolved using highly accurate and dependable
lifetime estimation processes; in most cases, it is not possible
due to the unavailability of base vehicle modelling parameters.
Hence, in this paper, the real-life EV mission profile-oriented
physics-of-failure (Pof) based lifetime method has been utilised
to accurately assess the PEC lifetime based on the parameters
of the baseline vehicle and measurement data.

Ageing research carried out in [3], [28]-[32], assessed the
lifetime of Silicon-based PEC, while in this paper, the Pof-
based lifetime estimation method of Silicon Carbide (SiC)-
MOSFETs based PEC through a highly accurate electro-
thermal model has been investigated.

This paper also proposes a stepwise holistic framework for
real-life mission profile-oriented lifetime estimation of a SiC-
based HV DC/DC converter for the EV applications to fill the
above-mentioned research gap. This paper estimates the
system-level lifetime based on separate real-life mission
profiles from the real EV measurement; in this research study,
different initial battery SoC and RMS C-rate are considered.
Besides, dynamic inlet coolant temperature profiles are
considered for the converter. All these crucial dynamic factors
are not fully addressed in previous studies. Hence, this article
performs a system-level lifetime estimation considering the
impact of real-life mission profiles and device-level loading
factors on the component-level lifetime (i.e., SiC-based power
devices and DC-link capacitors).

G. Paper structure

The rest of the article is organized as follows. In Section I,
the baseline vehicle from where the real-time (RT) test data are
measured is described in detail. The detailed mission profiles
and device-level loading factors, description of battery pack
modelling and validation, powertrain thermal system modelling
approach, HV DC/DC converter control system, the electro-
thermal modelling and validation are given in Section Il. In
Section 111, stepwise real-life mission profile-oriented lifetime
estimation method of an automotive HV DC/DC converter is
presented at component-level. Afterwards Section 1V is carried
out the lifetime evaluation of the HV DC/DC converter for three
mission-profiles. In Section V, the intrinsic effect on the power
modules has been added with the reliability obtained using
Monte-Carlo simulation with parametric variation that leads to
a full assessment of the system-level lifetime both with and
without redundancy. Finally, concluding comments of the
presented work and guidelines for future lifetime estimation
research are discussed in Section VI.

Il. EV MODELLING & LOADING FACTORS ANALYSIS
A. Parameterized battery electric vehicle modelling

In this paper, a utility BEV drivetrain system has been
modelled in MATLAB/Simulink® using a forward-facing
approach [26], [38]-[40]. The simulation model is required to
evaluate the vehicle performance, such as vehicle speed, battery
SoC, electrical energy over a specific driving cycle. The BEVs
drivetrain consists of a driver model, EM, inverter, HV DC/DC
converter, transmission, gearbox, vehicle dynamic model,
environment model, energy storage system (ESS), the energy
management system (EMS) and thermal management system
(TMS). Each component can be calibrated in standalone mode
with a semi-automatic calibration approach based on the least-
squares method. Low-fidelity (LoFi) efficiency map-based
inverter and EM model are utilized, whereas a constant
efficiency is used for the gearbox losses estimation and final
drive transmission. The energetic vehicle model based on the
longitudinal dynamic motion laws is developed.

The measured mission profiles provided by OEM are fed into
the driver model, which generates the total requested torque at
the wheels and brake commands. The torque command goes
into the EM model, while the brake command first goes into the
vehicle dynamics model. Afterward, the torque is translated
into speed, with the required power that is provided through the
ESS. Component by component, this power flow is propagated
through the drivetrain, considering losses. The EMS supervises
the entire process and ensures that the flow of energy within the
BEV drivetrain is optimal. The TMS provides setpoints to the
powertrain thermal system. A parameterized radiator-fan-based
cooling circuit is used to safely dissipate heat generated from
the powertrain (HV DC/DC, inverter, and EM) while
maintaining the junction temperature of the HV DC/DC
converter below 145°C. Based on the initial battery SoC the
battery pack voltage varies from 250 V-320 V. The DC-link
voltage is maintained at a constant 400 V, and bi-directional
energy transfer is performed using the HV DC/DC converter.
The detailed baseline vehicle modelling parameters are shown
in Table 2.

TABLE 2. EV MODELLING PARAMETERS.

Description Unit Values
Gross vehicle weight kg 3600
Vehicle glider weight kg 1213
Battery kg 200
Inverter & HV DC/DC converter kg 25
Motor kg 16.8
Gearbox kg 30
HV Wiring kg 30
Kerb weight (unladen mass) kg 1504.8
Driver + equipment according WLTP regs | kg 100
Mass in running order kg 1604.8
Gearbox ratio (motor to wheel) [-] 93:1
Gearbox efficiency (motor to wheel) [%] 0.98
Tyre size for comparison [-] 195/75 R16
Rolling Resistance Coefficient (RRC) [-] 0.00769
Drag coefficient (Cd) -1 0.52
Frontal Area m? 4.284
Power net load W 450
Nominal Electric Motor power [-] 60kW
Battery cell-chemistry [-] NMC
Series and parallel string [-1 18S,4P
Nominal Energy kWh 19.5
Nominal Voltage Vv 320
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TABLE 3. EV MISSION PROFILE CHARACTERISTICS, INITIAL BATTERY CONDITIONS AND ENVIRONMENTAL SCENARIOS.

Speed Profile

Environmental scenarios

Battery condition

Characteristics

Extra-Urban

Negligible traffic condition, medium-high slopes,

Initial SoC 95%, Final SOC

Distance:20.6 km, Duration: 4845 s

Cycle Vehicle load = 3200 kg and Ambient temperature ~ 60% and RMS C-rate of 0.5 C Average speed: 4.24 m/s
40°C. Maximum acceleration: 8.68 ms
Minimum acceleration: -8.85 ms?
Urban Negligible traffic condition, medium-high slopes, Initial SOC 75%, final SOC 30%  Distance: 20.3 km, Duration: 1500 s
Cycle Vehicle load = 3200 kg and Ambient temperature ~ and RMS C-rate of 1.5 C Average speed: 13.55 m/s
40°C. Maximum acceleration: 1.87 ms
Minimum acceleration: -2.25 ms
Continuous Constant power, high slopes, Vehicle load =3200 Initial SoC 35%, final SOC 20%  Distance: 2.3 km, Duration: 160 s
hill-climbing kg and Ambient temperature 40°C. and RMS C-rate of 1.5 C Average speed: 13.77 m/s
Cycle Maximum acceleration: 19.03 ms
Maximum acceleration: -19.33 ms
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Fig. 3. Mission profiles: (a) extra-urban 4845 s long, (b) urban 1500 s long and (c) continuous discharge 160 s long at same environmental condition.
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B. EV mission profiles and device loading factors for case INPUtyec
Output,e,
StUdy Electrical Model Pl
In this paper, three mission profiles are received from the
real-life chassis measurement of an OEM. These mission
profiles are categorized into three types of cycle sections, as
shown in Table 3. These three cycles were developed for H OutpUlheat
. . .- - eat Release Model
consumption testing of a specific BEV. Furthermore, specific
BEV parameters are used for the dynamic modelling of the
entire BEV, as mentioned in the previous sub-section. Several
environmental conditions (i.e., traffic conditions, vehicle load Thermal/Hydraulic | OUPULpem

and the ambient temperature) were kept constant during the
measurement as the same stretch of the road is used to generate
distinct mission profile. The changes were performed in the
initial battery condition (i.e., initial SoC, voltage and RMS C-
rate), as illustrated in Table 3.Moreover, real-life measurements
of the battery pack are utilized to validate the LoFi battery pack
model used in this paper. The three speed profiles are depicted
in Fig. 3, and their characteristics are also presented in Table 3.

The three speed profiles are given as input to the forward
BEV model. Based on these mission profiles, device-level
loading factors of the HV DC/DC converter are determined.
The device-level loading factors consist of the load power
demand from the traction inverter (PLoad), the dynamic battery
pack voltage response (Vear) and the inlet coolant temperature
variation of the powertrain thermal unit (Tcoolan). The dynamic
load power response can be obtained from the traction inverter
power demand. For the battery pack voltage response, an
accurate low fidelity battery pack model using a lumped
thermal mass is designed and validated with real-time (RT)
measurement, as discussed in sub-section C. Finally, a
parameterized radiator fan-based powertrain thermal system is
designed to obtain the coolant temperature response, which
corresponds to the specific baseline vehicle, as discussed in
sub-section D. The device-level loading factors of the HV
DC/DC converter during different mission profiles are
illustrated in Fig. 4-Fig. 6.

C. Battery Pack modelling and validation

The battery pack under consideration contains 15 Ah pouch
cells arranged in 5 series-connected modules. Each module
configuration is 4p18s. The pack has a nominal voltage of 320
V and nominal energy of 19.5 kWh. The battery pack modelling
approach is presented schematically in Fig. 7 where a complex
coupling between electrical and thermal/hydraulic domains via
a heat release model is shown.

Inputygm Model

Fig. 7. Battery Pack model schematic.

The system inputs are spread across both electrical (load
current) and thermal/hydraulic (coolant temperature, pressure,
and flow rate). To model the electrical behaviour of the cell, an
Equivalent Circuit Model (ECM) has been used, including
parameterisation of internal resistance Ri, and one RC stage that
accounts for polarization effects in the cell. An SoC-controlled
voltage source represents the open-circuit voltage (OCV) of the
cell. This model is presented schematically in Fig. 8.

The low fidelity model assumes two lumped thermal mass
for core and surface of the cell and thermal mass at the top and
bottom cooling plate as shown in Fig. 9. The equivalent heat
capacitance of the core is denoted by CQ”"d“, the surface by
C™ and the cooling plate by CJ*°*. The core, surface, top
and bottom cooling plate temperatures are denoted by T¢, T*,
T7 and T} respectively. The model assumes thermal resistance
between core to the surface, denoted by R™%* and surface to
cooling plate, denoted by R;’;,"d”. The surface and cooling plate
also have a thermal resistance to ambient denoted by R™%,
Rpq and Rp, respectively.

The battery pack model has been validated against the RT
measurement of battery pack voltage. The RT-measurement of
the battery pack voltage has been taken viaa CAN Bus module
from the chassis of the vehicle. Kendall’s rank correlation is
utilized for battery pack validation. The formulation of
Kendall’s rank correlation is provided in the Appendix. The
battery pack terminal voltage and SoC validation against RT-
test data at three different mission profiles are presented in Fig.
10-Fig. 12.
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It can be seen from Fig. 10-Fig. 12. that a high level of
correlation is obtained between the low fidelity battery pack
model and the RT-measurement data for all three mission
profiles (minimal 94%, maximum 99%), which validates the
accuracy of the low-fidelity battery pack modelling approach.

In the context of this work, the battery pack provides an
accurate device level loading factor to the HV DC/DC converter
in correspondence to the three mission profiles. The battery
itself accepts a load current [A] as input (typically computed by
the VCU) and provides a terminal voltage [V], the DC/DC
device level loading, as an output, amongst others (i.e., load
power and coolant temperature).

D. EV Powertrain thermal system modelling

A radiator-fan-based system is used to control the powertrain
thermal system (PWTS), which comprises the PECs (i.e., HV
DC/DC, inverter) and electrical machine in a series loop. A
fixed-displacement pump drives water through the cooling
circuit, which applied the mass coolant flow rate (Mcoolant) in the
PWTS. The heat generated from the powertrain components
(i.e., ZPuvpc, ZPinverter, ZPe-motor) 1S absorbed by the coolant and
dissipated through the radiator. Moreover, the ambient
temperature (Tamn) and the speed of the vehicle (v) influence
heat exchanger behaviour where it regulates the speed of the
airflow going into the radiator. The thermal characteristics of
the PWT are heavily dependent on the rotational speed setpoints
of the pump (pump) and fan (yran), Which are adjusted by a
simple PI control depending on the total heat generation rate of
the powertrain (ZPuvpc +2Pinverter +2Pe-motor). Based on the
thermal management system, the electrical drive is mainly
applied to boosting and energy recuperation. The inlet coolant
temperature (Tcoolant) for the IBC can be obtained from
equations (1)-(2).

choalant

SiBC- MHVDC dt = —o. AIBC (Tcoolant 7, m) Z Pcaolmg

PTatal,HVDC + TDC,int

()]

dT,

SHE'MHE'E = —0yg-Ang- Trin — Tamp) = Sue- Tamp-Ma @

rodmr.r oladi Iod

HVDC/DC Im erter
A r VI;“ in
M coolant my
ZPH VDC DC ZP{me ter ZPE';M{J}O}‘ - Vv
heat exchanger NFan
—
T, amb

' Hopwnp

L cur radiator-fan

Fig. 13. Overview of the powertrain thermal system with two actuators.

Here the coefficients represent the HV DC/DC and heat
exchanger’s properties. Where Siac, Sve are the specific heat
capacities, Migc, Mue denote the masses, Tu, Ta are the
temperatures variation due to the masses, o, one indicate the
heat transfer coefficients, Aigc, Axe denote the cross-sectional
area, Tr.in, Trout represent the inlet, actual and outlet temperature
of the radiator respectively, Pcooling IS the cooling power, Tpc_int
is the initial temperature, ma is the airflow, which is influenced
by vehicle speed and the pump characteristics and Protai,Hvoc IS
the total losses of the HV DC/DC converter. All the design
parameters of the PWTS are taken from the OEM. The generic
PWT platform for the BEV has been modelled as presented in
Fig. 13; here, the inlet temperature sensor position is denoted in
red (Tcoolant)-

In the context of this work, the inlet coolant temperature
profiles due to separate mission profiles are used as device-level
loading factors for the lifetime estimation of the HV DC/DC
converter.

E. Interleaved DC/DC converter structure and control

As per a detailed review of the HV DC/DC converter [41], a
2-level 3-phase Interleaved Bidirectional HV DC/DC
Converter (IBC) is the best suitable candidate for the high-
power BEV applications (=30 kW), as depicted in Fig. 14. The
phase difference between interleaved switches is 120° due to 3-
phase operation, which is applied to reduce the converter power
density and input current ripple.
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TABLE 4. PARAMETERS OF THE IBC.

TABLE 5. TYPE-Il K-FACTOR BASED CONTROLLER’S TRANSFER FUNCTIONS (S).

Converter Parameters Values
Inductance [L] 175.5 pH
o Inductor Core AMCC-core material
o Inductor resistance [R.] 2.53 mQ
Output Capacitance [C] 160 pF
o ESR[Rc] 1.80 mQ
Operational switching frequency [fs] 60 kHz

1.2kV, 13 mQ, 150 A
50%-50% water glycol

Semiconductor power module
Cooling Method
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Fig. 14. The detailed IBC schematic diagram with dual-loop lead-lag controller
structure. Hv(s) and Hi(s) represent the voltage and current controller’s transfer
functions. Here, Ly=L,=L;=L=175.5 pH and C;=160 pF.

The interleaving technique allows the IBC to operate even at
reduced power due to the battery cell failure. Hence, in EVs, the
IBC modularity helps the EM to function even under cell-
defective conditions, prolonging the BEV life and improving
overall safety. Furthermore, the interleaving technique provides
switch redundancy in the converter system. In this study, one
complete phase failure redundancy condition is evaluated. The
design parameters of the IBC are depicted in Table 4, and are
formulated using a multi-objective genetic algorithm
optimization tool mentioned in [42].

In this paper, a dual-loop type-11 k factor-based control is
used; it has a faster internal current-controlled loop that follows
the reference current generated via a slower outer voltage loop,
and the slower voltage loop is used to track the DC-link voltage
as shown in Fig. 14. The cut-off frequency (f;) of the voltage
controller loop (Hv(s)) is 400Hz, while f; is 4.5kHz in the
current controller loop  (Hi(s)).

A generalized small-signal averaged switch model of the IBC
is used to design the control law for both boost and buck mode
operation, as mentioned in [43]-[45]. The compensated type-II
current-loop controller (Ci.noost (S), Cibuck (S)) and voltage-loop
controller (Cu-boost (S), Cv-buck (S)) transfer functions are depicted
in Table 5 and equations (3)-(5).

Controller Mode s Eq.
Type selection Compensated controller’s TF(s) no
s+ 4634
Boost : = > 3
Current 008 Ciovoost () = 35,575 16725 ©
loop s+ 5351
Buck C; = - - 4
k) = 3o 1335
s+ 2504
Boost C = - " 5
Voltage vboost(8) = 5 e T 0.9725 ®
loop s+ 5351
Buck C = - v 6
ver() = 3o o301 O
500 - 2]
— | 1o%vVa | Tlﬂ“k . i ?:_11;., | Load l
A0 T e — 1
() -100%
S0,
-
22 200 |
=
@]
2 100
0
0 0.5 1 1.5 2 2.5 3
Time(s)

Fig. 15. Controller’s response of the IBC to the disturbance in the input voltage
at 0.25 sec and 0.55 sec (+10% step), output reference voltage at 1 to 1.4 sec
(£10% step) and load changes at 2 s (60 kW), 2.2 s (30 kW), 2.4 s (-15 kW) and
2.7 (-45 kW),

The robustness of the controller response has been verified
for various disturbances, such as: battery voltage (£10% step),
DC-link voltage (+10% step), and load fluctuations from 100%
to 200% to -100% to -50% to -200% (30 kW =260 kW 230
kW —=-15 kW =-45 kW). The DC-link voltage response of the
IBC to the given fluctuations is illustrated in Fig. 15.

F. Detailed Electro-thermal modelling and validation of the
IBC at full load condition

Detailed electrothermal modelling techniques for power
semiconductor devices can be categorized into five types based
on literature: (a) behavioural model [26], [46], [47], (b)
physical model [48], [49], (c) semi-physical model (i.e., PSpice
or SaberRD/ SaberEXP) [50]-[52], (d) numerical model (i.e.,
numerical tools such as ISE TCAD and MEDICI) [53], [54] and
(e) semi-numerical model [55]. The physical models are
represented by the composition of the internal layers of the
semiconductors [48], [49]. They are accurate, but precise
information about the internal structure of the device is required
during modelling. Manufacturers usually do not give this
information. Furthermore, they are time-consuming to
simulate, so these models have not been preferred for mission
profile-oriented simulations. Semi-physical models are used to
analyse the conduction and switching behavior of the
semiconductors [50]-[52]. The models are accurate but highly
nonlinear due to the voltage dependency of equivalent
capacitances presented in the semiconductor structure. Hence,
the simulation speed is slow because the switching behavior
needs to be simulated in detail. The numerical models in [53],
[54] also have a high computation time due to the required
settings of material performance and the geometry size of the
devices. Furthermore, the semi-numerical models in [55] are
based on geometrical microstructure parameters and composite
elastic properties that are obtained using finite element analysis
(FEA); hence, this type of model is not a potential candidate for
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mission-profile-oriented simulations. Therefore, in this paper,
the behavioural model of a SiC power module is used by
extracting the characteristic curves of the equivalent
MOSFET/diode from the manufacturer’s datasheet. It is also
known as a datasheet-driven modelling approach that
introduces more nonlinear characteristics curves and more
operating conditions to improve the accuracy of the DUT. The
behavioural model can be implemented by either mathematical
fitting or look-up tables (LuT), without considering the
complicated physical operation mechanisms of the device.
Furthermore, this type of model is accurate enough to allow
modelling the electrical and thermal behavior of the
semiconductors in detail without compromising the simulation
speed [24].

The behavioural model of the SiC power module has been
utilised in this paper for modelling the electro-thermal
behaviour of the semiconductors, as following [26], [46], [47].
The idea consists basically of implementing the semiconductors
as ideal switches and estimating in parallel their power losses.
The total losses of MOSFET (Pwtal_mos) comprise the switching
losses (Psw_mos) and conduction losses (Pcond_mos), and the total
losses of the anti-parallel body diode of the power module
(Ptotal_pio) comprise the conduction losses (Pcond_pio) and reverse
recovery losses (Psw_rpio). The total losses of the power module
feed into the thermal module to estimate the MOSFET or diode
junction temperature T; and heatsink temperature Ty. Finally,
the junction temperature T; is then fed back to the loss’s models

of MOSFET or Diode to generate the impact of the temperature
on the losses model. Instantaneous conduction and switching
losses modelling are described in the following paragraphs.

The MOSFET is modelled as a gate (G) controlled ideal
switch with an on-resistance (Rpson) connected in series. The
conduction voltage drop Vps (I, Tj) is modelled as a 2-D LuT,
which is dependent on the mean flowing current (ips(t)) and
junction temperature (T;) of the SiC MOSFET. Hence, the
instantaneous conduction losses of a MOSFET is expressed by
equation (7).

Peonamos(,T;) = VDS(IlTj)' ips(t) @)

The anti-parallel body diode of the MOSFET power module
is modelled through the series connection of a voltage drop
Vin(1,Tj) and an on-resistor (Ron). Both of them can be modelled
as 2-D LuT forward current (ig(t))-junction temperature (Tj)
dependent elements. The instantaneous conduction losses of a
body diode can be calculated by (8).

Peona o (1, T)) = Ven (1, Ty)- 1. (£) ®)

The switching losses appear during the turn-on and turn-off
transition of the semiconductors due to their non-ideal voltage
and current transitions, which produce an eventual coexistence
of voltage and current. In order to avoid high computational
cost simulations, this paper considers turn-on and turn-off
commutations of the MOSFET as ideal transitions while
ignoring the transient overvoltage response. In this paper, a 3D-
LuT is considered, which couples actual drain-source voltage
vps, conducted current ips and junction temperature Tj.
However, the energy losses are estimated based on linear
approximations between the actual and reference drain-source
voltage and current response. The reference drain-source

voltage and current are represented as Vpsrer and lpgyref ,
switching loss dependency coefficients for voltage and current
are Iy and l;. The instantaneous average switching losses of a
MOSFET can be obtained by equation (9).

Iy , I
Ups lps
EMOS_O" <(VDS,ref> ’ (IDS,ref) ’ Tj)
A NIENC!
DS DS
+ Enosoff\\5—) > ,Tj
VDS,ref IDS,ref

The switching losses in the body diode occur mainly at diode
turn-off due to the reverse recovery of the charge stored in the
junction capacitance. The switching losses in the Diode are
shown in equation (10), considering the energy turn-off E, ¢,
a 3D-LuT coupled with actual blocking voltage ve, conducted
the current ig, and junction temperature Tj. Here, again a linear
approximation is used between the actual and reference
blocking voltage Ve rer and current response I rer.

" I, ir I
Pswp = fsw- ED,off v ’ 'Tj (10)
VF,ref IF,ref

The LuT data can be obtained from the specific double pulse
test (DPT) measurement or manufacturer datasheet. In this
paper, corresponding characteristic curves are taken from the
particular device datasheet.

The total losses in the IBC comprise of MOSFET losses
(switching losses, conduction losses and reverse recovery
losses), inductor losses (core loss, air-gap loss and conduction
loss) and ESR losses of the DC-link capacitor. The calculation
of inductor and capacitor losses is derived in equations (11)-
(15). The core geometry of the inductor is taken from the
datasheet [56]. The internal resistance of inductor Litz wire
(rectangular HF 299) and ESR are used to calculate the passive
components conduction losses [56], [57].

psw,MOS = f:vw-

Ploss,inductor = PCore + Pair—gup + P(,‘andL (11)
with

Peonar = Iz%MS,LRL (12)
Pcore = VVcare (KuKb fsuwyABn’flx) (13)
Puir—gup = kgup' d. lg'/csw-ABnlizx (14)

n
Peap = ) ESRC)-Trms.c () (1)

i=1

Where lrms,L represents the instantaneous rms current of the
inductor, Ry is the resistance of the Litz wire, Weore is the
inductor core weight, Ka, Kb, ay and gx are the C-shaped core
loss coefficients, fs is the switching frequency, the maximum
AC-flux density at the rated condition is ABmax, gap loss
coefficient is Kkgap, inductor’s core depth factor is d, airgap
coefficient of the core is Iy, Irvsc is the instantaneous rms
current of the DC-link capacitor and ESR is the equivalent series
resistance of the DC-link capacitor.

The main assumption is the unidirectional heat-flow from
the device junction to the case, through the thermal interface
material (TIM) grease, then to the heatsink, and finally heatsink
to the coolant. In this paper, the detailed thermal impedance
network of the half-bridge power semiconductor module for
each leg, thermal impedance network of the TIM, thermal
impedance network of the liquid-cooled heatsink and mission
profile-based coolant behaviour have been considered as
illustrated in Fig. 16.
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Fig. 16. Detailed thermal impedance network of the IBC; here the semiconductor’s thermal circuit is marked with a blue colour area, TIM’s thermal circuit area
is marked with yellow colour and heatsink thermal circuit area is marked with ash colour.

The dynamic thermal modelling for the power
semiconductors is designed using Foster lumped network
(Rth@e)-Cinacy), which is composed of a junction-to-case thermal
resistance Rigc) and junction-to-case thermal capacitance
Cinwc)- Multi Ringc)-Cingey lumps represent different layers of
materials from the chip to the case of the semiconductor device.
The junction of MOSFET (or Diode) is represented by thermal
sources governed by the MOSFET (or diode) instantaneous
power losses. In this paper, a fifth-order Foster thermal network
is implemented using thermal parameters extracted from the
manufacturer datasheet. The time-domain thermal impedance
of MOSFET (or Diode) is calculated as equation (16).

5 -t
Zinijon = Z Rengoymmyi - <1 - e71¢i> (16)

i=1
It is noted that tyc;i is the time constant and is a function of
Rinac) MXCimac) m.  The junction temperature Ty mpy oOf
MOSFET (or Diode) can be estimated as (17)-(19).

Timwy = Tes + ATjc_mw) 17)
ATic = Py my-Zengom (18)
Tes = Theoot + ATen; ATen = Ziencrimy Z Poony + Proy (19)

Where T is the case temperature, 473c_m(p) is the fluctuation
of junction to case temperature, Pn_m) is the loss of individual
component (MOSFET/diode), Theoo IS the heatsink temperature
and ATz, is the fluctuation of the case to heatsink temperature.
Besides, Zn,mim) is the thermal network due to TIM between
power module and heatsink and is a function of R 1im>Cin 1im.

As thermal stress is one of the critical stressors of DC-link
capacitor wire-out, the hot-spot temperature (Tcap) of the DC-
link capacitor is estimated as using equation (20).

Tcap = Theoot + Pcap- Ry, (1 - e%) (20)

Where Rna is the thermal resistance of the capacitor, 4z is the
temperature change of the capacitor, and na is the thermal time
constant of the capacitor.

The heatsink dynamic thermal behaviour is determined by
feeding constant power losses in the cooling network and
measuring the temperature build-up at the coolant outlet. The
ratio of the temperature difference between the coolant outlet
and inlet concerning the power losses gives the thermal
impedance. The order and magnitudes of Foster network

parameters can be extracted using curve-fitting on the obtained
data. A fifth-order Foster thermal network is implemented for
the heatsink thermal assumption using vendor heatsink data as
presented in equation (21) [58].

R
. + th,hcool,5 (21)

TthheoosS +1

Rth,hcoal,l

VA =0
th,hCool
Tth,hcoal,ls 1

The heatsink temperature is estimated using the following

equation (22).
Theoot = Teootant + Zth,hCool Z Protar (22)

Where Tcoolant is the inlet coolant temperature from the PWT
unit and P is the total loss of the IBC.

In this paper, a liquid-cooled SiC-based 30 kW IBC prototype
has been used to verify the electro-thermal model of
semiconductor devices, as shown in Fig. 17.

Fig. 17. A liquid cooled SiC-based experimental setup of the IC for Iifeti
testing.

The efficiency is measured for power ratings from 0 to 25
kW for boost mode operation, while 0 to -28 kW for buck mode
operation, using a highly accurate Yokogawa WT3000 power
analyser (~0.02% accuracy).
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Fig. 18. Efficiency comparison between real-time measurement and estimated
model, while RT measurement are taken using a YOKOGAWA WT1804E
power analyser and error bar is showing 0.50% of the error limit.
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According to the obtained results presented in Fig. 18, an
excellent accuracy is found between the experimental
measurement and the model estimation. The largest Mean
Percentage Error (MPE, the MPE equation is depicted in the
Appendix) observed is approximately 0.2% between the
measured efficiency and model estimation during full-load
operation.

I11. MiISSION PROFILE ORIENTED COMPONENT-LEVEL
LIFETIME ESTIMATION

For lifetime estimation of the IBC, a holistic stepwise process
must be followed, as presented in Fig. 19. Basically, the above-
mentioned mission profiles need to be translated into the
thermal stress function. Afterward, the thermal stress is
converted into the damage accumulation estimation.

A. Mission-profile to thermal stress translation

In this paper, the load profile comprises the NMC battery
pack voltage, the dynamic load power of the inverter, and the
inlet coolant temperature of the IBC converter. Then, taking
into account that the instantaneous controlled current conducts
through the MOSFET power module, both conduction (power)
and switching (energy) losses are analytically estimated in
parallel calculations. From these calculations, the average
power losses in the MOSFET power module during a switching
period can be easily approximated by means of quasi-ideal
elements. Later, the power losses of the components are utilized
as input to thermal models to acquire the thermal stress during
the mission profile operation.

B. Thermal stress to cycle counting translation

The junction temperature of the MOSFET power module and
hot-spot temperature of the capacitor are varied according to the
mission profile variation. Thermal stress leads to fatigue failure
of the power electronics components in the PECs. Hence, after
obtaining the thermal stress profile, a rainflow counting
algorithm is used to count the number of cycles (nj), the
amplitude of the temperature swing (47j), the pulse duration of
MOSFETSs (ton) and mean junction temperature (Tjm). The
rainflow cycle counting statistically translates the instantaneous
thermal stress profile into the regular thermal cycle.

C. Component-level lifetime estimation

The outputs of the rainflow cycle counting algorithm, namely
ni, ATj, Tjm and ton are then inputted into the LESIT (Leistungs
Elektronik Systemtechnik und Informations Technologie)
parameter-based lifetime estimation model to determine
individual component lifetime. In this paper, the LESIT
parameters are considered based on the SKiM 63 lifetime model
from Semikron [58]. Furthermore, under specific electro-
thermal stress conditions, the number of cycles to failure (Ny) is
also influenced by the bond wire aspect ratio (ar) and the body
diode impact factor (fgioge). For the lifetime estimation of the
SiC power module, the established lifetime model known as
Scheuermann’s model [59] is used in this paper.

C+ (ton)Y Eq
%"f) x e(kaij) 23)

Ny = A X (AT))® x (ar)P+4Ti*ho x [
X fdiode

Where A is the technology factor, a, fo, f1, y and C are the model

parameters, as depicted in Table 6, E, is the activation energy
and k is the Boltzmann constant.

As SiC power devices are only recently seeing widespread
commercial use, comprehensive data on power cycling testing
of SiC power devices are not readily available from PE
manufacturers. Hence, even though the parameters for SiC-
based semiconductors, shown in Table 6, can be acquired from
the SKiM 63 lifetime model [58], complete degradation and
lifetime models are still to be developed for the SiC power
modules. Therefore, the LESIT model of Si-based IGBT
modules is applied for the SiC devices to demonstrate the
proposed stepwise methodology. The lifetime estimation
results obtained using the proposed method can be interpreted
as relative assessment and for comparison only; however,
procedures exemplified in the proposed assessment method are
still valid.

In this paper, for lifetime estimation of the polypropylene DC
link capacitor, the Arrhenius model in [60] is used, as presented
in equation (24), which is basically a medium stress factor-
based model on voltage and temperature fluctuations.

Le=Lx e[(%)(%_ %)] x <VKf>_n (24)

Where Lt and L. are the time-to-failure at the testing condition
and actual condition, Vsand V are the DC-link voltage at the
rated condition and actual condition, Tf and T are the
temperatures at the testing condition and rated condition and n
represents the medium voltage stress factor. In this paper, a type
947C polypropylene DC-link capacitor (160uF) has been
considered for lifetime estimation.

Typically, the lifetime of a power device is calculated in
terms of total lifetime consumption, which is basically the
accumulation of damage over the device’s lifetime and is
dependent on the mission profile that the device is subjected to.
In this paper, the Miner’s linear damage accumulation rule is
applied for LCsy calculation [59], as shown in equation (25).

k

LCyy, = (25)

£ (Np);

Where n; is the number of cycles during specific thermal
stress (i.e., Tjm, 4Tj and ton), while (Ny)i expresses the number
of cycles to failure at that operating point.

Equation (26) describes a similar accumulated ageing
calculation of the DC-link capacitor (LCcap).

S AL,
LCeqp = 2T,

Table 6. Parameters of the Lifetime Model [58].

(26)

Parameters Unit Value Testing conditions
A [-] 3.4368%10% -
a [-] -4.983 64°C < AT; <113°C
b1 [1 -9.012x10°3 0.19 < ar < 0.42
Bo [-] -1.942 0.19 < ar <042
C [-] 1.434 0.07s < tgy < 63s
y [-] -1.208 -

faioae [] 0.6204 -

a, [-] 0.31 -
E, [eV] 0.06606 32.5°C = Tj, < 122°C
ky [eV/IK] 8.61733x10° -
Ly [h] 5,000 @ 85°C
Te [K] 358 -
Vi \Y%| 1200 DC
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Fig. 19. Stepwise real-life mission profile-oriented lifetime estimation method of the IBC for the EV drivetrain applications.

Where AL is the instantaneous lifetime at specific thermal
stress and L corresponds to the total lifetime at that particular
condition. The lifetime equations in (25)-(26) express the
device-level loading impact on the damage and the linearly
accumulated total damage. When either LCsy 0Or LCcap exceeds
1, the IBC is considered to reach the end of its operating life.

IV. LIFETIME ESTIMATION (CASE STUDY)

In this section, the lifetime estimation investigated in section
I11is applied to the IBC as shown in Fig. 14, and the parameters
of the IBC are depicted in Table 4. A 1.2 kV, 13 mQ all-SiC
half-bridge power module from a prominent vendor is utilised.
The SiC module comprises six parallel second-generation SiC
MOSFET dies, and 12 anti-parallel SiC Schottky diode dies.
The SiC half-bridge consists of an upper MOSFET switch, a
lower MOSFET switch, an anti-parallel SiC Schottky lower
Diode and an upper Diode [61].

A custom-made liquid-cooled 50%-50% water-glycol (anti-
freeze) heatsink is designed to retain maximum junction
temperature under 145°C at severe operating conditions (80
kW) to ensure the safety margin of the IBC operation.
Furthermore, a type 947C polypropylene DC link capacitor
from a leading manufacturer is considered to ensure low-
temperature rise thanks to offering low DC-link ripple and ESR.

Mission profiles of three distinct characteristics from an
automotive OEM are taken into consideration to investigate the
impact of different missions on an automotive IBC’s lifetime.
Using the proper parameters of the OEM drivetrain, the loading
factors for the IBC are formulated, as depicted in Fig. 4-Fig. 6.

The thermal stressors of the half-bridge power module and DC-
link capacitor are evaluated for their corresponding
accumulated damage.

A. Thermal loading of the IBC at different mission profiles

The IBC half-bridge power module thermal stress loading at
the extra-urban cycle is presented in Fig. 20. The thermal
stressors of the IBC are given as inputs to the cycle counting
algorithm. Using the rainflow algorithm, the range of
temperature swing (47;), mean temperature Tjm, and
corresponding depths and averages of the cycle are
decomposed.

The highest number of cycles (1500 cycles) has occurred at
a mean temperature of 72°C in the lower MOSFET during the
extra-urban mission profile operation. In contrast, the upper
MOSFET, upper Diode, and lower Diode mean temperatures
are approximately 72°C. The exact number of cycles is
dependent on the imposed stress on the MOSFET/Diode during
the operation of the mission profile. It can be seen from Fig. 20
that the lower MOSFET experienced the highest number of
cycles (1500 cycles) during the extra-urban mission profile
operation, which reveals that the lower MOSFET is the most
failure-prone component in the SiC power module. In addition,
the upper MOSFET has experienced the lowest number of
cycles during this mission profile operation, which indicates
that the upper MOSFET will have the highest lifetime.

It can be seen from Fig. 21 that the lower MOSFET
experienced the highest number of cycles (185 cycles) during
the urban mission profile operation.
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However, the total cycle number is lower than that of the
extra-urban profile, which reveals that stress applied to the PE
components during the urban mission is higher than stress
applied during the extra-urban mission. Moreover, the lower
MOSFET is the most failure-prone component, and the upper
MOSFET has the highest lifetime throughout this mission.

Finally, it can be seen from Fig. 22 that the lower MOSFET
experienced the highest number of cycles during the hill-
climbing mission profile operation, which reveals that the
lower MOSFET is the most failure-prone component in the SiC
power module. However, the number of cycles is negligible
compared to the previous two cycles as the operating cycle is
very limited (160 sec), which means there is less chance of
failure. Hence, it is concluded that the hill-climbing cycle does
not contain sufficient data points to estimate the lifetime
accurately.

V. SYSTEM-LEVEL LIFETIME ESTIMATION

To make a more complete analysis, the intrinsic effects of
dielectric breakdown on the lifetime estimation of the IBC are
also investigated, which is modelled as a series association with
mission-profile based component-level LESIT modelling.

A. Intrinsic reliability of SiC MOSFET power module

Like any semiconductor devices, the SiC-based devices also
suffer from a breakdown in the gate oxide over time; for
accurate lifetime estimation, the intrinsic lifetime estimation
factors need to be integrated, i.e., the TDDB linked to the oxide
layer, and more particularly to the SiC power module [62]. The
TDDB failure is independent of mission profile. Instead, it is

dependent on the time that SIC MOSFET’s gate oxide is
exposed to a given voltage [63].

Hence, in this paper, the manufacturer reported the meantime
to failure (MTTF) due to the dielectric breakdown of Gen2 SiC
MOSFETs for different gate voltages have been utilized, as
illustrated in Fig. 23 [64].

ICIU
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Fig. 23. Effect of the TDDB on the MTTF of SiC MOSFET power module [64].

The effect of TDDB on individual half-bridge power
modules within the IBC is investigated in this paper for an 18.5
V gate voltage. Similar data also exist in the literature for device
failures in the 10™ and the 90™ percentiles range. A Weibull
approximation is prepared to simulate the effects on device-
level lifetime due to the TDDB [64]. The impact of TDDB on
the lifetime of the power module is independent of the other
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stress factors that affect such semiconductor power electronic
devices. Thus, the lifetime of the power module is a
combination of the reliability due to the TDDB and the
reliability determined according to the LESIT model in
previous sections I11 and 1V; the absolute lifetime estimation is
modelled using series association.

B. Lifetime estimation based on LESIT model parameters

The previous sections Il and IV dealt with finding the
number of cycles and accumulated lifetime (LC) of the
individual components for the specific set of operating
conditions (i.e., real-life missions) by utilizing the rainflow
algorithm. The lifetime determined in the previous sections
assumed ideal conditions, where the parametric values used in
the Arrhenius equation for the various components are precisely
the same as mentioned in the manufacturer datasheet without
considering any uncertainties. In reality, the manufacturer
datasheet values are given as mean data points, and the actual
value should vary from the mean with a certain standard
deviation. This variation arises from packaging issues, i.e.,
minor faults, imperfections in the packaging process and
variations in the stresses experienced. In this paper, to consider
these packaging uncertainties during the lifetime assessment of
the IBC system, a Monte Carlo analysis is utilized as packaging
uncertainties are introduced in this statistical analysis as
parametric variations [65]-[68]. Finally, to get the lifetime
distribution of the IBC system concerning mileage, Monte
Carlo values fit using the standard Weibull equation.

@) Monte Carlo analysis

To perform a Monte Carlo analysis, random parameter
variations should be introduced to the Arrhenius equation
parameters [65]-[68]. The parameters describing the Arrhenius
equation can be categorized into three types:

A. Mission profile-based parameters are those whose data
points vary with time during the actual use of the IBC in a
mission. In this paper, these values are found through the
highly accurate IBC system simulation based on OEM
mission-profiles scenarios. For Monte Carlo analysis, the
mean and standard deviation of the output datasets are
calculated, from which the dataset, with a normal
distribution, is generated. Mission  profile-based
parameters include: ATj, toy, Tjm, Ni, T, and V.

B. Non-mission profile-based parameters are those that are
extracted from the datasheet of the components and are
usually given by the OEM after dynamic tests and
characterization.  For  non-mission  profile-based
parameters, the dataset for Monte Carlo analysis is
generated in three ways. The first approach is: as the OEM
supplies an upper and lower limit, between which the
values of a given parameter can vary, then a random
number dataset with a uniform distribution between those
limits is generated for that parameter. The second approach
is: the OEM gives the tolerance for that parameter, then a
random number dataset with a normal distribution having
as mean the parameter value, and a standard deviation that
is a fifth of the specified tolerance are generated for the
parameter. Finally, the third approach is: the OEM does not

specify any tolerance or range limits for the parameter, then
a random number dataset with normal distribution having
the mean as the value of the parameter, and a standard
deviation assumed to be 10% of the mean value is
generated for that parameter. Non-mission-based
parameters include 4, a, ar, B, o, C, v, Eq, f, n, Vi, Ty,
and L.

C. Parameters that are physical constants and have been
determined very precisely by the scientific community.
These parameters are used as constants. Physical constants
include k.

In this paper, Monte Carlo is performed for a population of
100,000 for three types of mission profiles, the Extra-Urban
mission profile, the Urban mission profile and the Hill climbing
mission profile. The non-mission profile-based parameter
datasets are kept constant regardless of the mission, but the
mission profile-based parameters-datasets have been varied
according to the dynamic response of the mission profile. This
enables a comparison of the lifetimes of the IBC when the
vehicle is subject to different driving scenarios.

The resulting random dataset from the Monte Carlo analysis
is then fit using Weibull distribution, whose probability density
function is expressed as:

t\B
fe g = ()00 forezo @

Where B is the shape parameter, ) is the scale parameter, and
t is the time duration. The shape parameter describes which
phase of the “bathtub” curve the failure mode is a part of, as
illustrated in Fig. 24. If # < 1, then the failure is mainly due to
factory defects and decreases with time. S =1 means that the
product is within its useful lifetime, where failure occurs due to
random chance at a constant rate. > I means that the failure
occurs due to the “wear out” of the product, which increases
with time. The scale parameter corresponds to the time when
63.2% of the sample population will have failed; thus, it can be
approximated as the median failure. The cumulative density
function of the Weibull distribution, which defines the
“unreliability,” is given as:

t\B
CDF(t, Bm)=1—e (W) fort>0 @8
Thus, the reliability can be expressed as:
t\B
R(t, B,n) =e (TI) Jort>0 29
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Fig. 24. The bathtub curve depicting the mode of failure at different periods.
Fig. 25 (a)-(e) illustrate the Weibull distribution from the

Monte Carlo analysis (using 100,000 population samples) of the
LESIT model of the components of the IBC under test, namely
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the upper and lower MOSFETS, the upper and lower diodes,
and the DC-link capacitor, when the EV is subjected to the
extra-urban mission profile.
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Fig. 25. A 100,000 sampling Monte Carlo method with Weibull’s probability
density function (PDF) for LESIT-based lifetime estimation with 10%
parametric variation during extra-urban mission profile: (a) lifetime of Upper
MOSFET, (b) lifetime of Lower MOSFET, (c) lifetime of Upper Diode, (d)
lifetime of Lower Diode and (e) lifetime of DC-link Capacitor.

It can be seen from Fig. 25 (a)-(e) that the maximum
population of the lower MOSFET fumos (2, f, 1) fails after 1000
thousand km of operation, while for the DC-link capacitor fcap
(t, B, ), itis 1500 thousand km of operation. Therefore, it can
be observed that based on LESIT model the lower MOSFET
and the DC-link capacitor are the most failure-prone
components in the IBC topology. The operational lifetime is
around 10,000 thousand km in upper MOSFET, lower and
upper diodes, while most failure-prone components will fail
way before that.

(b) Assessing the effect of TDDB on the system-level
lifetime estimation

Based on the data provided by the device manufacturer [64],
a Weibull approximation is made such that the probability
density function (PDF) representing the device failure rate due
to the TDDB corresponds to the OEM supplied values in the
Roow, Rsow and Rioy percentile ranges; a normal distribution is
assumed in the approximation, expressed as:



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 18

t\B
f@& B = (n%).tw—i).e‘(ﬁ) fort>0 (30)

Where the shape parameter, p= 76.6e® and the scale
parameter #=3.32. The device-level lifetime determined from
the Weibull distribution of the TDDB is combined as a series
association to the device lifetime determined from the Weibull
distribution of the LESIT model to obtain the overall device
lifetime.
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Fig. 26. A Monte Carlo method with Weibull’s probability density function
(PDF) for lifetime estimation of Upper MOSFET with the combined impact of
10% parametric variation + TDDB effect during extra-urban mission profile. A
zoomed in version is shown to differentiate the PDF of the LESIT only and
combined model.

The zoomed portions of Fig. 26 show slight changes in the
Weibull distribution PDF, when the effects of TDDB are
considered. It is noticed that the failure rate of the combined
PDF (LESIT+TDDB) slightly leads to the failure rate of the
LESIT only PDF. Thus, it can be concluded that the TDDB
affects device lifetime at the component-level. Table 7
summarizes the device failure rate for the SiC MOSFETs when
accounting the TDDB. It is found from Table 7 that, during the
extra-urban mission, the highest mileage difference between the
LESIT only and combined model is observed for the Upper SiC
MOSFET, which is the least failure-prone component. In the
combined model, reliability is around 4.3 thousand km lower
for Rooy lifetime and around 21.2 thousand km lower for Rige
lifetime. In case of urban mission profile, the highest mileage
difference is also found for Upper MOSFET, which is 8.7
thousand km less for Rggy lifetime and 47.4 thousand km less
for Ry lifetime. On the other hand, the most failure-prone
component, which is the lower MOSFET, is the least affected
by the TDDB due to the fact that the effect of the TDDB appears
over the long term.

C. System-level lifetime formulation process

Once, the component level lifetime is determined, the next
step is to calculate the lifetime of the entire IBC system. This
is achieved by first establishing the failure association between
the components via simulation. Failure association can be of

two types, namely series failure association or parallel failure
association. In a series failure association, a failure in any
component will cause the entire system to fail. On the other
hand, in a parallel association, all the components need to fail
before the system fails, i.e., there is redundancy in the system.
A special subset of parallel association is the k-out-of-n parallel
association, where k number of components out of n parallel
components need to fail in order to cause a system failure.
Equations (31) to (33) express the calculation for the system
lifetime from each of the individual component lifetime based
on each types of failure associations.

Series failure association:

R(Sys) = Rl-RZ-R3---Rnf0r t 2 0 (31)

Parallel failure association:
1-R(sys) = (1 —=R)).(1 = R,)....(1 =R,) fort>0 32)

Where Ry is the n" component in the system. k-out-of-n
parallel failure association (32):

R(sys) = Zik(’;)r(t)l(l - r(t))n_l (33)

Where R(sys) is the reliability of the component in the t" time
instant, n is the total number of parallel components in a system,
and k is the minimum number of component failures that will
cause a system failure. In k-out-of-n parallel associations, all
parallel components are assumed to have similar reliability.

The simulation model of the IBC is used to determine the type
of failure association between components when each of the
components suffers “Short-circuit” or “Open-circuit” failure
conditions. It is observed from the simulation that all
component failures are in series association for short-circuit
conditions; hence, there is no redundancy in the system. On the
other hand, for the open circuit condition, the failure association
for the lower MOSFET of a given phase, with the lower
MOSFET of the other two phases, is in the 2-out-of-3 parallel
association, so there is redundancy in the system for the lower
MOSFET. The failures of upper and lower diodes and DC-link
capacitor show series association, while upper MOSFET’s
failure has no impact on the system. Equations (34)-(36)
describe the system lifetime reliability for the two failure
scenarios.

For short circuit condition (no redundancy):

R(sys) = Rimos’- Ripio™- Rumos’- Rupio®- Re (34)
For open-circuit condition (redundancy):

3
R(sys) = RLDiog-RUDiog-RC zl_z(?)RLMosl(l -

3-1

RLMOSl)
= Rypio> Rupio®-Re(3-Rimos® — 2. Riyos® (36)
LDio -f\UDio - C( - LMOS . LMOS)

Where Rywos is the reliability of the lower MOSFET, Rumos
is the reliability of the upper MOSFET, Ripio is the reliability
of the lower Diode, Rupio is the reliability of the upper Diode,
and Rc is the reliability of the DC-link capacitor.

(39)
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Fig. 27. Lifetime estimation results considering LESIT and TDDB parameters effect, respectively: Extra-Urban mission profile: (a) lifetime of Components, (b)
lifetime of IBC System (with and without redundancy both for formula and empirical method), Urban mission profile: (c) lifetime of Components, (d) lifetime of
IBC System (with and without redundancy both for formula and empirical method), and Continuous hill-climbing mission profile: (e) lifetime of Components,
(f) lifetime of IBC System (with and without redundancy both for formula and empirical method).

D. System-level lifetime estimation of the IBC considering

LESIT and TDDB parameters

The automotive OEMs commonly express component
lifetime in terms of mileage (i.e., thousand kilometres)
travelled, instead of years of service. The distance travelled in
kilometres can be determined by multiplying the lifetime,

expressed in hours, by the average speed, in km/hr, of the
mission velocity profile. The lifetime of the individual
components and the entire IBC system corresponding to
separate mission profiles are depicted in Fig. 27 (a)-(e), where
the TDDB impacts on SiC MOSFET modules are also
considered.
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Table 7. Effect of TDDB on Individual Component Reliability and on IBC System Reliability

Extra-Urban LESIT model lifetime in mileage (km)

Combined model Lifetime in mileage (km)

Difference in mileage (km)

Mission Reow Rsow Ruow Reow Rsov Ruow Rew  Rsow  Ruow
Upper MOSFET 4100901 10285789 18455868 | 4105610 10274411 18434722 | 4291 11378 21146
Lower MOSFET 428262 1224038 2390284 | 428262 1224037 2390280 0 1 4
System-level reliability | o500, gy9400 1163800 | 223800 629360 1163800 0 40 0
Short circuit (SC)
System-level reliability | o100 1038000 1523460 | 552100 1038200 1523420 0 0 40

Open circuit (OC)

Difference in milage (km)

Urban LESIT model lifetime in mileage (km) | Combined model Lifetime in mileage (km)
Mission Roos Rsos Ruow Roos Rsow Ruow Reow  Rsow Riow
Upper MOSFET 11017137 29287902 54612287 | 11008427 29263367 54564900 | 8710 24535 47387
Lower MOSFET 957040 2870757 5781251 | 957041 2870756 5781246 1 1 5
System-level reliability | 05000 1453050 2801400 | 479960 1423050 2801365 | 40 0 35
Short circuit (SC)
System-level reliability | 115650 5493400 3000000 | 1212605 2493400 3000000 | 45 0 0

Open circuit (OC)

The component-level and system-level lifetime of the IBC
are expressed in Ry (i.e., Rog, Rgoand Rgg.9) and indicated in Fig.
27. Mainly, for automotive applications, the point of lifetime
interest is Rog, reflecting a 99% reliability percentile.

As mentioned in the previous subsection, the most failure-
prone component is the lower MOSFET; and the Rog of lower
MOSFET is 115 and 230 thousand kilometres, respectively, for
extra-urban and urban mission profiles. The worst-case lifetime
of the IBC system, which takes place during the extra-urban
mission profile without any redundancy, is 60 thousand
kilometres for Rgy. For the urban mission profile, the IBC’s
lifetime Ry is 115 thousand kilometres. However, in the open-
circuit condition, the lower MOSFET shows 2-out-of-3
redundancy, and the failure of the upper MOSFET has no
impact on the system.

Due to the aforementioned redundancy, the reliability
percentile Rgo of the IBC improves significantly, approximately
75%, compared to the short circuit condition. The target
lifetime requirement of the OEM for the HV DC/DC converter
of the EV is typically 300 thousand kilometres. The worst-case
scenario of the IBC, which is the Extra-Urban mission profile
without redundancy, is 18% component failure after 300
thousand kilometres travelled, and only 2% failure with
redundancy. It can be noticed that the reliability value for the
hill-climbing profile, for 300 thousand kilometres, is high at
Rag.9, but this value has a low confidence since the hill climbing
profile uses fewer number of samples for stress analysis.

In addition, Table 7 depicts that the effect on lifetime, due to
TDDB, is negligible on the system level (maximum around
0.045 thousand km); this is due to the fact that the system-level
lifetime is closely tied to the reliability of the most failure-prone
components.

E. Lifetime estimation validation through empirical method

To ensure the validity of the lifetime estimation analysis, the
system-level lifetime calculated from empirical data of
individual component-level lifetime, using equations (36) and
(35), is compared to analytical results calculated by combining
the shape and scale parameter of the individual component
Weibull distributions into one, before applying equation (29),

as shown in equations (37) and (38). However, in order to
simplify the overall equation, intermediate terms are defined

first:

Bum BLmos
1

nbymos = Numos' %% Nbrmos = Nimos
nbypio = nUDioBUDiO yMbypi = nLDioﬁLDio y nbe =1¢
Short circuit condition:
DENg. = nbyyos-Mbryos- Mbypio- Mbpio-Mbe
numyyos = Nbe.Mbyyos-Mbypio-Mbypio
numpyoes = Nbyyos-Nbe.Mbypio-Nbypig
nuMypi, = Nbyyos-Mbpyos-Nbe-Mbypio
num;pi, = Nbyyos- Nbrmos- Mbypio- nbc
nume = nbyyos-Mbryos-Mbypio-Mbipio
NUMj, = 3numyyos. tPUMOS + 3num, 0. tFLMOS +

3numyp;,. tPUPio + 3num, p;,. tPLoio + num,. thc
NUMg¢

R(sys) = e DENsc fort>() (37
Open circuit condition:

DEN,; = nbyyos-Nbypio-Nbypio-Nbc

numyyos = nbe.Nbypio-Nbyrpio

nUMypi, = Nbyyes-Nbe.Mbypio

Bc

NUMpio = Nbyyes-Mbypio-Nbe
nume = nbpyos-Mypio-MPrpio

NUMOCI = ZnumLMos. tﬁLMOS + SnumUDiO. t‘BUDiO
+3num, p;,. tPLoio + num,. thc
NUMOC2 = 3numLM05. tﬁLMOS + 3numUDl'o. tBUDiO

+3num, p;,. tPLoio + num,. thc
NUMgpc1 NUMgc2

R(sys) = 3e DENsc —2e DENsc fort>() (38)

Where 1 is the scale parameter, B is the shape parameter,
LMOS is the lower MOSFET, UMOS is the upper MOSFET,
LDio is the lower Diode, UDio is the upper Diode, C is the DC-
link capacitor, and ‘t’ is the time duration. Fig. 27(b), (d) and
(f) depict that there is approximately no difference (less than 10
%) between the lifetime determined from the empirical data and
the lifetime calculated analytically, thus wvalidating the
equations used for lifetime estimation.
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VI. CONCLUSION

In this paper, the impact of real-life EV mission profiles on
the PE converter lifetime, essentially an automotive HV DC/DC
converter, has been investigated. For the first time, to the best
knowledge of the authors, separate initial battery SoC windows
have been utilised to conduct the lifetime estimation. The
battery pack design has been validated with RT measurement
using accurate mission profiles during the lifetime estimation.
A high degree of correlation has been achieved in battery pack
modelling (i.e., a minimal 94% and a maximum of 99%) for all
three profiles. Furthermore, in the IBC modelling peak 0.2%
MPE is obtained between model estimated efficiency and
experimental measurement for 10%-100% load changes for
boost mode and buck mode operations, respectively.

The assessment showed a significant impact of the mission
profiles on the lifetime of the converter system. Furthermore, it
is noticed that for the IBC, redundancy improves the lifetime at
300 thousand kilometres by 16% in the extra-urban profile and
by 4% in the urban profile. However, the IBC is four times more
reliable when the EV is driving using the urban profile
compared to the extra-urban profile. This is caused as the extra-
urban driving profile is characterized by frequent accelerations
and decelerations, which cause higher electro-thermal stress in
the semiconductor components, accelerating the wear-out
failure. Moreover, it has been observed that mission-profile less
than 500 sec is not appropriate for the accurate system-level
lifetime estimation of automotive PEC. In this paper, it has also
been identified that the lower MOSFET and DC-link capacitor
are the most failure-prone components in terms of reliability
percentile Rx, which determine the lifetime performance of the
IBC system. However, it is worth to mention that the SiC
MOSFET-based HV DC/DC converter topology (IBC) using a
dual-loop type-1l k factor-based control technique has been
satisfied the targeted lifetime requirements of the BEVs for both
mission profiles. Additionally, the SiC MOSFET power
modules are also affected by the TDDB, which causes a
reliability issue over the long-term. Hence, the most failure
prone components are less affected by the TDDB, while more
reliable components experience higher effects due to the
TDDB. The effect of TDDB on the system-level reliability of
the IBC is less than even one thousand km for reliability
percentile of Rio, with or without redundancy. The TDDB
impact is negligible since the system reliability is similar to the
corresponding one of the most failure-prone components. Thus,
the IBC system, whether there is redundancy or not, do not last
long enough under the given mission profiles, to experience the
effects of TDDB.

Although lifetime for semiconductor-based PE systems has
been investigated in the literature, this has been done mainly for
systems incorporated inside stationary applications (i.e., solar
and wind) and primarily relying on passive cooling. This paper
has investigated the automotive PE systems that subjected to
dynamic load profiles and incorporating active cooling
strategies.

Furthermore, in this paper, an automotive PEC system has
been evaluated through OEM-provided real-life mission
profiles; thus, this paper overcomes the uncertainties generated
due to the unavailability of real-life missions. In future research,
the lifetime model of the IBC will be incorporated with a digital

twin for reliability (DT4R) model to schedule predictive
maintenance before a potential failure through accurate wear-
out and degradation monitoring.

APPENDIX

The formulas that have been used in Kendall’s rank correlation
are expressed in equation (39)-(43).

(number of concordant pair) — (number of discordant pair) (39)
T=

(Total number of parings)

= ne % (40)
o
oK (41)
n(n-—1)
where K YP S0 00 € (Xa i Xa o Yo, Yo ) (42)
1 (Xa,ivXa,j)(yb,i'yb,j) >0 (43)

E*(Xa,irXa,erb,iryb,j) =40 (Xa,iJXa,j)(Yb,i'Yb,j) =0
-1 (Xa,irXa,j)(yb,ivyb,j) <0

Where 7 is the ordinal association between model data and
measurement data sets, in this paper, the significance level for
the Correlation test is considered 0.001.

The MPE equation is expressed in equation (44).
|(Measurement data — Model data)| (44)

= 0,
MPE Model data * 100%
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