ABSTRACT

YANG, LI. Design and Control of an Electrical Vehicle Traction Inverter to Address the Opportunity
and Challenge of SiC Wide Bandgap Device . (Under the direction of Dr. Igbal Husain and Dr. Wensong
Yu.)

Aiming at expediting the adoption of Silicon Carbide (SiC) device in Electrical Vehicle (EV) industry,
this research evaluates the opportunity and challenge posed by SiC device to traction inverter development.
Opportunities of high power density design and novel PMSM motor drive algorithm taking advantage
of the high switching frequency capability are elaborated in the following chapters. The challenge of
increased common mode noise due to the high switching speed is also investigated. The common mode
noise reduction by active gate driving is discussed taking a current source gate driver as an example. A
recurrent neural network based approach is developed to predict the optimal active gate driving sequence.

The work starts from designing a 100kW planarized high power density SiC traction inverter. Unlike
the traditional IGBT based traction inverter of the same power level that usually operates with low
voltage and high current, the designed SiC inverter adopts 1.7kV SiC MOSFET module and operates
on a high DC-link of 1000V. The power-PCB based busbar is devised, which not only achieves higher
power density, it helps reduce commutation loop inductance as well. The current detection is achieved by
shunt based current sensor. The circuit size and cost are reduced. With exceptional attention paid on the
Common Mode Transient Immunity (CMTI) and Common Mode Rejection Ratio (CMRR) of the circuit,
the shunt current sensor generates current feedback with high quality and robustness. The increased
common mode noise caused by high voltage fast switching is an issue for the SiC traction inverter. To
tackle this problem, a low profile planar transformer is designed with high CMTI . Planarized controller,
gate driver, current sensor and busbar are the key components of the designed high power density traction
inverter.

Interior Permanent Magnet Synchronous Machine (IPMSM) is one of the most commonly used
driving motors in EVs and its maximum torque generation over the whole speed range can be formulated
as a nonlinear optimization problem. The problem takes inverter voltage and current limitations as the
constrains. A geometrical linearization method is proposed to solve the optimization problem without
numerical iterations and unifies the Maximum Torque per Ampere (MTPA) and flux weakening control
on IPMSM into the same framework. The high switching frequency capability of SiC device provides
new possibility on implementing this type of algorithm involving model linearization. Compared with
conventional IGBT based traction inverter, the control signal can be updated at a higher frequency by SiC
inverter, which is the key to obtain an accurate solution on the nonlinear problem through linearization
approach. Principles of the algorithm and simulations will be presented in the dissertation.

To investigate Active Gate Driving (AGD) on the SiC MOSFET, the device is first modeled by a
new approach based on the I-V characteristic curve and the nonlinear capacitance maps. The half bridge



circuit driven by current source gate driver is modeled by the differential equations with the dynamics of
gate driver incorporated. The modeled circuit achieves high fidelity simulation results compared with
LTspice, the AGD effects on individual interval for both turn-on and turn-off switching transients are
analyzed, active driving sequences are obtained and verified. With the high accuracy half bridge circuit
model, large amount of data for excitation sequence vs. switching results is obtained and used as training
data for a recurrent neural network. The recurrent neural network takes the encoder-decoder structure,
and is capable of predicting an AGD excitation sequence given a target switching results. The proposed

deep learning model is verified by circuit SPICE simulation.
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Chapter 1

Introduction

1.1 xEV and SiC Device Market Forecast

The Electrical vehicle(EV), including Battery EV(BEV), Hybrid EV(HEV), Plug-in HEV(PHEV) and
Fuel Cell EV(FCEV), are gaining increased popularity due to the global awareness of climate change
and the massive support from governments both financially and politically. Over the past decade, there
is a continuous growth on the EV sales worldwide, and the ratio of EV sale over the whole passenger
vehicle sale is also growing(Figure 1.1). In 2019, 2.2 million XEVs were sold and a compound annual
growth rate of 27% is expected till 2022 [2].

Figure 1.1: Global xEV sales over the past decade [1].

The Silicon Carbide (SiC) devices, including SiC MOSFET, Schottky Barrier Diode (SBD), SiC
JFET etc., are the next generation wide bandgap semiconductor devices compared to Si device such as
IGBT and are gaining momentum in the applications of power conversions due to their potentials on
energy saving and performance boost. It is seen from Figure 1.2 that revenue of SiC device in the XEV



market including traction inverter, on-board charger and charging station is constantly ramping up from
2018. The adoption of SiC device in industrial motor drive and railway traction are also accelerating
from 2108 and 2020, respectively.

Figure 1.2: SiC power device market revenue split by application, 2017 - 2023 [3].

Specific to XEV applications, the SiC module market will be the second largest following IGBT in
2024(Figure 1.3(a)). The Si devices (IGBT and MOSFET modules) are still the main choices for xEV
applications considering the price and supply chain maturity. The projected XEV share to all the SiC
market is close to 50% in 2024(Figure 1.3(b)) making the XEV a critical application scenario to exploit
the SiC device advantages. Considering the continued boost on XEV sales and the increased adoption of
SiC device to the industry, it is necessary to further understand both the opportunities and challenges of
SiC on xEV to provide new technologies and solutions to the XEV industry. With this work, the adoption
of SiC device on XEV applications can be accelerated.

1.2 SiC Device Overview

Silicon Carbide (SiC) and Gallium Nitride (GaN) devices are two of the most promising Wide Bandgap
(WBG) devices developed for the next generation high power density, high efficiency power conversion
applications. Compared with their Silicon (Si) counterparts, WBG devices shows superior characteristics
in terms of high blocking voltage, high junction temperature robustness and high switching frequency
capabilities [6]. Figure 1.4 summarizes the key properties of Si, SiC and GaN devices [7].

With a breakdown field of SiC device much higher than that of Si device (around 10 times), SiC



(a) (b)

Figure 1.3: (a)2018-2024 power electronics device market for EV/HEV [4]; (b)2018-2024 SiC market evolution for automotive
application [5].

device can adopt a thinner drift layer and heavier doping concentration for the same blocking voltage. For
unipolar devices like Schottky diodes and MOSFETS, the on-resistance of the device can be reduced by
the combination of the thinner blocking layer and heavier doping concentration [8]. The low on-resistance
property has a significant influence on conduction loss and system efficiency. As a comparison with
Si MOSFET which generally has a voltage limitation of 600V - 900V, the blocking voltage of SiC
MOSFET can reach 10kV+ with reasonable die thickness and on-resistance [9].

Figure 1.4: Summary of Si, SiC, and GaN relevant material properties [7].

The low on-resistance at a given breakdown voltage also helps to reduce the chip size of unipolar
device like SIC MOSFET, which is equivalent to a smaller junction capacitance compared to Si MOSFET
even considering the trade-off between thinner drift region and smaller chip size. An increased switching



speed is achieved with smaller junction capacitance. With a high electron saturated drift velocity than the
Si device, the turn-off transient speed can also be increased for SiC device when the minority carriers are
swept out of the depletion region [11]. A SiC six-pack MOSFET based active power filter is developed
in [13], the switching frequency of the device reaches 100kHz. A power electronics motor emulator
is reported in [12], high performance FPGA is adopted that runs control algorithm at 200kHz, and the
switching frequency achieved is 100kHz. A SiC MOSFET and Schottky diode based inverter with split
output is reported in [14] that also operates at 100kHz. In [15] and [16], 1IMHz switching frequency is
achieved for hard switching DC-DC converter.

The superiority in terms of thermal performance is expected on SiC device over Si device mainly
due to two facts. First, the high energy bandgap of SiC device makes it capable of high temperature
operation [17]. Second, high thermal conductivity of SiC device makes the junction heat transfer more
efficient. These features increase the thermal robustness of SiC device for high temperature applications,
they also simplifies the cooling system design, which makes high power density and integrated designs
possible. Compared with Si devices that usually work with a junction temperature not exceedf 150
a SiC MOSFET based boost converter has been reported to work und€r p@@tion temperature [18],
while the theoretical working junction temperature for SiC device B00°C [19]. The comparisons on
the main characteristics of a 4H-SiC and Si device is shown in Table 1.1 [10].

Table 1.1: Comparisons of the main characteristics of Si and 4H-SiC device [10].

Material Property Si 4H-SiC
Energy Bandgafg (eV) 1.12 3.26
Breakdown FieldEg (V/cm) 25 10° 22 10°
Thermal Conductivity (W/cm-°C) 15 4.9

Saturation Drift Velocityns(cm/s) 10 107 2:1 107

Zhang et al. [20] present a comparative study on SiC MOSFET module and Si IGBT module with
1700V blocking voltage and similar current rating to evaluate the switching performance between SiC
device and Si device. The modules considered are SiC MOSFET (CAS300M17BM2, 1700 V/325 A
Cree) and Si IGBT (FF200R17KE3, 1700 V/310 A, Infineon). The modules are evaluated on the same
Double Pulse Test circuit. The turn-on and turn-off switching transients are evaluated under 120A and
200A load current respectively. The testing results are good verification on the fast switching capability
of SiC device. It is shown that 93ns/98ns turn-on time are achieved under the different load currents, and
75ns/74ns turn-off time are achieved. For Si IGBT, the switching time is much longer. It is seen that
under the same test conditions, 498ns/603ns are achieved for the turn-on transient and 605ns/595ns are
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