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Investigation of an ANPC Inverter in Electrified Vehicles
ZHENGHUA ZHANG

Department of Energy and Environment Technology
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Abstract

In this thesis, a three-level active neutral point clamped (ANPC) inverter for a permanent
magnet synchronous machine (PMSM) drive is developed and its performance is investi-
gated. The performance investigation is mainly based on comparison with a two level in-
verter including semiconductor devices’ selection, total harmonics distortion (THD) analy-
sis, semiconductor devices losses evaluation as well as energy efficiency study with various
drive cycles. Moreover, the losses distribution in the ANPC inverter is also analyzed.

In the initial part of the thesis, theories of electric drive system used in this thesis are intro-
duced. Based on the theories, an APNC inverter model is built. The modulation strategy
is chosen and different switching states are discussed in detail. With the chosen modula-
tion strategy, a space vector modulation (SVM) method is developed and studied carefully.
A two level inverter with SVM method is implemented for performance comparison with
the ANPC inverter. The simulation results show that the ANPC inverter has obvious total
harmonics distortion (THD) reductions for both voltage and current.

To evaluate the inverters’ performance in electrified vehicles, an electric vehicle system is
set up. The required rated power of the inverter in the system is 125kW at a DC voltage of
800V. Accordingly, each semiconductor device in the ANPC inverter need to withstand a
reverse voltage of 400V which is half of that in the two-level inverter, thus an IGBT module
with a reverse blocking voltage of 650V is selected for the ANPC inverter while it is 1200V
for the two-level inverter. Compared with the two level inverter, the ANPC inverter has
lower total losses in the entire operation region. The maximum efficiency of the ANPC
inverter can reach as much as 99.25 % while it is only 98.68 % for the two-level inverter.
Furthermore, when operating with various drive cycles, the ANPC inverter has an energy
efficiency improvement of 2.86 % in the EUDC drive cycles and 0.99 % in the ECE drive
cycles.

Finally, the losses distribution in the ANPC inverter is analyzed since the unbalancing losses
distribution is a significant issue for the ANPC inverter. The losses distribution on each
device varies when torque and speed are changing but the most stressed device is the same
throughout all operating points. Moreover, with various power factors, the losses are always
concentrated on the inner switches.

Keywords: Electrified vehicles, ANPC inverter, Two level inverter, Efficiency evaluation.
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1

Introduction

The development of vehicles has changed people’s lifestyles significantly in the past decades.
It it not only brings great convenience and improvement of travel efficiency, but also large
amount of energy consumption and air pollution. The fuel energy crisis and increasing con-
cern for environment issues is driving the vehicles industry toward electrification.

1.1 Background and Previous Work

Electrified vehicles could meet higher automobile emissions standards and be more envi-
ronment friendly as the electrified vehicles have less pollution production. Furthermore, the
electrified vehicle’s powertrain can have an obvious efficiency improvement because of the
regenerative capability, compared with the Internal Combustion Engine (ICE). In electrified
vehicles, batteries, electric motors and power electronic converters are three important com-
ponents. The electricity is stored in the battery, and to drive the motor, a power electronic
converter is put in between to control the voltage and current input to the motor. Generally,
the battery part is the most expensive part in an electric vehicle, thus the electric energy
available in the car is very precious and the utilization of the energy should be considered
carefully.

To improve the utilization of the energy in the battery, optimizing the efficiency of the motor
part and the power electronic converter part are two possible solutions. Motor efficiency
optimization methods have attracted lots of research interests for many years and there have
been numerous studies presented the methods from motor type selection, motor design and
control strategies point of view[1][2][3][4][5]. While for the power electronic part, the two
level inverter has been used for decades and is by far the most commonly used topology in
motor drive systems at present. Studies have been done to improve the performance of the
inverter by replacing the semiconductor devices with the new silicon carbide type[6] [7][8].
However, this kind of method is highly dependent on the development of semiconductor
devices. Recently, multilevel converters have gained more interest because of it is a technical
way to improve the performance of a motor drive system. Compared with the two level
inverter, the multilevel converter has several advantages. Besides the benefit of a higher
efficiency, the improvement of voltage quality, reduction of stress on power switches (which
makes it is possible to choose a lower voltage level switch) and possible increment lifespan
of the battery are also very attractive[9][10].

The three level neutral-point-clamped (NPC) inverter is one of the most known multilevel
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topologies and is widely used in high voltage areas and medium voltage drive systems. Some
studies of a NPC inverter drive system for electric vehicles have shown that it is a suitable
application with attractive performance[11][12][13]. However, a drawback of the NPC in-
verter is the unbalancing loss distribution among semiconductor devices[14][15]. The active
version of the NPC inverter, by using switching devices to replace the clamp diodes in the
NPC, has the possibility to solve the unequal loss distribution problem[16]. In [17], the
losses analysis of the three-level active neutral-point-clamped (ANPC) converters in wind
energy conversion application is presented. In [18], a brushless DC (BLDC) drive system
with an ANPC inverter is implemented and the voltage and current THD and torque ripple
performances are investigated. In [19], an electric vehicle conversion system based on a
surface PMSM and ANPC inverter is proposed and investigated. However, a performance
evaluation of the ANPC inverter in an electric vehicle drive system is missing. In this thesis,
an ANPC inverter based drive system for an electric vehicle is developed and the efficiency
performance of the inverter with various drive cycles are evaluated. Moreover, the efficiency
as well as the voltage and current THD performances are compared with a two level inverter
for a better understanding.

1.2 Purpose

The main purpose of this thesis is to investigate the performance of an electric drive sys-
tem for an electric vehicle with an ANPC inverter and to conduct an efficiency and THD
performance comparison with the conventional two level inverter.

1.3 Thesis Outline

In Chapter 2, basic theories of electric drive system are introduced including power electron-
ics converters, PMSM modeling as well as different drive cycles. In Chapter 3, the operation
principle of the ANPC inverter is studied carefully including the modulation strategy, mod-
ulation method and simulation results analysis. In Chapter 4, the performance of the ANPC
inverter is evaluated. The voltage and current THD, the power losses and efficiency in various
drive cycles of the ANPC inverter are compared with the two-level inverter. Moreover, the
losses distribution of the ANPC inverter is studied. Finally, some conclusions and possible
future work are listed in in Chapter 5 and 6.



2

Electric Drive System

2.1 Electric Drive System

The typical structure of an electric vehicle system is shown in Figure 2.1. The DC batteries
supply electric power for the whole system. The power converter is used to control the
voltage supplied to the motor and subsequently to control the torque and speed of the motor.

L Power

T Converter ™ MOtOr emmsss Gear e Wheels |

| Battery

Figure 2.1: Drive system of a electric vehicle

2.2 Power Electronics Converters

In the motor drive system of electrified vehicles, two level inverters are the most widely used
at present. To achieve a higher power for a higher speed application, one practical method
is to increase the DC side voltage. When the power and DC side voltage is increased, a
high power higher voltage converter is required. To implemented this inverter, one solution
relies on the high power semiconductor devices. However, the higher power device will
produce more losses and is usually more expensive. Besides the devices solution, there is
another topological level solution known as the multilevel converter topology. As is shown
in Figure 2.2, the two-level converter equals to a 2-pole 1 throw switch that can only be
connected to positive and zero rail. In contrast, the multilevel converter in Figure 2.3 is
equivalent to a multi-pole 1 throw switch that can generate multiple output voltage levels.
For the multilevel converter, there will be more control freedom when synthesizing the output
voltage. Besides, when the DC side voltage is fixed, voltage stress on each switch is less in
multilevel converters and the lower power rating devices with low cost can be used to replace
one high power rating device. Furthermore, each device is switched at lower voltage and has
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Figure 2.2: Two-level converter Figure 2.3: Multilevel converter

smaller dv/dt, hence the switching noise is reduced and the EMI issues can be improved.
Moreover, as the multilevel output voltage synthesises the reference waveform in a better
way compared to the two-level inverter, a better output power quality can be achieved.

2.2.1 Multilevel inverters

Because of the above mentioned benefits and advantages for multilevel converters, the topolo-
gies have been studied for decades and numerous variations have been invented. In general,
the most commonly used topologies of multilevel converters are flying capacitor (FC) con-
verter, the neutral point clamped (NPC) converter and the cascaded multilevel converter.
Among all the multilevel converters, the three-level inverter is one of the most widely used
topologies.

The diode neutral point clamped (DNPC) phase leg in Figure 2.4 (a) is the original NPC
topology, which comprises two traditional two-level half bridge cells stacked together with
two clamping diodes connected to the neutral point. By replacing the clamping diodes with
active switches in Figure 2.4(b), the active neutral point clamped (ANPC) topology can be
derived. The DNPC topology has uneven loss and stress distribution for each device on
the phase leg. The ANPC topology can solve this problem by proper control strategy. One
issue for the NPC topologies is the requirement of extra control for balancing the neutral
point voltage. The three-level output voltage can also be generated by a floating capacitor
as shown in Figure 2.4 (c), which is the flying capacitor (FC) topology. Although the FC
circuit does not have the neutral point voltage balance problem, it still requires extra control
to maintain the flying capacitor voltage at half the DC link voltage. The cascaded topology
shown in Figure 2.4(d) is another widely used structure. The phase leg contains two basic
two-level converter cells that are cascaded together. With this modularized structure, the
output voltage can reach higher level by increasing the cell numbers. However, with voltage
level increasing, more multiple isolated DC sources will be needed.

2.2.2 Modulation strategies

For modulation methods, there are two major groups, one is the space vector based and the
other is carrier based. The SPWM method is the most commonly used carrier based method
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(a) DNPC (b) ANPC (c) FC (d) Cascaded

Figure 2.4: Topologies of 3-level inverters
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Figure 2.5: Space vector hexagon for 2-level and 3-level converter

in AC systems. While the SVM method is more widely used in three phase AC systems
for its higher utilization of the DC voltage. For the space vector modulation, the voltage
vectors in 3-phase abc coordinates transformed to & — B coordinates and all voltage vectors
are mapped on the space vector hexagon. The switching status for the three-level converter
can also be mapped on the hexagon. The voltage reference can be synthesized in various
manners by the space vectors, or the switching status. For a two-level converter, each phase
leg has 2 switching status and the 3-phase system has 8 switching statues, corresponding to
7 space vectors in the space vector hexagon. While for a three-level converter, each phase
leg has 3 switching status and the 3-phase system has 27 switching statues, corresponding
to 19 space vectors in the space vector hexagon. The space vector hexagons for 2-level and
3-level inverters are shown in Figure 2.5.

For multilevel converters, the number of switching status is the cube of the level numbers.
The higher level numbers gives more redundant switching status for control freedom, but it
also causes higher computation cost for the reference voltage locating. Therefore, the SVM
will be hard to implemented when the number of levels goes too high. But for the three-level
NPC topology, SVM is quite suitable since the calculation is not complex and there is control
freedom to achieve neutral point voltage balancing.
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2.2.3 Losses of semiconductor devices

The power losses produced by an IGBT module is shown in Figure 2.6. The IGBT and the
free-wheeling diode have conduction losses and switching losses. The conduction losses
occur when the current passes through the on-state voltage of the device while the switching
losses is caused by the switching actions. The switching losses in the IGBT consist of the
turn on loss and the turn off loss while the switching losses in the diode are caused by the
reverse recovery.

IGBT

Module
X

{Conduction] (Switching] (Conduction] (Switching]

A 4

(Turnon) (Turn off) (Reverse recovery)

Figure 2.6: Losses of the IGBT module

2.2.3.1 Conduction losses

The conduction losses of the IGBT occur when it is conducting current. The average power
dissipation during conduction in one switching period can be written as

1 [T .
Peona = T/ Vce,satlcedt (2.1)
0

where T is the swiching period, ve, sor and i, are the on-state voltage and current. The v, o
can be calculated as
Vee,sat = Vce,O + Fonlce (2.2)

where V. ¢ is the saturation voltage at zero current and r,, is the on-state resistance. These
two values can be obtained from the output characteristic of the IGBT, as is shown in Figure

2.7. roy can be derived by

Yon =
Al

(2.3)

For the conduction losses of the diode, the calculation method is similar.
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Figure 2.7: Output characteristic of the IGBT [20]

2.2.3.2 Switching losses

To analyse the switching losses of semiconductor devices, the switching waveforms should
be considered first. Figure 2.8 shows the turn on waveforms of an IGBT with free-wheeling
diode. When the IGBT is turned on, the diode will turn off. The peak current /. is caused
by the reverse recovery of the diode.

The turn on energy loss of the IGBT can be calculated as

%) %)
En= [ Veeicedt = / Pyodt (2.4)
o o
For the diode, the turn off loss only occurs when its voltage and current are not zero, thus the

turn off loss is

15 15
E, = / Vceifdt = Pjiogedt (2.5)
31 1

The turn off waveform of the IGBT with free-wheeling diode is similar but the diode has no
losses during this process. Therefore, the switching losses in one IGBT module consist turn
on loss E,, and turn off loss E,  of the IGBT as well as the reverse recovery loss E,, of the
diode.
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[ 7 ]
(a) IGBT turn on (b) Diode turn off

Figure 2.8: Switching curves for IGBT with free-wheeling diode

Usually, in the datasheet of the semiconductor device, it only shows the switching energy
loss for a specific voltage and current. For other voltages and currents, the switching energy
loss can be predicted as

Vee )kvﬁo,,( lce )ki,on (2.6)

E A =
o OnJef(Vce,ref Ice,ref

v i ,
Err = Epnyeg (st forr (L @7)
Vce,ref Ice7ref
E,ff=E, Ve Vhors (e Vkioss 2.8
of f = Eoffref( e s A (2.8)
VceJef Ice,ref

where Vi .y and I.. s are the reference voltage and current, E,y, yef,Errrer and Eorf rer
are the switching energy losses at the reference value, Ky on.ki onskv,rrKirrn-kvorr and ki orr
are coefficients which relate the energy losses at the reference value to other values. The
EonrefsErrrer and E,rr or values can find in the datasheet directly while the coefficients
usually need to be derived from the characteristic figures of the device.

2.3 PMSM Modeling

For the three phase motors, analysis in d — g coordinate system is usually more convenient
than in abc coordinate system. Meanwhile, as the dynamic behavior is not of interest for
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losses analysis, the steady state model is sufficient in our case. In steady state, the terminal
voltages of the PMSM machine can be written as a function of terminal currents as

{ Usa = Rslyq — weLquq 2.9)

Usq = Rslsq + weLdIsd + O Yin

where R; is the stator resistance, @, is the electrical angular speed, L; and L, are the equiva-
lent inductance in d,q axis respectively and y,, is the permanent magnet flux density.

If L; and L, are equal, the electric torque of the motor is formed as

3
T, = Enpll’mlsq (2.10)

2.4 Drive Cycles

The ECE is a urban driving cycle and it is designed to represent typical driving conditions
in European cities. As is shown in Figure 2.9, during this driving cycle, the driving speed is
relatively low and there are many braking and accelerating. EUDC is the extra urban driving
cycle and it is designed to to represent a high speed driving mode. Figure 2.10 shows that
the speed during one cycle is high and the maximum speed can reach 120 km /h.

50 T T T T T T T T

40 7

Speed [km/fh]
] ]

D i i i i i i
0 50 100 150 200 250 300 350 400 450

Time [s]

Figure 2.9: Drive cycle ECE
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Figure 2.10: Drive cycle EUDC
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Operation Principle of the ANPC
Inverter

In this chapter, an ANPC inverter is introduced. The operation principle of the inverter is
analyzed and a SVM modulation method is used to control the inverter. A two-level inverter
is introduced at the end to provide a performance comparison for the ANPC inverter.

3.1 Modulation Strategy of ANPC Inverter

The basis topology of an ANPC inverter is shown in Figure 3.1. It can be seen that for each
phase there are two additional active switches anti-parallelled with the clamping diodes.
Since the modulation strategy is the same for each phase, analysis on one phase leg is suffi-
cient.

P

+ Sa1 'l Sb1 ‘I Se1

S
Sa:z bil -I Sh2 Sc5_| 'I Se2

.I
.l
- 'ﬂ
Vdc A ; :lb
»—o |c
Sas Shs Scs
'l ‘l Sas b'l 'l Shs -l 'I
= Sc3
= -I Sas4 -I Sba -'
N Scs

Figure 3.1: Structure of ANPC inverter

Sas_i

ol
o

For one phase, the relation of switching states and the output voltage is shown in Table 3.1.
The output voltage has three values: V,./2, —V;./2 and 0. For negative and positive voltage
level there is only one switching state, N for negative and P for positive respectively. While

11
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for the zero voltage level, there are two switching states: O~ and O". When the reference
voltage is negative, O~ is obtained with S;, S4 and S5 turned on while Sy, S3 and Sg is turned
off. When the reference voltage is positive, O™ is obtained with turning on and off switches
opposite to O~. For O~ and O™ states, the load current can flow through S, and S5 or only
through S3 and S¢ in both directions.

Table 3.1: Switching sequence of ANPC inverter

Output voltage (v4,) | Switching states | S1 | S2 | S3 | S4 | S5 | Se
—Vac/2 N OO0 1]1]1]0

0 (0 oO(1jo0o]1|1]0

o* 10| 1[0]O0]1

Vie/2 P 110001

Figure 3.2 shows the gate signal waveforms of the six switches. The outer switches S1 and S4
and the clamping switches S5 and Sg are complimentary, and they operate with the reference
voltage frequency. Meanwhile, the 2 complimentary inner switches have high switching
frequency over the whole period. The current paths for different states changing are shown
in Figure 3.3. The switching loss only occurs on the inner switches regardless of the power
factor.

t%.';E:.............::::::::::: ............. PWll_ 51
ﬁ:::::::::::::............. o il oA
i 0 = — — —
E:E: J— L I UL |_ _IIPII-III T
1. 00 = = = ==
gs] TiELE T I e
ﬁ:_____........::::::::::: ............. POl 56
e T T e
) 1 04 1. 05 1_06 1_07 » 1e—

Figure 3.2: Gate signals

12
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P—0%T2-D3 P—0",T3-D2 N> T2-D3 Ne O, T3-D2
P P

P P

Figure 3.3: Current path for states changing

3.2 SVM Method of ANPC Inverter

3.2.1 Space vector diagram of ANPC inverter

The space vector diagram of the ANPC inverter is shown in Figure 3.4. For the simplification
of the diagram analysis, both O~ and O™ are represent by O and considered to be the same
switching state. Each phase of the ANPC converter has three sates: P, N and O. Thus there
are a total of 3° = 27 switching states, corresponding to 19 space vectors in the space vector
hexagon. There are six long vectors, six medium vectors, six small vectors, and one zero
vector. Each long vector and medium corresponds to one switching state, each small vector
corresponds two switching states and the zero vector corresponds to 3 switching states.

NNP V.,

v V,, PNP

ONP

Figure 3.4: Space vector diagram.
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Chapter 3. Operation Principle of the ANPC Inverter

3.2.2 Sector identification
For the SVM method, the space vectors are in & — 8 coordinates thus a transformation from

abc coordinates to a — 3 coordinates should be done at first. The transformation can be done
by using the Clark transformation matrix,

Ug
ug| 2|1 —% —% _ |umcos @
B 5 5 Uy, Sin

where u,, is the voltage magnitude in o — 3 coordinates and 6 is the angle between the
voltage vector and the o axis.

3.2.2.1 Large sector identification

Similarly to the two level inverter, the ANPC inverter space vector diagram can also be
divided into six sectors and each sector has a width of 60 degree.

47

Figure 3.5: Six-sector division diagram.

The sector which the reference voltage is located can be identified according to the criterion
below: Define three variables A, B, C and three values as

Urefl =ug
Ure2 = \/gua —ug 3.2)
Uref3 = _\/guoc —ug

If U1 >0,A=1,ifnotA=0;
IfUyepp>0,B=1,ifnot B=0;
IfUref3 >O,C: 1, iantCZO.

14



3.2 SVM Method of ANPC Inverter

Define N = 4C + 2B + A, then the values of N have a relation with the number of sectors as
shown in Table 3.2.

Table 3.2: Sector identification table

N (3|15 |4 /6| 2
Sector | I |IT | IIT|IV |V | VI

3.2.2.2 Sub-sector identification

When the sector of the reference voltage is identified, the location of reference voltage is in
which sub-sector need to be determined. In the space vector diagram, each sector is divided
into four sub-sectors. Taking Sector I as an example, it is divided into four triangular shaped
sub-sectors named as A, B,C and D, as is shown in Figure 3.6.

A Vﬂ
D
A C
B v,
1 |
5 Vd Vd

Figure 3.6: Sub-sector division diagram in Sector I.

The sub-sectors can be identified according to the criterion below: Define three variables
A, B,C and three values as

Urel - I/lﬁ - \/Tg.

Urezz%_ua_\/LguB.
Ure3 zua—%—%uﬁ.
IfUy,; >0,A=1,if notA =0.
IfUep >0,B=1,if not B=0.
IfUre3 >0,C: l,iantCZO.

Define SN = 3C + 2B + A, then the values of SN have a relation with the number of sectors
as shown in Table 3.3.

15



Chapter 3. Operation Principle of the ANPC Inverter

Table 3.3: Subsector identification table

SN 213101
Subsector | A| B | C | D

If the reference vector is not located in Sector I, uy and ug can be transformed to ua/ and

uﬁl and then the principle discussed above can be used directly. For different sectors, the
transformation equation is shown in table below.

Sector i, uﬁ
1 u, Ug
1 3 13
) et FEEEA
1 3 1B
111 __ > Ty
2T 2T e
v —i, —lg
. 1 3 1 B
——u, ——U, ——Ugt—,
2 2 2 2
1 B 1 3
il —u ——u —u,+—u
2% 27 2Ff 2"

3.2.3 Vector turn-on time calculation

With the SVM method, the reference voltage vector can be expressed as the sum of three
of the voltage vectors. For each of these voltages, the amplitude is set as a function of the

turn-on time. Therefore
V. T =Vt +Votp 4 Vats (3.3)

where V, is the reference voltage vector, T is the switching frequency, Vi, V,, V3 are three
vectors in the space diagram and ¢, ;, f3 are the turn on time corresponding to Vy, Vs, V3.
Andt1j+tr+13=T.

Let us take a case from Figure 3.7, where a reference voltage vector is in sector I, sub-sector
A. The reference voltage vector can be expressed as

V. T = Vptog+Vit1 + Vot (3.4)
Moreover, with the expression

o+t +6 =T (3.5)

16



3.2 SVM Method of ANPC Inverter

Equation (3.4) can be rewritten in the o and 8 axis respectively

{ ugT = Voto.0+ Vi1 cos0° + Vot cos 60° (3.6)

uﬁT = Viotp.0 + Vi1 sin0° + Vo 1p sin 60°

Suppose that the length of the large vector is V;, thus the length of the small vector is half of
V. With further calculations, 79, ¢, t, can be expressed as

u

u
= o ) (3.7)
Uu
_ dug
2 V3V,
Ay, Vis PPN
A
\
D
\
PPO :
v doon V7 PON
r Y Y
A A {_-,:rf’ ‘\,\
, / B i’/
Vo Vo /roo \V, o
000 V, ONN PNN
PPP
NNN

Figure 3.7: Vectors in sector 1.

In other sectors and sub-sectors, we can use the same method to calculate turn-on time for
each vector. And from the calculated results, we observe that there are some parts with same
expressions, so we define the same parts as

o 4MﬁT
V3V,
Y = %(ua+%) (3.8)
u
Z - %/_:(ua - 7’%)

With (3.8), the turn on time of every space vector in different sub-sectors of sector I are
shown in the Table 3.4. For other sectors, the calculations are similar.

3.2.4 Vector operation sequence

With the turn on time of each vector determined, the vector operating sequence needs to be
considered. The principle to set the sequence is minimum switching actions. By dividing the
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Chapter 3. Operation Principle of the ANPC Inverter

Table 3.4: Turn on time in Sector I

Sector I
Sub-sector Vectorl Vector2 Vector3
A to=T-Y h==2 Hh=X
B t =2T—-Y t7=X ty3=—-T+Z
C h=T-X |b=T—-7Z| 7=-T+Y
D th=2T—-Y t1=27 ta=X-T

whole switching period into seven segments, the switching patterns in sector I, sub-sector A
are shown in Figure 3.8

P
O+
a
p
p N ) N
0
e X | -
Vi Vo I Vo I Vi Vo iV, |V
1 i1 1 1. i1, i1

.
44 g% g @ gt g i

Figure 3.8: Vector patterns in sector A
With the same method, we can obtain the switching patterns of all sectors and sub-sectors.
The vector sequence for each sub-sector in sector I is is shown in the Table 3.5 as an example.

Table 3.5: Vector sequence in Sector I

Sector I
Sub-sector Vector Sequence
A ONN — OON — 000 — POO — 000 — OON — ONN
B ONN — PNN — PON — POO — PON — PNN — ONN
C ONN — OON — PON — POO — PON — OON — ONN
D OON — PON — PPN — PPO — PPN — PON — OON

18
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3.3 Simulation Results

A simulation model is built in Matlab Simulink to test the function of the ANPC inverter.
The DC voltage is set to 800V, the switching frequency is set to 10kHz and the load for the
test is an RL load. The modulation waveforms with different modulation indexes are shown
in Figure 3.9, 3.10 and 3.11.
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Figure 3.10: Modulation waveform with m, = 0.8
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Chapter 3. Operation Principle of the ANPC Inverter

Figure 3.11: Modulation waveform with m, = 1

The output line voltage and current waveforms at m, = 1 are shown in Figures 3.12 and 3.13.

And the FFT analysis of the voltage and current waveform are shown in Figures 3.14 and
3.15.

0.04 0.06 0.08 01 012 0.14 0.16

Figure 3.13: Output current with m, = 1
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Figure 3.15: Harmonics analysis of output current with m, = 1
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Chapter 3. Operation Principle of the ANPC Inverter

3.4 Implementation of Two Level Inverter

To relate the results of the three-level ANPC inverter, a two level inverter is built for com-
parison. Similar to the ANPC inverter, the SVM modulation method is used in the two level
inverter. The modulation waveform of the two level inverter when ma = 1 is shown in Figure
3.16. The output line to line voltage and current are shown in Figure 3.17 and Figure 3.18

respectively. And the FFT analysis of the voltage and current waveform are shown in Figure
3.19 and 3.20.
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Figure 3.17: Line to line output voltage with m, = 1
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A

Performance Evaluation of the ANPC
Inverter

4.1 Case Setup

To evaluate the performance of the ANPC inverter in the electrified vehicle, the parameters
of necessary components in a vehicle are determined. The electric machine used in the
vehicle is a PMSM machine and its parameters are shown in Table 4.1. The needed electric
parameters to simulate the inverter are shown in Table 4.2. The parameters of the car are
shown in Table 4.3.

Table 4.1: Machine parameters Table 4.2: Inverter parameters

Parameter Value Parameter | Value
Ry 0.049 Q Vie 800V
Ly 2.28 mH Prated 125 kW
Ly 2.28 mH Ulinemax 800V
Y., 0.26 Sswitch 10k Hz

p 2
Upnax (phase voltage) | 800/1/3 V

Lyax 190 A

Table 4.3: Vehicle Parameters

Curb weight | Cd A Cr | Tire radius
1650 kg 0.31 | 2.37 m? | 0.009 | 0.3284 m

4.1.1 Voltage and current requirement of the electric machine

In the drive system, the inverter is used to provide electric power to the electric machine.
Thus the output voltage and current of the inverter should meet the requirement of the electric
machine. For the electric machine, the voltage and current are related to the speed and the
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Chapter 4. Performance Evaluation of the ANPC Inverter

torque. The torque, speed and voltage characteristics of the electric machine are shown in
Figure 4.1 and the torque, speed and current magnitude characteristics are shown in Figure
4.2. As is shown in Figure 4.1, the voltage magnitude is increasing with the speed in the area
below 8000 rpm. While in the relative high speed area, the voltage magnitude is kept almost
constant. The reason is that, the possible voltage for the electric machine hits the limit of the
inverter in this area. Thus the output voltage of the inverter can not increase any more. To
ensure the normal operation of the electric machine in this area, the field weakening method
is used. As is shown in Figure 4.2, the current magnitude increases almost linearly with the
torque in the low speed area. While in the high speed area, because of the field weakening,
the current magnitude have an obvious increment.
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Figure 4.1: Required phase voltage magnitudes of the electric machine
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Figure 4.2: Required phase current magnitudes of the electric machine
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4.2 Performance Comparison between the Two-level and
the ANPC Inverter

As the two-level inverter is the most widely used inverter in electrified vehicles, to investi-
gate the the performance of the ANPC inverter, a comparison with the two-level inverter is
worthwhile. To drive the electric machine mentioned above, an ANPC inverter model and
a two-level inverter model are implemented in MATLAB separately. To evaluate the power
losses of the inverter, the IGBT module FF450R07ME4 — B11 is chosen for the ANPC in-
verter model [20]. With the same DC voltage requirement, the semiconductor device in the
two-level inverter should be able to withstand a voltage twice of that in the ANPC inverter.
Thus the IGBT module FF450R12ME4 — B11 is chosen for the two-level inverter model
[21]. The typical characteristic of the two IGBT modeles are shown in Table 4.4.

Table 4.4: IGBT characteristics based on datasheet and calculations

IGBTFF450R07TME4 — B11 IGBTFF450R12ME4 — B11
Vegs =650V Vees = 1200V
@450 A, 300V, 125°C @450 A, 300V, 125°C
Parameters | IGBT Diode | Parameters | IGBT Diode
VcE0 0.65V 0.8V Ve 0 0.8V 0.7V
E,, 4.6 mJ E,, 26 mJ
E,rr 285mJ | 89mJ Eyrr 555mJ | 48.5mJ
Ron 2.33mQ | 1.89 mQ Ron 2.78 mQ | 2.33 mQ

4.2.1 Voltage and Current Comparison

The voltage THD characteristics of the two-level inverter and the ANPC inverter are shown
in Figures 4.3 and 4.4. They show that the three level ANPC inverter has a smaller voltage
distortion in the entire region. This is because the ANPC inverter has three levels of output
voltage which can synthesis the reference voltage in a better way. The results show that the
maximum voltage THD reduction is as much as 101 %. The current THD of the two inverters
are shown in Figures 4.5 and 4.6. Both of the two inverters have low THD distortion. This
is because the PMSM can be equivalent to an RL load with a back EMF, thus the output
current harmonics of the inverters will be filtered. Figures 4.5 and 4.6 also show that the
current THD of the ANPC inverter is lower than the two-level inverter and the maximum
reduction can be 1.3 %.
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Figure 4.6: Current THD of the ANPC inverter

4.2.2 Losses and Efficiency Comparison

The power losses in inverters can be divided into two types of losses: conduction losses and

switching losses. To conduct a more clear analysis of the losses in inverters, the two types of
losses will compared separately.
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4.2.2.1 Conduction losses

Figure 4.7 and 4.8 show the conduction losses of the two-level inverter and the ANPC in-
verter. As is shown in the figures, the ANPC inverter produce more conduction losses in the
whole area. This is because the ANPC inverter has more switches. As is shown in Figure 4.9,
with the same output voltage and current, the current will pass through two switch devices
in the ANPC inverter while only one switch device in the two-level inverter. Although the
conduction losses of one switch device in the ANPC inverter is less than that in the two-level
inverter, the number of conduction devices is twice. Thus the total conduction losses in the
ANPC inverter is higher.
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Figure 4.7: Conduction losses of the two-level inverter
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ANPC inverter conduction losses (W)
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Figure 4.8: Conduction losses of the ANPC inverter
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Figure 4.9: Current paths and conduction devices in inverters

4.2.2.2 Switching losses

The switching losses of the two-level inverter are shown in Figure 4.10 and of the ANPC
inverter are shown in Figure 4.11. They show that the switching losses of the ANPC inverter
is lower than that of the two-level inverter in the whole area. The reason is that the IGBT
used in ANPC inverter has a much lower E,, and E, sy, as is shown in Table 4.4. Moreover,
as is shown in Figure 4.12, with the same output voltage and current, only two switches
produce switching losses in both inverters.
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Figure 4.12: Current paths and switching devices in inverters

4.2.2.3 Total losses

The total power losses of the two inverters are shown in Figure 4.13 and Figure 4.14. To
compare the total power losses of the two inverters more conveniently, Figure 4.15 shows
the total power losses difference between the two inverters. As is shown in the figure, the
ANPC inverter has lower power losses in the entire region.
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Figure 4.13: Total losses of inverters
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ANPC inverter total losses(W)
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Figure 4.14: Total losses of inverters
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Figure 4.15: Total power losses difference of inverters

4.2.2.4 Efficiency

Figures 4.16 and 4.17 show the efficiency of the two-level inverter and the ANPC inverter.
The efficiency of the ANPC inverter is higher than the two-level inverter in the entire region.
However, in Figures 4.16 and 4.17, we should pay attention to the high speed low torque
region. In this region, the field weakening method is used to make the electric machine op-
erate at higher speed and the output active power is quite low, thus the output reactive power
contributes to a large part of the total output power. However, the losses of the inverter are
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related to the magnitude of the current including both active current and reactive current.
Therefore, the efficiency in this region has an obvious reduction. Usually, the electric ma-
chine in electrified vehicles seldom operates in this area, thus the efficiency distortion in this
area does not affect the efficiency performance of the inverter very much.
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Figure 4.17: Efficiency of the ANPC inverter
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4.2.3 Efficiency comparison with drive cycles

4.2.3.1 ECE drive cycle
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Figure 4.18: Power losses of the two-level inverter with the ECE drive cycle
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4.23.2 EUDC drive cycle
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Figure 4.22: Power losses of the two-level inverter with the EUDC drive cycle
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Figure 4.23: Power losses distribution of the two-level inverter with the EUDC drive cycle
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Figure 4.25: Power losses distribution of the ANPC inverter with the EUDC drive cycle

To evaluate the efficiency of the inverters in various drive cycles, the energy efficiency is
more clear. The energy efficiency can be calculated as the total output energy divided by
the sum of the total output energy and the total energy losses. The energy efficiency of the
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Table 4.5: Drive cycle efficiency

. Efficiency (%)
Drive cycle
Two-level inverter | ANPC inverter | Improvement
ECE 92.34 95.20 2.86
EUDC 97.49 98.48 0.99
NEDC 95.51 97.24 1.73

two-level inverter and the ANPC inverter in different drive cycles is shown in Table 4.5. The
NEDC drive cycle is a combination of the ECE and EUDC drive cycles. As is shown in the
table, the energy efficiency of the ANPC inverter has an improvement of 2.86% in the ECE

drive cycle and 0.99%in the EUDC drive cycle.

4.3 Losses Distribution of the ANPC Inverter

The losses distributions of the ANPC inverter with different torques at speed 4000rpm are
shown in Figure 4.26. As is shown in the figure, with increasing torque, the power losses for
each device become larger. The distribution of the losses stay the same and the major losses

always concentrate to the inner switch S5.
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Figure 4.26: Losses distributions of the ANPC inverter at speed 4000 rpm

The losses distributions of the ANPC inverter with different speeds at torque 40N.m are
shown in Figure 4.27. It shows that, with speed increasing, the total losses on the most
stressed device S, varies slightly, the losses on S5 reduced significantly while losses on S

have an obvious increment.
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4.3 Losses Distribution of the ANPC Inverter
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Figure 4.27: Losses distributions of the ANPC inverter at torque 40 N.m

The losses distribution of the ANPC inverter with various power factors is shown in Figure
4.28. It shows that the inner switch S, is the most stressed device regardless of the changing
of power factor.
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Figure 4.28: Losses distributions of the ANPC inverter with various power factors
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Conclusion

In this thesis, an ANPC inverter for the PMSM motor drive in an electric vehicle has been im-
plemented.The modulation strategy of the inverter is analyzed in detail and the SVM method
is developed and carefully studied. Moreover, a two level inverter is implemented for perfor-
mance comparison with the ANPC inverter. The comparison has been conducted in several
aspects including power quality, total losses and efficiency as well as efficiency evaluation
with various drive vehicles. Furthermore, the losses distribution in the ANPC inverter is also
studied.

The development of the ANPC inverter has been carefully studied in the thesis. The modula-
tion strategy of the ANPC inverter in the thesis is selected for minimizing switching actions
and the SVM method is used for a higher utilization of the DC side voltage. A two-level
inverter operate with SVM method is implemented for performance comparison.

The voltage stress for each switch in the ANPC inverter is much lower. With the 800V
DC voltage, a switch with blocking voltage of 650V is selected in the ANPC inverter while
the choice is a 1200V module in the two level inverter. Simulation results show that the
output voltage and current of the ANPC inverter have better quality. The THD value has a
maximum reduction of 101 % in voltage and 1.3 % in current respectively. Moreover, the
ANPC converter has lower power losses in the entire operation region. It showed that the
ANPC inverter can reach a maximum power efficiency of 99.25 % which is about 0.6 %
higher than the two-level inverter. Furthermore, the average energy efficiency of the ANPC
inverter improved 2.86 % when operating in the EUDC drive cycle and 0.99 % in the ECE
drive cycle. The study of the losses distribution in the ANPC inverter shows that the losses
distribute unevenly in the inverter but the most stressed device is the same regardless of
changes of the voltage and current .
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Future Work

Some possible work for continuation of this thesis are listed below.

First of all, the losses of the ANPC inverter can be reduced further by using several methods.
As the current ripple of the ANPC inverter is lower than the two-level inverter, a lower
switching frequency can be used in the ANPC inverter for the same current ripple. With
reduced switching frequency, the losses will reduce subsequently. A new type SiC IGBT or
a SiC MOSFET can be also be used in the ANPC inverter to achieve lower losses and higher
efficiency.

Secondly, in the thesis the temperature influence on the power losses of the IGBT is ig-
nored. While in the real case, the temperature is an important factor which will affect the
losses. A more accurate losses calculation model includes the influence of temperature can
be implemented to get close to the real application.

Thirdly, the losses distribute unevenly in the ANPC inverter with the modulation method
used in the thesis. Different modulation methods can be used to make the losses distribution
more even.

Moreover, for the multi-level inverter, the neutral point voltage balancing is usually an im-
portant issue. In the thesis, since the focus is on the power losses, the neutral point voltage
control is ignored by using large capacitors at the DC side. However, in the real case, the
capacitance of the DC side capacitor is limited thus the neutral point voltage control need to
be considered.
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