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Abstract

In this report a 34 KW silicon carbide voltage source inverter for a traction motor
is designed, built and verified. The intended application is for usage in a Formula
Student car to drive a motor with severe high frequency harmonics. Thus, the two
main design goals for this project were to increase the switching frequency and re-
duce the volume (and by extension also the mass) compared to a reference solution
used by Chalmers Formula Student.

The design considerations that will be discussed in this report include switch se-
lection, DC-link capacitor selection, gate driver selection as well as phase current
sensor selection. Additionally, to remove the need for any high voltage, high current
fuses a novel overcurrent protection circuit will be discussed and analysed. This is
important since it contributes to a lower volume, whilst remaining compliant with
the Formula Student ruleset.

The resulting prototype inverter ended up being 77 % smaller in volume resulting in
a power density of 22 kW/I. With some simple modifications to the design, further
improvements could result in a total volume reduction of almost 90 % and a power
density of 49 KW/I.

The data collected during testing shows that the predicted case temperature matches

the measured case temperature to withing 2.7 °C. This indicates that the thermal
modelling techniques used are accurate.

Keywords: SiC, silicon carbide, power density, harmonics, inverter, VSI.
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1

Introduction

In the project Chalmers Formula Student (CFS), students from di erent back-
grounds at Chalmers work together to design, manufacture and test a formula type
car every year. The results of the e orts made by CFS 2019 can be seen in Fig-
ure 1.1. Since 2015 when CFS made their rst Electric Vehicle (EV) the Permanent
Magnet Synchronous Motor (PMSM) as well as the power electronics converting the
Direct Current (DC) from the battery to Alternating Current (AC) powering them

has been sponsored by Aros Electronics AB. However, due to unwanted harmonics
in the PMSM, the current power electronics cannot switch quick enough to ensure
full control of the currents at all times.

Figure 1.1: Chalmers Formula Student 2019 race car in action.

Over the last few years, Silicon Carbide (SiC) Metal Oxide Semiconductor Field
E ect Transistors (MOSFETSs) have started to see more use to replace the traditional

Silicon (Si) Insulated-Gate Bipolar Transistors (IGBTs). SiC MOSFETs enable

higher switching frequencies and higher e ciencies with smaller size due to their
properties [3]. All of these properties are highly desired in racing applications, and
thus they provide a solid foundation to make a new inverter for CFS that is both

lighter and smaller, and possibly more e cient.



1. Introduction

1.1 Aim

The aim of this thesis is to design and verify a SiC MOSFET based Voltage Source
Inverter (VSI) to be used with the CFS motors. The inverter should be smaller and
lighter than the previous solution, as well as be capable of a switching frequency of
at least 50 KHz.

1.2 Scope

In this project all the electrical hardware needed for the VSI will be designed. How-
ever, not all of the hardware will be covered in this thesis due to the limited academic
value of some aspects of the design. Also, the control system software will not be
derived as part of this thesis. Instead the control system software will be developed
in a di erent thesis [4].

The VSI will be water-cooled but the cooling plate will not be designed as part of
this thesis. To further limit the scope, a SiC MOSFET module will be used instead
of discrete components to reduce the risk of introducing additional stray inductance
in the design.

The designed inverter will be compared to what CFS is currently using, the Aros
Electronics HPC-HTDFS.

1.3 SiC MOSFETs and sustainability

Given that SIC MOSFETSs has lower switching losses there is potential for a reduction
in energy consumption in many applications that are predominately using Si IGBT
based solutions today. This would have a positive impact on both economic and
environmental sustainability, at least in a scenario where all other parameters are
kept constant. E ciency gains in electric vehicles will lead to a lower energy use
while operating the vehicle, but could also have other positive knock-on e ects. For
instance, the battery size could be reduced while maintaining the same range which
means that less minerals are needed for production. Or if the battery size is kept
the same then an increase in range can instead help with acceptance and adoption
of electric vehicles as a replacement for internal combustion engine vehicles.

One other potential advantage with SiC MOSFETSs is that the switching frequency
can for some applications be pushed above the human audible limit to remove noise
and whine, which could help with acceptance in emerging technologies such as elec-
tri ed vehicles. This could have a small positive impact on sustainability in general
as one small piece of a much larger puzzle in a world that moves away from fossil
fuels.
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Voltage source inverter

As the name suggests, a VSI is an inverter that uses a voltage source as an input.
An alternative is the Current Source Inverter (CSI) which instead uses a current
source as an input [5]. Since the CFS car uses a battery as its power source, a
VSI will be used in this thesis. The overview of a VSI is shown in Figure 2.1. The
control system is derived from a model of the motor and can be implemented in a
variety of ways discussed in [4]. This control system then sends a voltage request to
the microcontroller. The microcontroller then sends the corresponding Pulse Width
Modulation (PWM) signal to the gate driver circuit, whose main function is to boost
the PWM signal from the microcontroller since it is not powerful enough to drive
the gates directly. A gate driver circuit can also contain additional circuits as will
be described later, such as overcurrent protection. The PWM signal then controls
the switches such that a controlled request voltage is output. To close the loop, the
output current is then measured and fed back into the control system where a new
voltage request is prepared.

The following section of the report contains the most important theoretical knowl-
edge required to make an inverter. Many of the equations presented are related to
predicting the temperature of various components, which are used in an attempt
to choose the smallest possible components whilst still being able to guarantee that
those components will always operate under safe conditions. The switch selection
has a particular big impact on the size of the inverter, and thus that is an area
of focus. Choosing the optimal switch is made complicated by the fact that MOS-
FETs and IGBTs can endure di erent amounts of stress depending on what type
of load they are exposed to, and how well they are cooled. Thus, the manufac-
turer's speci ed current rating is not enough to make an optimal decision. This is
explored in the coming section, along with DC-link capacitor theory and overcurrent
protection.

2.1 Switching patterns

For a VSI, several di erent patterns for turning the switches on and o can be used
to generate the desired voltage. The most common methods are Sinusoidal Pulse
Width Modulation (SPWM), Third Harmonic Injection Pulse Width Modulation
(THI-PWM) and Space Vector Modulation (SVPWM), which will be described in

3



2. Voltage source inverter

Figure 2.1: Overview of all parts in an inverter together with a PMSM.

the coming sections.

2.1.1 Sine Pulse Width Modulation

One way to control the VSI switches is by use of SPWM. The PWM signal is
generated by comparing a triangular wave with the requested voltage, a reference
sine wave, where the triangle wave has the frequency as the switching frequency
fsw and the reference sine wave has the same frequency as the fundamental of the
desired output of the inverter,f;. As is shown in [6] the references for the three
phases can then be described as

Uerp(t) = M sin(lt 120 ) (2.1)
where:

Uerx IS the reference for each of the phase voltages,

M is the modulation index,
! is the angular frequency [rad/s],
t is the time [s].



2. Voltage source inverter

If the maximum phase voltage occurs when the reference is 1, and by letting the
reference vary between 0 and 1, the modulation index can be described as

P

2
M = 25 for Us E@& (2.2)
DC 2

where:

Us is the desired RMS phase to neutral voltage,
Upc is the input DC voltage.

The result of a PWM signal is shown in Figure 2.2. For illustration purposesbs,
has been set very low. The signal is then sent to the gates of the switches to turn
them on and o. When the signal is 1 the upper switch in the phase leg is turned
on, and when the signal is 0 the lower switch is on.

Figure 2.2: The top plot shows the SPWM-signal that is generated by comparing
the two signals in the lower plot.

An advantage with this method is that it is simple to implement and realise on a
microcontroller.



2. Voltage source inverter

2.1.2 Third Harmonic Injection Pulse Width Modulation

Another modulation technique that is commonly used is THI-PWM. This technique
is the same as SPWM, but has a sinusoidal with a injected third harmonic with the
amplitude A, superimposed onto it. Then the references can be described as

Urer:a(t) = M sin(it ) + Ap, sin(3wt)
Uerp(t) = M sin('t 120 )+ A sin(3it) (2.3)
Urer:c(t) = M sin(lt +120 )+ A, sin(3lt)

If the load does not have a neutral point connected (i.e. the neutral point is oating),
the third harmonic component disappears in the load without distorting the current
[6]. This also means thatA, can be chosen freely. However, to limit torque ripple
in electrical machines A, = % is commonly used [6][7].

An example switching signal is shown in Figure 2.3. The third harmonic can be seen
in the reference signal and when compared to Figure 2.2 a slight increase in on-time
of the switches can be noticed.

Figure 2.3: The upper plot shows the resulting THI-PWM signal output when
comparing the two reference signals in the lower plot.

When using THI-PWM, the maximum modulation index can be described as in [6]
to be

6
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