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Abstract

Traditional two-level inverters are used for electric vehicles on the market today.
But, in recent years there is a growing interest in multi-level inverters to be used
as the propulsion inverter in electric vehicles. So, this thesis work analyzes the
performance of a multi-level inverter of different topologies as a traction inverter
and a comparison is made with a traditional two-level inverter. Using a multi-level
inverter, multiple levels of the output voltage can be obtained which helps in the
reduction of losses and also THD. The implementation and analysis of this work are
mostly carried out in PLECS software where different topologies of the multi-level
inverter are modeled, simulated and the comparison between the different topologies
is made in various aspects such as losses, THD, and also the DC link ripple from the
capacitors. The thermal analysis is also done as the inverter models are designed
considering the thermal properties of the power module. Finally, a comparison of
the different topologies is made using two different switches. One uses the SiC switch
and the other uses the GaN switch.

In this thesis, a two-level inverter and a multi-level inverter of three levels are in-
vestigated. In a multi-level inverter, four different topologies (i.e., Neutral point
clamped inverter, T-type neutral point clamped inverter, Flying capacitor inverter,
and Cascaded H-bridge inverter) are modeled, simulated, and analyzed. Two differ-
ent switching strategies (i.e., Sine wave PWM and Space vector PWM) are imple-
mented for the inverter models. But for the multi-level inverter models, phase-shifted
sine wave PWM is used. As the number of levels increases, the complexity of the
modulation technique, cost, and size of the inverter increases. So, when it comes to
selecting an inverter, it is a trade-off between all the above parameters.

Keywords: Electric vehicles, Traction inverter, PLECS, Thermal model, DC link
voltage, Electrical losses.
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List of Acronyms

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

CHMI Cascaded H-bridge MLI

EMI Electro-Magnetic Interference

EV Electric Vehicle

FCMI Flying Capacitor MLI

GaN Gallium Nitride

IEEE Institute of Electrical and Electronics Engineer
LSPWM Level Shifted PWM

MLI Multi-level inverter

MOSFET Metal oxide semiconductor field effect transistor
NCMI Neutral Point Clamped MLI

PSPWM Phase Shifted PWM

PWM Pulse width modulation

SiC Silicon Carbide

SVPWM Space Vector PWM

SWPWM Sine Wave PWM

TNCMI T-type Neutral Point Clamped MLI
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1

Introduction

Internal combustion engines ruled the personal transportation sector for almost a
century and for the past few years there is a rapid growth and also demand for the
Electric Vehicles (EV) in the transportation sector and vehicle market all over the
world [1]. There could be a significant change in the society with the broad-scale
growth of electric vehicles in the field of not only technology that is used in personal
transportation but also the economy will be moved away from petroleum and this
helps in reducing the environmental footprint of transportation.

1.1 Background

In recent times, the multilevel inverters are gaining more attention in the industry
as one of the preferred devices for power electronic conversion in high power ap-
plications [2]. Currently, the two level inverters are far most used power electronic
converter for the electric vehicle applications [3]. But with the continuous increase
in the voltage and power levels, there are studies and research on Multi-Level In-
verters (MLI) which proves to be a cost effective solution with increase in power
quality within the acceptable standards [4]. By addition of few extra components,
the voltage level of the output can be increased in steps which is why it is called
a MLI. The basic topologies that are mostly discussed about are: Neutral Point
Clamped MLI (NCMI), T-type Neutral Point Clamped MLI (TNCMI), Flying Ca-
pacitor MLI (FCMI), and Cascaded H-bridge MLI (CHMI).

The recent studies and research shows that all the MLI’s have a significant reduction
in the total harmonic distortion and also the switching losses but with the increase
in the number of components leads to higher costs and power loss. In case of FCMI,
larger capacitors are used as the number of levels increase which also increases the
complexity of control [5].In case of CHMI, there is a need for isolated dc sources
for individual phase leg which makes its application limited in the electric vehicle
industry. Hence this thesis work will study different MLI topologies and compare
them with Two-Level Inverter (TLI) and also each other on various parameters such
as losses, THD, temperature in the semiconductor devices, etc.

1.2 Aim

Modelling and simulation of different topologies for MLI and TLI with suitable
modulation technique. The comparison of all the topologies will be done and to see
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which inverter performs well for an EV application.

1.3 Scope

The thesis will focus on the comparison between the TLI and MLI topologies that
will be simulated using software and not look into to hardware implementation.
The topologies will be modelled in terms of selected parameters and the Sine wave
PWM and Space Vector PWM (SVPWM) modulation techniques will only be im-
plemented. With this in consideration, only three level MLIs have been considered
for this thesis. The losses for the inverters have been considered from the switches,
DC link capacitors, DC cable and AC cable have only. Only these parameters will
be implemented along with the final circuit diagram of each topology. Due to more
number of simulations that needs to be performed the results have been obtained
with a open loop model of the inverter for all topologies to avoid longer simulation
times.
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Theoretical Background

This chapter discusses about the theory of TLI and MLI. The different topologies
of MLI that will be analysed in this thesis will be discussed based on their circuit
design and number of components used. Afterwards, different types of modulation
techniques that will be applied for these topologies will be seen. Then the power
electronic device used for switching in the MLIs will be seen and the losses created
by them and also due to other elements in the inverter. Finally the thermal aspect
that will be implemented while modelling the inverter will also be discussed.

2.1 Two level inverter

A three phase, TLI is the most common and simplest inverter topology that is used
in electric vehicle applications. This device uses a DC voltage source as its input and
converts it to AC voltage which is supplied to the load, an electric machine. This
topology consists of six semi-conductor switches and each switch has an anti-parallel
diode for the current to flow in the reverse direction. Two levels of output voltage,
+Vy4. and —Vj,,. can be obtained from this inverter in its phase to ground voltage.
The circuit diagram of a three phase two level inverter can be seen in Figure 2.1.

- -z D

W _de C_) Cde =2

sra[> b-l:r:gs sv2[> -—I::% saz > -—{:tgs

Figure 2.1: Circuit diagram of two level inverter



2. Theoretical Background

2.2 Multi-level inverter

The concept of MLI has been around since 1975 [6]. It is a power electronic device
which provides a solution to achieve higher power by making use of more switching
devices to produce an output phase to ground voltage with more than two levels.
A n level MLI will be able to produce n number of voltage levels in its phase to
ground output voltage waveform. It has several advantages when compared to the
TLI. As the number of levels are increased, a more sinusoidal voltage waveform can
be realised at a lower switching frequency when compared to the TLI. This helps in
reducing the THD. As the number of levels increases, the voltage across each switch
also goes down. This reduces the switching losses and Electro-Magnetic Interference
(EMI) in the MLI [3]. Hence it is able to deliver an improved power quality and
higher voltage capability.

2.2.1 Neutral Point Clamped Multi-level Inverter

The Neutral point Clamped Multi-level Inverter (NCMI), also called as diode clamped
multi-level inverter, uses clamping diodes which enable to achieve the additional
voltage levels at the output in its phase to ground voltage. The circuit diagram of
a three phase three level NCMI can be seen in Figure 2.2.

SRlD—D—fEﬁ sv1 > EES SB:D—»]EES

Cde 1 == 75 DR1 SRzD—»-[EES /Sov s [>—>—| E% 7S oet  soz [}»—]E?‘S

V: V_de ()

Cde 2 == 75 DR2 SMHEE‘S ZSov2 su>—=] E% 7S ez ses ME?

sra > »—|E$ sva[> »-IEES sa«l}-»-{EzS

Figure 2.2: Circuit diagram of three level, three phase NCMI
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For an n level NCMI, (n —1)(n —2) clamping diodes are used across each phase leg.
It consists of (n— 1) capacitors on the DC bus, also called as DC link capacitors. As
the DC link capacitors are charged to their respective voltage levels, they provide
the additional voltage levels by performing the correct switching strategy.

For a three level NCMI, the additional zero level is achieved by making use of
clamping diodes. The circuit diagram for the NCMI for a single phase leg has been
shown in Figure 2.3.

i X

ZKon s
e |
zo b

c2 ==

.
5R4|>—D<{|4—
'-_q

Figure 2.3: Single phase leg of the NCMI

For a positive current output, all the switching states for the NCMI can be seen in Fig
2.4 and in Table 2.1. The DC voltage is split into two by the DC link capacitors,
which is Vg./2. In case 1, switches SR1 and SR2 are on to produce the positive
voltage. Case 2 shows the two zero level switching states. Here either the switch
SR2 or SR3 conducts depending on the current direction. For a positive current,
the switch SR2 conducts and for a negative current, the switch SR3 conducts. In
case 3, switches SR3 and SR4 are on to produce the negative voltage. For all the
cases, based on the current direction, either the switch conducts or the anti-parallel
diodes conduct. For example, for a positive current in case 1 switches SR1 and
SR2 conducts but for negative current the anti-parallel diodes conduct. The voltage
across all switches shall now be only V,./2.



2. Theoretical Background

SRID '—IE% SR1 D""‘I E%
Ci — ci e
ZLDI sr2 [> »—IEEX ZLDI sr2[> »—IEEX R
vivde (1) ! i vivde (1) .
8 D2 bn:[)—»—lEﬁ 5o sn:[)—»—lEﬁ
2 2l 2 ==
A st o7
(a) Case 1 (b) Case 2
SR1 D—*—I E%

%
Cf =

Z; DI sR2 D »—I EES

vivde (%)

B sublek

7
Cli=

5R4|>-——|E§

(c) Case 3

Figure 2.4: Switching states for the three phase three level NCMI

Table 2.1: NCMI - Switching states

Switching State | Phase Voltage | S1 | S2 | S3 | S4
Case 1 Vie/2 On | On | Off | Off
Case 2 0 Off | On | On | Off
Case 3 —Vie/2 Off | Off | On | On

2.2.2 T-type Neutral Point Clamped Multi-level Inverter

The T-type Neutral point Clamped Multi-level Inverter (TNCMI) is similar to the
traditional NCMI where two switches are used in the place of clamping diodes in
each phase leg which helps in reducing the conduction loss [7]. The circuit diagram
of a three phase three level TNCMI can be seen in Figure 2.5.
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Figure 2.5: Circuit diagram of three level, three phase TNCMI

Similar to NCMI, the TNCMI also has (n — 1) DC link capacitors. As the DC link
capacitors are charged to their respective voltage levels, they provide the additional
voltage levels by performing the correct switching strategy.

For a three level TNCMI, the additional zero level is achieved by the way how
the switches are connected in each of its phase leg. The circuit diagram for the
TNCMI for a single phase leg has been shown in Figure 2.6.
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Figure 2.6: Single phase leg of the TNCMI

For a positive current output, all the switching states for the TNCMI can be seen in
Fig 2.7 and in Table 2.2. The DC voltage is split into two by the DC link capacitors,
which is Vj./2 similar to the NCMI topology. In case 1, switches SR1 and SR2 (or
just SR1) are on to produce the positive voltage. Case 2 shows the two zero level
switching states. Here either the switch SR2 or SR3 conducts depending on the
current direction. For a positive current, the switch SR2 and the anti-parallel diode
of SR3 conducts and for a negative current, the switch SR3 and the anti-parallel
diode of SR2 conducts. In case 3, switches SR3 and SR4 (or just SR4) are on to
produce the negative voltage. The voltage across switches SR2 and SR3 are Vj./2

but the voltage across SR1 and SR2 can go up to V.
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Vi V_de C_)
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Table 2.2: TNCMI - Switching states

Switching State | Phase Voltage | S1 | S2 | S3 | S4
Case 1 Vie/2 On | On | Off | Off
Case 2 0 Off | On | On | Off
Case 3 —Viae/2 Off | Off | On | On

2.2.3 Flying Capacitor Multi-level Inverter

Figure 2.7: Switching states for the three phase three level TNCMI

The Flying Capacitor Multi-level Inverter (FCMI) has capacitors attached in parallel
to each phase leg. These capacitors are termed as flying capacitors. They enable to
achieve the additional voltage levels at the output in its phase to ground voltage. The
FCMI has very similar operation in comparison to the NCMI. The circuit diagram
of a three phase three level FCMI can be seen in Figure 2.8.
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Figure 2.8: Circuit diagram of three level, three phase FCMI

For an n level FCMI, (n—1)(n—2)/2 flying capacitors are used across each phase leg
and the voltage across each capacitor is (Vg.)/(n—1) [8] [9]. As the flying capacitors
are charged to their respective voltage levels, they provide the additional voltage
levels by performing the correct switching strategy. Hence, as the number of levels
increases, the number of capacitors will also significantly increase which could make
the device bulky. It is important to also consider the size of flying capacitors to
have lower voltage ripple for the flying capacitors as well.

For a three level FCMI, the additional zero level is achieved by making use of
flying capacitors. The circuit diagram for the FCMI for a single phase leg has been
shown in Figure 2.9. This topology has two different switching states to produce the
zero-voltage level. Hence it is necessary that both these switching states are equally
used to ensure that the corresponding switches are evenly stressed.

10
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Figure 2.9: Single phase leg of the FCMI

For a positive current output, all the switching states for the FCMI can be seen in
Fig 2.10 and in Table 2.3. The similarity regarding to the operation of the NCMI
topology can be seen here for for producing the positive and negative voltages. The
DC voltage is split into two by the DC link capacitors, which is Vj./o. The flying
capacitors shall also have a voltage of V2. In case 1, switches SR1 and SR2 are
on to produce the positive voltage. Cases 2 and 3 show the two zero level switching
states. For the FCMI, these two switching states need to happen alternatively. This
automatically provides voltage balancing for the flying capacitors present in each
phase leg. In case 2, the voltage produced due to C1 is opposed by Cf and the
capacitor goes into a charging state. In case 3, the voltage produced due to C2 is
opposed by Cf and the capacitor goes into a dis-charging state. In case 4, switches
SR3 and SR4 are on to produce the negative voltage. The voltage across all switches
shall now be only Vi /.

11
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Figure 2.10: Switching states for three phase three level FCMI

Table 2.3: FCMI - Switching states

Switching State | Phase Voltage | S1 | S2 | S3 | S4
Case 1 Vie/2 On | On | Off | Off
Case 2 0 On | Off | On | Off
Case 3 0 Off | On | Off | On
Case 4 —Vie/2 Off | Off | On | On

2.2.4 Cascaded H-bridge Multi-level Inverter

The Cascaded H-bridge Multi-level Inverter (CHMI) has an H-bridge inverter as a
sub-module with individual DC sources for each phase leg. This enables to achieve
the three different voltage levels in its phase to ground voltage. The circuit diagram
of a three phase three level CHMI can be seen in Figure 2.11.

12
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Figure 2.11: Circuit diagram of three level, three phase CHMI

To get an n level CHMI, n sub-modules will need to be used in series for each phase
and 2(n — 1) switches will be required for each phase. The voltage stress across
each switch depends on the DC source of the sub-module. It can be extended to
higher levels easily due to its modular structure. This topology requires individual
DC sources for each sub-module. It does not need additional components such as
diodes or capacitors used in the previous topologies.

For a three level CHMI, the additional zero level is achieved by making use of
individual DC sources to in each of its phase leg to produce the three different
voltage levels. The individual DC sources have an voltage of Vpc /o which is half
in value when compared with the DC sources in other topologies. The circuit dia-
gram for the CHMI for a single phase leg has been shown in Figure 2.12. Like the
FCMI topology, this topology also has two different switching states to produce the
zero-voltage level and that both these switching states are equally used.

13



2. Theoretical Background

T3T

TFT
Dy

SRID—D—I % SR3D—>—|

+

vivde2 () cae=

sRZD—b—I

TFT

5 oo

3T
Lo

Figure 2.12: Single phase leg of the CHMI

For a positive current output, all the switching states for the CHMI can be seen in
Fig 2.13 and in Table 2.4. The DC source present in each phase leg will also have
DC link capacitors as well. In case 1, switches SR1 and SR4 are on to produce
the positive voltage. The output is in parallel connection to the DC link capacitor.
Cases 2 and 3 show the two zero level switching states. For this either the top two
switches or the bottom two switches can be closed, which makes the output to be
in short circuit condition to produce the zero voltage level. In case 4, switches SR2
and SR3 are on to produce the negative voltage level. The output is connected in
parallel but with reversed polarities. The voltage across all switches shall now be
Only ‘/dc/Z-

14
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Figure 2.13: Switching states for the three phase three level CHMI

Table 2.4: CHMI - Switching states

Switching State | Phase Voltage | S1 | S2 | S3 | S4
Case 1 Vie/2 On | Off | Off | On
Case 2 0 On | Off | On | Off
Case 3 0 Off | On | Off | On
Case 4 —Vie/2 Off | On | On | Off

2.3 Pulse width modulation techniques

Pulse width modulation (PWM) techniques are used to achieve the desired reference
voltage waveform with lower total harmonic distortion. The harmonics created also

15
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gets pushed from the fundamental frequency to the carrier frequency and multiples
of carrier frequency. The drawback of using PWM is the increase in switching losses.

2.3.1 Sine Wave PWM

Sine Wave PWM (SWPWM) uses the reference and carrier waveforms, which are
compared against each other to achieve the desired switching, therefore producing
the desired output voltage waveform. As the number of levels increases, there are
more number of switches present for each phase leg. Hence more number of car-
rier wave-forms are required to achieve the desired voltage waveform. For an n level
MLI, there will be (n—1) carrier waves required. The references for the three phases
are per

Vi (t) = maVaesinwt (2.1)
) 2T
Vi (t) = mg Ve sin(wt — ?) (2.2)
. ) 2w
VE(t) = mg Ve sin(wt + ?) (2.3)

where V', V* and V' are the reference voltages for three phases, Vj. is the DC
link voltage, m, is modulation index

There are two major types SWPWM techniques, Phase Shifted PWM and Level
shifted PWM.

2.3.1.1 Phase shifted multi-carrier PWM

In Phase shifted multi-carrier PWM (PSPWM), the carrier signals will be phase
shifted by 360/(n — 1) [9]. The same reference signal will be used to compare with
all the carrier signals. The amplitude of the carrier and reference signal are the
same. Figure 2.14 shows the reference and carrier waveform for a three level MLI.
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Figure 2.14: Phase shifted multi-carrier PWM for a three level MLI

2.3.1.2 Level shifted multi-carrier PWM

In Level shifted multi-carrier PWM (LSPWM), the carrier signals be level shifted
completely. The same reference signal will be used to compare with all the carrier
signals[10]. The sum of the amplitude of all the carrier signals is equal to amplitude
of the reference signal. Figure 2.15 shows the reference and carrier waveform for a

three level MLI.
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Figure 2.15: Level shifted multi-carrier PWM for a three level MLI

For all the topologies, the PSPWM was chosen. For each phase leg, a single refer-
ence waveform was compared with two other carrier waveforms. All the switching
sequences for the MLIs for the three levels of output voltages are known. A com-
parison is made between the reference and carrier waveforms to produce the correct

switching output in each phase leg.
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2.3.2 Space vector PWM

Space vector PWM (SVPWM) is another modulation technique which uses math-
ematical transformation and calculation to estimate the on time for respective
switches to achieve the desired output voltage waveform [11]. It makes use of the
Clarke transformation to transform the three phase system to a two phase system
(af - frame). Depending upon the location of V. ¢ in the o frame, the duty cycles
for the switches are calculated. The reference waveforms in the o3 frame are as per

1 1
* _ =2 LI Ve R Ve 24
Vi= SV =5V =35V) (24

Vi=g(5W-5V) (2.5)

Vieg =Va +3V5 (2.6)

where V7 and Vj are the alpha and beta component of the reference voltage in
the a8 frame, Vs is the reference voltage

The switching is made to ensure lower losses and lower THD. SVPWM has higher
voltage capability when compared to SWPWM technique by a range of 15.5% [11].

2.3.2.1 Two level SVPWM

The space vector diagram for a two level inverter is as per Figure (2.16). It has
two voltage levels in its phase to ground voltage, positive voltage ‘P’ and negative
voltage 'N’. The same can be seen in Figure 2.16 for all corresponding switching
states. It has seven voltage vector positions from 170 to ‘75. VE) is a zero state vector
and has two switching states.

The whole area is divided into six sectors where each sector is 60 degrees. The
first step is to identify in which sector V,. is present. As 6 is known by making

Clarke transformation, the sector where the V:e ¢ lies can be found.
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Figure 2.16: Space vector diagram for two level inverter

2.3.2.2 Three level SVPWM

The space vector diagram for a three level inverter is shown in Figure 2.17. It has
three voltage levels in its phase to ground voltage, postive voltage 'P’, negative
voltage "N’ and zero voltage 'O’. The same can be seen in Figure 2.17 for all corre-
sponding switching states. It has eighteen voltage vector positions and 27 switching
states[11].

e Zero vector (‘7'0): The magnitude of the voltage vector ‘7'0 is zero. It has three
switching states, PPP, NNN and OOO.

e Small vectors (‘7'1 to ‘7%)2 The magnitude of the voltage vectors ‘71 to ‘7}; is
Vie/3. Each vector has two switching states.

e Medium vector (177 to V;Q): The magnitude of the voltage vectors Vi to Vig is
Vie/V/3. Each vector has only one switching state.

o Large vector (Viv, to ﬁg): The magnitude of the voltage vectors V;g, to VT8 is
2V, /3. Each vector has only one switching state.

The whole area is divided into six sectors in the same way as for a two level inverter.
Each sector is further divided into four regions. For the three level inverter, first
the sector is identified in the same manner as for the two level inverter. As the
modulation index for V,., ¢ is also known, the corresponding region can also be found.
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NPP

16

V,, ONP Vis

Figure 2.17: Space vector diagram for three level inverter

2.3.2.3 Dwell time

After V:ef is located, the closest three vector positions are known, for any n level
MLI, it makes use of an algorithm based on Volt-second balancing principle to deter-
mine the dwell time for the respective switches. This principle implies the product
of the reference voltage vector V:e ¢ and the sampling period 75 is equal to the sum of
the nearest three voltage vectors multiplied by the time interval of the corresponding
vectors[11].

Figure 2.17 shows that V}_;f is in region 2 of sector 1. The nearest three voltage
vectors are Vi, V5 and V. Using the volt-second balancing principle the dwell times
are calculated using

Vies Ty = VT, + ViTy, + VaT., (2.7)

T,=T,+T,+1T. (2.8)
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where T is the sampling time for one period, T,, T, and T, are the dwell times
at voltage vectors V;, V7 and V5.

Once the dwell times for all the voltage vectors are calculated, based on the re-
gion the reference voltage vector is located, the switching sequence needs to be
generated. The dwell times for the voltage vectors in each region for sector 1 is
shown in table 2.5. Schematic representation of sector 1 is shown in figure 2.18 and
the voltage vectors corresponding to each region is also presented.

Viy PPN

Sector 1

PPP :
000 = — ONN 7
nnn Vo % Via

Figure 2.18: Sector 1 of the 3 level space vector diagram

Table 2.5: Timing expressions for three level SVPWM

Region | Vector T, Vector Ty Vector T.
1 Vi T,[2mg sin(§ — 0)] Vo | Ti[1-2m, sin(% + 0)] Vo T [2m,, sin(6))
2 i Ts[1-2m,, sin(6)] Vv Ts[2m, sin(6)-1] V5 T,[1-2m, sin(3 — 0)]
3 Vi T,[2-2my sin(g + 0)] Vz T [2my, sin(6)) Vis | T[2m, sin(3 —0) — 1]
4 Via Ts[2m, sin(f) — 1] Vi T,[2myq sin(§ — 0)] Va T,[2-2m, sin(g +0)]

Now based on the region and the switching states, the switching sequence is gener-
ated and this can be done in several ways since there are multiple redundant states
for each inverter topology. The switching sequence is determined in such a way that
the switching loss and the THD are minimized. The requirements to achieve this
strategy is to have
« only two switches in the same inverter phase leg involve in the transition from
one switching state to the next state i.e; one being switched on and the other
being switched off.
e minimum number of switching (zero if possible) when the reference voltage
vector moves from one sector (or region) to the next.
« minimal neutral point voltage deviation depending on the inverter topology.
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Taking these considerations into account, the switching sequence is determined for
all the regions. Figure 2.19 represents the switching sequence for region 2 of sector
1 along with the calculated dwell times. This sequence fulfills the requirements
mentioned above for lower switching losses and THD.

For Region 2
AP P PO O O|O|P|P|P
E
Phase A
0 >
t
-E
L 4
Ap | 0|00 N N| O O O|P
E s 2—)
Phase B
0 >
t
-E
v
A0 O N NN NNIN O O
£
Phase C
0 2
t
-E
v
tc ta tb tc ta ta tc tb ta tc
% V- T
< Ts : 3

Figure 2.19: Switching sequence for 3 level MLI when V. is region 2

2.4 Switching device

There are many types of switching devices used in an inverter such as the Metal oxide
semiconductor field effect transistor (MOSFET), Insulated gate bipolar transistor,
Bipolar junction transistor. The inverters to be designed are for lower application.
With the availability of wide band gap power electronic devices, the MOSFET is
chosen as the switching device for this thesis.

2.4.1 Metal Oxide Semiconductor Field Effect Transistors

MOSFET is a voltage-controlled device which has three terminals with gate, drain,
and source. It is a type of semiconductor device with the capability to have high
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frequency switching and is used in low and medium voltage applications. MOSFET
is turned on by providing a positive voltage at the gate terminal and turned off when
zero voltage is provided to the gate terminal. The silicon (Si) MOSFET is one of
the most common MOSFETSs being used. It has a band gap energy of of 1.1eV.

2.4.1.1 Silicon Carbide MOSFET

A Silicon Carbide (SiC) MOSFET is a wide band gap semiconductor device. It has
a band gap energy of of 3.3eV. The operating voltage for SiC MOSFETs is from
650V and above. When compared to the Si MOSFET, SiC MOSFET it has a

o higher switching speed which allows it to have lower switching losses.
o much less body diode recovery.

o higher stability for the Rpg,, over temperature variation [12].

o higher gate voltage swing but lower gate charge stored.

e higher break down voltage margin.

2.4.1.2 Gallium Nitride MOSFET

A Gallium Nitride (GaN) MOSFET is a wide band gap semiconductor device. It
has a band gap energy of of 3.4eV. The operating voltage for SiC MOSFETSs is below
650V. When compared to the SiC MOSFET, GaN MOSFET has

e higher electron mobility

o higher switching speed which allows it to have lower switching losses.

» zero reverse recovery as there is no presence of a PN junction in the lateral
structure for a GaN MOSFET. Hence there is no body diode and associated
reverse recovery losses.

« lower stability for Rpg,, over temperature variation. It is important to check
the Rpg on values at the operating temperature and then calculate the efficien-
cies.

o similar gate voltage swing but lower gate charge stored.

2.5 Losses in a three phase inverter
There are different factors that contribute to losses in a three phase inverter. The
majority of the losses is due to the power semiconductor device, the MOSFET.

There are two types of losses which happen in the MOSFET and can be represented
as

Ptot - Psw + Pcond (29)
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where P, is the total power loss, Py, is the switching loss and P,.,,q is the con-
duction loss happening in the MOSFET. As there are other components present in
the inverter, they will have equivalent resistances and contribute towards losses in
the inverter. This is called as ohmic losses and is represented by

Popmic = 12 R (2.10)

where P,pic is the ohmic losses, I,.,,s is the rms value of current flowing through
the component during conduction and R is value of resistance of the corresponding
components.

2.5.1 Switching losses

Switching loss occurs when the MOSFET is turned on or turned off as this cannot
happen instantaneously. There is always a turn on and turn off time for the switches
which causes power dissipation. During turn off, the switch has a voltage which is
equal to the source voltage and during turn on, the voltage becomes zero and at
the same time the current also start flowing through the switch. Since there is both
voltage and current at this time, there will also be power loss which is called as
switching loss which can be estimated with

~ K; K
1 [out VDS h
Pow = fswbsw | = 2.11

I <7Tfref> (Vref> (20

where P, is the total switching loss, fs, is the carrier frequency used for pulse
width modulation, F,, represents either the turn on and turn off losses for one time
period in a MOSFET or the reverse recovery losses in a diode, I;ut is the peak value
of current flowing through the switch, /.y and V,.; are the values taken from the
test condition of corresponding F,,, Vpgs is the voltage applied across the switch, K;
and Ky are constants for current and voltage depending on the E,,. The switching
losses are also dependent on MOSFET’s junction temperature.

2.5.2 Conduction losses

Conduction losses happen due to the presence of internal resistances and forward
voltage drops present in a power semiconductor device. The conduction losses for
any device can be represented using

1 TSU)
Pcond = Ti / icond(v;m + Rcondicond) dt (212)
sw /0
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v TS'LU R d TS"IU
Pcon == / .con dt - / 2 dt 2.13
d Tsw 0 Leond + Tsw 0 Leond ( )
Pcond = ‘/pnIcond(AVG) + Rcond[czond(RMS) (214>

where P,.,,q is the conduction loss, T, is the time period for one switching cy-
cle, tcong is the instantaneous current flowing through the device, V,, is the forward
voltage drop in the device, R.q is the resistance of the device during conduction,
Icond(avea) is average conduction current flowing through the device, I.ong(rars) is the
rms value of current flowing the device.

The MOSFET being a unipolar device, there is no constant voltage drop (V,, = 0).
Hence the conduction losses for a MOSFET can be written as

PMOSFET = RDS,onI}%ET(RMs) (2.15)

where Pyosrer is the conduction losses in a MOSFET, Rps,, is the resistance
of MOSFET, Irgr(rums) is the rms value of current flowing through the MOSFET.

As the diode has both the internal resistance and forward voltage drop, the conduc-
tion losses for the diode shall be as per (2.14).

2.6 Thermal Implementation

The advancement in the field of power electronics is leading to a significant reduction
in the size of the devices which in turn is causing a higher heat flux in the semicon-
ductors [13]. The provided junction temperature of the semiconductor device should
be kept in mind for the reliable performance of the inverter. The temperature rise in
these components is proportional to the thermal loss where joule heating is a major
reason for the thermal loss. Hence, the electrical and thermal implementation of the
model is important for a proper functioning of the device.

To estimate the junction temperature of these components, the simulation soft-
wares like PLECS use the RC-type network. Commonly in semiconductor devices
the heat propagation is done by conduction and from [14] a simplified heat conduc-
tion equation can be proposed in an equivalent electrical equation. The equivalent
variables in thermal and electrical equations are shown in table 2.6 and the thermal
circuit equivalent to the electrical circuit consisting of only RC components is shown
in figure 2.20.
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Figure 2.20: Thermal circuit equivalent to the electrical circuit

Table 2.6: The equivalent variables in thermal and electrical equations

Thermal Electrical
Temperature Tin K Voltage Uin 'V
Heat flow Pin W Current I'in A
Thermal resistance | Ry, in K/W | Resistance | Rin V/A
Thermal capacitance | Cy, in Ws/K | Capacitance | C in As/V

where K is Kelvin, V is Volt, A is Ampere, W is Watt, and s is seconds.
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3

Modelling and Simulation

This section discusses the modelling of the MLIs that have been implemented. All
the topologies that have been implemented are for a three level MLI. For the phase
to ground voltage potential, the two level inverter has a positive and negative voltage
as output. The three level inverter has an additional zero level voltage. This section
also discusses how the models have been implemented by making use of the PLECS
software.

3.1 Inverter modelling in PLECS

PLECS is the software chosen to analyse efficiency and THD present in all the
topologies. The loss model for switches can be obtained from the PLECS models
available from the MOSFET manufacturers. Software also helps to analyse the THD
easily. The thermal model of the system can also built and the thermal aspects of
the switch can be analysed as well.

3.1.1 Additional components

The ideal circuit diagram of all the topologies have been seen. In reality, there are
additional components present in the circuit that needs to be modelled for a more
realistic simulation. The values for these models was already available.

3.1.1.1 Battery model

A battery is a non-linear system whose impedance keeps changing based on the
frequency. In this case, the battery has been modelled with two resistors and a
capacitor as shown in Fig 3.1. The values for the components are shown in Table
3.1
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C: 672
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o U L :'_
R: .069
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Figure 3.1: Battery model representation

Table 3.1: Battery model

Parameters | Values | Units
RO 0.092 Q
R1 0.069 Q
C1 672 F

3.1.1.2 DC cable model

The cables used to connect the battery and inverter will also need to be modelled.
This is represented as a resistor in series with inductor. The values for these are 0.7
2 and 10 pH and is shown in Fig 3.2

L: 5e-6 L: 5e-6
o — YNy YNy o
R: 6.88e-5

Figure 3.2: DC cable model representation

3.1.1.3 AC bus bar model

The AC bus bars will be used to connect the output of the inverter and the electric
machine load. The resistive part of this on the output of the inverter side and input
of the load side are 0.7 2 and 0.3 2 and is shown in Fig 3.3
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Figure 3.3: AC bus bar model representation

For all these components, the resistive elements have been considered to compute
the total losses of the inverter.

3.1.2 Switch model

As PLECS is the software used, there are switch models available to be used from
various MOSFET manufacturers. The switch model has various representations.
The model consists look up tables and formulas to calculate the losses in each
switch. Each manufacturer makes use of separate formulas. For this thesis, the data
provided in the table alone is considered for calculating the losses to have similar
accuracy in all simulations. There are separate tables to compute the switching
losses and conduction losses and the values has been calculated at various operating
temperatures and can be seen in Fig 3.4. The software uses interpolation to calculate
the loss values.

(c) Conduction losses

Figure 3.4: Look up tables for losses in a MOSFET in PLECS
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3.1.3 Thermal model

The thermal model of the inverter has been modelled using three individual heat
sinks. These heat sinks would simulate the coolant temperature flowing through
them. The worst case temperature has been considered for this and they are 65 °C,
65+3 °C and 65+8 °C for phase A, phase B and phase C respectively. The variation
in temperature in each phase leg is due to the gradual rise in coolant temperature
as it moves from phase A to phase C and can be seen in Fig 3.5. The MOSFETs
are also initialized with these initial temperatures during startup.

T: tCoolant § T: tCoolant+3 @ T: tCoolant+8

o J
st—»hﬁ 51‘({)—-—{1: st—vl:f

S2R D—F-IE% 52y D—--{ E% 528 D—F-IE%

SR D—--IEES 53v D—h-{ E% 538 D—--IEES
S4R ﬁ—h-lEzS sav D—»{ EES 548 D—--IEES
Phage A Phape 8 Phafe C

Figure 3.5: Heat sinks initialized coolant temperatures

The MOSFETs also have their own thermal model with its thermal resistance and
thermal capacitance provided by the manufacturer and can be seen in Fig 3.6. The
losses due to rise in temperatures based on the amount of current flowing throuhg
the MOSFET’s will also be captured.

Manufacturer: Wolfspeed | Part: camo015065D Type: |MOSFET

Turn-on loss Turn-off loss Conduction loss Thermal chain Constants Variable: © P

Type: Cauer ~  Number of elements: 4 V4
1 2 3 4
R 0.04054 K/W 0.1115 K/W 0.073 K/W 0.1248 K/W
C 0.002122 J/K 0.01054 J/K 0.03104 J/K 0.1273 J/K

Figure 3.6: Thermal network representation for MOSFETs in PLECS model
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3.1.4 Load model

The data for current flowing in the load, the input I; and I, currents, the line
to line voltage magnitude at the output, current angle, voltage angle and power
factor were given for corresponding torque and speed inputs. The modulation index
was calculated by taking the ratio of phase to ground voltage and DC link voltage
applied. These results were obtained by doing an FEM simulation for all speed and
torque values for an electric machine. With these inputs, an open loop simulation
was done.

3.1.4.1 Load as a current source

This model has been used to obtain all results except for finding THD of the phase
currents. With current source as a load along with an equivalent resistance of the
load, there will be same currents flowing in load for simulations in all topologies.
This helps to have a better comparison in finding out which topology performs more
efficiently. The load represented as current source can be seen in Fig 3.7.

1
) —
G —_
RU1
/\/ R: Reqv
U
]
RV1
R: Reqv
w1
O
RW1
/\/ R: Regv

w

Figure 3.7: Load as a current source

3.1.4.2 Load as a RL

This model is only used to see the presence of harmonics present in the output of
phase currents. It cannot be seen in the previous model as ideal sinusoidal wave-
forms will be generated for the phase currents due to the current source. From the
electric machine data, the magnitude of load resistance was calculated from phase
to ground voltage and current magnitude. The values of resistor and inductor were
then calculated by multiplying magnitude of load resistance with cosine and sine of
angle between voltage and current. The load represented as RL can be seen in Fig

3.8.
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L: | load
| ME—
R: r_load
L: |_load
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R: r_load
L: | load
—
R: r_load

Figure 3.8: Load modelled as an RL

3.2 Case 1: Peak current analysis

The operating point chosen here is at base speed of the electric machine with the
highest rated current allowed to flow in the output. As the peak current is 778A, a
SiC power module is used comprising of MOSFETSs connected in parallel to handle
the high current rating as a single switch for TLI. The switch model used for MLIs
have a blocking voltage of 700V and the TLIs instead of have a blocking voltage of
1200V. The PLECS model for TLI with 1200V blocking voltage was already available
and not for the 700V blocking voltage. The datasheet for the SiC module with the
blocking voltage of 700V was available. The SiC power module was modelled from
the same 1200V power module PLECS model by changing the loss values according
to the datasheet. The simulation was run till the temperature reaches a steady state
and the time for this was found to be three seconds. The losses begin to become
constant and more accurate simulation results were taken. This is the only case
where the thermal parameters of the coolant have been considered along with the
switch model. The parameters used for case 1 can be seen in Table 3.2.

Table 3.2: Parameters for Case 1

Parameters Values | Units
Vbe 850 \Y
Fundamental frequency | 360 Hz
Carrier frequency 10000 | Hz
Modulation index 0.92 -
Current source (pk) 778 A
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3.3 Case 2: Different current level analysis

The results for case 1 was seen and it was important to verify if all the topologies
performed similarly different current levels. Three operating points chosen here for
varying current levels. The speed has been set as a constant and the operating
points were chosen for different torque levels of the electric machine. The currents
chosen for case 2 can be seen in Table 3.3. The PLECS models of power module
were not readily available. Hence a MOSFET was chosen with highest current rat-
ing available. The MOSFET chosen here for MLIs is C3M0015065D from Wolfspeed
which is rated for a current of 150A and a blocking voltage of 650V. Six MOSFETs
were decided to be considered to operate in parallel giving a total current carrying
capability of 900A to simulate an equivalent power module, which will representing
a single switch shown in circuit diagrams earlier. The loss and thermal network
parameters of the switch were modified according as the six MOSFETSs have been
connected in parallel. For the TLI, the switch chosen is C3M0016120D from Wolf-
speed which is rated for 115A and a blocking voltage of 1200V. Here eight MOSFETs
have been considered in parallel giving a current carrying capability of 920A to sim-
ulate an equivalent power module. Eight MOSFETs were considered so that TLI
and MLIs have switches with almost the same current carrying capability. The ther-
mal parameters of the coolant have not been considered for the switch model. The
temperature begins to reach its steady state more quickly. The simulation time has
been considered for 0.4 seconds. Although it is not completely accurate in simulating
results when compared to case 1, the same conditions are applied to all topologies.
A fair comparison is still made to see which topology performs well.

Table 3.3: Parameters for Case 2

Parameters I1 12 I3 Units
Vbe 710 710 710 \Y
Fundamental frequency | 600 600 600 Hz
Carrier frequency 10000 | 10000 | 10000 | Hz
Modulation index 0.94 | 0.75 0.77 -
Current source (pk) 144 343 778 A
Power factor 0.74 0.99 0.77 -

3.4 Case 3: Implementation of GaN

The voltage across each switch for TLIs is V. where as for three level MLIs is Vj,./2.
The battery voltage is at 800V which will be voltage across the switches for TLIs.
Hence for a TLI, switches with a blocking voltage of 1200V needs to be used and for
MLIs a blocking voltage of 600V needs to be used. GaN MOSFETs with a blocking
voltage of 650V is widely used and has been chosen as the MOSFET for MLIs in the
analysis of this case. The MOSFET selected for this comparison is GS-065-150 from
GaN Systems, which has current rating of 150A and a blocking voltage of 650V.
Six MOSFETSs have been considered in parallel to simulate a single switch as power
module with a current carrying capability of 900A. For TLIs, the same MOSFET
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used in case 2 with a blocking voltage of 1200V is used. The advantage of GaN
is now available to three level MLIs and investigation shall be done to see how it
performs.

Table 3.4: Parameters for Case 3

Parameters Values | Units
Vbe 710 \Y
Fundamental frequency | 600 Hz
Carrier frequency 10000 Hz
Modulation index 0.62 -
Current source (pk) 78 A
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Results

This chapter discusses about results that were obtained when for the topologies were
modelled in PLECS. After that the results that were obtained in the above three
case setups have been tabled. The topologies have been compared against various
parameters such as efficiency, THD V},, and temperature. In the end, the loss maps
for certain topologies have been plotted for a wide range of operating points to have
better understanding of how each topology performs.

4.1 LSPWM vs PSPWM

Topologies were simulated using LSPWM and PSPWM. The output waveforms for
the FCMI topology using LSPWM and PSPWM have been shown in Fig 4.1 and
Fig 4.2 respectively.
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Figure 4.1: FCMI operating with LSPWM
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The waveforms obtained for all topologies with the parameters mentioned in Case

Figure 4.2: FCMI operating with PSPWM

utput waveforms for all topologies

1 have been shown in this section.

4.2.1 TLI

Waveforms obtained for TLI operating with SVPWM has been show in Fig 4.3
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4.2.2 NCMI

Waveforms obtained for NCMI topology operating with PSPWM and SVPWM has
been show in Fig 4.4 and Fig 4.5
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Figure 4.4: NCMI output operating with PSPWM
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Figure 4.5: NCMI output operating with SVPWM

4.2.3 TNCMI

Waveforms obtained for TNCMI topology operating with PSPWM and SVPWM
has been show in Fig 4.6 and Fig 4.7
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Figure 4.7: TNCMI output operating with SVPWM

4.2.4 FCMI

Waveforms obtained for FCMI topology operating with PSPWM and zero sequence
injection with PSPWM has been show in Fig 4.8 and Fig 4.9
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4.2.5 CHMI

Waveforms obtained for CHMI topology operating with PSPWM and SVPWM has
been show in Fig 4.10 and Fig 4.11
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Figure 4.11: CHMI output operating with SVPWM

4.3 Case 1: Peak current analysis

The simulation results for Case 1 can be seen in Table 4.1. The results have been
taken after the temperature in the switches have reached a steady state. This
simulation also takes into consideration the thermal effect of cooling in the thermal

network.
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Table 4.1: Results for Case 1

. 2 Level NCMI TNCMI FCMI CHMI
Parameters Units
SVPWM SWPWM SVPWM SWPWM SVPWM SWPWM Zero-sq SWPWM SVPWM
Efficiency % 98.33 98.39 98.53 98.43 98.64 98.2 98.28 97.98 98.15
Output Power kW 311.42 304.95 317.22 305.83 316.91 296.26 299.06 280.27 285.81
Losses kW 5.3 5 4.72 3.95 34 5.41 5.24 5.77 5.38
THD V., % 75.42 51.64 36.3 51.4 36.4 54.78 63.97 56.93 40.76
THD i % 2 1.3 1.4 1.34 1.2 1.11 1.28 1.01 0.99
Temperature °C 166.9 111.85 111.3 107.15 102 1174 116.6 143.44 127.7
Temp. variation °C 14 7 6.8 3 1.9 5.5 6 5.3 5.45
Volt. ripple on DC link 'V 30 160 160 160 153 35 33 87 120

The THD comparison for all the topologies can be seen in Fig 4.12a and 4.12b

THDv (%) THDi (%)
For - I cv
(a) THDv (b) THDi

Figure 4.12: THD comparison done for SVPWM switching

The temperature and temperature variation comparison for all the topologies can
be seen in Fig 4.13a and 4.13b

Temperature (°C) Temperature variation (°C)
i 1
i [ Fer [
- w1
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(a) Temperature (b) Temperature variation

Figure 4.13: Temperature and temperature variation comparison done for
SVPWM switching

The performance maps for the TLI and TNCMI operating with SVPWM can be
seen in Fig 4.14, 4.15 and 4.16
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4.4 Case 2: Different current level analysis

The simulation results for Case 2 can be seen in Table 4.2, 4.3 and 4.4. The results
have been taken after the temperature in the switches have reached a steady state.
The simulations only takes into consideration the thermal effect of switches between
junction to case in the thermal network.

Table 4.2: Results for Case 2 when current is I1

o 2 Level NCMI TNCMI FCMI CHMI
Parameters Units
SVPWM SWPWM SVPWM SWPWM SVPWM SWPWM Zero-sq SWPWM SVPWM

Efficiency % 99.43 99.46 99.54 99.6 99.7 99.52 99.52 99.47 99.6
Output Power kW 52.34 52.1 51.81 51.9 51.69 51.68 51.69 50.87 51.45
Losses kW 0.3 0.29 0.24 0.21 0.16 0.25 0.25 0.27 0.21
THD Vir % 76.89 50.3 37.6 50.3 38.6 50.84 60.91 50.92 37.53
THDi % 3.81 1.77 1.86 1.63 1.72 1.78 2.21 1.79 1.8
Temperature °C 70 67.4 66.84 67.4 66.85 67.4 67.4 68.1 67.1
Temp. variation °C 0.53 0.14 0.14 0.1 0.1 0.16 0.16 0.16 0.1

Volt. ripple on DC link \ 5.1 19 18 19 17 6.8 6 21 25

Table 4.3: Results for Case 2 when current is 12

. 2 Level NCMI TNCMI FCMI CHMI
Parameters Units
SVPWM SWPWM SVPWM SWPWM SVPWM SWPWM Zero-sq SWPWM SVPWM
Efficiency % 99.16 99.1 99.2 99.33 99.42 99.13 99.13 99.04 99.19
Output Power kW 129.38 125 126.1 125.32 126.1 124.79 124.8 120.44 123.72
Losses kW 1.09 1.14 1.03 0.85 0.73 1.1 1.1 1.17 1
THD V, % 99.59 78.3 43.6 78 44.3 79.12 88.89 79.28 44.46
THDi % 18.2 13.3 6.3 13.36 6.34 13.31 14.84 13.41 6.67
Temperature °C 81.2 72.2 71.2 72.2 70.9 73.2 73.2 774 73.8
Temp. variation °C 1.8 0.8 0.8 0.32 0.32 0.75 0.6 0.75 0.61
Volt. ripple on DC link \Y% 10.2 34 23 34 23 144 10 42 46

Table 4.4: Results for Case 2 when current is 13

o 2 Level NCMI TNCMI FCMI CHMI
Parameters Units

SVPWM SWPWM SVPWM SWPWM SVPWM SWPWM Zero-sq SWPWM SVPWM

Efficiency % 97.98 97.86 97.9 98.24 98.38 97.65 97.67 97.35 97.54
Output Power kW 228.03 219.7 217.2 220.35 217.2 215.79 215.81 200.7 205.978

Losses kW 4.71 4.8 4.6 3.95 3.57 5.19 5.15 5.47 5.19

THD V., % 97 76.8 45.1 77.6 44 79.52 87.8 81.64 48.77

THDi % 4.58 3.33 2.05 2.28 1.78 3.35 3.71 3.39 2.36

Temperature °C 132.4 96.72 96.7 98.6 94.7 100.8 100.9 122.2 111.8

Temp. variation °C 7 0.5 4.1 1.7 1.4 3.3 3.2 3.46 3.6

Volt. ripple on DC link \ 24 85 68 90 68 31 26 95 115

The THD comparison for all the topologies can be seen in Fig 4.17a and 4.17b
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Figure 4.17: THD comparison done for all topologies
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The temperature and temperature variation comparison for all the topologies can
be seen in Fig 4.13a and 4.13b
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Figure 4.18: Temperature and temperature variation comparison done for all

topologies

4.5 Case 3: Implementation of GalN

The simulation results for Case 3 can be seen in Table 4.5. The results have been
taken after the temperature in the switches have reached a steady state. The simu-
lations only takes into consideration the thermal effect of switches between junction
to case in the thermal network.

Table 4.5: Results for Case 3

. 2 Level NCMI TNCMI FCMI CHMI
Parameters Units
SVPWM SWPWM SVPWM SWPWM SVPWM SWPWM Zero-sq SWPWM SVPWM

Efficiency % 98.54 98.98 99.01 99.08 99.16 98.83 98.83 98.84 99.02

Output Power kW 24.1 23.85 24.03 23.9 24.02 23.83 23.83 23.69 24
Losses kW 0.36 0.25 0.24 0.22 0.2 0.28 0.28 0.28 0.24
THD Vi % 125.8 97.8 49.8 97.8 49.8 97.91 112.12 97.24 50.43
Temperature °C 94.2 76.2 76.6 76.2 76.1 76.2 76.1 76.2 76.43
Temp. variation °C 8 2.7 2.8 7.7 1.9 2.2 2.2 2.2 1.82
Volt. ripple on DC link A% 2.2 7.5 4 7.4 3.8 2.8 2.2 7 8.5

The performance maps for the TNCMI topology with SiC and GaN switches oper-
ating with SVPWM can be seen in Fig 4.19, 4.20 and 4.21
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Figure 4.19: Comparison of efficiency maps between TNCMI topology with SiC
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Figure 4.20: Comparison of loss maps between TNCMI topology with SiC and
GaN switches with SVPWM
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Figure 4.21: Comparison of junction temperature maps between TNCMI topology
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Discussion

5.1 Analysis of number of components in MLIs

Table 5.1 presents the number of components being used in the topologies that have
been implemented. The MLI topologies are using twice the number of switches when
compared to the TLI. The switches in the TLI will have an operating voltage of 800V
but the MLIs will only have an operating voltage of 400V except for the TNCMI
topology. For the TNCMI, six switches will have an operating voltage of 800V and
400V for the other six switches. The MLIs can now have switches with reduced
blocking voltages. This leads to lower switching losses and Rgy(,n) compared to the
switches used in the TLI. The CHMI topology needs three DC link capacitors, one
for each phase leg. The other MLI topologies make use of two DC link capacitors
which makes it possible to split the DC source voltage in half.

There are additional components present in other topologies which enable their
operation. The NCMI has six clamping diodes, the FCMI has three flying capac-
itors and the CHMI has three DC sources instead of one. Even though the MLIs
switches have their blocking voltage halved, they have more components present.
The conduction losses due to these components will also need to be considered.

Table 5.1: Number of components present in MLIs

Components TLI | NCMI | TNCMI | FCMI | CHMI
Switches (650kV BV) 0 12 6 12 12
Switches (1200kV BV) | 6 0 6 0 0

DC link capacitors 1 2 2 2 3
Clamping diodes 0 6 0 0 0
Flying capacitors 0 0 0 3 0

DC source 1 1 1 1 3

5.2 LSPWM vs PSPWM

The LSPWM and PSPWM had their own advantages when they were implemented.
From Fig 4.1 and Fig 4.2 it is observed that the LSPWM strategy has less THD
in the phase-to-phase voltage. This strategy can be chosen if the THD in voltage
needs to be reduced. When PSPWM strategy was used, all four switches in a single
phase leg were in operation when the reference carrier wave ranged between 0 and
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1. But for the LSPWM strategy, only the top two switches were in operation and
the bottom two switches were in operation when the reference carrier wave ranged
between -1 and 0. For this thesis, the PSPWM was chosen so that all four switches
in a single phase leg were more evenly used. For the FCMI topology, the PSPWM
strategy is more beneficial. It helps to naturally balance the voltages at the flying
capacitors. The voltage ripple when using LSPWM was 180V whereas it was only
20V when the PSPWM strategy was used for the same value of flying capacitors.

5.3 SVPWM vs Zero sequence injection

The reference waveforms for the SVPWM and the zero sequence injection in the
PSPWM modulation techniques look similar. But from the theory, it is known that
their method of working is completely different. The difference in results can be
inferred from Fig 4.9 Fig 4.11. The THD in phase-to-phase voltage is better in the
SVPWM strategy. Also in all the case simulation setups for the FCMI topology,
the measured efficiency almost remains the same for the PSPWM strategy and the
zero sequence injection strategy. When a comparison is made between the PSPWM
strategy and the SVPWM strategy in other topologies, improvements in efficiencies
were always seen. The main reason for this is that in the zero sequence injection
strategy, only the reference signal is changed but the switching method is the same
as the PSPWM strategy. The only difference between the PSPWM strategy and
the zero sequence injection strategy is that the zero sequence injection strategy can
now have a modulation index up to 1.15. The SVPWM strategy is more efficient
because it has a more efficient switching method. As explained earlier theory, it
makes sure the losses are reduced by changing the switching level in only one of the
three phases as the reference voltage moves from one region to another. The output
phase-to-phase voltage also has a reduced THD when compared to the PSPWM
modulation implemented with PSPWM.

5.4 Case study analysis

In this section each case will be analyzed and discussed individually.

5.4.1 Casel

In case 1, all the inverter models were analysed for the peak current operating point.
The simulation results are presented in Table 4.1. The NCMI and the TNCMI have
better efficiency than the TLI with the SVPWM modulation technique. Apart
from the efficiency, the THDv, THDi, temperature and temperature variation of
the switches were also analyzed and comparisons have been made in Fig 4.12 and
4.13. From these results, it is inferred that the MLIs perform better when compared
to the TLI. The NCMI and the TNCMI have the lowest THDv but in the case of
THDi, CHMI has the lowest value. The TNCMI has a 52% less THDv and a 40%
less THDi when compared to the TLI. In the case of the temperature rise and the
temperature variation of the switches, the TNCMI performs the best. In comparison
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to the TLI, the TNCMI has a 39% less rise in temperature rise and a 86% less rise in
temperature variation in the switches with 700V blocking voltage. Since the TNCMI
performed better in most of the cases, performance maps were plotted for the TLI
and the TNCMI operating with the SVPWM modulation technique for efficiency,
total loss and junction temperature which can be seen in Fig 4.14, 4.15 and 4.16. In
the efficiency map, the TNCMI has a bigger operating area for 99% efficiency when
compared with the TLI. This is also reflected in the loss maps as well. The TLI has
losses of more than 4kW for higher torque values whereas the TNCMI mostly has
losses of less than 4kW. The operating temperature of the switches also contributes
to losses. For high torque operating points, the temperature of the switches has
risen to more than 95C in the TLI whereas it has risen to only 75C in the TNCMI.

5.4.2 Case 2

In case 2, all the inverter models were analysed for three different current levels.
The simulation results are presented in Table 4.2, 4.3 and 4.4. The results obtained
were similar to case 1 for different values of current as well. From these results,
it is inferred that the TNCMI has better efficiency than the other topologies for
all the three current levels. The THDv and THDi for the TNCMI, NCMI and
CHMI operating with the SVPWM modulation technique have significantly less
when compared to the TLI and can be seen in Fig 4.17. In the temperature rise and
the temperature variation of the switches, the TNCMI performs better operating
with the SVPWM modulation technique and the NCMI operating with the PSPWM
has better performance in temperature variation of the switches which are shown in
Fig 4.18. The main reason for this test was to see the effect of THDv and THDi for
lower current levels.

5.4.3 Case 3

In case 3, the GaN switches are implemented in place of the SiC switches to analyse
how the inverter models performed. The simulation results are presented in Table
4.5. The results were similar to case 1. Even with a GaN switch, the TNCMI operat-
ing with the SVPWM modulation technique is still the most efficient topology. The
TNCMI topology showed the best performance in terms of THDv, temperature rise
and temperature variation as well. Since the TNCMI has the best performance with
both GaN and SiC switches, a comparison was made with GaN and SiC switches
and performance maps were plotted for efficiency, total loss and junction temper-
ature and the same can be seen in Fig 4.19, 4.20 and 4.21. In the efficiency map,
the TNCMI with GaN switches has a bigger operating area for 99% efficiency when
compared with SiC switches. This is also reflected in the loss maps as well. The
TNCMI with SiC switches has losses of more than 5kW for higher torque values
whereas the TNCMI with GaN switches mostly has losses of less than 3.5kW. For
high torque operating points, the temperature of the switches has risen to more
than 95C in the TNCMI with SiC switches whereas it has risen to only 80C in the
TNCMI with GaN switches.
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5.5 Short coming from simulations

For the purposes of making comparisons fair, the same input parameters have been
given in all cases. But it is also important to mention what considerations could be
included to get even more accurate results.

5.5.1 Efficiency maps

The efficiency maps have been plotted with a much shorter simulation time. This
was done due to the long simulation time it takes for one operating point where
the temperature measured at the MOSFETSs reaches a steady state. Although every
operating point is run for the same simulation time in all topologies, more accurate
results can be obtained if the measured parameters are taken after the temperature
reaches a steady value. The results when compared are expected to have similar
inferences from the results that have been already obtained from case 2 at different
current levels.

5.5.2 Loss estimation

The MOSFET models used in PLECS have been used by different manufacturers.
In PLECS there are separate tabulations to calculate the turn-on losses, the turn-off
losses and the conduction losses. Along with the look-up tables provided, formulas
with additional parameters have been given to estimate the losses. These formulas
and parameters vary depending on the manufacturer. In this thesis, only the look
tables for considered. To get more accurate results for losses, a better understanding
of the parameters and formulas given by the manufacturers needs to be considered.
Communication with the manufacturer will aid in understanding this but was not
done due to time limitations. But since the same switches were used for making
comparisons in the test cases, all the topologies will have the same level of accuracy.

5.5.3 Compatibility between PLECS and Simulink

In this thesis, the simulations were done in Matlab / Simulink and PLECS software.
All the inverter topologies were modelled in PLECS since the switch models of
various MOSFET manufacturers were available online for implementation in PLECS
and also the thermal model of the inverter has been modelled using three individual
heat sinks. But in the case of modelling the SVPWM strategy for inverter switching,
Matlab / Simulink was used. The Matlab function block was used to develop the
logic of a three-level SVPWM as the implementation strategy varies depending upon
the topology used. Due to this, the solver from Simulink was used for simulation
in the SVPWM strategy instead of the PLECS solver. The time taken to run a
simulation for even 3 seconds was higher for the SVPWM technique when compared
to the PSPWM technique as the PSPWM did not require developing a logic using
the Matlab function block and just the logical function blocks in the PLECS software
were sufficient. So, if the SVPWM technique is also developed using the PLECS
software, the simulation run time might be reduced.
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5.6 Sustainable aspects

When it comes to the automobile industry, the greenhouse gas emissions and the
CO4 emissions are one of the most concerning areas for the environmental aspects
since they play a significant role in air pollution, resulting in climate change. For
instance, about one-quarter of the total greenhouse gases in the EU are produced
by the transport sector. Hence, there have been high requirements set by the EU
commission for these COy emissions produced by vehicles with IC engines [15]. One
of the alternatives for the automobile industry is to replace IC engine vehicles with
EVs as they have the potential to reduce greenhouse gas emission and thus the
rapid growth of interest in electrification of passenger vehicles over the last decade.
Also, the electricity needed for charging the EVs should come from renewable energy
sources since there will be C'O, emissions if non-renewable energy sources are used
which will be a conflict of interest in this case [16]. It has been concluded that
the usage of EVs in the EU has reduced C'Oy emissions by 80% compared to IC
engines as they do not emit noxious chemicals, which can be very dangerous to the
environment. Hence, analyzing and studying the performance of the inverter, which
is a significant part of the EV, helps improve the efficiency and the power losses in
the device. This in turn helps in the reduction of input power required for the EVs
and achieve the goal set by the EU commission [17].

5.7 Ethical aspects

While working on this thesis, the authors followed the Institute of Electrical and
Electronics Engineers (IEEE) Code of Ethics [18] to avoid any ethical misconduct.
Below are a few points from the code of ethics that was followed during this thesis
work.

Considering the fifth point in the code which says, "to seek, accept, and offer honest
criticism of technical work, to acknowledge and correct errors, to be honest and re-
alistic in stating claims or estimates based on available data, and to credit properly
the contributions of others;" As the thesis work is solely based on simulations, there
could be risk of manipulation in the data to require the desired results. This was
avoided by having weekly meetings with supervisors and the results were presented
and discussed. Also, for each test case, the same switches and operating parameters
were given to all topologies.

Considering the seventh point in the code which says, "to treat all persons fairly
and with respect, and to not engage in discrimination based on characteristics such
as race, religion, gender, disability, age, national origin, sexual orientation, gender
identity, or gender expression," To avoid this, it was made sure to have open and
clear conversations within the group. Also attending meetings on time also helped
establish a good understanding among the group members. Even during some dis-
agreements during the meetings, the technical points were presented in multiple ways
to explain the problem and solutions or agreement within the group was reached.

51



5. Discussion

52



O

Conclusion

In this thesis work, different inverter topologies of the MLIs and the TLI were
modelled and simulated to investigate and analyse the performance of the inverter
models. A comparison was also made between all the topologies on various aspects
such as efficiency, power loss, THD for both current and voltage and also tempera-
ture for three different test cases.

So to conclude, the MLIs performed better in many aspects and in particular, the
TNCMI had better performance in most aspects. This was expected since the MLIs
have lower switching loss and conduction loss compared to a TLI. This is mainly due
to the reduced operating voltage in which the switches to almost half in value when
compared with the TLI switches, which in turn helps in improving efficiency. Select-
ing the switching technique also made a significant improvement in the performance
of the inverters. With the use of the SVPWM technique, there was a significant
reduction THDv and also the efficiency was improved when compared with the
PSPWM technique. Along with the switching technique, the type of switch that is
used is also important. In this thesis work, the GaN switches performed better than
the SiC switches for all MLIs. But there is a trade-off with the size and cost of the
device as when the number of levels increases, the number of components will also
increase which in turn increases the size of the inverter. So all these aspects need to
be considered when selecting a topology as to which topology suits the application
best.

6.1 Future work

As the MLI is a vast topic, further studies can be done based on the existing results
from this thesis.

o Implementation of a closed loop system and make dynamic analysis based on
the speed and torque of the motor for all the MLIs.

o Design a control strategy to reduce the voltage ripple on the DC link capaci-
tors.

 Analyze the effect of Electromagnetic interference (EMI) in all the MLI topolo-
gies.

o This project focuses only on three-level inverter topologies, but further analysis
can be done by increasing the number of levels and comparing the results with
the existing three-level models.

e Modelling the SVPWM strategy in PLECS instead of Matlab as the compat-
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6. Conclusion

ibility issues can be avoided between the two softwares and the time to run a
simulation will be significantly low.
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Appendix 1 - Simulation models

A.1 TLI

Complete circuit diagram and implementation for the TLI topology
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Figure A.1: Circuit diagram for the TLI with SVPWM
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A. Appendix 1 - Simulation models

A.2 NCMI

Complete circuit diagram and implementation for the NCMI topology
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Figure A.4: Circuit diagram for the NCMI with PSPWM
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Figure A.6: Loss and efficiency calculation for the NCMI with PSPWM

ITT



A. Appendix 1 - Simulation models

A.3 TNCMI

Complete circuit diagram and implementation for the TNCMI topology
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Figure A.7: Circuit diagram for the TNCMI with PSPWM
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A4 FCMI

Complete circuit diagram and implementation for the FCMI topology
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Figure A.10: Circuit diagram for the FCMI with PSPWM
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Figure A.11: Logical operation for the FCMI with PSPWM
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A.5 CHMI

Complete circuit diagram and implementation for the CHMI topology
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Figure A.13: Circuit diagram for the CHMI with PSPWM
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Figure A.15: Loss and efficiency calculation for the CHMI with PSPWM
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A.6 SVPWM implementation
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Figure A.16: Implementation for the SVPWM technique in the Simulink software
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Appendix 2 - MATLAB scripts

These are the MATLAB scripts present inside the respective function blocks shown
in Figure A.16

B.1 Normalization to Sector 1

MATLAB script used to normalize the voltage vector as it moves in all sectors to
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Sector 1.

function angle = fen (sector ,alpha)

angle = 0;

if (sector = 1)
angle = alpha;

end

if (sector = 2)
angle = alpha—pi/3;
end

if (sector = 3)
angle = alpha—2%pi/3;
end

if (sector = 4)
angle = alpha+pi;

end

if (sector = 5)
angle = 2xpi/3+alpha;
end

if (sector = 6)
angle = pi/3+alpha;
end
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B. Appendix 2 - MATLAB scripts

B.2 Sub region identification

MATLAB script used to identify in which sub-region the voltage vector is present
in Sector 1.

function region = fcn(Ude, angle, Vref)
region = 0;

ma = sqrt (3)x(Vref/Udc) ;

ml = max(cos (angle)—(sin (angle)/sqrt(3)));
m2 = (2/sqrt (3))*maxsin (angle);

if (ml<0.5) & (m2<0.5) && (ml+m2<0.5)

region = 1;
end
if (ml<0.5) && (m2<0.5) && (ml+m2>0.5)
region = 2;
end
if (m2>0.5)
region = 3;
end
if (ml1>0.5)
region = 4;
end
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B. Appendix 2 - MATLAB scripts

B.3 Switching timing calculation

MATLAB script used to for the calculation of the switching time for the CHMI
topology.

function [ta, tb, tc] = fcn(region, Vref, Udc, ts, angle)
ta = 0;
tb = 0;
tc = 0;
ma = sqrt (3)x(Vref/Udc) ;
if (region = 1)
ta = 2xtsxmaxsin ((pi/3)—angle);
th = ts*(1—2*maxsin ((pi/3)+angle));
tc = 2xtsxmaxsin (angle);
end
if (region = 2)
ta = tsx(1—2xmaxsin (angle));
tbh = ts*(2xmaxsin ((pi/3)+angle)—1);
tc = tsx(1—2+maxsin ((pi/3)—angle));
end
if (region == 3)
ta = ts#*(2*maxsin (angle)—1);
tbh = 2xtsxmaxsin ((pi/3)—angle);
tc = ts*x(2—2+maxsin ((pi/3)+angle));
end

if (region == 4)
ta = tsx(2—2+maxsin ((pi/3)+angle));
tbh = 2xtsxmaxsin (angle);
tc = ts*(2xmaxsin ((pi/3)—angle)—1);
end
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B. Appendix 2 - MATLAB scripts

B.4 Pulse duration

MATLARB script used for giving the right instant to give pulses for the three phases.

function [sla, s2a, slb, s2b, slc, s2c¢c| = fcn(region, ta, tb

, tc, ts)
sla = 0;
s2a = 0;
slb = 0;
s2b = 0;
sle = 0;
s2c = 0;

if (region = 1)
sla = tc/4+ta /4;

s2a = ts/2;

slb = tc/4;

s2b = ts/2—ta /4;
sle = 0;

s2c= ts/2—ta/d—tc /4;
end
if (region = 2)

sla = tc/4+ta/44+tbh /2;

s2a = ts/2;

slb = tc/4;

s2b = ts/2—ta /4;
sle = 0;

s2c= tc/4+ta /4;
end
if (region = 3)

sla = ts/2—tc /4;

s2a = ts/2;

slb = tc/4+ta /2;
s2b = ts/2;

sle = 0;

s2c= tc /4;

end
if (region = 4)
sla = ts/2—ta/4;

s2a = ts/2;

slb = 0;

s2b = ta/4+tb/2;
sle = 0;

s2c= ta /4;

end
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B.5 Switching realization to all sectors

MATLAB script used to for sending the signals back to its own vectors

function [psla, ps2a, pslb, ps2b, pslc, ps2c| = fen(sector,
sla, s2a, slb, s2b, slc, s2c, ts)

psla = 0;

ps2a = 0;

pslb = 0;

ps2b = 0;

pslc = 0;

ps2c = 0;

if (sector = 1)
psla = sla;
ps2a = s2a;
pslb = slb;
ps2b = s2b;
pslc = slc;
ps2c = s2c;

end

if (sector = 2)

psla = ts/2—s2b;
ps2a = ts/2—slb;
pslb = ts/2—s2c¢;
ps2b = ts/2—slc;
pslc = ts/2—s2a;
ps2c = ts/2—sla;

end

if (sector = 3)
psla = slc;
ps2a = s2c;
pslb = sla;
ps2b = s2a;
pslc = slb;
ps2c = s2b;

end

if (sector = 4)
psla = ts/2—s2a;
ps2a = ts/2—sla;
pslb = ts/2—s2b;
ps2b = ts/2—slb;
pslc = ts/2—s2c;
ps2c = ts/2—slc;

end

if (sector = 5)

psla = slb;
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end

ps2a
pslb
ps2b

pslc =

ps2c

if (sector

end

XIV

psla
ps2a
pslb
ps2b
pslc
ps2c

s2b;
slc;
s2c;
sla;
s2a ;

— 6)
ts/2—s2c;
ts/2—slc;
ts/2—s2a;
ts/2—sla;
ts/2—s2b;
ts/2—slb;



Appendix 3 - Switch models

C.1 C3MO0015065D

C

The MOSFET datasheet considered from the Wolfspeed - C3M0015065D MOSFET
and modified to operate as an equivalent power module which has been used in Case

2 has been shown below

Morufacturer: Wolfspeed
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Figure C.1: Turn on losses for the modified switch used in Case 2
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C. Appendix 3 - Switch models

Figure C.2:

Figure C.3:

Figure C.4:
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C.2 GS-065-150

The MOSFET datasheet considered from the GaN Systems - GS-065-150 MOSFET
and modified to operate as an equivalent power module which has been used in Case
3 has been shown below

Manufacturer: Gl Systems Part: G5-065-150-1 5 Type! MOSFET
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Figure C.5: Turn on losses for the modified switch used in Case 3
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Figure C.6: Turn off losses for the modified switch used in Case 3
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Figure C.7: Conduction losses for the modified switch used in Case 3
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Figure C.8: Thermal network for the modified switch used in Case 3
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