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Improving the E ciency of SiC-based Inverter in BEV by Selecting the Switching
Slew Rate for Optimisation of Switching Losses and Voltage Overshoot

Yumeng Shao

Department of Electrical Engineering

Chalmers University of Technology

Abstract

Silicon Carbide (SiC) inverters are increasingly utilized in Battery Electric Vehicles
(BEVSs) due to their superior e ciency and thermal performance compared to tra-
ditional silicon-based inverters. However, managing turn-o switching losses and
voltage overshoot is a signi cant challenge that a ects overall inverter performance
and reliability. This thesis addresses these issues by investigating di erent value of
turn-o gate resistors, applying a multi-step pulse strategy at the gate drive signal
Vse, and incorporating a snubber circuit.

The methodologies were evaluated using a Double Pulse Test (DPT) setup in LTspice
and a drive system model in PLECS. According to the DPT results, it was found
that applying a multi-step pulse at Vgg with appropriate magnitude and duration

at lower | 45 reduces current oscillation and voltage overshoot without signi cantly

a ecting current slew rate and turn-o switching losses. However, this method ef-
fectively decreases voltage overshoot and current slew rate at higher currents but
slightly increases turn-o losses.

Additionally, based on the results from the simulations in LTspice and PLECS, larger
gate resistors reduce voltage overshoots and slew rates but simultaneously increase
turn-o energy and losses. The snubber circuit proved most e ective in reducing the
voltage overshoot. For minimizing switching energy and losses, the multi-st&pg
method, with a 2V step voltage magnitude and 30ns duration, maintained switching
losses similar to the original circuit with advantages at relatively lower current and
torque levels, while the snubber circuit can be considered at higher currents and
torque, as it e ectively reduces voltage overshoot while the increase in switching
losses is slight.

Lastly, the e ect of varying the DC link was investigated. The goal is to have
the lowest losses for a DC link voltage. Increasing the DC voltage helps reduce
conduction losses due to the decrease in current. Additionally, depending on if
di erent methods are used, the voltage rating of the transistor can be reduced giving
lower conduction losses. For the switching energy, the multi-stefdsg method,
with a 2V step voltage magnitude and 30ns duration, is e ective at relatively lower
current levels, maintaining the total switching energy comparable to the original
circuit while reducing the voltage overshoot. At higher currents, the snubber circuit
is more e ective, o ering a balanced approach to decrease voltage overshoot and
improving the e ciency of the BEV inverter.

Keywords: SiC, Voltage Overshoot, Turn-o Losses, Gate Resistor, Snubber Circuit
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List of Acronyms

Below is the list of acronyms that have been used throughout this thesis listed in
alphabetical order:

BEV Battery Electric Vehicle

EMI Electro Magnetic Interference

IGBT Insulated Gate Bipolar Transistor
MOSFET Metal Oxide Semiconductor Field E ect Transistor
PMSM Permanent Magnet Synchronous Machine
SiC Silicon Carbide

SPWM Sinusodial Pulse Width Modulation

WBG Wide Band Gap

DPT Double Pulse Test

DUT Device Under Test

AGD Active Gate Driver

FEM Finite Element Method

LUT Look-up Table






Nomenclature

Below is the nomenclature of parameters and variables that have been used through-
out this thesis.

Parameters
Ve SiC MOSFET Gate Drive Voltage
Vs SiC MOSFET Drain-Source Voltage
Vic DC link Voltage
Vy DC link Voltage
l s SiC MOSFET Drain-Source Current
Eo SiC MOSFET Turn-o Switching Energy
Eon SiC MOSFET Turn-on Switching Energy
L Stray Inductance
Ry Gate Resistor
Ryo Turn-o Gate Resistor
Rgon Turn-on Gate Resistor
lo Load Current
[ 10ad Load Current
Cs Turn-o Snubber Capacitor
Rs Turn-o Snubber Resistor
Co Overvoltage Snubber Capacitor
Rov Overvoltage Snubber Resistor
Ploss SiC MOSFET Turn-o Switching Losses
Vpeak SiC MOSFET Turn-o Overvoltage Peak Value
Rps Drain Source resistor
Variables

Xi



Ics Current Flowing through The Turn-o Snubber Capacitor

t Current Falling Time
Vcs Turn-o Snubber Voltage
ton Transistor On Time over One Switching Period
Vids;max Maximum Di erence Between Overvoltage and DC Link Voltage
Kk Overvoltage Severity Factor

Xii



Contents

List of Acronyms IX
Nomenclature Xi
1 Introduction 1
1.1 Problem Background . . . . ... ... .. .. .. ... .. ... ...
1.2 Purpose . . . . ..
1.3 Sustainability . . . ... ... .
1.4 Ethics . . . . . . .
2 Theoretical background 3

2.1 Turn-o Switching Losses and Inuencing Factors . . . .. ... ...
2.1.1 \Voltage Overshoot . . .. ... ... ... ... .. ......
212 SlewRate . .. ... ... ...

2.2 Conduction LOSSES . . . . . . . e

2.3 Switching Losses and Voltage Overshoot Optimization Methods
231 GateResistance . . . . . .. .. ... ... e
2.3.2 SnubberCircuit . . . . . .. ...

23.21 Turn-o Snubber . . ... ... ... ... ... ...
2.3.2.2 Overvoltage Snubber . . . . ... ... ... ... ..
2.3.3 Multi-step Gate Drive Pulse . . . . .. ... .. ........

Case Set-up
3.1 Double Pulse Test (DPT) Setup . . . . . .. .. .. ... ... ....
3.2 Drive System . . . ...

Methodology 17
4.1 Gate Resistance Set-up . . . . . . . . ..o
4.2 Multi-step Gate Drive Pulse with Varying Magnitude and Duration .
4.3 Snubber Circuit . . . . . . . ..

Analysis part 25
5.1 Analysis of Slew Rate During Turn-o at 800V DC Link . . .. ...
5.2 Analysis of Voltage Overshoot During Turn-o at 800V DC Link . . .
5.3 Analysis of Switching Losses at 800V DC Link . . . .. .. ... ...
5.3.1 Switching Energy at Dierent Current . . . . ... ... ...
5.3.2 Distribution of Losses in Drive Region . . . .. .. ... ...



Contents

5.3.2.1 Turn-o Losses Distribution . . . . . ... ... ... 30
5.3.2.2 Switching Losses Distribution (Excluding Snubber
Circuit Resistors) . . . . . . .. ... ... ... ... 30
5.3.2.3 Switching Losses Distribution (Including Snubber Cir-
Cuit Resistors) . . ... ... ... ... ....... 33
5.3.2.4 Total Losses Distribution . . . ... ... ...... 34
54 DCLInNKEect ... ... .. . .. e 35
5.4.1 Analysis of Slew Rate During Turn-o at Di erent DC Link . 35
5.4.2 Analysis of voltage overshoot at Dierent DC Link . . .. .. 37
5.4.3 Analysis of Switching Energy at Di erent DC Link . . . . .. 37
5.4.4 Calculated Conduction Losses at Di erent DC Link Voltages . 40
6 Conclusion 43
6.1 Results from presentwork . . . . .. ... ... ... . 00 43
6.2 Future work . . . . . . . .. 44
45

Bibliography

Xiv



1

Introduction

Battery Electric Vehicles (BEVs) have become a focal point of development in re-
cent years. Unlike traditional internal combustion engine vehicles that rely on fossil

fuels, BEVs are powered by electricity, which signi cantly reduces dependence on
fossil fuels and thereby mitigates environmental pollution. Moreover, the widespread
adoption and promotion of BEVs contribute to the advancement of sustainable

development.[1][2].

However, the e ciency of the drive system can constrain the development and
widespread adoption of electric vehicles. As one of the core components of the
drive system, the inverter plays a crucial role in determining overall e ciency. En-
hancing the e ciency of the inverter can signi cantly improve the overall e ciency

of the drive system, thereby advancing the development of electric vehicles.[3][4][5].

1.1 Problem Background

Silicon Carbide (SiC) semiconductors have emerged as a superior alternative to tra-
ditional silicon-based devices in BEV inverters, o ering faster switching speeds, and
better thermal performance[6]. However, the optimization of SiC-based inverters

is a complex challenge, where achieving a balance between switching losses and
voltage overshoot is critical. Higher switching speeds introduce certain challenges,
such as increased voltages across transistors during turn-o, which can cause EMI,
false triggering [7], and necessitate the use of transistors with higher voltage ratings.
However, by adjusting the slew rate to slow down the switching speed, voltage over-
shoots can be mitigated, but this also leads to increased switching losses. Therefore,
a balanced solution must be sought to optimize these competing factors.

As a result, considerable and ongoing research has been undertaken in this eld.
Various approaches have been explored and implemented to optimize switching losses
by reducing slew rates and minimizing overshoot voltage. For instance, methods
such as adjusting the gate resistor[8][9], incorporating snubber circuits[10][11], and
implementing a procedure of multi-step gate drive pulses for slew rate control[12][13]
have been introduced. However, existing studies have yet to fully compare these
methods in the aspects of slew rate, voltage overshoot and inverter-side losses.

1



1. Introduction

1.2 Purpose

This thesis aims to compare various methods for optimizing turn-o switching losses
and voltage overshoots in SiC-based inverters. The study will examine three ap-
proaches: adjusting turn-o gate resistor values, implementing snubber circuits,
and using multi-step gate drive pulses to control current slew rate. Their impact on
turn-o slew rate, voltage overshoot, total switching losses and total losses including
switching losses and conduction losses will be analyzed and compared. Addition-
ally, the thesis will explore the e ects of varying DC link voltage levels on the
turn-o switching process. By comparing di erent scenarios and assessing inverter-
side losses throughout the entire drive system, this research seeks to identify the
most energy-e cient solution.

1.3 Sustainability

The development of SiC-based inverters for BEVs is crucial for advancing sustainable
transportation. Optimizing inverter-side voltage overshoot and switching losses can
reduce the overall energy consumption of BEVs. This contributes to sustainability
by increasing power transfer e ciency for a given volume, thereby reducing the
footprint, extending the range of electric vehicles, decreasing dependence on fossil
fuels, and lowering greenhouse gas emissions associated with transportation[14].

1.4 Ethics

This thesis adheres to ethical standards and conducts simulations and data process-
ing within the requirements set by Chalmers University of Technology and Zeekr
Technology Europe.
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Theoretical background

This section introduces the fundamental theoretical knowledge related to the SiC
MOSFET turn-o process and the factors in uencing it, providing a theoretical
foundation for the subsequent chapters.

2.1 Turn-o Switching Losses and In uencing Fac-
tors

Figure.2.1 illustrates the process of switching o a transistor.

Figure 2.1: Turn-o Switching Process

As observed from Figure.2.1, when the gate drive puld&;s transitions from high
to low, Vys gradually increases and approachég;, at which point |4 begins to
decrease. Ad4s gradually decreases to zeroyys stabilizes at the value ofVgc.
Therefore, during the turn-o process, due to the variations inVgs and I 4¢, turn-o
energyE, is generated. According to the Wolfspeed datasheet[15], the integration
time for E, is de ned from the momentVys reaches 10% to the momenitys reaches
10%.



2. Theoretical background

2.1.1 \oltage Overshoot

Based on the turn-o process depicted in Figure.2.1, it can be observed that when
Vgys rises to Vg, it continues to increase before eventually decreasing and stabilizing
at Vy.. This voltage overshoot is caused by the presence of stray inductance in the
circuit[16], as shown in Figure2.2.

Figure 2.2: Converter Circuit with Stray Inductance

During the turn-o of the switch, the current decreases, leading to a negative cur-
rent slew rate. Consequently, the presence of stray inductance induces additional
overvoltage on the switch, wherd. is stray inductance. Higher overvoltage results
in increased turn-o energy, which in turn leads to greater turn-o losses.

digs
dt

Vds = Vd L (2 1)

2.1.2 Slew Rate

According to the Wolfspeed datasheet[15], the voltage slew rate is de ned as the
slope corresponding to the rise from 40%s to 60% Vg4s. Similarly, the current slew
rate is de ned as the slope corresponding to the decline from 60% to 40% | 4.

According to (2.1), it can be observed that the current slew rate is one of the factors

in uencing overvoltage. Theoretically, reducing the current slew rate can mitigate
overvoltage. However, as shown in the turn-o process in Figure.2.1, lowering the
current slew rate increases the integration area, which leads to higher turn-o losses.
Nevertheless, since the overvoltage is reduced, a comprehensive assessment is re-
quired to determine the overall impact on turn-o losses.

In the turn-o process shown in Figure.2.1, the voltage slew rate is also a factor
in uencing turn-o losses. A lower voltage slew rate increases the integration area,
leading to higher turn-o losses.

4



2. Theoretical background

2.2 Conduction Losses
Conduction losses can be calculated using the relation

Pcond = Rpsl 55 (2.2)

2.3 Switching Losses and Voltage Overshoot Op-
timization Methods

2.3.1 Gate Resistance

In a SiC MOSFET, the gate resistanceRy connected in series at the gate terminal

a ects the charging and discharging speed of the parasitic capacitances during the
switching process. WherR, increases, the time constant for gate charging and
discharging also increases, causing the gate voltage to change more slowly, thereby
reducing the switching speed of the SiC MOSFET[17]. The increas&] delays the
change in gate voltage, which in turn slows down the rate of change \dfs or I4s,
resulting in a lower slew rate.

2.3.2 Snubber Circuit

2.3.2.1 Turn-0 Snubber
Figure.2.3 displays the topology of the turn-o snubber[16].

Figure 2.3: Turn-o Snubber

The purpose of aturn-o snubber is to reduce turn-o losses by altering the switching
trajectory. During turn-o, the transistor current |45 gradually decreases, and the
current owing through the turn-o snubber capacitor is given by

]
|C3:t°t O<t<t (2.3)

Therefore, the voltage across the turn-o snubber capacitor is
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VA 2

172 It
Ves = & lesdt= 5
S S

Whent = t and vgs = Vq, the voltage of the turn-o snubber capacitor can be
calculated using the relation

(2.4)

ot
2Vy
For selecting the turn-o snubber resistor, it is generally considered to limit the

diode's reverse-recovery current during turn-on to Ol2. Therefore, the turn-o
snubber resistor can be calculated using the equation

Cs = (2.5)

_ Va
ST o02,
When the switch is on, the turn-o snubber capacitor typically needs to discharge

Vs to 0.1Vy before the next turn-o comes. The selected values of the capacitor
and resistor should satisfy the inequality

(2.6)

ton > 2:3RsCs 2.7)

2.3.2.2 Overvoltage Snubber
Figure.2.4 displays the topology of the overvoltage snubber[16].

Figure 2.4: Overvoltage Snubber

The purpose of an overvoltage snubber is to absorb the overvoltage during turn-o .
The basic principle involves transferring the energy stored in the stray inductance
into the overvoltage snubber capacitor. According to the following energy transfer
equation, a largerC,, will reduce the overvoltage,

2 2
COV Vds;max L Io

= 2.8
> > (2.8)

The overvoltage caused by stray inductance can be expressed as
kVy = L Lo (2.9)

t



2. Theoretical background

If  Vvasmax IS S€t to 0.0y, the capacitance of the overvoltage snubber can be deter-
mined using (2.8) and (2.9),

_ 10 ot
\Z
Similar to the turn-o snubber, the selected values of the capacitor and resistor

for the overvoltage snubber should satisfy the following inequality in order for the
overvoltage capacitor to be su ciently discharge before next turn-o,

Cov ( Vasmax = 0:1Vy) (2.10)

ton > 2:3RovCov (2.11)

2.3.3 Multi-step Gate Drive Pulse

Typically, gate drive pulses are of the single-step type, where the transistor turns o
when the gate drive pulse transitions from a high level to a low level. To control the
slew rate and consequently reduce voltage overshoot, a multi-step gate drive pulse
is employed. The basic principle involves introducing intermediate steps during the
transition of the gate drive pulse from high to low, thereby slowing down the slew
rate [13][18][19][20].

Figure 2.5 shows the original gate drive pulse and the gate drive signal with an

intermediate pulse applied at the end of turn-o. The purpose of this approach is
to control the current slew rate.

Figure 2.5: Dierent Gate Drive Pulse
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Case Set-up

This section presents two simulation models used to test the turn-o switching
process and to analyze the distribution of drive system losses, respectively.

3.1 Double Pulse Test (DPT) Setup

Figure.3.2 shows the Double Pulse Test (DPT) setup used for evaluating the switch-
ing characteristics of the SIC MOSFET module.

Figure 3.1: DPT

The setup includes adjustable parameters such as the bus voltage, gate drive voltage,
and gate resistance. The circuit consists of a gate drive section, which controls the
turn-on and turn-o of the MOSFETSs, and the main test bench, where the device
under test (DUT) is subjected to double pulse switching events.

In the LTspice simulation, the SiC module's upper switch is kept in the o state at
all times, while the lower switch is subjected to a DPT. During the simulation, the
load inductance is adjusted to achieve di erent load currents. However, in practical
experiments, it is usually necessary to adjust the pulse width while keeping the load
inductance constant to achieve di erent load currents.

Figure.3.2 shows the DPT working principle.



3. Case Set-up

Figure 3.2: DPT Working Principle, Upper Figure:current accelerating; Lower
Figure:current after turn-o, and before turn-on

Figure.3.2 shows that initially, the drive circuit generates the rst pulse, which turns
on the device under test (DUT). At this point, current begins to accumulate in the
inductance, establishing a current path. After the rst pulse ends, the DUT is
turned o, allowing the o -state characteristics of the device to be measured. Dur-
ing the o period of the rst pulse, the current in the inductance remains constant
(assuming that the energy stored in the inductance does not signi cantly dissipate).
Subsequently, the driver emits a second pulse, causing the DUT to turn on again.
At this stage, the current in the inductance continues to ow, and the turn-on char-
acteristics of the DUT can be measured during the onset of the second pulse.

Figure.3.3 shows the gate voltage pulse waveform of the DPT as well as the waveform

10



3. Case Set-up

when the load currentl paq is 450A.

Figure 3.3: DPT Pulse and Load Currentl poq = 450A

As shown in Figure.3.3, the SiC MOSFET turn-o process can be measured at the
moment indicated by the rst dashed ellipse, while the SIC MOSFET turn-on pro-
cess occurs at the moment indicated by the second dashed ellipse. During the rst
high-level pulse, known as the charge pulse time, the load current begins to rise.
Once it reaches the desired value, the pulse transitions from high to low. During
the o pulse time, the load current is maintained at the desired value, which in this
example is 450A.

Table 3.1 displays the parameters used in DPT simulation.

Table 3.1: DPT Parameters used in LTspice

Parameters Value
Stray Inductance 10.2nH
Shunt Resistor 2.5m
Gate Drive Voltage -4V/[+15V
Turn-on Gate Resistor 4
DPT Charge Pulse Time 10 s
DPT O Pulse Time 5s
DPT Pulse Raise Time 10ns
DPT Pulse Fall Time 10ns
Transistor type SiC MOSFET from Wolfspeed(CAB450M12XM3 )

Table 3.2 shows the load inductance used in DPT simulation.

11



3. Case Set-up

Table 3.2: Load Inductance used in DPT Simulation

Load Current Inductance
25A 320 H
50A 160 H
75A 106.6 H
100A 79.6 H
150A 53.1 H
200A 39.8 H
250A 31.8 H
300A 26.5 H
350A 22.7H
400A 19.8 H
450A 176 H

The inductance values used for measuring the original setup are shown in Table 3.2.
It can be observed that changes in load inductance lead to variations in load current.
An alternative would have been to use various times for the current accelerating and
using the same load inductance. In the DPT simulation, when measuring the e ects
of di erent gate resistor values, multi-step gate drive pulses, and snubber circuits
on the turn-o process based on the original setup, there are very slight di erences
in the load inductance around the values in Table 3.2 to achieve the corresponding
load current. This also suggests that in practical experiments, adjusting the pulse
width rather than the load inductance is a more practical and reasonable approach.

3.2 Drive System

Figure.3.4 shows the simulation of the drive system built in PLECS.

Figure 3.4: Drive System

12



3. Case Set-up

The drive system consists of a battery, a three-phase SiC-based inverter, and a
motor. The battery is simulated using a DC voltage source, and the SiC model
from Wolfspeed is imported into the PLECS library's MOSFET model for the in-
verter side. The motor is modeled by importing FEM data (i.e. look-up table for
la,lg, d: g the inductance is calculated from the ux linkage data) into the non-
excited synchronous machine model in PLECS.

Figure 3.5: PI Controller Parameters Calculation

Figure 3.6: Current Controller

The control part employs a current controller. With reference speed and torque as
inputs, the reference current is calculated based on the imported LUT[2]. Based

13



3. Case Set-up

on the obtained reference current, and using the imported LUT, the necessary val-
ues ofLy, Lgq, and , required for the controller design can be determined. The
calculation of the controller parameters and the simulation block diagram of the
current controller are shown in Figure.3.5 and Figure.3.6, respectively. The refer-
ence voltage signal output from the controller is fed into the modulation module,
which then generates the switching signals for controlling the three-phase inverter[2].

In the simulation, a speed controller is not used; instead, the motor is maintained
at the reference speed. The modulation technique employed is SPWM.

Table 3.3 displays the parameters used in drive system simulation.

Table 3.3: Drive system parameters used in PLECS

Parameters Value
Stator resistance 0.046
Stator leakage inductance 94 H
Number of pole pairs 4
Transistor type SiIC MOSFET from wolfspeed(CAB450M12XM3 )
Switching frequency 10 kHz
DC voltage source 800 V
Machine Non-excited synchronous machine with lookup tables
DC Capacitor 800uF
Temperature 25 C

Figure 3.7, Figure 3.8, and Figure 3.9 show the distribution of the power factor,
modulation ratio, and the peak value of the inverter output current.

Figure 3.7: The distribution of the power factor in the drive region

14



3. Case Set-up

Figure 3.8: The distribution of the modulation ratio in the drive region

Figure 3.9: The distribution of the peak inverter output current in the drive region

15



3. Case Set-up
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4

Methodology

This section introduces three di erent methods that in uence the turn-o process.
The DPT simulation in LTspice is conducted using these three methods to generate
di erent LUTSs.

4.1 Gate Resistance Set-up

The gate drive circuit is shown as Figure.4.1.

Figure 4.1: Gate Drive Circuit

To study the impact of Ry on the turn-o process, an LTspice simulation was con-
ducted with Rgo, consistently setto 4 , andRy, setto0, 2,4, and 8 , respectively,
for the DPT.

4.2 Multi-step Gate Drive Pulse with Varying Mag-

nitude and Duration
In LTspice, the PWL function can be used to set di erent pulses. In experiments,
the generation of multi-step gate drive pulses is often achieved using Active Gate

Drivers (AGD). The switching process can also be a ected by the di erent types of
switches used in AGD.

17
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