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Abstract: In this paper, the efficiency benefits of adopting Silicon–Carbide devices for electric vehicle
applications are studied. A hybrid time and frequency domain-based simulation tool is developed
for the Silicon–Carbide (SiC) traction inverter modeling. The tool provides steady-state results with
comparable accuracy to standard time domain methods and achieves a factor of thousand reductions
in time when simulating a large number of operating points. Especially, the impact of temperature-
dependent device losses has been considered to ensure the simulation precision. Next, a vehicle-level
modeling is developed to evaluate the impact of the inverter efficiency on the endurance mileage
increase of vehicles. It is found that, by applying Silicon–Carbide devices, the energy consumption of
the inverter can be greatly reduced by 3/4 under WLTC (World light light-duty vehicle test cycle)
profile. It can be transformed into a mileage endurance increase of 3–5%. The impact of the drive
cycle profile and the vehicle’s drag coefficient on the endurance mileage are evaluated as well. In
addition, an economic/cost model is developed for selecting the “optimal” chip paralleling number
for Silicon–Carbide power modules. Interestingly, the results indicate that this number should be
slightly overdesigned to achieve the most cost saving from the system point of view.

Keywords: Silicon–Carbide (SiC); Insulated-Gate-Bipolar-Transistor (IGBT); electric vehicle (EV);
power module; traction inverter; endurance mileage; drive cycle

1. Introduction
1.1. Background

SiC-based power modules for power conversion applications have been widely dis-
cussed in recent years. Due to the Wide-Bandgap material property, SiC devices have
higher maximum operating junction temperature, lower losses, and lower thermal resis-
tance compared to Si-based devices [1]. Hence, SiC-based inverters can withstand higher
operating temperatures, obtain higher efficiency, and greatly increase power density [2].
All these features will benefit the system for various applications such as electric vehicle
drives, solar inverter and so on [3,4].

Generally, a smaller number of parallel chips in a vehicle regulation level power
module will lead to lower cost. However, fewer parallel chips also increase the loss and
make the temperature conditions more severe. By that, it is attractive to reduce chip cost
in SiC-based power modules because of the high temperature tolerance ability of SiC.
However, for EV applications here, it is questionable if it is worth increasing the junction
temperature while sacrificing the inverter efficiency, since the power losses of SiC increase
significantly at higher temperature [3,5]. In the authors’ point of view, the efficiency increase
can help reduce the system costs, which refers to not only the inverter and battery cost,
but also and operating cost like charging [6]. Therefore, a precise and efficient modeling
method is desired to quantify the benefits of efficiency. Moreover, design guidelines such
as the optimal chip paralleling numbers, or determining the attractive application scenarios
for SiCs, are to be explored.
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1.2. State-of-the-Art Analysis

Numerous papers have discussed the SiC devices for inverter applications in the
past [7,8]. However, only a few of them focused on the efficiency modeling of SiC inverters
for EV applications, especially when the modeling is extended to the vehicle level like the
endurance mileage and system cost [9–16].

Infineon evaluated in 2018 that, when replacing IGBTs with their 750 V and 1200 V
SiC power modules in 400 V and 800 V DC bus applications, the endurance mileage in
WLTP (World Light Vehicle Test Procedure) configuration can be increased by 6.3% and
7.6% respectively. However, the information about the inverter and vehicle-level modeling
is limited, and the analysis conclusions do not have general guiding significance [9].

The performance of SiC Inverters for hybrid electric vehicles (HEV) has been presented
in [10,11]. It applies the curve fitting for device losses extraction and a simplified analytical
method for inverter loss calculation. For the vehicle-level evaluation, an existing model is
used as black-box. Unfortunately, only very limited modeling details were introduced in
this work either.

A relatively detailed inverter-level modeling method is presented in [12]. The I-V
curves of individual switching devices are numerically calculated in the time domain with
a fixed time step of 2 µs. A lookup table method is used for the loss extraction where
instantaneous I-V value of devices are needed as input. This purely time-domain based
modeling requires high computation time and is therefore not efficient for the endurance
mileage calculation over a complete WLTC cycle.

Another work claims that SiC inverters might not bring efficiency benefits as ex-
pected [13]: under EPA (United States Environmental Protection Agency) profile, the
endurance mileage increase is 1–2% only. This paper has referred the inverter modeling,
vehicle modeling, as well as some design guidelines. However, only simple analytical
methods are applied for the loss modeling without details.

FASTSim seems to be an effective vehicle-level simulation tool that is especially
suitable for performance evaluation of powertrain systems [14,15]. However, the efficiencies
of drivetrain components are set to be constant in their source code. This approximation
is unacceptable when comparing the impact of IGBT and SiC inverter efficiency on the
endurance mileage of the vehicle, since the efficiency difference varies significantly with
operating conditions (e.g., at light vs. heavy loads) [16].

1.3. Challenges

From the state-of-the-art analysis above, it can be concluded that previous modeling
approaches have the following constraints:

At the inverter-level modeling, there are problems of low modeling precision, ignoring
the junction temperature sensitivity of SiC losses, and low computational efficiency. Firstly,
the modeling precision of simplified methods such as curve fitting and analytical calculation
are not satisfying, especially in complex operation conditions. Secondly, the efficiency of
SiC inverters deteriorated dramatically with increasing operating temperature [17], which
means the effect of SiC’s junction temperature needs to be reflected in the modeling. Thirdly,
the time-domain based numeric method is not efficient for calculating the device peak
temperature including the temperature ripple of devices, because it takes time for the
device temperature to reach its steady state.

At the vehicle-level modeling, most previous works seem to lack technical details,
especially like the parameter configurations for comparison [18]. This is possibly because
power electronics engineers are not that familiar with vehicle systems, and therefore
existing vehicle-level tools are just applied as a black box. It is then hard for the reader to
further interpret like what is the total energy consumption composed of, why the endurance
mileage increase is limited (or satisfying), etc. Therefore, both the modeling methodology
and the simulation results have limited value for researchers.
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Due to the lack of vehicle-level modeling details, very few previous works have
summarized generalized guidelines for the design and optimization of SiC inverters from
the efficiency and cost point of view.

In conclusion, a comprehensive modeling methodology is needed that can include a
precise and fast loss and thermal modeling at the device/inverter level, a straightforward
energy consumption and endurance mileage calculation method at the vehicle level, and
generalized design guidelines for SiC adoption in EV applications should be summarized
from results above.

1.4. Structure of the Paper

In this paper, a modeling methodology has been developed that is targeted for evalu-
ating the efficiency and cost benefit for SiC inverters for EV applications with precision,
speed, and intuition.

In Section 2, a circuit simulator called ScanTool is developed that is explicitly designed
for performance screenings of high-power converters with a large number of operating
conditions to be simulated. The electrical, loss, and thermal behaviors of the system are
calculated jointly. The basic concept, the numerical background, the program structure and
the features are presented in detail. In Section 3, a vehicle-level modeling is introduced,
which adopts a similar approach to FASTSim but more precise. In Section 4, the performance
of SiC inverters for different application scenarios is evaluated by using the modeling tools
above. The impact of load profiles as well as the impact of vehicle’s aerodynamic drag
coefficient on the endurance mileage increase is discussed. Moreover, by introducing a
simplified cost model including the initial hardware investment and the charging cost
during operation, the impact of driving mileage per month on the financial break-even is
analyzed as well. In the last section, some generalized design guidelines are concluded for
applying SiC technologies for traction inverters for EV applications.

2. Inverter Modeling
2.1. Introduction of ScanTool

To conduct a comprehensive analysis of the electric drive system including the inverter
and the motor, it is necessary to screen a large number of steady-state operating cases. A
power electronics system analysis tool called ScanTool is adopted here. ScanTool is a hybrid
time-frequency domain based steady-state simulation tool [19]. It is mainly used for the
conceptual design of power electronics systems at the early design stage. It can output the
power, efficiency, voltage, and current distortion (e.g., THD), voltage ripples and current
stress of dc-link capacitors, voltage/current/thermal stress of switching devices, etc.

The operation mechanism of ScanTool is as follows. First, excitation waveforms like
PWM voltage u(t) are numerically calculated in the time domain as normal. Next, as a
highlight of the tool, the response waveforms are calculated in the frequency domain: the
PWM voltages are transformed into the spectra U(f ) in the frequency domain as excitation
signals, while the plant (e.g., the electric motor here) are expressed as/transformed into
admittance matrix Y(f ) in the frequency domain. Then, by multiplying the excitation U(f )
and the plant admittance Y(f ), the frequency-domain response spectra I(f ) (i.e., current
spectra here) can be obtained. The response spectra are then reversely transformed into the
time domain to obtain the response waveform i(t) (i.e., phase currents here). After that, the
voltage waveform us(t) and current waveform is(t) of each switch can be separately divided
in the time domain, and the total loss ps(t) in each switching state can be calculated. By
transforming the total loss ps(t) of each switch into the spectra Ps(f ) in the frequency domain,
the thermal response can be calculated as T(f ), and finally get the thermal response Ts(t)
in the time domain. Using this method, output waveforms can achieve high steady-state
precision, as it has already considered the response harmonics/ripples caused by the load
impedance/admittance. Meanwhile, this approach can avoid considerable computation
time of traditional time-based simulation tools before reaching steady states. The computing
time can be reduced from dozens of minutes to 1–2 s per case. Hence, ScanTool is especially
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attractive for early-stage conceptual design of power electronics systems, while many cases
with different software and hardware combinations need to be simulated. The mechanism
of ScanTool is illustrated in Figure 1. For more details, please refer to [19].
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For the SiC-based inverter simulation here, the losses and the thermal calculation are
the focus. Firstly, instantaneous voltage and current information of each device are sent to
conduction and switching losses lookup tables (LUT) to obtain the losses of the device at
this instant. The data source of LUT can either be from the device datasheet or from the
measurement. Notice that the loss data are typically given at the room temperature 25 ◦C
and the maximum operating temperature like 150 ◦C or 175 ◦C in the datasheet. Either
data can be used for the 1st round loss calculation. Similar to the current response curve
calculation, this device losses are calculated in the time domain and then transformed into
the frequency domain and then multiplied by the thermal impedance of switching devices.
The resultant thermal response spectra are then reversely transformed into the time domain
to obtain the steady-state device junction temperature that has included the temperature
ripple. Notice that the thermal ripple may become significant at low-speed-high-torque
areas. Its resultant output power degradation should be considered during evaluation.

Since the power losses of unipolar SiC devices are highly dependent on the junction
temperature, iterations are essential for the loss calculation: the device losses are recalcu-
lated from the LUT, where device temperature calculated in the first round is used as an
additional input here. Notice that the power loss LUT is three-dimensional comprising the
device current, voltage, and the junction temperature. This process will be iterated until
the calculated temperature difference between the two adjacent simulations is less than e.g.,
1 ◦C. By that, the impact of junction temperature on device and inverter losses are included
in ScanTool, leading to the improved precision.

Similarly, the dc-link voltage calculation can also be iterated to obtain the voltage
ripple caused by the pulsing current of the inverter. This has slight impact on the switching
loss calculation of devices.

2.2. Model Validation

For vehicle-level modeling, the inverter modeling should output an efficiency map
over the torque-speed area. The precision of this map is especially important while com-
paring a SiC inverter with an IGBT inverter. A three-phase half-bridge SiC power module
has been developed by Leadrive, where each functional switch is composed of six Rohm’s
Gen-4 SiC chips connected in parallel, i.e., 36 chips installed in each power module. The
module is then applied to a 150 kW SiC inverter.
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2.2.1. SiC Power Module Characterization

The conduction losses as well as the switching losses are measured and then im-
ported to ScanTool as a database for the inverter efficiency map calculation. Notice that
the measured conduction losses are almost doubled, when the junction temperature is
increased from 25 ◦C to 150 ◦C. For charactering the dynamic behavior, i.e., the switching
losses of devices, a double-pulse testing (DPT) method is applied. Normally, to conduct
a comprehensive test for evaluation, numbers of combinations of device voltage, current,
junction temperature, and gate resistance are needed [20]. Thus, it is important to use the
automated test equipment to reduce experimental costs.

2.2.2. Comparison of Inverter Efficiency Map

The efficiency map of inverters and the according motor are measured on the motor
test bench, as shown in Figure 2. Two inverters with an IGBT module and a SiC module
inside, respectively, are measured for comparison, while the motor remains unchanged.
The control software including the carrier frequency of the two inverters remain unchanged
as well. More test conditions are listed in Table 1. The same conditions are applied for the
efficiency calculation in ScanTool.
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Table 1. Configuration for the Drivetrain Efficiency Testing and Simulation.

Setup Value

DC-link voltage 420 V
Carrier frequency 10 kHz

Modulation scheme SVPWM
Motor type PMSM

Power analyzer WT300E

The measured and simulated efficiency maps of the IGBT and SiC inverter are shown
in Figures 3 and 4, respectively. Moreover, the maximum and minimum efficiency, and the
percentage high-efficiency area (>85%, >95%) are summarized in Tables 2 and 3, respectively.

From the comparisons above, it is found that the simulated results are highly consistent
with measured ones. Mostly the errors between simulations and measurements are less
than 1%, both for the IGBT and SiC inverters. The precision of the proposed inverter
modeling method is thereby proven.

Notice that the errors of minimum efficiency are higher than other errors. This is
because parasitic losses in the busbar and dc-link capacitor are calculated in a conservative
way. However, this residual error can be tolerated since it only occurs at low-load areas
that have negligible impact on the endurance mileage of the vehicle.
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Table 2. Measured and Simulated Efficiency Characteristics of the IGBT Inverter.

Efficiency Measured Simulated Error

Max. 99.07% 98.78% 0.29%
Min. 74.83% 64.04% 10.79%

η > 95% area 73.75% 76.75% −3%
η > 90% area 90.14% 89.79% 0.35%

Table 3. Comparison of Measured and Simulated Efficiency Characteristics of the SiC Inverter.

Efficiency Measured Simulated Error

Max. 99.93% 99.73% 0.2%
Min. 86.39% 89.59% −3.2%

η > 95% area 90.76% 90.84% −0.08%
η > 90% area 98.72% 98.39% −0.33%

Comparing Figures 3 and 4, it can be further explored that a SiC inverter has approx.
1% higher peak efficiency, 15% larger map area for η > 95%, and 9% larger area for η > 90%.
From an inverter point of view, this is a significant improvement by using SiC power
modules. On the other hand, its quantitative advantages in terms of the endurance mileage
of a vehicle should be further explored in the next sections.
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3. Vehicle-Level Modeling
Evaluation of Comprehensive Energy Consumption

The vehicle-level modeling in this paper mainly refers to the vehicle’s energy con-
sumption with a given load profile (i.e., a drive cycle) and its resultant endurance mileage.
For this reason, a vehicle-level simulation tool has been developed as an add-on tool of
ScanTool. It is similar to FASTSim (Future Automotive Systems Technology Simulator)
developed by the U.S. Department of Energy [14,15]. The calculation flow is illustrated
in Figure 5: a drive cycle is the input for the calculation flow. CLTC (China light-duty
vehicle test cycle), WLTC (World Light Vehicle Test Cycle), and NEDC (New European
Driving Cycle) are typical drive cycle profiles for endurance simulation/test in the world
at present [21,22]. The driving cycle outputs the speed νveh(t) of the vehicle running at
each moment in the endurance test. Next, a vehicle model that outputs the torque Twheel(t)
and angular velocity ωwheel(t) of wheels is established. With the given vehicle information
(weight, drag coefficient, wheel diameters) and the given load profile, the torque and the
speed of the drivetrain at the wheels are obtained as (1) and (2), respectively.

Twheel(t) = (Facc + Faero + Froll + Fclimb + Facc_tire)·Rwheel (1)

ωwheel(t) =
(1 + slip)·vveh(t)

Rwheel
(2)
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Here, Facc is the traction force that provides acceleration, which is related to the
acceleration and the mass of the vehicle. Faero is the traction force used to overcome the
aerodynamic resistance, which is related to the drag coefficient, ambient air density, front
vehicle area and the linear velocity of the vehicle. Froll is the traction force used to overcome
tire friction resistance, which is related to the running road condition and the mass of the
vehicle. Fclimb is the traction force that a vehicle must overcome when climbing, which is
related the road gradient and the mass of the vehicle. Facc_tire is the traction force increased
due to the change of tire inertia, which is related to tire inertia, number of tires and tire
angular velocity. Rwheel is the radius of wheels.

By knowing the gear ratio Ngear and the efficiency η of the transmission, the motor
output frequency ωload(t) and torque Tload(t) can be calculated as (3) and (4), respectively.

Tload(t) =
Twheel(t)
Ngear·η

(3)

ωwheel(t) = ωwheel(t)·Ngear (4)
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This operating point, i.e., the torque and speed of the motor, together with the motor
model in ScanTool, are used to calculate the motor efficiency. Meanwhile, depending on
the motor model, the ac-terminal voltages and currents are calculated and will be used
as input for the inverter loss or thermal calculation. With the given dc-link voltage, the
dc current and moreover the battery energy consumption at this operating point can be
obtained. Finally, the total energy consumption of the drivetrain over a complete drive
cycle is obtained by accumulating the consumption at each operating point. To reduce the
computation time, the calculations above are executed with 1 s interval, i.e., it has been
approximated that the vehicle and inverter are operating at a steady state in this second.

4. Performance Evaluation
4.1. Endurance Mileage Improvement and Energy Consumption Distribution

Firstly, a car model with low drag coefficient is selected. The car model parameters
like the weight, drag coefficient, wheel, the transmission (gearbox), etc., are imported to
ScanTool, while the motor and the inverter model are the same as the ones that have been
modeled and tested (see Figure 4 and Table 1). The efficiency of the SiC over the IGBT
inverter is evaluated under CLTC-P (China light-duty vehicle test cycle—passenger car)
load profile, see Figure 6. The efficiency map of the motor and the two inverters have
been obtained in Figures 3a and 4a. Taking one vehicle of the Tesla Model S series as an
example, the influence of different powertrain on the endurance mileage is calculated. The
key parameters of the whole vehicle are shown in Table 4.
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Table 4. Key Parameters of the vehicle.

Drag coefficient 0.3
Front total area 2.832

Mass of the vehicle 2270.2 kg
Max power of motor 285 kW

Inertia of wheel 0.815 Kg·m2

Num of wheels 4
Radius of wheel 0.336 m

Friction coefficient of wheel 0.7
Efficiency of charger 0.86
Power of aux devices 0.25 kW

Efficiency of transmission 0.98

The energy consumption of the vehicle is calculated and shown in Figure 7. It can be
seen that in both cases the most energy is consumed to overcome the resistance during
driving, i.e., approx. 60% of the total consumption. In contrast, the consumption of the
inverter is not that dominant, i.e., 6.4% and 1.6% for the IGBT and SiC inverter respectively.
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By applying the SiC power module, the driving energy per 100 km can be reduced from
13.12 kWh to 12.47 kWh, i.e., the endurance mileage can be increased by 4.95%.
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Notice that the motor energy consumption remains unchanged here, because the
switching frequency of the SiC inverter is set to be the same as for the IGBT inverter. By
applying higher switching frequency, the motor efficiency, especially the steel losses, are
expected to be slightly reduced.

4.2. Impact of Load Profile on Endurance Mileage

The endurance mileage is recalculated under the WLTC (World Light Vehicle Test
Cycle) and CLTC (China light-duty vehicle test cycle) profile, while the car model “T” and
the drivetrain configuration remain unchanged. The results are summarized in Table 5. It
shows that the efficiency advantage of applying the SiC inverter is more significant under
CLTC-P profile and is degraded under WLTC profile. Comparing the two profiles, it is
found that WLTC operating points are more distributed in high-speed regions and contain
more aggressive accelerations/braking. It means that the inverter is more frequently
operating at higher continuous power and peak power. Consequently, the efficiency
advantage of the SiC inverter under WLTC profile is deteriorated compared to under
CLTC-P profile, because the power losses of such unipolar devices increase dramatically at
heavy loads. (i.e., proportional to the square of load current).

Table 5. Endurance Mileage Increase using SiC Inverters under Different Load Profiles.

Load Profile Energy Consumption per 100 km Endurance Mileage Increase

CLTC-P 12.47 kWh (Reduced by 4.95%) 23.84 km (60 kWh Battery)
WLTC 15.63 kWh (Reduced by 3.46%) 13.28 km (60 kWh Battery)

4.3. Impact of Drag Coefficient on Endurance Mileage

From Figure 7, the total energy is mainly consumed to overcome the drag coefficient
of the vehicle (see the first raw), while the inverter energy consumption change (IGBT vs.
SiC devices) is only a small fraction. Here, the impact of drag coefficient on the mileage
increase is studied: for comparison, a second “T” car is used but with fictively increased
drag coefficient of 10%. The results in Table 6 show that the benefit mileage endurance
increase is reduced from 23.8 km to 22.4 km, i.e., reduced by 6%. Hence, it can be concluded
that the lower the drag coefficient of the vehicle, the higher the percentage impact of
inverter efficiency on the total energy consumption. In other words, SiC inverters are more
attractive for car models with lower drag coefficient.
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Table 6. Endurance Mileage Increase using SiC Inverters under Different Drag Coefficient.

Drag Coefficient Energy Consumption per 100 km Endurance Mileage Increase

0.3 12.47 kWh (Reduced by 4.95%) 23.84 km (60 kWh Battery)
0.33 12.87 kWh (Reduced by 4.79%) 22.22 km (60 kWh Battery)

4.4. Impact of Chip Paralleling Number on System Cost

For IGBT power module design, the criteria for selecting IGBT chip paralleling number
are quite intuitive: the chip temperature should not exceed the maximum allowed operating
(e.g., 150 ◦C) at the peak load. The improvement of the inverter efficiency is limited when
more IGBT chips are connected in parallel in the power module. This is because IGBT
is a bipolar device that has significant conductivity modulation effect, leading to certain
minimum voltage drop or losses of each chip, independent of the paralleling number [23].
Typically, the loss model of IGBTs can be simplified as a constant voltage source connected
with a resistor in series.

In contrast, the loss model of a SiC chip can be simplified as a resistor, because SiC
is a unipolar device. Hence, the more chips are connected in parallel, the lower are the
conduction losses and the total losses of the power module (while the switching losses
remain almost independent of the chip paralleling number) [24,25]. The increased inverter
efficiency can then help reduce the battery cost without reducing the endurance mileage
and help save the operation/charging cost. However, since SiC devices are relatively
expensive, an optimal paralleling number of SiC chips in terms of the economic benefit
should be screened.

For this study, a simplified economic model is applied. The assumptions of the model
are shown in Table 7. Taking the power module cost and the corresponding battery cost
with the same endurance mileage as the initial investment, and taking the charging cost as
operation cost, the economic benefits brought by using different power module schemes
can be then evaluated.

Table 7. Key Assumptions of Economic Model.

Items Assumptions

Battery Ternary lithium battery with 780 RMB/kWh.
IGBT module A three-phase half-bridge power module with 1200 RMB

SiC module 2200 RMB using 4-chip version and 2800 RMB using 6-chip version; The cost increases linearly
with chip number

Charging 2 RMB/kWh
Operation time The vehicle runs 220 days a year, with an average of 8 h per day.

Load profile CLTC

Battery level

The range of the vehicle is more than 500 km, and the battery power is about 80 kWh. The initial
investment of the battery is evaluated based on the same endurance mileage, so the battery

power of different chip schemes changes slightly. Ignore the reduction of vehicle weight caused
by less battery due to the improvement of efficiency.

The simulations here apply CLTC profile for the car model “T”. The simulation results
of different chip paralleling numbers are shown in Figure 8. The x-axis is the operation
year, while the y-axis is the total cost saving that is composed of the chip (power module)
and the battery cost saving at the beginning, and the charging cost saving during operation.

In Figure 8, the system cost saving over the year is over the year is studied under four
scenarios, i.e., the 2-chips, 4-chips, 6-chips, and 8-chips version for each electrical switch of
the SiC power module. The results show that the 4-chips version has the most cost saving
starting from year 2.3. When less chips are installed (i.e., the 2-chips version), the initial
cost saving is the most at the beginning but the cost saving during operation is then limited.
Over the years, its overall economic benefits are then limited. When six or eight chips
are paralleled, the energy consumption of the SiC inverter can be further reduced, but its
percentage impact on the endurance mileage is then deteriorated. Hence, due to the higher



Energies 2022, 15, 7025 11 of 13

initial chip cost, the 4-chips and 6-chips version curves are almost parallel, but with an
offset caused by higher chip number.
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Figure 8. Impact of SiC chip paralleling number on the total cost saving (compared to IGBT module).

In all cases above the initial cost, saving has a positive sign. This is because the vehicle
has a big battery size of 80 kWh. In case less battery is installed, the initial cost saving will
possibly have a negative sign, while the operation cost saving will not be as significant as
the cases in Figure 8. In addition, the frequency of the car use, the drag coefficient, the car
weight, and all the cost assumptions may also have considerable impact on the simulation
results. However, this section has presented an intuitive method to quantify the economic
benefits of SiC inverters and to further optimize the chip number to gain the most system
cost saving.

Notice that the evaluation results above only consider the system cost saving. For
many applications where the acceleration performance of the drivetrain is required, more
chips probably have to be installed to gain higher peak power.

5. Conclusions

In this paper, a modeling method for evaluating the efficiency benefits of SiC devices
of EV traction applications has been presented. At the inverter level, a hybrid time and
frequency domain-based tool is developed that is precise and fast. The obtained inverter
efficiency information is then transformed into the vehicle mileage endurance through a
vehicle-level model, where the energy consumption of individual components is calculated
as well for sensitivity analysis. Lastly, a simplified cost model is presented that indicates
the relationship between the economic benefit and the paralleled chip number.

The simulations in this paper show that the energy consumption of a SiC inverter can
be greatly reduced by 77% compared to an IGBT inverter; see Figure 7. On the other hand,
this is still only a small fraction of the total consumption. Its impact on the endurance
mileage improvement is highly dependent on other parameters like the drag coefficient, the
load profile, etc. When CLTC-P profile is applied to a car model with low drag coefficient,
the mileage improvement can reach 4.95%. However, this benefit will be deteriorated,
when a load profile contains more aggressive acceleration/breaking or constant high-speed
range, or when a car model has higher drag coefficient. To overcome this, more SiC chips
should be installed and paralleled inside the power module.

When selecting the optimal chip paralleling number, the cost of both the chip, battery
and the charging should be considered. Different from typical IGBT module design, a slight
overdesign of the SiC chip number is strongly recommended for SiC power modules to
gain the most cost saving. This can help effectively reduce the battery installation and save
the charging cost during operation.
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In general, SiC-based EV traction inverters are more attractive for applications with
long endurance mileage (i.e., with big battery size), low aerodynamic drag coefficient, and
more frequent use of the vehicle (leading to higher charging cost).
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