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| PREFACE

All my life I've been fond of technical gadgetry. Why they work, and often after
dissembling, why they DON'T.

My first amazement to power electronics, actually without knowing it, was when |
bought my first electronic speed controller for my radio-controlled electrical model
car (one of many). Right out of the box the car was equipped with a simple speed
controller made out of resistors. They got very hot, and the battery went flat all too
early. After buying a new electronic speed controller, the car was controlled
smoothly, the controller was cold, and my batteries lasted longer. What an
invention! Years later, after attending the university, I discovered that the new
electronic speed controller was a simple Buck-converter.

After taking power electronics classes at the university, I was hooked on the topic.
Controlling large amount of power by electronics, without almost any losses. It
was clear, I wanted to work with power electronics.

For my Master's thesis, I was fortunate to do my work at University of Madison,
Wisconsin under the supervision of Professor T. A. Lipo at Wisconsin Electric
Machines and Power Electronics Consortium (WEMPEC). At WEMPEC I met M.
D. Manjrekar, who at that time was a Ph.D. student at the university. He introduced
me to multilevel power conversion, and for 6 months I worked with him on the
topic. The interest grew, and as I was offered a Ph.D. student position at NTNU, I
was very sure that [ wanted to work with multilevel converters. The unique mixture
of power electronics and environment at WEMPEC brought me back for a few
months during spring 2002.

There are many I would like to thank through all these years. First, I would like to
thank my advisor Prof. Roy Nilsen for his support over the years, and for his belief
in me. Second, I would like to thank all the colleagues at Department of Electrical
Power Engineering, NTNU, for their help and support. Two students gave valuable
help in the project, and should be noted, a big thanks to Jonas Beverfjord and
Christian Dick. A special note of thanks to my colleague Sigurd @Qvrebe. For 10
years now, he has been a very good friend and discussion partner. During the last
stressful months, Sigurd has been a stable shoulder to cry and laugh on. Thanks
again, Sigurd. I owe my family big thanks for their constant support and
encouragement, particularly my uncle, Per, for reading through this manuscript.
Last but not least I pay gratitude to Lill-Mari for reminding that there are more
things in life than power electronics.

Again, thank you all!
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The road to the doctoral degree has not always been an easy one. But I’ve gained a
lot of knowledge, both technical and human.

“Minds are like parachutes, they only function when open”

-Thomas Dewar

Ricraneh, Lt =¢\

Trondheim 10. jan. 2005
Richard Lund
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Il ABSTRACT

Power electronic converters are widely used in industrial power conversion
systems both for utility and drives applications. As the power level increases, the
voltage level is increased accordingly to obtain satisfactory efficiency. During the
last years, the voltage rating of fast switching high voltage semiconductors such as
the Insulated Gate Bipolar Transistor (IGBT) has increased. Still, there is a need
for series connection of switching devices. In this area of applications, the
Multilevel Converter has shown growing popularity.

The fundamental advantages of the Multilevel Converter topologies are low
distorted output waveforms and limited voltage stress on the switching devices.
The main disadvantages are higher complexity and more difficult control.

In this thesis, Multilevel Converters are analysed for large motor drive
applications. The main focus has been on converter losses, output waveform
quality and control.

Analytical expressions for both switching and conduction losses for 4- and 5-level
Diode Clamped Converters have been developed. The investigation shows that the
losses can be reduced by utilizing a multilevel topology for a 1 MW drive. This
work is presented in [46]. The same reduction in losses is proven for a 2300V/ 3
MW drive.

Analytical expressions for the harmonic losses in 3-level converters have been
developed for 2 different Carrier Based PWM schemes, presented in [56], [57] and
[58]. Also Space Vector PWM are investigated and compared by simulations, in
addition to 4- and 5-level Carrier Based PWM.

DC-bus balancing in both 3- and 5-level converters is discussed. Balancing in 3-
level converters can be achieved by proper control. Balancing in 5-level converters
can be achieved by proper arrangement of isolated DC-supplies.

One 40kW 3-level converter and one SkW 5-level converter has been designed and
built. Experimental verification of the analytical and simulated results is shown.
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INTRODUCTION

Introduction to Multilevel Converters

Multilevel Converters (MLCs) have been attracting attention in recent years, and
have been proposed as the best choice in several medium and high voltage
applications. Such applications can be Static VAr Compensators [1] and Large
Electrical Drives, as in [2] and [3].

In the extrapolation of converters to higher power levels, the fundamental question
of increasing the converter current rating (devices in parallel) or the converter
voltage rating (devices in series) always has to be answered. The conduction losses
in converters favour the increased voltage approach. All these factors contribute to
the necessity for multilevel converter topologies or series connection of devices in
traditional converter topologies.

As mentioned, for high voltage applications, the main advantage of a multilevel
structure is the active clamping of the voltage levels. Series connections in
traditional solution for high power converters is complex with fast switching
devices because of simultaneous switching and correct static and dynamic voltage
sharing of series devices.

Other advantages for the MLC topologies are lower distortion at the output,
reduced EMC/EMI problems and in some cases, lower overall losses. The
disadvantages are more complex control and increased mechanical complexity.

MLCs have also been shown to be a promising technology for low voltage and low
power applications by using MOSFETs instead of IGBTs. Low voltage power-
MOSFETs have achieved a significant cost advantage at about 5:1 compared to
IGBTs, because of the widespread use in automotive and power supplies industry
[5]. In [5], a 3-level converter for low power drives (1kW/110V) is developed
using modest priced 150V MOSFETs. In [30], a multilevel converter for
automotive dual (14V/42V) battery system is presented. A switch-mode power



amplifier is constructed in [6]. This MOSFET based cascaded H-bridge converter
has a rating of =100V/100A.

Numerous topologies and modulation strategies have been introduced and widely
studied in literature, as presented in Chapter 1 and 2. Thanks to the high
technological level of new power devices, especially the IGBT, these converters
have gained more attention than current source converters in the high power
applications the last years. For high power electrical motor drives the 3-level diode
clamped converter, originally named Neutral Point Clamped (NPC) converter was
one of the first topologies [11] that attracted attention.

Several large vendors have adopted this 3-level topology for their medium voltage
drives. ABB is using the 3-level topology in both their ACS 1000 and ACS 6000
series, with output voltages from 2.3 kV to 4.16 kV, and power range from 315
kVA-27 MVA [7]. Siemens SIMOVERT MV [8] is also utilising this topology
with voltage and power range 2.3 kV-6.6 kV and 660 kVA-9 MVA, respectively.
Not only European vendors, but also Asian vendors such as Mitsubishi employ the
popular 3-level converter [10].

Other vendors have adopted other topologies for their converters. Robicon [25] is
using a Cascaded Multicell topology for their medium voltage drives. One of the
disadvantages of this topology is the need for isolated DC-bus supplies. Robicon is
using a multi-winding transformer on the input side to accomplish this. Hence,
input currents with very low distortion are generated. Alstom has introduced a new
series of converters in the medium voltage range called SYMPHONY [9]. The
topology used is a capacitor clamped converter with a 4-level output voltage.

Even though there exist several topologies on the market, the diode clamped
converter seems to be the most popular multilevel converter topology.

An ongoing research project at NTNU, called All Electric Ship is dealing with
issues in electrification of ships. Applications could be main propulsion,
positioning thrusters, winches and actuation etc. A typical system of such a system
1s shown in Figure 0.1.

For main propulsion in the megawatt range, multilevel conversion is a promising
alternative. The maximum power rating of low voltage Pulse Width Modulated
(PWM) converter drives is limited by practical current ratings such as motor and
cables (~2500A). Hence at the widely used 690V voltage, the limit today is ~3
MVA [7]. Even though improved components and knowledge move this limit up to
5 MVA, motor and converter manufacturers prefer the medium voltage range (2.3
kV-6.6 kV) at this power level. Also, as more electrical equipment is introduced in
the ship, the power consumption is increased, and it is likely to believe that
medium voltages become more common in the main supply. Direct connection to
this voltage is preferable to avoid transformers, thus the need for high voltage
converters is increasing.



The wish for a solution without a transformer omits the cascaded multi cell
topology, leaving only the diode clamped and the capacitor clamped topologies as
alternatives. Since the diode clamped converter is the most common, the work in
this thesis is mainly concentrated on this topology.

3AC 690V-6.6kV

v
0

Pump/Winch etc.
motor

v v v

230V/440V 230V/440V

v
0

0
Pump/Winch etc. YA
N

motor

Y
Y
/i\
N

Thruster

Thruster Main propulsion

Figure 0.1: Typical all electric ship system.

Outline of the Thesis

The thesis i1s organized into eight different chapters, each chapter covering
important aspects of Multilevel Converters (MLCs). Many MLC topologies have
evolved the last decade, and Chapter 1 gives an overview of the state of the art of
different Multilevel Converter topologies.

In addition to all the different topologies presented the last years, a corresponding
amount of modulation schemes have been developed. Both synchronous and
asynchronous Pulse Width Modulation (PWM) is presented. Carrier based PWM
and Space Vector PWM (SVPWM) are investigated in detail. Simulation models
for the different modulation methods have also been developed.

One of the main parts of this thesis is the investigation of the switching and
conduction losses for MLCs. Chapter 3 presents analytical expressions for



calculation of the conduction- and switching losses for 4- and 5-level Diode
Clamped Converters. By this, a direct comparison to utilization of different
switches in the same topologies, and comparison between different topologies can
be performed without time consuming simulations.

This comparison is performed in Chapter 4. A 1 MW/1500 V converter based on
2-, 3-, 4- and 5-level topologies, and a 3 MW/ 2300 V converter (3-, 4-, 5-level) are
analysed and compared.

To verify the theory and simulations of harmonics and DC-bus balancing,
laboratory models have been designed and built. A short presentation of a 40 kW
3-level, and a 5 kW 5-level converter is shown in Chapter 5.

In Chapter 6, the harmonic losses at the output of MLCs are analysed. For the 3-
level converter, analytical equations are simplified and developed for two different
modulation techniques. Extensive simulations are performed for other kinds of
modulation strategies for the 3-level topology, and also for 4- and S5-level
topologies.  The analytical expressions and simulations are supported by
measurements in the laboratory.

One important area of research in MLC is the DC-bus balancing of the capacitor
voltages in the DC-link. Problem description and simulation models are developed
in Chapter 7 for 3-level and 5-level converters. Measurements on the experimental
prototypes are performed for verification of the theory.

Finally, conclusions, discussion and scope of further work are presented in Chapter
8.

In this thesis, different computer programs have been utilized to simplify the
analysis: MATLAB [68] has been used for general analysis, numerical modelling
and general plotting, KREAN [67] and Saber Designer [70] have been used for
electrical circuit analysis, and MAPLE [69] has been a valuable tool for analytical
mathematics. In addition, Microsoft Office has been used for typing the manuscript
and for making spreadsheets.
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1 OVERVIEW OF MULTILEVEL
TOPOLOGIES

1.1 Introduction

During the last 20 years, several multilevel converter topologies have evolved. A
brief presentation of the different topologies is presented in the following.

The multilevel converter main components are an array of power semiconductor
switches and a stack of capacitor voltage sources.

Udc/(n-1 ) ;: C1

o————

. Usd/(n-1) 7~ C2 O:OKO
Udc i? I—O Uout

Ugd/(n-1) ——~ Cin1)

Figure 1.1: One phase leg of a generalized n-level converter.

By connecting the output of the converter to the stack of capacitors a multilevel
output voltage is achieved. Figure 1.1 shows one phase leg of a generalised n-level
converter. It consists of a DC-source, n-1 capacitors, and a n-pole switch. By
connecting the switch to different poles, n-levels can be synthesised at the output
terminal with respect to the negative DC-rail.
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1.2 Configurations with Diode Clamps

The oldest reference to multilevel power conversion is often stated to start with the
paper presented by Nabae et al. [11]. The resultant PWM waveform from this
Neutral Point Clamped (NPC) topology (3-level) showed considerably better
spectral performance compared to a conventional PWM VSI (2-level). This NPC
converter has been extended to higher number of levels in [14]. Figure 1.2 (left)
shows one phase-leg of a 5-level Diode Clamped Converter. One phase leg consists
of 2:(n-1) active switches and (n-1)(n-2) clamping diodes. The total DC-bus
voltage U,=4V is evenly distributed across the DC-capacitors, C;-C,
(Uci=Uc;=Uc;=Uc,=V). Hence, an output voltage of 0, V, 2V, 3V and 4V is
possible at the output with respect to the negative DC-rail.

O
N |
/|

0
3
A

Figure 1.2: 5-level Diode Clamped Converter: Conventional (left). Pyramid connected
clamping diodes (right).

These five levels are obtained by closing a set of four switches (Table 1-1). This
creates a bi-directional current path connecting two of the clamping diodes back-
to-back from the taps on the DC-bus to the output.

It should be noted that Diode Clamped Converters with odd number of levels (n =
3, 5, 7, ...) offer a neutral point access. It is also possible to synthesize topologies
with even number of levels (n = 4, 6, 8, ...). Converters with even number of levels
have a handicap in single phase applications where a neutral point is needed. These
topologies have on the other hand proven to be well suited for drive applications
([15] and [16]). Although each active switching device is only required to block a
voltage level of U,/n-1, the clamping diodes must have different voltage ratings.
When closing the four lower switches (7,-7,.) in a 5-level topology (Figure 1.2,
left), D, must block 3V (3U,/4) and D, needs to block 2V (U,/2). Similar, by
closing the four upper switches (7;+-7,+), Ds must withstand 3U,/4 and Ds, U,/2.
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Table 1-1: Switch combinations for a 5-level Diode Clamped Converter.

Output T Toy T3y Ty T, T,. T Ty
4V ON ON ON ON OFF OFF OFF OFF
3V OFF ON ON ON ON OFF OFF OFF
2V OFF OFF ON ON ON ON OFF OFF
v OFF OFF OFF ON ON ON ON OFF

0 OFF OFF OFF OFF ON ON ON ON

Assuming that the voltage rating of the clamping diodes are the same as the active
switching devices, the number of diodes is (n-1):(n-2) pr. phase. An interesting
approach is to configure the diodes in a pyramid as presented in [17] and shown in
Figure 1.2 (right). By this configuration, each clamping diode will have to block
the same voltage, but the total number of diodes is the same as for the conventional
topology.

A Cascaded Diode Clamped Converter has been presented in [18], and this
topology is shown in Figure 1.3. This converter consists of a main NPC converter
with an auxiliary NPC converter at the neutral point. The auxiliary converter is
common for all bridge-legs. For a 5-level converter this topology only needs 16
active switching devices. The drawback is the voltage rating of the main converter
devices. A blocking voltage of U,./2 is needed.

C,

Figure 1.3: Cascaded Diode Clamped Converter.

The switching configurations for the Cascaded Diode Clamped Converter are given
in Table 1-2. By using the auxiliary converter, the innermost dc-bus taps are
accessed.
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Table 1-2: Switch combinations for a 5-level Cascaded Diode Clamped Converter.

Output T4 Tos T,. T,. Si+ Sos Si. S,.
4V ON ON OFF OFF OFF OFF OFF OFF
3V OFF ON ON OFF ON ON OFF OFF
2V OFF ON ON OFF OFF ON ON OFF
v OFF ON ON OFF OFF OFF ON ON

0 OFF OFF ON ON OFF OFF OFF OFF

1.3 Capacitor Clamped Converters

Another approach to multilevel power conversion is to use clamping capacitors
instead of clamping diodes. This topology was presented in [12], and is also
referred as a Flying Capacitor Converter. It consist of 2-(n-1) active switches, (n-
1)-(n-2)/2 clamping capacitors and (n-/) main DC-bus capacitors. A 5-level
converter is shown in Figure 1.4. If each capacitor has a voltage of V, the converter
can synthesize 0, V, 2V, 3V and 4V at the output.

C1/\

O
A
/|

Figure 1.4: 5-level Capacitor Clamped Converter.

The Flying Capacitor Converter is more flexible in switch combinations for
different voltage levels than the diode clamped converter as listed in Table 1-3.
However, a problem with this topology is the complicated control of the floating
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capacitor voltages [13]. Balancing of the different capacitor voltages is beyond the
scope of this thesis, and will not be discussed any further.

Table 1-3: Switch combinations for a 5-level Capacitor Clamped Converter.

Output Switching combinations (conducting switches)
4v Tis - Tye
3V T - Tay Toy - Tar Ty, T,
and T,. and T4 T, and
T4+
2V Tl+9 T2+7 Tl- T3+7 T4+a Tl+a T3+9 Tl+a Tl-a T2+a T3+a T2+9 T3+7
and T,. T,.and T,. and T,. and T,. and T,. and T,.
T,. Ts. Ts. T,
IV T1+, Tl-: T2_ T4+7 T2-a T3+’ T]_,
and T;. T;. and T;. and
Ta T,
0 T - Ty

1.4 Multilevel Multiple Three-Phase Converters

Multilevel output can also be achieved by adding and phase-shifting several 3-
phase 2-level VSIs by using a multi-winding transformer as shown in Figure 1.5
(left). Another approach presented in [19] is to arrange the converters in a delta
configuration as shown in the middle of Figure 1.5.

3-phase/2-level o
VS|
3-phase/2-level | 1 @
Vsl 3-phase/ %% ©
| 2-level 0
: @ [ S 3-phase/2-level (0] o
VS|
—o
e = | 3
3 pha?/eS/IZ level | 3-phase/ L
— 2-level —
. @ [ 3-phase/2-level csl
VSl
E

Figure 1.5: Mulitlevel Converters by serial connection of several 3-phase 2-level
VSI/CSls.

Both of these topologies need extra interconnecting reactances or transformers,
thus the converters become bulky and lossy. An alternative approach is presented
in [20] using Current Source Inverters (CSIs), shown in Figure 1.5 (right).
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1.5 Cascaded Multicell Converters

This class of Multilevel Converters is based on series connection of single-phase
converters, and the earliest reference is probably [21] back in 1973, and used for
plasma stabilisation in [22]. It was also introduced for Static VAr applications in
[24] and for drive applications in [25]. One topology consists of single-phase H-
bridge which is connected in series, forming a phase-leg. As can be seen in Figure
1.6, the output can be 0, £} and £2V, if the capacitor voltages are Uc; = U, =V,
and hence a 5-level output is obtained. If n.; is the number of single-phase H-
bridges per phase-leg, n =2n.;+1 levels is obtained at the output. This
arrangement is called an Order-1 configuration [27]. In [23] and [26] an extension
of this topology is presented. By letting Uc; =V and U, = 2V, the output can be 0,
+V, £2V and £3V. Thus a 7-level output is obtained. In general, n=2""*" —1levels
are obtained at the output. This arrangement is called an Order-2 configuration. It
is also possible to let Ug; =V and U, = 3V, the output is then 0, £V, £2V, £3) and
+4V. Thus a 9-level output is obtained. In general, » = 3" levels are obtained at the
output (Order-3 configuration).

i~

N

| |
™ N

Jla Jla

Figure 1.6: 5-level Cascaded Multicell Converter using series connection of single-
phase H-bridge converters.

Another approach is to connect single phase converters in series with the output of
each phase of a multiple phase converter. In [28] and [29] a topology based on a 3-
phase NPC converter and 3 single phase H-bridges is presented (Figure 1.7). By
letting Uc; +Uc; = 3V and Uc; = V, the output can be 0, £V, £2V, £3V and +4V.
Thus a 9-level output is obtained. It is possible to operate the converter without any
supply of the low voltage converter. To obtain this, no active power can be
transferred over the small voltage converter.
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Figure 1.7: 9-level Hybrid Asymetric Converter.
1.6 Generalized Multilevel Converter

In [30] a generalized structure of a Multilevel Converter is presented, one phase leg
of such a 5-level converter is shown in Figure 1.8.

Cr.

Cio,

Figure 1.8: Generalized 5-level converter leg.

The uttermost switches (7;;+-T,;+ and T;;-T\,., x=1..4) are used to synthesize the
desired voltage waveforms, The rest of the devices are used for clamping and
balancing of the capacitors voltages. The switching rules are as follows: each
switch pole is an independent switching unit, i.e 7,,+ and 7., are complementary.
Any adjacent two switches are complementary. This means that if any switch state
is set, the others are known. An Example: if 7, is on, T,;_1s off. Ty, Ty3+ and Ty
are on. T, Ty3. and T4, are off. The switch combinations are similar to those found
for the Capacitor Clamped Converter in Table 1-3, i.e. one combination for 0 and
4V, three combinations for /V and 3V, and finally four combinations for 2V (C;-
C1p=V). From the converter in Figure 1.8 it is also possible to deduce other
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topologies. By removing the inner switches (except the freewheeling diodes) and
the inner capacitors, the Diode Clamped Converter with pyramid stacked diodes in
Figure 1.2 (right) can be extracted. By removing the inner switches with
freewheeling diodes, the Capacitor Clamped Converter in Figure 1.4 can be
deduced. These topologies are shown in Figure 1.9.

J T41+
Cr
J Ta1+
o
J Tat
Com~ t—T1T—1 c
J Tt
u —— Csw t—1— ¢~ ou
J T11-
Co T~ Ca T~
J T22-
1 Co
J Tas.
C‘\O ~
J Tus

Figure 1.9: Deduced converter topologies: Diode Clamped Converter (left), Capacitor
Clamped Converter (right).

1.7 Comparison of Topologies

In Table 1-4, a comparison of the main different topologies is given. The table
shows the number of primary switching devices, DC capacitors and output levels
for all 3 phases.

Table 1-4: Comparision of converter topologies (3 phases), k=1... .

Topology Primary switching DC Capacitors Output
devices levels
Diode Clamped 6k k k+1
Capacitor Clamped ok 3k-2 k+1
Cascaded Multicell Converter 12k 3k 2k+1
1-Order
Cascaded Multicell Converter 12k 3k 2]
2-Order
Cascaded Multicell Converter 12k 3k 3k
3-Order

The Cascaded Multicell topology can generate the most number of levels from a
given number of switching devices and DC-busses. E.g., for a 5-level Diode
Clamped or Capacitor Clamped Converter (k=4), 24 primary switching devices are
needed. By using 24 primary switching devices in a Cascaded Multicell Converter
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(k=2), 9 levels are generated at the output. The main problem with this topology is
that a separate, isolated DC-supply is needed for every DC-bus level and phase.
Further, the Capacitor Clamped topology is presented in the literature as difficult to
control, and needs balancing capacitors. The Diode Clamped topology has its
disadvantages such as the unequal voltage rating of the clamping diodes. Balancing
issues for high number of levels as discussed in Chapter 7 are also a concern, but
the technology is proven for 3-level converters as discussed in the introduction
chapter. The main focus in this thesis will hence be on Diode Clamped Converters.
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2 MODULATION STRATEGIES FOR
MULTILEVEL CONVERTERS

Since the introduction of multilevel power converters, a number of different
topologies have been discussed. A lot of research has been performed to control the
output waveform of these converters. Numerous modulation strategies have been
presented in the literature, the most interesting are summarized in [31], [32] and
[33].

2.1 Overview of Modulation Strategies

Multilevel modulation can be divided into two main categories, Synchronous
Modulation and Asynchronous Modulation. Figure 2.1 shows a block diagram of
the most popular methods used.

Multilevel Modulation Strategies

<z ~z

Synchronous Modulation Asynchronous Modulation
Fundamental Programmed Space Vector Carrier Based
Frequency PWM PWM PWM

Figure 2.1: Schematic overview of multilevel modulation strategies.
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2.2 Synchronous Modulation

Synchronous Modulation methods are a class of modulation schemes where the
switching of the devices is synchronized with the reference voltages. In these
methods the switching frequency is low and usually equal to the fundamental
frequency (e.g. 50-200 Hz).

2.2.1 Fundamental Frequency Modulation

Fundamental Frequency Modulation is used for slow switching semiconductors
such as Gate Turn-off Thyristors (GTOs). This scheme of modulation is a
synchronous modulation method, since the there is only one commutation of the
switches per fundamental cycle of the output voltage. By utilizing such a
modulation strategy, the output level waveform has a stepped shape. Figure 2.2
shows an output waveform for 3-level and 5-level converter respectively.

i) vt
2

Ye
2

\4

Y
2

Figure 2.2: Stepped output waveform, 3-level (left), 5-level (right).

This strategy needs only low switching frequency capability from the devices.
However, it is possible to optimize the switching angles «; , (i=1..m) for a given
modulation index M, so as to minimize a set of dominant harmonics in the output.
By Fourier analysis, the ¥ harmonic of a n-level waveform can be derived as
follows:
4 U, 2 &
H(k)=——%—"— ke, 2.1
() == Y cos(har) 2.1)
Because of half-wave symmetry of the waveform, only odd harmonic component
will exists, thus k=1, 3, 5, 7, .... The switching angles a = [ay, o, ..., @] are
shown in Figure 2.2. From the figure, the following yields:

o <a,<..<a, <§ (2.2)
It may be verified that if all the switching angles are set to zero, the output falls

back to a conventional 2-level waveform and the fundamental voltage in this case
1s given by:
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max

H(1)p = (2.3)

In general, there exist m degrees of freedom due to m ¢;’s. For the 3-level

modulation only one parameter can be controlled, the fundamental component,
H(1) when one switching per. device and fundamental period is used. For a 4-level
and 5-level converter, two independent parameters exist. This can be use to
eliminate one dominant harmonic. It may be noted that the 5" is the most dominant
harmonic since the even harmonics are cancelled because of the half wave
symmetry and triple harmonics are eliminated in a three-phase three-wire system.
Hence, the following set of equations has to be solved:

H(l):%M , H(5)=0 (2.4)

where 0 <M <4/z. Eq. (2.1) yields:

HQ) = Yue [cosa, +cosa,] , H(5)= %[COS(S&I )+ cos(5a,)] (2.5)
P P

To solve these equations, a technique described in [26] can be used. Suppose a
vector of angles & = [ay, a, ..., @] satisfies a set of equations fi(e) = 0 to be
solved. Then, one can formulate an equivalent minimization problem as follows;
Let:

F@)=Y /(@ (2.6)

F(a) is always non-negative, and therefore, if values of a exist for which F(a) = 0,
these have to be the minimum points for F (). When F(q) is zero, each f;(a) must
be zero, thus the solution of the set of the equations is to search for the minima of

Eq.(2.6). For a 5-level converter, the optimization functions can be found from Eq.
(2.4)-(2.6):

Udc
T

Sila,a,) =

{cosoz1 +cosa, —%M}
2.7)
frla,a,) = %[COS(SO(I ) +cos(5a, )]
T

This leads to the final optimization function:

2 2
F(a,,a,) = (U;‘ j Kcos a, +cosa, —%Mj 4—5%(cos(5051)+cos(5052))2 (2.8)
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100

angle [deg.]

Figure 2.3: Switching angles for a 5-level converter.

Eq. (2.8) can be solved in MATLAB optimization toolbox and the results from the
simulations are given in Figure 2.3.

To simulate the output waveforms in this chapter, MATLAB has been used. Figure
2.4 shows a simplified simulation schematic where u,, u; and u. are the converter
output voltages and u,,, u;, and u., are the load voltages for a, b and ¢ phase
respectively. u, is the neutral point voltage of the load, also referred to as common-
mode or zero-sequence voltage. If a symmetrical load is used, it can be shown that
the zero-sequence voltage is:

u, (1) = é(ua )+, (1) + 1, (1)) 2.9)

Figure 2.5 shows the simulated output voltages for the fundamental frequency
modulation at modulation depth AM=0.8, resulting in switching angles at «;=30.7°
and ,=66.6". From top, the converter phase voltage, the line voltage, the zero
sequence voltage, and the load phase voltage are shown. At bottom, the harmonics
from the load phase voltage is shown.

=l

converter load

Figure 2.4: Simplified converter simulation model.
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The triple harmonics in the load phase voltage are non-exciting, due to the
symmetrical three phase system. Also the 5™ harmonic is zero, caused by the
harmonic elimination.

M= 0.8, o= 30.7, 0= BB

harmonics
[}
m
1

an

]
i

, 1IN —_— e W |

Figure 2.5: Stepped wave output waveforms from 5-level converter.
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2.2.2 Programmed PWM

It is also possible to extend the Fundamental Frequency Modulation by introducing
more switching angles in the output waveform as illustrated in Figure 2.6. This will
introduce notches in the output waveform, and the number of commutations will
increase per. fundamental cycle. This method is called Programmed PWM. By
doing this, several harmonic components can be eliminated in the output
waveform. In Figure 2.6, four angles can be controlled, thus three harmonics can
be eliminated in addition to control of the fundamental voltage. To find the
switching angles, the same method presented in Eq.(2.1)-(2.2) and (2.6) can be
used. As more switching angles are introduced, the waveform converges to a
classical PWM pattern.

Finding the optimized switching angles is quite computation intensive, and in a real
application they are calculated off-line, and stored in look-up tables in the control
system.

A
Udc
o %

a;

Y
2

Figure 2.6: Programmed PWM for a 5-level converter.

2.3 Asynchronous Modulation

In this class of modulation methods, the switching is asynchronous with the
reference voltages. This will introduce sub-harmonics of the fundamental
component in the output voltage, but at high switching frequency (e.g. >1 kHz) the
amplitude of the sub harmonics are small, and the asynchronous modulation
method can be used [54].

2.3.1 Carrier Based PWM

Sinusoidal Carrier Based Pulse Width Modulation (CBPWM) is a classical
approach, and is widely used in the literature. Figure 2.7 shows one phase of a
Generalized Diode Clamped converter, which consists of 2(n-1) active devices. Tj+
and Tj. are complementary (except for delay at turn on), where i=1..(n-1) and j=a,
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b, c. A generalized sinusoidal CBPWM strategy is shown in Figure 2.8. (n-1)
carriers, u,(t), are distributed in bands from -1 to +1.

Ci T

N Dzj A
C 1
C; .~  Dat

D2(n-2)-2 2
D2(n-2)-1j &
Ci2) T~ )
Da(n2) & T2y fzi Dn-2)i

o N
DT T(n1 J@ D(n‘I)J

Figure 2.7: Generalized n-level Diode Clamped Converter (DCC).

A
utril (t)
utri2 (t)
usta (t)
—» ot
T 2r

Figure 2.8: Generalized sinusoidal CBPWM.
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The control signals for sinusoidal CBPWM are:
u,, (t) = M sin(wt)
u, (t)=Msin(ot—27/3) (2.10)
u, (t)=Msin(wt + 27/ 3)
where M is the modulation index, and @ the angular frequency. Of course, cos
functions can also be used in Eq.(2.10), sin functions are only used for

convenience. Both sin/cos are named sinusoidal function, and give the same
characteristics/performance.

Switching of transistor 7. (i.e transistor number i in phase j) is done by the
following algorithm:

1f ugey (E) >ueris (£) then T;5, on
else T;j; off

The duty cycles, 1.e average on-times for the switching devices within a switching
period, can be expressed as:

n—1 2i—n+1
d[j(t) =Tustj(l‘)+ 5

When u,(?) is inside band i. In addition,

2.11)

1f ueey(t)>band 1 then diy: (t)=1
else 1f ugy(t)<band 1 then dis (t)=0

E.g, if the control signal u,(?) in Figure 2.8 is larger than the carrier signal u,.;(?),
transistor 7;,+ in Figure 2.7 is turned on. Else, transistor 7}, is off.

Figure 2.9 shows an example of the duty cycles at M=0.8 for 3-, 4- and 5-level
converters respectively.

Looking at a 3-level converter, the boarders of the two carrier bands become
trivial:

M sin(wt) = 0 < wt = arcsin(0) (2.12)

For the 4- and 5-level topology, the crossings will be as in (2.13) and (2.14)
respectively.

M sin(wt) = % & ot = arcsin(ﬁ) (2.13)

M sin(wt) = % & ot = arcsin(ﬁ) (2.14)
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3-level 4-level 5-level

Figure 2.9: Duty cycles for 3-, 4-, and 5-level converters for M=0.8.
From this, the expressions for the duty cycles for phase a can be expressed as:

For the 3-level topology, the upper positive transistor 7., is switched on/off when
the control signal is positive, while the lower positive transistor 75,+ is turned on.
When the control signal is negative, the upper transistor is turned off, and 75+ is
switching. 7, and T5,. are complementary to 7.+ and T, respectively.

d :{Msin(a)t) , 0<a)t<7z} (2.15)
0 , T<wt<2r
1 , O<aot
dy, =1 ST (2.16)
M sin(wt)+1 , T<wt<2r

The 4-level topology has three carrier bands controlling the three positive
transistors. The upper positive transistor 7, is switched on/off when the control
signal is in the upper carrier band, and is switched off in the two lower bands. The
middle positive transistor is switched on/off in the middle band, switched on in the
upper band, and switched off in the lower band. The lower positive transistor is
switched on/off in the lower band, and switched off in the two upper bands. From
this, the duty cycles are:

0 , 0 < ot < arcsin(si;
d,, =<3 Msin(wt)—+ ,arcsin(53;) < @t < 7 —arcsin(s};) (2.17)

a

0 ,  m—arcsin(3;) < ot <27
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I Msin(ot)+5 0 < ot < arcsin(s;;)
1 , arcsin(s;;) < @t < 77 —arcsin(s;)
d,, =13 Msin(wt)+4 , 7 —arcsin(53;) < ot < 7 +arcsin(53;) (2.18)
0 , 7T +arcsin(si;) < @t < 27 —arcsin(s;;)
2 Msin(ot)+5 27 —arcsin(s;) < ot <27
1 , 0 < @t < 7 +arcsin(s3;)
d,, =13 Msin(wt)+3 , 7 +arcsin(53;) < ot < 27 —arcsin(s;; (2.19)
1 , 27 —arcsin(s;) < ot < 27

Similarly, the same rules apply for the 5-level converter. Here, the four positive
transistors are controlled using four bands. The upper positive transistor 77, is
switched on/off when the control signal is in the upper band etc. This gives the
duty cycles for the 5-level topology:

0 , 0 < ot < arcsin(55;
d,, ={2Msin(et)—1 ,arcsin(3;) < @t < 7 —arcsin(s5;) (2.20)
0 ,  m—arcsin(si;) < ot <27
2M sin(wt) 0 < ot < arcsin(s3;
1 , arcsin(s+-) < wf < 7 —arcsin(s-
d,, = i) G) (2.21)
2M sin(et) , 7 —arcsin(s3;) < ot < 7 +arcsin(;;
0 , 7 +arcsin(3h) < of <27
1 , O<wt<rm
2M sin(wt)+1 7T < ot < 7+ arcsin(z+-
dy, = (@ Gr) (2.22)
0 , 7T +arcsin(s5;) < ot < 27 —arcsin(53;)
2M sin(wt)+1 27 —arcsin(s;) < ot <27
0 , 0 < ot < 7 +arcsin(5};)
d,, =12Msin(wt)+2 , 7 +arcsin(h;) < @t < 27 —arcsin(s;) (2.23)
0 , 27 —arcsin(3h) < ot <27

For the b and c phase, the duty cycles are the same as in Eq. (2.15)-(2.23) only
shifted -27/3 and -47/3 respectively.

By using the expressions for the duty cycles, a simplified implementation of the
modulation method in a digital control system is obtained. The duty cycle values
can be used directly in the PWM units of a DSP.

It should be noted that duty cycle calculations as presented here, can be easily
performed for control voltages with third harmonic injection to increase the
modulation depth, or any kind of added common mode voltage.
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Output waveforms for the CBPWM strategies are shown in Figure 2.10-Figure
2.12 for M=0.8. The different voltages simulated, are as indicated in Figure 2.4,
which shows the simplified converter model.
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Figure 2.10: CBPWM output waveforms for a 3-level converter.



31

A0

30

20

2
S2IUOLLEY h

Figure 2.11: CBPWM output waveforms for a 4-level converter.
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Figure 2.12: CBPWM output waveforms for a 5-level converter.
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2.3.2 Space Vector PWM

As for all the others modulation strategies presented in this thesis, the Space Vector
PWM (SVPWM) for multilevel converters evolves from modulation schemes for
2-level converters. [35] gives a nice overview of modulation strategies for this
converter topology. In the last 20 years, numerous SVPWM strategies have been
proposed for the 2-level converter. In the last 10 years, several SVPWM for
multilevel converters has been proposed. The popularity of the SVPWM strategy is
because of the direct digital implementation in today's DSP-based control systems
[35]. Other advantages are lower harmonic distortion, and extended modulation
depth compared to classical sinusoidal PWM modulation.

In a three-phase n-level converter, the number of available switch combinations is
given by:

noo=n (2.24)

uout

For a 2-level converter this yields 8 combinations, for the 3-level 27 combinations
and so on. Figure 2.13 shows a comparison of the output vector-space for different
levels.

bS

N

>

s -

2-level

I

3-level
4-level

5-level

S

c

Figure 2.13: Comparision of the respective output vector-spaces for multilevel
converters.
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3-level Space Vector PWM

It should be noted that some of the switching combinations are redundant, two or
more switch combinations gives the same output voltage vector. It's well known
that only 7 different voltage vectors are available in a 2-level topology. For the 3-
level converter the number of different voltage vectors is 18. Figure 2.14 shows the
vector-space for a 3-level converter with redundant states. P and N denote the
upper and lower DC-bus respectively. Neutral point connection is denoted with 0.

b’ I
- A
NPN TBENT | PPN
B4 B2
C2 B3 A4
0PO
NPO NON 538 PON
ca ‘31 A3
C4 C1 - A1 A2
PP Noo NN onN PN - @0’
D2 D1 F1 F4
D3 E1 F3
NOP ﬁﬂ; # ggg P{ PNO |
D4 E3 F2
E2 E4
NNP | ONP | ' PNP
QS

Figure 2.14: Space vector diagram of a 3-level converter.

Available vectors can be divided into four groups (Figure 2.15): Zero vectors as
Uy, Small vectors as Us; and Us,, Medium vectors as Uy, and Large vectors as U,
and U;,:

U,=0 Us = Ya Us, = Ya e’
3 3 (2.25)
U, /= 2U, U, % '
QMzﬁe U,= 3 Y= 3 €
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The reference vector is defined as:

=~ s,ref = \/5
where M; is the SVPWM modulation index. It can be shown that the relationship
between the CBPWM modulation factor M, and M, is:

M=—M ~1.15M. 2.27)

NE)

Hence, the DC-bus utilization is 15% better for SVPWM compared to sinusoidal
CBPWM.

Calculation of duty cycles

Figure 2.15 shows sector A of a 3-level vector space. From Figure 2.15, the duty
cycles can be found for the respective vectors from voltage/time balance during
one switching period T,

ﬂs
A
Yl Uiz
3 \
A4
Us2 U
W
A\
A3 \\
A1 . A2 \\ W,
—5, ef \l 3
s t ! aS
Uo Us1 U

Figure 2.15: Switching vectors in sector A.

In triangle A/, two small vectors and one zero vector are used. From voltage/time
balance we have:

Tswgz,nf = Tsw (dogo + ds1Q51 + dszgsz) (2-28)
U N iz
I M = T,U, 40+, %+ d., ée% ) (2.29)

Decomposed into real- and imaginary quantities gives:
1

3

cos(¢, ) = (dy, %"’ dy, é) (2.30)
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Tsm(g )= (d51 dy, \/* (2.31)

For the real and imaginary part respectively. The sum of the vector durations must
sum up to the total switching period:

POV 232
This gives the duty cycles in triangle 4/:

dg, = M (N3 cos(*)—sin(C?)), dg, =2M sin(C?), d, =1-d, —d,, (2.33)
In triangle 42, one small-, one medium- and one large vector are used:

Uy =T, (d U +d, Uy +d, Uy (2.34)

L sref T Tsw

U 1 2 1 =
Zde ) 'S :TSwUdc(dSl5+d z "6

T, +d,—e
N \/5 M\/g )

Using the same methods as for triangle 4/, the duty cycles are:

(2.35)

d\ =2Msin(¢7), d, =—1+Ms(x/§cos(§j)+sin(§j)), dg =1-d, —d, (2.36)

In triangle 43, two small vectors and one medium vector is utilized:

T Usref _Ylw(dSlgSl +dS2QS2+dMQM) (237)
Udc Jés 1 6
T;w \/— M e \w dc (dSl 3 52 3 d Te ) (2'38)

Again, using the same methods as for triangle 4/, the duty cycles are:
dg, =1-2Msin({7), d, =1+ M (sin(C]) - x/gcos(éf)), d,=1-ds —d;, (2.39)

Triangle A4 is similar to triangle 42, utilizing one small, one medium and one large
vector:

T\‘wUs ref (dSZQSZ +dMQM +dLlQL2) (240)
T %Msem ~T U, (d,, ;ej3 vd, f & vd i 5 (2.41)

Again, using the same methods as for triangle 4/, the duty cycles are:

dg, =2+ M (3cos(¢P)—sin(?)), d,, = M (N3 cos(£)—sin(L?))

(2.42)
sz :l_dM _dsz
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The duty cycles for the other sectors (B, D, E, F, G) are exactly the same, except
for? =¢° . Where ¢ is the angle with respect to the closest U, j-axis.

Finding the triangle number k

For a 2-level converter, finding one of the six sectors is trivial, since the sector
borders are only dependent on the reference angle ¢'. For a 3-level converter the
problem is more complicated. In [37], the problem is solved by simplification of
the vector space into a 2-level vector space which is moved around in the 3-level

space by applying offsets to the origin. In [36] the solution is done by a coordinate
transform of the reference axis.

ﬁza—2 ,Q:a—l ﬁ:a

ﬂ a1
(1,1)
PN SN
(-1.5,0.5) (-0.5,0.5) (0.5,0.5) (1.5,0.5) =
/ AN /21\ /19\ S \
(-1,0) (1,0)
\”/11\”/23\2“/17\“/
(-1.5,-0.5) (-0.5,-0.5) (0.5,-0.5) (1.5,-0.5) /3 g2

\12/13\14/15\16/

(1,-1)

,8 a+1

p=a-2  p-a-l p=-a
Figure 2.16: Transformed vectorspace with triangle numbers.

Another solution is presented here, and instead of changing the reference axis, the
vector-space is transformed by transforming the coordinates of the vector space by

a factor of (1,4/3)/3U, as shown in Figure 2.16. By this, a simpler set of

coordinates for the corners of the triangles are found. Also, the reference voltage is
transformed.

Defining that the left corner of each triangle is always A (a,, ap), the right corner B
(bobp) and either the upper or lower corner C (c,cp). As can be seen from the
transformed vector space only the coordinates for A (a, az) have to be found,
since corner B and the a-component to corner C is fixed in position with respect to
A. The p-component to corner C can be found from the sign of the f-component of
the reference voltage. To find the corresponding coordinates, the following
calculation has to be done:
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1=1; while (i-1>-u,tug) 1i=1i-1;
j=-2; while (Jj+1< ugtug) j=j+1;
Where i and j are integers [-2..2], and u, and uz are the real and imaginary

components of the transformed reference voltage, respectively. The coordinates of
the A corner is then found from the intersection of the straight lines f= a+1/ and

p=-atj:

a, =l(j—z'), aﬂ=l(i+j), b,=a,+1, by=a,, c, =aa+l (2.43)
2 2 2
Depending on the sign of ug, the final ¢y is:
¢, =a, +—S’g”2(”ﬁ) (2.44)

Hence, the triangle for the reference voltage vector is located. Figure 2.17 shows a
result from a simulation displaying the triangle number for the reference vector at
modulation depth M=0.8/M;=0.693. When the location of the reference vector is
found, there exist several ways of arranging the different output switching vectors
of the converter. As for 2-level SVPWM [35] there exist a variety of different
SVPWM methods for the 3-level topology. Because of the large number of
available switching states, the configurations are numerous. Figure 2.18 shows one
way of placing the different output vectors in sector 4 of the vector space. This
method is presented in [34]. As will be shown in Chapter 7, this method is very
useful for balancing of the DC-bus voltages. Figure 2.19 shows a simulation where
the output waveforms are displayed for the SVPWM method described. The
3.harmonic component in the phase-leg voltage is caused by the modulation
strategy, and will be cancelled in the load phase voltages and line-line voltages.

W= 0.8

20

Figure 2.17: Triangle (k) selection at M=0.8.
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Figure 2.18: Vector placement for SVPWM in Sector A.
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2.4 Carrier Based PWM vs. Space Vector PWM for MLC

Space Vector PWM (SVPWM) gives a direct calculation of the duty cycles for the
switches. In Carrier Based PWM (CBPWM), the duty cycles can be derived from
the control signals as shown in Chapter 2.3.1 and visualized in Figure 2.9. From
this, it is clear that the corresponding control signals for Space Vector PWM can be
found from the duty cycles. When comparing SVPWM and CBPWM it is
convenient to write the control signals for sinusoidal modulation as:

u,, (1) =M cos(wt)

u,, (t) =M cos(wt—27/3) (2.45)

u, (t) =M cos(wt+2m/3)

This corresponds to wr =¢ in Figure 2.15. When or =0, the control signal in the
a-phase in Eq.(2.45) is at it’s maximum.
2-level SVPWM

For 2-level SVPWM it is well known that the corresponding control signals are
[35]:

Uy (1) = 11 (1) 1, () (2.46)

Where j=a, b, c and the common term introduced is:
1 .
uwml (t) == 5 [max(usra s usrb > ustc ) + mln(usta 4 u.rtb 4 ustc ] (2 47)

By employing these control signals, the nearest three switching vectors are used in
one switching cycle and the active switching vectors will be centred in the
switching period, as in Space Vector PWM. In Figure 2.20, the modified control
signal for phase a is plotted for three different modulation indexes.

Figure 2.20: a-phase control signals for 2-level SVPWM.
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3-level SVPWM

For a 3-level converter, the problem of finding the corresponding control signals is
more difficult since the vector space is rather complicated. In [38] a solution is
presented based on the calculations from the duty cycles in each of the triangles in
the vector space. In [38] a solution is presented based on the calculations from the
duty cycles in each of the triangles in the vector space. [39] introduce a set of
control voltages which are simplified in comparison to [38]. They also show that
by employing Eq.(2.46) for multilevel modulation, the active switching vectors
will not be centred, and thus not optimal. The control voltages are as follows:

1y (1) = 4, (O) + (D) + ljmod(%) (2.48)

Whereu () and u,,,(¢)are as in Eq. (2.45) and (2.47), and »n is the number of

levels. This is to identify which of the control signals which are responsible for the
first and last transaction in each switching period. An additional common mode
signal has to be introduced to position the first and last switching transition:

coml

1 1 o e
u, ()= — —E[max(u u )+ max(u,, ,u_,,u ] (2.49)

sta> " sth> uslc sta> " sth> 7 ste

Finally, the signals in Eq.(2.46) and (2.49) are added together with the original
control signals to obtained the modified control signals:

,, (0) = v, () +u, () + 1, (F) (2.50)

This set of control signals coincide with those obtained in [38] for 3-level
modulation. They are also the same as the Switching Frequency Optimal PWM
(SFO PWM) strategy presented in [40] and [41] by Steinke.

0.8
0.6
04 f-----t

0.2

u
sta
[=}

0.2

0.4

0.6

0.8

Figure 2.21: a-phase control signals for 3-level SVPWM.
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Figure 2.21 shows the modified control signal for phase a for three different
modulation indexes. From the figure, it can be observed that for M=2/3~1.15
(maximum modulation index), the 3-level control signals coincide with the
modified signals for 2-level SVPWM. As will be shown in Chapter 6.4, the
SVPWM method presented here shows better harmonic performance for lower
modulation indexes than Sinusoidal PWM and Sinusoidal PWM with 3™ harmonic
injection.
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3 ANALYTICAL LOoSs CALCULATIONS

When designing a converter it is useful to have analytical formulas to calculate
electrical stresses in the switching devices at different loading. This chapter is
based on a method presented in [42] and [43]. The method calculates the
discontinuous currents in Pulse Width Modulated (PWM) converters with high
switching frequency. The method transforms discontinuous currents or voltages to
continuous, which are almost similar with respect to power losses. In [42] and [43],
a 2-level converter is analyzed. In [44], the calculations for a 3-level converter can
be found. This chapter gives a deduction of the losses in 4- and 5-level converters,
and some of the theory is also presented in [46].

By using analytical expressions, time consuming time domain simulations are
avoided, and comparison between different topologies and switching devices can
be done efficiently.

3.1 Analytically Method for Calculating Discontinuous
Currents

The method samples the discontinuous current or voltage within a switching
interval, T,, and transforms it into a continuous microscopic mean or RMS signal
(Figure 3.1). By integrating the continuous microscopic mean or RMS signal over
a switching period, a good approximation of the actual mean and RMS value is
obtained, which is the macroscopic value. When the switching frequency is high
(typical > 10 times fund.), the current shape in one switching interval is almost
linear, and the error will be small. The error will decrease with increasing
switching frequency. Eq. (3.1) shows the expressions for these values:

d(r) e d(z)lse

o= | O =@ @), 2 =— [ EOdr=d@R© G

sw —d(r)% sw 7d(T)%
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ir(2)

lT ,avg
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d(7) 5 (7) )
< >
T

sw

Figure 3.1: Switching waveform through device during one switching period, Tsy.

3.1.1 Modelling the conducting losses

The forward conducting properties in semiconductors can be approximated by a
forward voltage drop, Up, and an ohmic resistance, ry in series with the forward

voltage:

U, (6)=U,,+r,-1(1)

Figure 3.2 (left) shows a typical forward characteristic for a 1200V/200A IGBT
from Semikron. To the right is shown an illustration of the approximated

characteristic.
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Figure 3.2: Forward voltage drop caracteristic for a switching device. Left:
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SKM200GB123D IGBT. Right: Linear approximation.
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Ucg; and Ugg, are the voltage across the device at rated current /¢y and half the
rated current respectively. From this, the static forward voltage Up can be
expressed as:

Uso=2Ucp Uy (3.3)
1y can be found from:

UCEZ B UCEI

=2 34
Tr I, (3-4)
Thus, the conducting losses will be:
1
P=— [U,@)- 1)t (3.5)

pT,

T, 1s the duration of the fundamental period. Inserting Eq.(3.2) and recognizing the
formulas for mean and RMS value of the discontinuous current gives:

})c = UfO 'Iavg + rf ' Irzm\ (36)
Where:
1 1
I =— \Idt , I* =— |I(t)*dt 3.7
w = [HO L= j 0 (3.7)

3.1.2 Modelling the switching losses

Because of the non-ideal behaviour of today’s high power semiconductor devices
such as the IGBT there will be switching losses at both turn-on and turn-off in hard
switching converter topologies. This is caused by the non-instantaneous rise/fall in
the current/voltage in the device. Figure 3.3 shows typical device waveforms at
switching. The over-shoot in the current at turn-on is caused by the reverse
recovery of the freewheeling diode commutating through the IGBT. The over-
shoot in the voltage at turn-off is caused by the leakage-inductance in the switching
circuit [45]. At turn-on both the dv/dt and id/dt can be controlled by changing the
gate resistance of the driver. Decreasing the gate resistance increases the dv/df and
di/dt, hence lower losses is obtained. As the rise-time of the current increases, the
peak current is increased. This means there is a trade-off many power electronics
designers have to face. At turn-off the current can no longer be controlled
completely by the gate resistance because of the bipolar behaviour of the IGBT.
After the emitter current in the drift-zone has been turned off, a large number of
majority carriers is still left in the drift zone. These p-charge carriers have to
recombine or be reduced by re-injection (tail-current).
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Turn-on Turn-off

>
Figure 3.3: Typical turn-on and turn-off waveforms for an IGBT.

There exist a variety of ways to calculate the switching losses in a device. A widely
used approach is to start with a measurement of the switching energy emitted for a
given set of voltage, junction temperature, gate resistance etc. This characteristic is
often given in component datasheets as shows in Figure 3.4 for the same IGBT as
in Figure 3.2.

The switching energy as a function of the current can be approximated to have a
parabolic shape:

Esw([) = UCE I:kl,rl(l) + k2,T](I)2:| (3-8)

where k; 7 and &, 7 are constants of proportionality to be decided from the datasheet.
The switching energy can also be approximated to have a straight line shape (k, 7=
0). Ucg is the voltage across the device when switching.

80 200GB202
Tj=125°C
N Vee = 600 V
Eon / Vee=£15V
40 Re = 5.6
/

/
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20
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Figure 3.4: Switching losses for SKM200GB123D IGBT.
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By this, an expression for the average switching losses in a device can be formed:

P — Udc L
s = (1) 27

fo [k 1) + Ky 1(2) ) dot (3.9)

where U, is the DC link voltage, » the number of levels, and f;,, is the switching
frequency. The integral limits will depend on the instances where the respective
components are switching. If this averaging is to be acceptable, the switching
period, Ty,, must be less than the thermal time constant for the semiconductor.

As described, the switching losses are highly dependent on gate resistance and
power circuit layout of the converter. The analytical expressions developed in this
chapter are based on the given switching energy at the given parameters from the
datasheets.

3.2 Switching Signals and Load Currents

This chapter’s analytical loss calculations are based on the sinusoidal Carrier Based
Pulse Width Modulation (CBPWM) presented in Chapter 3.3.

All the deviations in this chapter are based on pure sinusoidal load currents on the
form:

i (t)=1sin(wt - @)
i, (1) =1 sin(wt —27/3— ) (3.10)
i (1) =1sin(et +27/3-p)

3.3 3-level Converter

Figure 3.5 shows one phase-leg of a 3-level converter. This topology can produce 3
levels at the output with respect to the neutral point n. Table 3-1 shows the possible
output voltages and the conducting devices for each switching state.

Table 3-1: Conducting devices in 3-level converter.

Switching state 2u,,_, Conducting devices
Ty | Ty | Ty | Toy U—dc ij>0 ij <0
1 1 0 0 1 Tije | Toje Dyjs , Dojr
0 1 1 0 0 Dyj Ty Dy Ty;.
0 0 1 1 -1 Dy, Dy T Ty

Freewheeling diodes D;+, D,;. share the same current, and thus, the same current
shape. This also holds for Dy, D, only shifted by 180° with respect to the upper



50

freewheeling diodes. Hence, these devices has the same losses. This is also
observed for 7., Ty, T>+., Ty and the clamping diodes D;; and D,; . An example
from a KREAN simulation is shown in Figure 3.6.

100

u/1
a a
=)

-100
100

50

Tlat+

100

g 50

100
50

Dlat

100
50

Dla-

100
50

Dla

100

Figure 3.6: Typical output waveforms for 3-level converter simulated in KREAN.
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In [44], the losses for the 3-level topology are calculated. For the switching losses
the following equations apply:

U, f I .
p, Yulul klT(1+COS(p)+lk2Tl(lsin|2(p|+7z—|¢)| 3.11)
i 4 ’ 2 - 2
U, f I 1. . 1.
PT2a+ sw = dcj;w le(l_COS¢)+_k2 TI(|¢|__Sln|2¢|j (312)
’ 4 : 2 - 2
I .
Poviow = % k, ,(1—cos (p)+lk2 A (|(0| —lsin|2g0|j (3.13)
’ 4 ’ 2 - 2
U cf;wi T 7
PDla,sw = (14—7.[(2](1] +Ek2,TIj (314)

Eq. (3.11)-(3.14) apply for-z < p < 7.

The mean and RMS values of the currents have the following expressions, where
—T<QST

M .

Intasans = (5i0]0] + (7 =[] cos ) (3.15)

. M4 1

LG sms = in (1+3c0s¢+3c0s(2¢)j (3.16)
I M, .

IT2a+,avg =Z_E(Sln|¢|_|¢| COs w) (3.17)

5 rr M’ 4 1

T2a+,rms :7_ 47_[ I_ECOS¢+§COS(2¢) (318)
Mi, .

Tptaeans = (sin|g| —|¢|cos @) (3.19)

L MP( 4

ID1a+,rms - 472_ El 3COS¢)+3COS(2¢)j (320)

1 ave :[——ﬂ(cos¢+£sin|¢|—£|¢|c0s¢j (3.21)
T 4r V4 T

5 I MI?

)
Dla,rms 4 272_

(1+%c05(2¢)] (3.22)
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3.4 4-level Converters

3.4.1 Topology and performance

Figure 3.7 shows one phase-leg of a 4-level converter. It consists of six switches in
series. Ideally, the maximum voltage that will be applied to each switch under
normal conditions is 1/3 of the dc-link voltage U,.

Three capacitors are connected in series at the DC-link in order to partition the
voltage into four voltage levels, thereby the name 4-level converter. Four clamp
diodes are also introduced in each bridge leg as shown below to make a current
path to the middle voltage levels. Table 3-2 summarizes the conducting devices for
all the switching states.

Up —— T1j+ J
3 ~T~ Cy [
Dy To |
D2j % T31+ J
U, I
3 T Co2
Dsjzf Tij-
To- |
D j
Udc - J$
3 TN C3 T3j_ J

Figure 3.7: One phase leg of a 4-level converter.

Figure 3.7 shows the following: When the upper three switches are on, the
clamping diode D, has to withstand a voltage of 2/3Uy. If devices with equal
voltage rating are used, series connection is necessary. This is also true for Dj;
when the three lower switches are on.

As shown in Table 3-2 the current waveform in D;+, Dy, D3+ must be the same,
this also applies for Dy, D,., D3 only shifted 180°. Hence, the losses are equal.
Furthermore, from symmetry, the waveforms for 7;1/T3;., T5+/T5. and Ts./T);. are
the same, respectively, only shifted 180°. This also applies to D;/D,; . Some of the
current waveforms are shown in Figure 3.8 (KREAN simulation).
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Table 3-2: Conducting devices in 4-level converter.
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Figure 3.8: Typical output waveforms for 4-level converter simulated in KREAN.
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In the 4-level topology, there are occasions where the clamping diodes are
conducting, but do not have switching losses. An example is shown in Figure 3.9.
T+ 1s switching and T3 1s closed. When T3, is on, Dj; is conducting, and when
Ty, 1s off, D,; 1s conducting. Since T;+ is off, no reverse voltage 1s applied across
D;, thus no switching losses occurs.

%g switching
Dy t Ty

T3j +

Figure 3.9: Switching to upper intermediate level in a 4-level converter.

All other areas where this occurs are shown in Figure 3.10. The figure also shows
the conducting/switching areas for the other devices. The freewheeling devices are
not shown because their conducting/switching areas are only when full
positive/negative DC-bus voltage and negative/positive current occurs, respectively
(see Figure 3.8 and Table 3-2).

A = f = f
T """""""""""""""" e ' closed """
% switching
f open :
%nosw.losses IIIII
: 27
i d T —— -
Tl
Toje Ty //é W %
Taje Ty [0 : 77777
Dy R e
1

Figure 3.10: Switching devices in a 4-level converter.
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3.4.2 Conducting losses

Average and RMS values for the currents can be found from Eq.(3.1). The duty
cycles are given in Chapter 2.3.1. From Figure 3.10, the integral limits can be
found. It can be shown through simulations and symmetry that the expressions will
be the same for both inductive and capacitive load angles. Here, only the integral
limits for inductive loads are shown.

3.4.2.1 For T, and T3,.

M<1/3:
In this region 7';; and T3, are open, thus, no conduction losses occur:

Irigeae = 0 D71 ms =0 (3.23)
M>1/3:

From Figure 3.10, the expressions will be as follows for the mean and RMS value:
n - arcsin(1/(3M))<ep <

I =0 (3.24)

Tla+,avg

arcsin(1/(3M))<e < = - arcsin(1/(3M))

ﬁ—arcsin(ﬁ)

=0,/

Tla+,rms

1

Tla+,avg = E dla ) ld(()t
(3.25)
[ [—cos(p)NOM® —1+sin(p))(9M* +1)
247 - M| 19 M cos(o) (72' —arcsin(sy;) — |g0|) —6M
z—arcsin(g7)
I7z'la+,rms = Z J. dla ' lzda)t
[
. VOM? —1(18M? =2cos>(¢) +1+18M? cos>(¢)) (3.26)
=———| +sin cos(@)(2—27M?*)+27M? (arcsin(=) — 7
XTPNYE (o)) cos(e)( ) ( (7)
+4 M cos(p) + |(0|)
¢ < arcsin(1/(3M))
1 z—arcsin(57)
Tla+,avg = E J. dla ’ Zda)t
arcsin(zh7) (3 27)

_ %S(@(%M—9M;r+lSMarcsin(ﬁ)j
T
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z—arcsin(z7)
[ d,-idot

arcsin(zh7)

2 1

Tla+,rms =
2

(3.28)

4 2
72 OM?* —1| 36 M ——cos* (@) +—+36M cos’
- é - ( v (@) v ((p)j
M 1m (2arcsin(537) — 7)

Both the average and the RMS value of the current are plotted in Figure 3.11. As
the modulation index is increasing, the duty cycle of transistor 7).+ is increased,
and hence the current.

Tla+ avg 'TSa-‘avg

Figure 3.11: RMS and average currents in T4+ and Tjj..

3.4.2.2 For Tz« and T,
M<1/3:
| S I
I d,, -idwt = 8—(3M cos(p)z +4) (3.29)
z

T2a+,avg = 2
T
4

T+ 22
! d ~i2da)t=[— 8M cos(p)+ 3.30
[ . . (9)
Vs

4

2 P S——
T2a+,rms —
2

M>1/3:
n - arcsin(1/(3M))<ep <m
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1 7+arcsin(zhr) T+
_ [ dyidot+ [ d,-idot
4

T2a+,avg
2” — in(=L
27 —aresin(yy;)

(3.31)
T 2
= 12] ( 91\;\[4 ! cos(¢) +6+9cos(p)- M -arcsin(53;
b4
1 7r+a.rcsin(ﬁ) T+
Boers =o=| | dy-Pdot+ [ dy,-idet
27 9 27 —arcsin(347)
(3.32)
J? 2TM*NOM? —1+27M? (4M cos(p) + arcsin(ﬁ))
1087 M | 4JoM? —1cos(2¢) (9M 1)+ 2sin(2¢])
arcsin(1/(3M))<e < = - arcsin(1/(3M))
1 z—arcsin(557) z+arcsin(57)
P =5 [ idot+ [ dy,-idet
4 ﬂ—arcsm(m) (3 3 3)
I [Nom?-1 3
=—| ————cos(@) +1+=cos(p) - M -arcsin(z-
2;;{ Y; (@) 5 (@) (3M)]
l n—arcsin(ﬁ) 7r+arcsin(ﬁ)
I = — [ Pdot+ [ d,-idet
4 [ z—arcsin(347) (3.34)
_J?
: W(—ﬂ sin(2¢))M” +2sin(2¢)) + 54M > - 54M° 7
¢ <arcsin(1/(3M))
1 arcsin(347) m—arcsin(k7) T+
Ipsavas =5 [ d,-idot+ [ idot+ [ 4, -idot
4 aresin(5;7) z—aresin(5y;7) (3 . 3 5)
= L Lz_lcos( )+l+§cos( ). M - arcsin(z%-)
"oz eMm PITIT R 2
1 arcsin(zhr) z—arcsin(347) T+e
2 s = — d,,-Pdot+ [ Pdor+ [ d,,-idot
T B | |
aresin(zy7) z—arcsin(5y7)
0 ‘ (3.36)

_p L,/gM2 —1(27M2 +9M? cos(2(0)—COS(2(ﬂ)) }

1087M” | 12712 arcsin(sL) — 108M° cos() — 27 M
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The middle transistor 75,; has the largest conduction losses when the modulation
function is high, and the power factor is close to unity. When the power factor
decreases, the clamping diodes are conducting, resulting in lower conduction losses
n Tga+.

T2a+rms ITQaA,rms
o
w
T2a+avg ITQa-,avg
o
w

o
R
o
8]

Figure 3.12: RMS and average currents in T+ and Ty;..

3.4.2.3 For T3, and T4,.

M<1/3:
1 T+ f
— | idot =— 3.37
T3a+,avg 272_ (;’[ T ( )
1 T+ I"2
2 _ 2 _
I =5~ [ Pdot = (3.38)
M>1/3:
n - arcsin(1/(3M))<ep <m
1 7r+arcsin(ﬁ) 27r—arcsin(ﬁ) T+
Lipowg ==—| | ddet+ [ dyidet+ [ idot
) 27 @ z+arcsin($h7) 2z —arcsin(3L;)
(3.39)

1 [ -2V9M* —1cos(p)+24M
247 M \ +9M? (7 cos(g) — cos(g) arcsin(sk-))




59

1 7r+arcsin(3‘lw) 27r—arcsin(ﬁ) T+
2 _ .2 .2 .2
Dsarms =~ [ Pdot+ | d,-Pdet+ [ iPdot
4 [ ﬂ+arcsin(3#) Zﬂ—arcsin(ﬁ) (3 40)

P (N9M® ~1(2cos(2¢) — 54M* ~18M* cos(2¢))
2162 M” | +19M* (97 — 6arcsin(sL))

arcsin(1/(3M))<e < = - arcsin(1/(3M))

T+o T+
]T3u+,avg = i{ '[ lda)t - J. (1 — d3a) . lda)t\J

1) z+arcsin(zhr)

(3.41)
1 [ —9IM? —1cos(p)+30M
247 M\ +9M* (- sin(|(p|) + |(p| cos(¢) — cos(@)arcsin(537)) — sin(|¢)|)
1 T+Q T+Q
172'3a+,rms =4 J. lzda)t_ I (1_d3a)‘i2da)t
27[ ) 7z+arcsin(ﬁ) (3 42)
. r NIM? —1(2cos(2¢) — 54M” —18M” cos(2¢)) + 2sin(2¢))
4322M” | 4 M (1087 + 549+ 216 cos(@) M — 54 arcsin(sk) — 27sin(|2¢)))
¢ <arcsin(1/(3M))
1 T+Q ‘ ]/‘
Piovas =5~ J idor =~ (3.43)
) 17, I’
Bsveoms =5 - [Pdot= T (3.44)

For the lower positive transistor 73, the plots of the currents are shown in Figure
3.13. For M<1/3, the transistor is closed, resulting in large conduction losses, this
also holds for M>1/3 and power factors near unity when the clamping diodes are
not conducting.
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Figure 3.13: RMS and average currents in T3+ and Ty;..

3.4.2.4 For the freewheeling diodes D1,., D2.., D3a., D1a+, D22+ @and D3as
M<1/3:

0,1 =0 (3.45)

Dla-,avg =Y Dla—,rms

M>1/3:
n - arcsin(1/(3M))<p <m

27 —aresin(357)
(1-d,,)-idot
m+arcsin(3hr) (3 46)

1

Dla—,avg = 272_

B I cos(¢p)

2JOM? —1 +9M> (2 arcsin(-L —n)
247 M ( ( G =)

27r—arcsin(ﬁ)
(1-d, ) -i*dwt
7+arcsin(zh;)
P (JoM® —1(-2cos(2p) + 54M* +18M cos(29))
2162 M | 127M7 (2 arcsin(537) — 77)

2 1

Dla-,rms = 272_

(3.47)

arcsin(1/(3M))<oe < & - arcsin(1/(3M))
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1 T+ '
Lt =Z[ | (ld3a).lda)lJ

Z+arcsin(z;)

(3.48)
B I [NIM? ~1cos(p)+9M* (sin(|¢)|) - |g0| cos(@) + cos(g)arcsin(zi;))
24 M| —6M + sin(|¢)|)
, 1 T+ 5
Dy === | (-d,)-idet
o 27 z+aresin(z1-)
- (3.49)
3 I’ NIM? —1(=2cos(2¢p) +54M> +18 M cos(2¢)) — 2 sin(|2g0|)
4327M* | 4 01? (=549 —216cos(p) M + 54 arcsin(si;) + 27 sin(|2(p|))
¢ < arcsin(1/(3M))
IDla—,avg = 0’ [Dla—,rms = 0 (350)

The freewheeling diodes are only conducting when M>1/3. When the power factor
is decreased, and M>1/3, the freewheeling diodes are carrying more current,
resulting in larger conduction losses as Figure 3.14 shows.

ng. "

IR ST T 05

eSS e T 0.

03

Dla+rms

02

i

100 100

Figure 3.14: RMS and average currents in the freewheeling diodes.

3.4.2.5 For clamping diodes D;, and D,
M<1/3:
T+ 2
1 jdh -idwt:§(3Mcos((o)fr+4) (3.51)

Dla,avg = 27[
¢
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+o "2

L oms = J. iPdot = (8Mcos(g0)+7r) (3.52)

M>1/3:
n - arcsin(1/(3M))<ep <m

1 m+arcsin(3h7) T+
_L J' d,, -idot + I d,, ~ida)t]

Dla,avg = 272_

A

1
127M

) Zﬂ—arcsin(ﬁ)

(3.53)

(\/9M2 —1cos(@)+6M +9M? cos(p) arcsin(ﬁ))

Dla,rms 272'

, 1 m+aresin(57) , T+ y
Dyurs ===| | dy-Pdot+ [ d,, -i’dot

27r—arcsin(ﬁ)

(3.54)
o VOM? —1(—cos(2¢) + 27M* +9M? cos(2¢))
1082 M | 4412 (108 cos(p) M + 27 arcsin(si-))

arcsin(1/(3M))<oe < & - arcsin(1/(3M))

7+arcsin(3h7)

1 m—aresin(3y;)
IDla,avg = 2_ I (1 - dla )lda)t + J. d2a . lda)t
4 0 z—arcsin(347)

(3.55)

1 [3N9M? —1cos(p) —sin(p|) +18M
247 M 9M2(sm(|(p|)+7zcos((p) 3cos(¢)arcsin(557) — @ cos(@))

—arcsin(<1-) 7+arcsin(sL-
1 3V )
I} —{ I (1-d )i*dot + I - dwt}

Dla,rms 2
4 s—arcsin(51~ )

VIM? ~1(2cos(2¢) - 54M* —18M” cos(2¢)) - 6sin(|2¢)) (3.56)
—162¢ —216cos(p) M —S54arcsin(si;)
+81sin(|2¢)) +1627

72

T 432aM? | . MZ[

¢ < arcsin(1/(3M))

Do =5~ [ didot+ [ (-d)idot+ | d,, idot

1 a.rcsin(ﬁ) ﬂ—arcsin(ﬁ) T+
arcsin(ﬁ) ﬁ—arcsin(ﬁ) (3 5 7)

A

1
247 M

(4 9M?* —1cos(p)+36M° cos(p)arcsin(sL) +12M —9M? COS(¢)7[)
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arcsin(547) 7—arcsin(zhr)
[ a,ido+ [ (1-d,)i*det
12 _L 4 arcsin(zk;)
Dla,rms —
2 Tt i
v | dyidor (3.58)

z—arcsin(557)

> [NIM? —1(-108M" —36M” cos(2¢) + 4 cos(2¢) )
2167 M” | _108M arcsin(sL) + 216M° cos(p) +81M 7

The upper clamping diode D,, has the largest conducting losses at high power
factors, when the middle positive transistor is conducting and the upper positive
transistor is not.

Dia/ms |D4a,rrns
(]
w
Dia,avg |D4a‘avg
]
w

o

ra
o
ra

Figure 3.15: RMS and average currents in the clamping diodes D4j and Dg;.

3.4.2.6 For clamping diode D,, and D3,

M<1/3:
1 T+ . ]A
Dre =5 ¢j (1-d,,)-idot = §(4 —3M cos(p)r) (3.59)
’ =L”T(l—d )~i2da)t=j—2(7r—8Mcos((p)) (3.60)
D2a,rms 272_ ; 2a 877,' .
M>1/3:

n - arcsin(1/(3M))<ep <m
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1 ﬂ+arcsin(ﬁ) 27r—arcsin(ﬁ) Tt
prame =5 [ (-dyidor+ [ didot+ [ (1-d,,)idot
T 17 7r+a.rcsin(3#) 27r—a.rcsin(3#)

(3.61)
I [ -4V9M’ —1cos(p)+12M
247 M \ +9M* (7 cos(¢p) — 4 cos(p) - arcsin(5L))
| z+arcsin(3hr) 2z —arcsin(3h7) T+g
2 e = — [ (-dyidor+ [ d,-idot+ [ (1-d,)idet
) 7+aresin(37) 27 —aresin(y7) (362)
3 I’ NOM? —1(4cos(2¢)—108M* —36 M cos(2p)) +81M 7
2167M” | +108 M (2 cos(p) M — arcsin(5L-))
arcsin(1/(3M))<e < & - arcsin(1/(3M))
1 ﬁ+arcsin(ﬁ) T+
Do =5 arj y (1-d,,idwt + mj N d,, -idot
- " (3.63)
1 [-3V9M? —1cos(p) —sin(gp]) +18M
247M | +9M* (-3 cos(p)- M - arcsin(si;) — sin(|g0|) + |(p| cos(p))
1 7 +arcsin( 3}\4 ) T+
Dours ==—| [ (=dy)idet+ [ 4, -iPdot
’ 27 z—arcsin(557) z+arcsin(zh;
(3.64)
o r NIM? —1(2cos(2¢) — 54M* —18M” cos(2¢)) + 6sin(2¢))
4327 M° | 4 M2 (1629 + 216 cos(p)M — 54 arcsin(53;) — 81 sin(|2(o|))
¢ < arcsin(1/(3M))
arcsin(h;) T+
1 . :
1 ave 2—£ j (1-d,,)-idot + I (1—d2a).zda)t]
4 [ 7—arcsin(z7) (3 .65)
= %(—\/9M2 —1cos(p)+6—9cos(p) M arcsin(ﬁ))
V4
aresin(z7) T+
2 1 .2 .2
s 2-{ [ a-d)-idor+ [ (-d,)idot
r ﬁ—arcsin(al—w)
’ | (3.66)

I& [\/91\42 —1(—cos(2g) +27M” +9M” cos(2go))J

1087M* | _10801° cos(¢) +27M? arcsin(sk)
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The lower positive clamping diode D,, is conducting when only the lower positive
transistor i1s on and the output current is positive, resulting in large conducting
losses at low power factors as Figure 3.16 shows.

Figure 3.16: RMS and average currents in the clamping diodes Dy and Ds;.

From the above equations and plots, the worst case components for conduction
losses are the middle transistors 75,+ and T5,. They have the largest conduction
losses when the modulation function is high, and the power factor is close to 1.0.
When the power factor decreases, the clamping diodes are conducting, resulting in
lower conduction losses in T5,+. and T»,.. For the lower positive transistor 73,+ and
the upper negative transistor 7, the conduction losses are high for M<1/3, since
they are closed. When M>1/3 and power factors near unity and the clamping
diodes are not conducting, the duty cycle is large, resulting in high losses.

3.4.3 Switching losses

For 4-level converters, the cases where the amplitude modulation factor M is larger
or smaller than 1/3 lead to two different sets of formulas. In addition three different
sets of formulas will be valid depending on the phase angle ¢ and the amplitude
modulation factor M according to Eq. (2.10).

The switching losses are calculated from Eq.(3.9), using integral limits
corresponding to the intervals in Figure 3.10. From symmetry, the general
equations for inductive and capacitive load will be the same, hence only the
integration limits valid for inductive loads are presented here, and the equations are
valid for -z < @ < 7, i.e. both rectifier and inverter operation.

Only the expressions for phase a is shown, since the losses for the b- and c-phase
will be the same.
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3.4.3.1 For T4, and T3,.
The general formulas for switching losses in each component will be:

M<1/3:

By inspecting Figure 3.10, the case where M<1/3 gives a simpler set of equations.
In this area 7+ and T are open. Hence, no switching losses occur.

M>1/3:
7 - arcsin(1/(3M))<p <

P =0 (3.67)

Tla+,sw

arcsin(1/(3M))<e < & - arcsin(1/(3M))

z—arcsin(357)

U
gy = — 1 Lo | kgivk,idor
. 3 277 b ’ :
[[6kr (oM ~Tcos(@ym —sind s +302%) (3.68)
— Udcfswl

108707, | NOM” ~1(cos (p)=sin’(g)+sin(p]) cos(p) (9M” 2)
" rom? (r— |(p| —arcsin(5;))

¢ < arcsin(1/(3M))

7—arcsin(z7)

U, 1
_ dc . .2
Tla+,sw fS‘W J‘ kl,Tl + k2,Tl da)t
3 27 arcsin(5+-)
SN3M

o [ 12k, ,NIM? —1cos(p) (3.69)
_ Udcf;wl '

= ky 1
1087 M | 2’#(2\/ IM? —1(cos* (@) —sin’(|¢|) + 9M* (7 -2 arcsin(ﬁ)))

As the plot of the relative switching losses in Figure 3.17 shows, the losses are
increasing with increased modulation index for M>1/3.
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o

o
=]
@

PT1a+,Sw fUdcfsw l le

Figure 3.17: Relative switching losses in T4+ and Tgj..

3.4.3.2 T,.+ and T,,.

M<1/3:
u, 1 "¢ u,f I .
P, . =—%—71 I k ,i+k, i’dot = dc—fsw(4k1 , +k, lez) (3.70)
’ 3 2« b ’ 127 ’ ’
M>1/3:

n - arcsin(1/(3M))<¢p <m

U l 7r+a.rcsin(ﬁ) T+
o = fz— ful | kgitkgilders [ kivkidot
a [4 27 —arcsin(5}7)
U s 6k, (cos((/))\/9M2 -1 +3M) (3.71)
_ dcJ sw .
- k1
SarM + 2#(\/ 9M* —1cos(2p)+9 arcsin(ﬁ)M2 )

arcsin(1/(3M))<e < &t - arcsin(1/(3M))
7z'+arcsin(ﬁ)
fo [ itk ider

z—aresin(z;)

) (3.72)

— Udc L
T2a+,sw 3 272_

. [ 6k, ,sin
— Udcf;w[N v (|€0

= ky L
5S4z M +%(\/9M2—1(—cosz(g0)+sin2(|(p|))+9arcsin(ﬁ)M2)
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¢ < arcsin(1/(3M))

U 1 arcsin(347) T+o

_ T d . .2 . 2

==, [ kyitk,Pdot+ [ ki+k,iPdot
4

z—arcsin(557)

T2a+,sw

U f | Rr(6VOM® —Teos(p) +18M) (3.73)
_ dcJ sw "

- k, .1
S54rM 2, .
7 +L(—\/9M2 —1cos(2p)+9M* arcsm(ﬁ))

From Figure 3.18 the positive transistor 75,+, has the highest switching losses at
M<1/3 when it is switched the whole fundamental period. Switching losses will
also occur for M>1/3, but decreasing with increased modulation index.

o

o
o
Il

pT25+,sw jUdCfsW I kIT

0.8
07
0.6
o4 9S8

0.3

0.2
¢ oy 0.1

h

Figure 3.18: Relative switching losses in T+ and To;..

3.4.3.3 For T3,. and T4,.
M<1/3:

By inspecting Figure 3.10, the case where M<1/3 gives a simpler set of equations.
In this area T3+ and T;. are closed. Hence, no switching losses occur.

M>1/3:

In this region the transistor have switching losses when the output voltage is
negative and the output current is positive, i.e at low power factors, as Figure 3.19
shows:

7 - arcsin(1/(3M))<¢p <7
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2 r—arcsin(<L-)

U 1 3T
_ dc . 2

Ta3+,sw 3 272_ ﬁw I kl,Tl + k2,Tl d(l)t

7r+arcsin(ﬁ)

US| 12k MNOMT ~Lcos(p)
1087 M* +k2’Tf (2 NIM? —1cos(2p)+IM*(x -2 arcsin(ﬁ)))

(3.74)

arcsin(1/(3M))<e < &t - arcsin(1/(3M))

U 1 T+@
==k f, [ kgitk,idot

T3a+,sw 3 272_

z+aresin(shr)

6kLTM(3M ~V9M® ~1cos(p) —Sin(|¢|)) (3.75)

_ Udcf:ij

“osear| L, | VoM lcos2p)+sin2) (2-9M°)

+k,
+9M? (|| - arcsin(sk))

¢ < arcsin(1/(3M))

P =0 (3.76)

T3a+,sw

i

PTSEH,SW fUdcfsw ‘ kﬂ

il

Figure 3.19: Relative switching losses in T3+ and Ty;..

3.4.3.4 For freewheeling diodes D,., D2.., D3a., D1a+, D22+ and Ds,.
M<1/3:

In this region the freewheeling diodes are not part of the switching process, thus no
switching losses occur.



70

M>1/3:

In this region, the positive freewheeling diodes are only part of the switching
process when the output voltage is positive and the output current negative. Thus,
the switching losses increase with decreased power factor as Figure 3.20 shows:

7 - arcsin(1/(3M))<p <7

2z —arcsin(3h;)
Lo | kpitkyidot

z+arcsin(57)

U, 1

Dla-,sw — 3 2x

(3.77)
B Udcfswf —12k1’DM\/9M2 —1cos(p)
1087 M* +k2,DIA(2 NIM? —1cos(2p) +9M* (m -2 arcsin(ﬁ)))
arcsin(1/(3M))<o < &t - arcsin(1/(3M))
T+
Dla—,sw = Udc Lf:vw j kl,Di + kZ,Dizdwt
3 27 z+arcsin(zhr)
6kl,DM(\/9M2 ~ I cos(p) +sin(|g) —3M) (3.78)
_Ud-f I 2
= —IM~™ -1 2
1087 M ; cos(2p)
S 2 _ 2 (arcsin(—) —
+ 5 sm(|(0|) (9M 2) +9M " (arcsin(5;7) |(p|)
¢ < arcsin(1/(3M))
PDla—,sw = 0 (379)

27

PD‘\atsw'fUdcfsw ‘ kWD

88 . e

a0

0.8
20 bg 07

o4 U5

0.3 :

o BE

8]

M

Figure 3.20: Relative switching losses in the freewheeling diodes.
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3.4.3.5 For clamping diodes D;, and D,,
M<1/3:

By inspecting Figure 3.10, no switching losses will occur in the clamping diodes
D,; and D, since no voltage is applied across these devices.

M>1/3:

In this region, the upper clamping diode will have switching losses at commutation
with the upper transistor. As the modulation index is increasing, the losses will
increase, as indicated in Figure 3.21.

7 - arcsin(1/(3M))<p <m

P, =0 (3.80)

Dla,sw

arcsin(1/(3M))<¢ < & - arcsin(1/(3M))

s—arcsin(<1-)

U, 1
_ dc . .2

PD]a,sw - 3 27[ ~fsw I kl,Dl + k2,Dl da)t

?

12k, , (\/9M2 —Icos(@)M —sin(g|)M +3M ) (3.81)
_ Udcf;‘wj
T l6xM? . 2N9M? —1cos(2¢) — 2sin(|2¢])

+

+9M* (sin(|2¢)) — 2|g| + 27 — 2 arcsin(5))

¢ < arcsin(1/(3M))

x—arcsin(zL)
U l M
_ _dc . 2
Dla,sw — fgw kl,Dl+k2,DZ dwt
3 2x

arcsin(g37)

3.82
U, f.i 12k, , MN9M?* —1 cos(p) ( )
_ dcJ sw ’

1087M? | 4k, ] (2 9M> 1 cos(2¢) + OM* (2 arcsin(ﬁ)))
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p[:l1a‘sv\4 fUdcfsw ‘ &D

Figure 3.21: Relative switching losses in clamping diodes D+; and Ds;.

3.4.3.6 For clamping diodes D,, and Ds,

M<1/3:
U c 1 e . . U cf:ij 7
Phrasw = 3d E-f;w J kl,Dl+k2,Dlzda)t = C112—71_(4kw +k2,D]7T)
M>1/3:

n - arcsin(1/(3M))<¢p <7

Z+aresin(zh;)
. .2
ki pitk, pi*dot
U, 1 ;

D2a,sw = -— f;w

3 2n° T s
+ | kpitkidor

2z —arcsin(347)

U, f i 6k1’DM(\/9M2—lcos(qo)+2M)

— 2 B
S4rM +ky p 1 (—\/9M2 —1cos(2p)+9M* arcsin(ﬁ))

arcsin(1/(3M))<o < &t - arcsin(1/(3M))

7+arcsin(<1-)
Uu, 1 W

_ dc . .2
D2a,sw — 3 272_ f;w J. kl,Dl + kZ,Dl da)t

_ Udc fsw j
54z M*

z—arcsin(h7)

(6k1,DM sin(|¢)|) + kz,Df(—\/ IM? —1cos(2p) +9M* arcsin(ﬁ)))

(3.83)

(3.84)

(3.85)
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¢ < arcsin(1/(3M))
arcsin(337)
[ hpi+h, pidor
= Vs L f ¢
D2a,sw 3 272_ sw T+

+ [ kpivk,yidot

ﬂ—arcsin(sLM)

. 6k1DM(—\/9M2—1cos((p)+3M)
dcf;wl ’

= 2 A
5S4z M t+h, 1 (—m cos(2¢) +9M* arcsin(ﬁ))

(3.86)

For the lower clamping diode, the switching losses will be largest when M<1/3 and
it is commutating with the lower positive transistor 75,.. When M>1/3 the losses
will increase with decreased power factor.

et

005 e

PDQa,sw fUdEfSW l KID

Figure 3.22: Relative switching losses in clamping diodes Dy and Ds;.

3.4.4 Evaluation of the expressions

By thorough simulations in Saber, the expressions for the RMS and average
currents are evaluated. The verification is done in the modulation range M = /0.2,
1] and @ = [-150°, 150, with a switching frequency at /500Hz, and a load current
of 100 Arus. In Appendix A the results are displayed. The worst case is the
deviation for ip,, for M = [ and @ = 0° at 0.737 A between simulated and
calculated value. This is caused by the low accuracy of the expressions in this
region, where both simulated and analytical values are small. The expressions for
the switching losses are not evaluated, because ideal switching devices are used in
the simulations.
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3.5 5-level Converter

3.5.1 Topology and performance

The 5-level converter consists of eight active switches connected in series in each
bridge leg (Figure 3.23). Ideally, the maximum voltage that will be applied to each
switch under normal conditions is U,/4. Four equal capacitors are connected in
series at the DC-link in order to partition the voltage into five voltage levels. In
addition, six clamping diodes give access to the intermediate voltage levels. In
Table 3-3, the conducting devices for different output conditions are shown.

As mentioned in 3.4.1 for the 4-level topology, there will exist cases where the
clamping diodes must block more than U;/4. When T};:-T;: are closed, D, must
block Uu/2 and D3 must block 3U,/4. This is also true for Dy and Ds; when T7;.-
T are closed.

NS
Y|

NE
N |

>

NS
Y |

—~C
e Ty | fzg Daj.

Figure 3.23: One phase leg of a 5-level converter.

Y
4

N |

Similar to the 4-level topology, the freewheeling diodes D;;-D,;: share the same
current waveform. This is also true for D,;.-D,;. only shifted 180°. For the switches,
T1j+/Tyi., T5+/Tsj, T3j+/Ti., Ty4+/T);. share the same waveform, also shifted. This also
holds for the opposite clamping diodes D;/Dg, D,/Ds; and D3/Dy. Figure 3.25
shows some typical simulated output waveforms.
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Table 3-3: Conducting devices in 5-level converter.

Switching state du,,_, Conducting devices
T1j+ T2j+ T3j+ T3j+ Udc ij >0 ij <0
1 1 1 1 2 T1j+ 5 T2j+ ) T3j+a T4j+ D1j+ ) D2j+ > D3j+ 5 D4j+
1 1 1 Dy, Tojr, Tajs, Ty Dy , Ty;
0 1 1 0 Dy, Tsjs, Taje Ds;, Ty, Ty
0 0 0 1 -1 Dsj, Tyjs D¢, Tij-, Toi., Ts;
0 0 0 0 -2 Dyj., Dyj., Dsj., Dy;. Thj., Ty, Tje, Ty

For the clamping diodes there exists states where the device is switching, but no
switching losses occur as for the 4-level converter. This is because no voltage is
applied when the switching occur (ref. Figure 3.9 for 4-level converter). Figure
3.24 summarizes these areas. In addition, the figure shows the
conduction/switching properties for the other devices in the topology.

Because of the complexity of the derived equations for the 5-level topology, the
results from the calculations are shown in Appendix B.

As for the 4-level topology, the expressions for the RMS and average currents are
evaluated in Saber (see Appendix B.2.3 for details). The verification are done in
the modulation range M = [0.2, 1] and ¢ = [-150° 1509, with a switching
frequency at 1500Hz, and a load current of 100Agys. For the 5-level topology, the
same simulation parameters as for the 4-level converter apply. Again, the worst
deviations in percent are for the freewheeling diode ip;,.. The accuracy of the
simulations are poor at this current level, and is the cause of this large deviation. At
M = 0.8 and ¢ = -45°, the calculated RMS and average currents are 0.2194 and
0.006A4 respectively. The worst case in amperes is for the clamp diode ip;, at M =
0.6 and @ = 90° where the deviation between simulated and calculated current
value is 1.163 A for a load current of 100 Agys.
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Figure 3.24:Switchinng devices in a 5-level converter.

3.6 Conclusion

The analytical expressions developed for 4-level and 5-level converters are shown
to be quite exact and should be useful for dimensioning purposes and loss
comparison. Case studies will be shown in the next chapter.
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M= 0.8, $= 90

Figure 3.25: Typical output waveforms for a 5-level converter simulated in KREAN.
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4 0SS CALCULATIONS- CASE
STUDIES

In the previous chapter a set of analytical loss equations for 4-level and 5-level
converters are developed. From this, dimensioning of the switching devices can be
done, avoiding time consuming numerical simulations. By the set of equations,
calculations can be performed for different parameters. Different topologies at
different load conditions and different switching devices can easily be compared.

4.1 Drive Parameters

In this case, a I MW drive is considered. The motors main parameters are listed in
Table 4-1.

Table 4-1: Motor parameters.

ABB HXR 500LJ2 induction motor
Output power 1000 [kW]
Nominal voltage 1500 [V] Y-connected
Nominal frequency 50 [Hz]
Nominal current 428 [A]
cosQ 0.926
Nominal speed 2986 [rpm]

For the semiconductor components, IGBTs from EUPEC are used. The current
rating is selected as 800 A. The voltage ratings are selected from the converter
topology and the DC-bus voltage. Table 4-2 summarizes the important parameters
from the datasheets.
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Table 4-2: Components used in the different converters.

Topology
Parameter 2-level 3-level 4- and 5-level
IGBT (Eupec) FZ 800 R33 KF2 | FZ800R17KF6B2| FF 800 R12 KL4C
Rated Volt. Ucpy 3300V 1700V 1200V
Rated Curr. Iy 800A 800A 800A
IGBT Uf" 2.0V 1.4V 1.25V
IGBT rf 0.0029Q 0.0023Q 0.00140
Diode Uf " 1.2V 1.0V 1.0V
Diode rf ! 0.0020 0.0014Q 0.00090Q
IGBT Eon+Eopr 2 2900mJ@1800V 595 mJ@900 V 250mJ@600V
Diode Eggc? 1000mJ@1800V 110mJ@900V 60mJ@600V

V@ T;=125°C, U = 15V ? T;=125°C, Ic = Icen

For simplicity, the freewheeling diode in the IGBT module is used for the
clamping diode. This means that the same devices are used in the respective
converters. For the 4- and 5-level converters, some of the clamping diodes must
block more than the rated voltage, thus a series connection is performed for these
devices.

When a set of analytical expressions is developed, it is easy to make comparisons
to different converter topologies in a spreadsheet. For comparison, the rest of the
parameters are as follows:

= Constant Load and coso: I},,¢=428 A, cosp=0.93

= U/f constant control. Modulation index proportional to speed
= Switching frequency 1000 Hz

= DC-bus voltage 2450 V

From Table 4-2, the worst case power losses for the different components can be
calculated. The results are shown in Figure 4.1-Figure 4.4, where the conduction
losses (left), switching losses (middle) and total losses (right) are plotted with
respect to modulation index and load angle. The other parameters are as listed
above. For the 2-level converter the worst case component is the transistors, where
the switching losses are dominating. As lower voltage IGBTs (1200V and 1700V)
are used for the multilevel structures, the conduction losses dominates at this
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switching frequency. The most stressed components are thus the inner transistors
(e.g. Ty+/ Ty for the 3-level converter).
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Figure 4.1: Losses in T1a+ for the 2-level converter.
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Figure 4.3: Losses in Tsa+ for the 4-level converter.
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Figure 4.4: Losses in Tsa+ for the 5-level converter.

4.2 Losses with Constant DC-bus Voltage

Figure 4.5 shows the switching losses for the respective converters. From Table
4-2 it is observed that the 3300V IGBTs used for the 2-level converter have large
switching losses caused by the large drift layer needed to block the large voltage.
Thus, the 2-level topology will have large switching losses at this voltage level.

7000 -

BOO0 4

EO00 A —— 5-level
Eqnnn | —m— -l

3000 - —&— 3-level

2000 - —a— 2-level

I 500 1000 1500 2000 2500 3000 3500
[rprm]

Figure 4.5: Switching losses.

Figure 4.6 shows the conduction losses. Because the 2-level topology has fewer
devices, the losses are expected to be small, since the voltage rating doesn't
influence the conduction parameters of the IGBTs that much.
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Figure 4.6: Conduction losses.

The relatively large conduction losses for the 5-level converter, is due to the poor
utilization of the switches at this voltage level. This will be shown in Chapter 4.3.
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Figure 4.7: Total losses.

Figure 4.7 and Figure 4.8 shows the total losses and the normalized total losses
respectively. From this, a reduction in the total losses can be achieved by using a
multilevel topology. By using a 3-level converter, a reduction of 40% can be
achieved. The 4-level topology is superior to the 5-level topology. This is caused
by the use of the same IGBTs for the two topologies. In the next chapter a modified
approach will be used, as to utilize the switching devices equally.
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Figure 4.8: Total losses normalized to the 2-level converter.

4.3 Losses at Equal Device Voltage Utilization

In Chapter 4.2, the equal DC-bus voltage and the different IGBT modules used,
leads to different device voltage utilization.

Table 4-3 summarized the voltage utilization for the different topologies. In a real
converter, the voltage utilization is usually selected to be around 50-70 % of the
rated voltage of the switch. The switching causes over voltages across the devices
because of stray inductances in the DC-bus structure and in the modules internally
during commutation. By use of overvoltage snubbers or intelligent gate driving, the
utilization can be increased, but careful design is necessary.

Table 4-3: Voltage utilization for different topologies.

Topology IGBT voltage rating DC-bus voltage rating Voltage utilization
2-level 3300 V 2450 V 0.74
3-level 1700 V 2450 V 0.72
4-level 1200 V 2450V 0.68
5-level 1200 V 2450V 0.51

As Table 4-3 shows, the voltage utilization of the 2-, 3- and 4-level converter is
close to the limit what is unacceptable. In a real application, overvoltages might
occur, and voltage shoot-through can happen. Table 4-4 shows a listing with a
more conservative utilization of the devices (0.6). In the third column, the ideal
blocking voltage of each IGBT is shown, without any overvoltages owing to the
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switching. The total DC-bus voltage, and the maximum line-to-line voltage is
shown at sinusoidal PWM, and it is observed that the 5-level converter is much
more utilized in this case.

Table 4-4: The different topologies at equal device utilization, (0.6).

Topology | IGBT volt | Ideal IGBT DC-bus Max. output Constant load

rating volt. volt. volt. current at max

1 MW output
2-level 3300 V 1980 V 1980 V 1212V 517 A
3-level 1700 V 1020 V 2040 V 1248 V 502 A
4-level 1200 V 720 V 2160 V 1322V 474 A
S-level 1200 V 720 V 2880V 1763 V 355 A

By using the same utilization factor of the voltages, a more proper comparison can
be performed. As the DC-bus voltage is changed, the output voltage is changed.
The output current of the converter is adjusted so that the output power is the same
for the different topologies (right column of Table 4-4), where the maximum
output power is 1 MW at M=1.0. Other parameters such as switching frequency
and cos¢ are the same as in the pervious chapter: 1kHz and 0.9, respectively.
Figure 4.9 to Figure 4.12 show the results.
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Figure 4.9: Switching losses at equal voltage utilization.
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Figure 4.10: Conduction losses at equal voltage utilization.
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Figure 4.11: Total losses at equal voltage utilization.

From Figure 4.12 it can be observed that by utilizing the switches equally, the 5-
level converter has lower losses than the 4-level converter. Again it is observed
that at this power and voltage level, the multilevel topologies are superior to the 2-
level converter with respect to losses.
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Figure 4.12: Total losses normalized to the 2-level converter at equal voltage
utilization.

Since a multilevel structure synthesizes a more sinusoidal shaped output voltage,
the switching frequency can be decreased further for the same current ripple at the
output, thus the switching losses are reduced further. Figure 4.5 and Figure 4.9
show that the switching losses are a minor part of the total losses in a multilevel
converter. By this, the switching frequency can be increased, and the output
waveform further enhanced. Hence, the output filter requirements decrease and
might be omitted.

4.4 Losses in Medium Voltage Drives

Medium Voltage Drives (MVD) are defined to operate at the line voltage levels 2.3
kV-7.2 kV. The different classes are listed in Table 4-5. For drives from 1 MW to
~10 MW the 2.3 kV, 3.3 kV and the 4.16 kV voltages are used. These drives are
usually utilizing a Voltage Source Inverter (VSI). The 6.0 kV and 6.6 kV class are
essentially the same, except that they are used for different nominal frequencies (50
and 60 Hz, respectively). This is also true for the 6.9/7.2 kV class. These
converters are usually Load Commutated Inverters (LCI), where the output power
is in the range 5-50 MW.

A 2.3 kV megawatt converter is used as a case study. The modulation index is kept
constant at M=1.0. The load is linear increased from 100A-800A, resulting in a
maximum output power of 3 MW. The load is scales up from the motor used in
Chapter 4.1:

= Maximum output voltage line-line 2300 V
* Maximum output power 3 MW

= Constant cosp =0.93



88

= [U/f constant

= Load is linear from 100A-800A RMS
= Switching frequency 1000 Hz
= DC-bus voltage 3750 V

Table 4-5: Medium voltage drive classes and the semiconductor blocking voltage (at
voltage utilization 0.6).

Rated line-line voltage
23kV | 33kV | 416kV| 60kV | 66kV | 69kV | 72kV
DC-bus voltage | 3.8kV | 54kV | 68kV | 98kV | 10.8kV| 113kV| 11.8kV
E 2-level | 6.5kV
G & 3-level | 33kV | 45kV | 55kV
Ig E’ 4-level | 25kV | 33kV | 45kV | 55kV | 6.5kV 6.5kV | 6.5kV
~ S5-level | 1.7kV | 25kV | 33kV | 45kV | 45kV | 55kV | 55kV
Table 4-6: Components used in the 2300V converters.
Topology
Parameter 3-level 4-level S-level
IGBT (Eupec) FZ 800 R33 KF2 FZ 1000 R25 KF1 | FZ 800 R17 KF6B2
Rated Volt. Ucgn 3300V 2500V 1700V
Rated Curr. Icy 800A 1000A 800A
IGBT U; " 2.0V 1.6V 1.4V
IGBT 1 " 0.002902 0.0022Q 0.0023Q2
Diode Uy " 1.2V 1.0V 1.0V
Diode r; ! 0.002002 0.0013Q 0.0014Q
IGBT Eon+Eopr 2 2900mJ@ 1800V 2500 mJ@1200 V 595 mJ@900 V
Diode Eggc? 1000mJ@ 1800V 700mJ@ 1200V 110mJ@900V

V@ T;=125°C, Uge = 15V ? @ T; = 125°C, Ic = Ien

The semiconductor devices used are listed in Table 4-6, and the results are shown
in Figure 4.13-Figure 4.16. At this voltage, the switching devices utilization is
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0.57, 0.5 and 0.55 for the 3-, 4- and 5-level topologies respectively. The 5-level
converters devices are better utilized in this case compared to the case in Chapter
4.2. By doing this, the 5-level topology has the lowest losses of the compared
topologies. By comparing the normalized losses in Figure 4.16 for the 2300 V
drive to Figure 4.12 for the 1 MW drive, the losses for the 4- and 5-level topology
compared to the 3-level topology are about the same, 60%.

To summarize, by using a multilevel structure, a decrease in the total losses can be
obtained also at this voltage/power level.
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Figure 4.13: Switching losses in 2300 V drive.
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Figure 4.14: Conduction losses in 2300 V drive.
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Figure 4.16: Total losses in 2300 V drive normalized to the 3-level drive.
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5 CONSTRUCTION OF PROTOTYPES

To verify the theoretical analysis, two different multilevel converters have been
designed and built:

= 3-level 3-phase Diode Clamped 400V/40kW IGBT converter
= S-level 3-phase Diode Clamped 230V/5kW IGBT converter

5.1 3-level 40kW IGBT Converter

A newly developed 2-level converter at the research group [47], is used as a base
for this converter design.

5.1.1 Dimensioning of the switching components

By using the analytical calculation for the losses developed, it's easier to estimate
the temperatures in the switching devices. The module available and most suitable
for the converter at the construction time was the Semikron SKM 200 GB 123 [48].
This is a 1200V/200A IGBT with two IGBTs/diodes in each module. The electrical
parameters are listed in Table 5-1. For simplicity, the IGBT module is also used as
clamping diodes.

To calculate the temperatures in the modules, also the thermal parameters of the
device, heat sink and surroundings are needed. Thermal calculations in its least
complicated form can be done by an thermal equivalent electric circuit as shown in
Figure 5.1 (right). The power loss is equivalent to a current source. According to
the thermal resistance R, of the different parts of the system, the temperature can
be calculated (analog to a voltage). Also the partitioning of the modules will
influence the temperatures. In this design, the partitioning of the modules is done
as shown in Figure 5.1 (left). By this, the modules in the bridge-leg will have the
same thermal stresses because of symmetry. The heat sink used for the converter is
the LA V 15-400 from Fisher Elektronik [49].
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Table 5-1: Main parameters for Semikron SKM 200 GB 123.

Semikron SKM 200 GB 123

Rated Volt. Ucpy 1200V Diode U; 1.15V
Rated Curr. Iy 200A Diode r; 0.00450
IGBT U,V 1.8V IGBT Eon+Eopr 2 77mI@600V
IGBT 1 0.009Q Diode Egpc? 7.5mJ@600V
Ripjc.ighi” 0.09 C°/W Roet” 0.038 C°/W
Rthjc,diodeS) 0.25 C/W

Y@ Tj=125°C, U = 15V P @ T; = 125°C, Ic = Iex ~ see Figure 5.1 (left)

IGBT module IGBT module

| |

Tigbtl T jioder Y;ghrZ T ot : :

I [

e |

Rthjc,igbt Rthjc,din Rthjc,igbt Rthje,diode | |
| |

| |

| |

de
Rthch %
L — —
Rgrease %
Theatsink
R, %
T,

Figure 5.1: Module partitioning for one phase (left). Thermal eqvialent circuit (right).

Thermal resistance of the LA V 15-400 is 0.045 C°/W, and the thermal grease
resistance is 0.005 C°/W. DC-bus voltage is 540V, switching frequency is 1kHz.
Output power at max. speed is 40kW (Lj,aa=75A, cos¢=0.9), and the ambient
temperature T,=25C°. Figure 5.2 and Figure 5.3 show the total power losses and
the temperatures in the components respectively. The very low losses in the
freewheeling diodes D;-D, are caused by the high power factor. From the figures it
can be seen that the converter can handle this power level. Temperatures are under
110 C°, which is a good margin from critical temperature at 125C°.

[
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Figure 5.2: Total power losses in the respective components.
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Figure 5.3: Temperatures in switching components.

5.1.2 Sizing of the DC-bus capacitors

In [44], an analytical expression for the total RMS current in the capacitors is
found. The generalized expression for the power losses in a capacitor is:

chap,tot = ZIESRn[czap,rms,n (51)
If the ESR (Equivalent Series Resistance) is independent of frequency, the total
RMS current can be used. In electrolytic capacitors this is not true. In this
converter, PEH 169 VV 433GQ electrolytics from RIFA are used, in Figure 5.4,
the ESR is plotted as a function of the frequency.
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Figure 5.4: ESR(f) for RIFA PEH 169 VV 433GQ.

From [44], the worst case for the capacitor current is for M=+/3 /3 and cos@=1. This
case is then simulated in KREAN, and the current harmonics are used in Eq.(5.1).
By using 2 capacitors in parallel, and 2 in series with a thermal resistance of 2
C°/W, the hotspot temperature of the capacitors becomes 61C°, which is
acceptable.

5.1.3 Schematic overview of the components

A simplified schematic view of the 3-level converter is shown in Figure 5.5.
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Figure 5.5: Schematic of the converter.
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5.1.4 DC-bus layout

Because of the many devices, 18 in total for a 3-phase converter, the
interconnections of the different modules are essential to obtain a low-inductance
DC-bus. The final layout is shown in Figure 5.6.
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Figure 5.6: DC-bus layout (refering to Figure 5.1).

5.1.5 Dual-pulse switching

To verify the design of the DC-bus, a method called dual-pulse testing can be used.
An air inductor of 75uH is used as a load. By switching the transistor on/off with
two narrow pulses (about 20-30us), the current through the inductor is ramped up,
and turn-off at rated current can be investigated. This cycle is repeated at low
frequency (typical 1Hz), thus the average losses are minimal.

Figure 5.7 shows how to test the upper commutation path, and the principle of
dual-pulse testing is shown in Figure 5.8. Figure 5.9 shows the voltage at turn-off
for T1. An overshoot in the voltage across T1 is caused by the leakage inductance
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in the commutation path. The maximum voltage is 504V, which is acceptable at
this current level. If unacceptable voltages occur, the turn-off can be slowed down
by increasing the gate-resistance of the gate-driver.

T2 on and T1 is switching. 300
VDC between DC+ og NP.

X
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Figure 5.7: Upper commutation path.
'!'ekltun: fir | Trig? »- [

T
1
i .t

CHI: gate T1
CH2: T1 100V/div

P - |
\/ : —-' CH3: Inductor current 20A/div

Chil 500V i 100V MA0.0ps A Chl 5 1.50WV
Cha 20.0V 31 Jan 2002
W= [182.000M5 15:34:00

Figure 5.8: Dual-pulse example.
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Figure 5.9: T1 turn-off.

Figure 5.10 shows the turn-off of the upper clamping diode, the ringing in the
waveform is caused by the reverse recovery in the diode.
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Figure 5.10: Turn-off for upper clamping diode.

For testing of the leakage inductances in the other commutation path, the converter
must be configured as shown in Figure 5.11.
% U

N
e ‘

B %

7,

AY

Figure 5.11: Different configurations for testing of commutation- paths.

The waveforms for these configurations are more or less equal to the first
configuration, and over-voltages are within the safe operating areas of the devices.
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Pictures of the converter

Figure 5.12: Picture of 3-level converter, front (left) and side (right).

5.2 5-level 3kW IGBT Converter

To verify further testing of the theory, a cheap and small 5-level converter has been
constructed. Figure 5.13 shows a schematic of the converter.
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5-level leg

1
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Figure 5.13: Simplifed schematic overview of 5-level converter.
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5.2.1 Main power circuit

013{.
h,
f}

XE 2 :h 9 2f 4 gE
Figure 5.14: Main power circuit.

The main power circuit is constructed with the IRG4IBC30FD 600V/17A IGBT
from IRF [51]. The capacitors on the main power board are polyester capacitors to
limit possible over-voltages at turn off. The main DC-bus capacitors are located on
it's own board (Figure 5.13). One main board forms one phase of the converter,
thus three boards are needed for 3-phase power conversion. For clamping diodes,
the same IGBTs are used, only with a shorted gate.

5.2.2 Gate driver

A 5-level 3-phase topology needs in total 24 gate drivers. Hence a small and cheap
gate driver is constructed. It is based on an integrated dual driver from Agilent
[52]. Both turn-on delay (1us) and over-current protection (10A) are incorporated
in the design. Figure 5.15 shows the schematic of the driver.
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Figure 5.17: Pictures of the 5-level converter.
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6 HARMONICS

Because of the stepwise synthesized output waveform of a multilevel converter, a
more sinusoidal waveform is generated, creating a number of advantages. The
stepwise waveform reduces the dv/dt of the output voltage. This can reduce the
capacitive currents, and lifetime of cable and motor isolation will increase. For a
drive application a lower dv/dt will also reduce bearing current problems.

The reduced voltage distortion will also reduce the current ripple, and hence the
need for a output filter will decrease or disappear completely. Also EMC/EMI
concerns are reduced.

6.1 Harmonic Current

In an electrical motor drive, the leakage inductance of the machine and the inertia
of the mechanical system acts as a low-pass filter for the harmonic components
generated by the converter [53]. In spite of this, some distortion will remain, giving
harmonic losses and fluctuations in the electromagnetic torque. The harmonic
currents primarily determine the copper losses of the machine.

Motor Leakage
; Inductance
AL,

U, L U,

Converter Output EMF Voltage in
Voltage Motor

Figure 6.1: Equivalent circuit of an AC load.

An equivalent circuit for an AC machine is shown in Figure 6.1. up is the output
voltage of the converter, and uy is the induced voltage in the machine. L is the
leakage inductance in the machine. The equivalent circuit can also be used for a
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grid connected converter, where u 1s the grid voltage, and L the line inductance.
Aiy 1s the ripple current.

6.2 Analytical Calculations of harmonic current for 3-level
PWM

In [55], analytical equations for the harmonic current in a 2-level converter for
several PWM strategies is analysed. Investigations for a 3-level converter is
performed in [56] and [57] below, and repeated here. This is for pure
cosine/sinusoidal modulation only. In addition analytical calculation for 3™
harmonic injection is performed in this chapter. The method to compute the
equations is based upon previous work done in [55], and the equivalent circuit is as
shown in Figure 6.1.

6.2.1 Symmetry and space vectors

Because of symmetry, it is sufficient to analyse a 60° interval as seen in Figure 6.2.
The output state space vectors from the converter can be expressed as [55]:

2 ) VK]
zo=§(ua+2ub+guc) » a=| =5+

IS (6.1)

A 1
o) 2x ' _{jdc“e - ¥ 3
:L,rdre"'T npn - Opn: ﬁ ppn 2 }rdc_e"s
2 = ;
NG
000 ;
ppp
nnn

Figure 6.2: Output space vectors in a 60° interval.
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The total space vector is a function of the duty ratio of each bridge leg and the
space vectors corresponding to the apexes of the triangle. The function is
depending on which area the travelling space vector is in. For ¢ in area 2:

go’zzd u_ +d u +dppn-gppn+a’ppo-u

oon —oon opn —opn — ppo

(6.2)

dvee (x=0, n, p) is the duty cycle of each voltage vector within a switching interval.
To analyse the ripple current, the switching intervals must be analysed for every
area in Figure 6.2. This is done in [44] and presented in Table 6-1.

Table 6-1: Switching sequences.

Area Angle t,=0 Switching sequence t, = Tsw/2
1 /3 to /2 00n 000 0p0 ppO
1 /2 to 21/3 nOn 00n 000 0p0
2 /3 to (M) 00n Opn ppn pp0
3 o(M) to /2 00n Opn 0p0 pp0
3 /2 to (M) nOn 00n Opn 0p0
4 (M) to 2n/3 nOn npn Opn 0p0

E.g: Opn means that bridge leg a is connected to the neutral point, bridge leg b and
bridge leg c are connected to the positive and negative DC-bus respectively.

6.2.2 Method of derivation

Three different calculations exist, depending on the modulation index, M. The
three sectors are depicted in Figure 6.2. From the equivalent scheme, the ripple
current can be derived from [55]:

dAi,
dr,

— [ty -, (7)] (6.3)

t, 1s the microscopic time within a switching interval, between 0 and Tj,. The
following derivation of currents must be done in every area in Figure 6.2, below
are listed the ripple currents in area 2:



106

, L.,
gNt,ul (T) = doop [zoop - 20,2 (T):I

2L
; ; T,
gNt/Q (T) = gNt,ul (T) + dopn [zgpn - 20,2 (T)i| 2L
6.4
' ‘ T (6.4)
gNt,u:; (T) = gNI/JZ (T) + dppn I:prn - 20,2 (T):I 2L

| | T,
gNthw/Z(T) = QNI/B (T) + dppo I:pro _110,2 (T):I 2L =0

Eq.(6.4) is decomposed into the stator oriented coordinate system by:
AiNtyx,a (T) = Re(gNtyx (T))
AiNt;tx,ﬂ (T) = Im(&Ntyx (T))

The sum of the squares of the phase currents can be transformed to the stator
oriented coordinate system o and 3 [55] .

(6.5)

3 3
A+ AL AL, = E[Aifm +ALL,, = 5|A1N i (6.6)

The microscopic derivation of the ripple current within a switching interval is:

1 e ) ‘

ﬁ J. [Al;a (t/’)—l_Al;/ﬂ (t/l )j| dt,u
M1+ Mot

H 6.7)

.2 . . .2
1 AlNa,Hl + AlNa,i+lAlNa,i + AlNa,i

) . . .2
3 +A1Nﬁ,i+1 +A1Nﬁa,i+1A1Nﬂ,i +A1Nﬁ,i

The local RMS values (related to half a switching interval) of the current ripple can
be expressed as shown in Eq.(6.8) for area 2:

1,,/2

: 2 : . :
All%/,abc,rms ('[) = T_ J- I:Al/%’,a (t#) + Al]%/,b (t/l) + Al}%’,c (t/l ):' dtﬂ

(6.8)

3
T

sw

0

T, /2
J [ Ady (1) + Ay 4 (2,) ] dt,
0

Since the modulation methods have sixfold space symmetry, the global RMS
currents must be integrated over the entire 60° interval and divided by 3:

5 1 3 27 /3

=== [ a3}

N ,abc,rms
T

dot (6.9)

7/3

From the above discussion, it is now possible to develop expressions for any kind
of sinusoidal control voltages with any kind of additional zero sequence voltage.
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6.2.3 Analytical equations for pure sinusoidal CBPWM

The simplest case is with pure sinusoidal/cosine control voltages as described in
Chapter 2.3.1. The control signals are:

u,, (1) =M cos(wt)

u, (t) = M cos(wt — 277[) (6.10)
2r
u, (t) =M cos(wt + ?)

Referred to Figure 6.2, the cosine modulation function are introduced because in
order to coincide with the vector space in Figure 6.2. When «r =0, the voltage is at
it’s maximum in the a-axis. In [56] and [57], the results from the calculations are:

M =[2/3 to 2/\/3], (uttermost sector):

—48\3M® —24\3M° cos(p,)’ + 240, — 240,

+108M ¢, +36+/3M* =36 M° —81M° sin(¢,) —108M sin(g, )

, A | +54M7 sin(g,) cos(g,) —543M2 cos(,)? +367/3M cos(¢,)
NS4 | 19BM cos(g,) + 24BM cos(e, )} —108M>p, —108M sin(p,)
+96 M7+ 2TM* 71 +167 —36:/3M cos(p,) —93M cos(p,)
—54\3M? cos(p,)* —54M? sin(p, ) cos(p,) —81M° sin(p,)

6.11)

@; and @, are the angles when the reference vector are crossing from area 2—area
3 and area 3—area 4 in Figure 6.2 respectively.

M = [1/+/3 to 2/3], (middle sector):

%(—16\/§M3 —83M> cos(p,)’ —8p+8p, —36 M p,

.2
2 Al | _6\3M* +36M7 sin(@,) cos(@,) — 243M cos(p,) — 24/3M cos(p,) (6.12)
+83M° cos(¢,)’ +36 M, +8M* 7 +9M* 1 + 243M cos(¢,)
+243M° cos(p,) — 36 M* sin(p, ) cos(p,) —12M°

@; and ¢, are the angles when the reference vector are crossing from area 1—area 3
and area 3—area 1 in Figure 6.2 respectively.

M<1/43, (innermost sector):
, A

_?(M2(9M27z—12M—6\/§+87z—16\/§M)) (6.13)
T

N ,rms

where
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AL =% (6.14)

In [44], the analytical expressions for the angles that give the crossings between the
different areas in Figure 6.2 are computed:

(D](M)=7Z'—(p2(M) (615)

lﬁ(um)

¢,(M)=r+atan| — (6.16)
3(—1+;\/—3+9M2j
o, (M)=n~-p,(M) (6.17)
2+\6(—1\/§—\/—1+3M2)
404(2\4)=5—7[+mnz 2R (6.18)
6

(B

These expressions are made for solvers that returns a negative value of the atan()
expression.

The size of the middle sector is small, ranging from M=0.577 to M=0.666. By
extending the range for the uttermost sector, and the number of expressions for the
ripple current, reduces to two. Hence Eq. (6.11) applies to the common range
M=[1/\3 2/7/3], and computation of @,and ¢, is also avoided.

By eliminating the angle expressions for Eq.(6.11), a simplified expression of the
ripple current can be derived. Letting ¢ =7z/3andg, =27/3in Eq.(6.11), a

simplified equation yields from M = 1/v5 to M = 2/V3:
M=[1/N3 to 2/N3]:

(6.19)

Figure 6.3 shows a plot of the full solution in Eq.(6.11) and (6.13), in addition to
the approximated solution in Eq.(6.19). A simulation in MATLAB is also shown,
to verify the results.
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Figure 6.3: Comparision between analytical expressions and simulated values for
sinusoidal modulation.

6.2.4 Analytical equations for sinusoidal CBPWM with 3™ harmonic
injection

By injecting a common 3™ harmonic component of 1/6 of the fundamental in the
control signals, the modulation range can be extended to M =2/~/3 ~1.15[55]. In
[55], it is shown that this type of modulation also decrease the ripple current for a
2-level converter. In this chapter, it is shown that this also holds true for a 3-level
converter. 3" harmonic injection is introduce in the control signals the following
way:

u, (1) = M (cos(wr) — M, cos(3or))

u, ()= M(cos(a)t - 277[) - M, cos(3a)t)) (6.20)
u, (1) = M(cos(a)t + 2?”) -M, cos(3a)t)j

where M;=1/6. Figure 6.4 shows a plot of the influence of the 3™ harmonic
injection in the control signal. Since triple harmonics will disappear in the load
phase-, and line-voltages in a 3-phase load, any 3™ harmonic injection can be
performed in the control signals.
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—— 3.harm 1/6, M=1.15

I I I
0 0.5 1 15 2 25 3

Figure 6.4: Comparison of pure sinus and sinus with 3.harm injection at M=1.0 and

1.15 respectively.

Using the same method described in the previous, the analytical expressions can be

extracted. The solution is as follows:

M=[1/73, 2/\3], (middle and uttermost sector):

i_’;_ 2 — 38898 sin(3¢, ) M° —%sin(gpz)M - 31;);8 cos(3, + %)MS
. 3’1;)898 sin(30, +%)M5 —21—7(:05(3(02 +%)M3 —25—7sin(3gz)2 +%)M3
+g(p1 —g(p2 —%Mz —%M‘"‘ + cos(g, +%)M3 +2p,M°
A A2 +ésin(3(0, —k%)M3 +écos(3(pl +%)M3 %—%Z-M4 +%M2
’ 7

—sin(p,)M* ~ 2sin(2p, + D)M* ~ sin(2p,) M* ~—sin(2p, + )M’
3 3 3 3 6
2 1 T 3 . T 3 4 . T
+—sm3¢p, + —)M" —sin(@, + —)M" ——sin(p, + —)M
57 (3¢, +3) (P, +) Jsine, +3)
4 T 1 . V4 , 1. 5
+—cos(@, + —)M ——sin(2p, + —)M "~ +—sin(2¢p, )M
S90S(0, + M~ Zsin(2g, + M +sin(29)
127 5

2 T 5 . ; 4.
——cos(2p, + —)M* —sin M’ ——sin M —M
3 (2o, 6) () 3 (@) 1S

where ¢; and ¢, are defined in (6.15) and (6.16).
M=[0 to 2/\3], (inner sector):

(6.21)
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Ai’
AL, = ; (—%M3 +%M47z—%\/§M2 +%M%—§M3\/§j (6.22)

As for the pure sinusoidal modulation, the expression can be simplified by
lettingp, = z/3 and ¢, =27/31n Eq.(6.21):

M=[1/43, 2/\3], (middle and uttermost sector):

91x 4r 7
| =M+ M+ —BM +
N T T 4 127 019 = L 4 (6.23)
M -2 BM 23 M
27 315 9 3
T T T T T
- simplified analytical expr.
0025l — full analytical expr. |+ |
; O simulated results
73 USSR SO OO SUOSSORNN SO SO O
o . ' ' i ! !
T S S (It I SR
E : : : : —
[t
<
U NS SRS SR SR L
O
|
0.005 F---------- ---------- b B LGbEEEs =
0 | I I I |
0 0.2 04 0.6 0.8 1 12

Figure 6.5: Comparision between analytical expressions and simulated values for
sinusoidal with added 3.harmonic injection.

Figure 6.5 shows a plot of the full solution in Eq.(6.22) and (6.21), in addition to
the simplified solution in Eq.(6.23). A simulation in MATLAB is also shown, to
verify the results. From the plot, it can be observed that the simplified solution
converges from the full solution/simulated values, and the accuracy is poor for
M>0.8. The full solution shows good accuracy according to simulations.

6.2.5 Verification by experiments

To verify the results, a test setup as shown in Figure 6.6 is used.
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Figure 6.6: Laboratory setup.

The primary data for the setup is summarized in the table below. The 3-level
converter used is described in Chapter 5.1.

Table 6-2: Data on laboratory setup.

Component Data
3-level NPC Converter 40kW, fsw=1kHz, 315Udc
Induction machine 15kW, 230V, L;=3.2mH
Load 15kW DC-machine with variable load
DSP/Control board TMS320F2812 based

In Figure 6.7, a plot of the output waveforms is shown at nearly full load and speed
for pure sinusoidal modulation is shown. The output current for the different
modulations method are measured at different modulation indexes. By using
MATLAB, the waveforms are analysed, and the ripple current extracted. The
results are shown in Figure 6.8 and Figure 6.9 respectively.
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Figure 6.7: Output waveforms for sinusoidal modulation at M=0.98. Trace1: Pole
voltage [200V/div]. Trace 2: Phase current [33.3A/div].
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Figure 6.8: Results from pure sinusoidal modulation.
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Figure 6.9: Results from sinusoidal modulation with added 3" harmonic.

As seen from the experimental results, the analytical solutions match the
simulations and the experimental results fairly well. By introducing a 3™ harmonic
component in the control signals, an increase in the modulation range of 15% can
be achieved. Also the harmonic current is lowered as plotted in Figure 6.10.
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Figure 6.10: Relative loss factor between the 2 different modulation strategies.

6.3 Simulated harmonics for 3-level PWM

Chapter 6.2 has proved that it is possible to deduce analytical equations for simple
3-level PWM strategies such as pure sinusoidal Carrier Based PWM (CBPWM)
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and sinusoidal CBPWM with 3™ harmonic injection. As shown in the previous
section, the complexity of the analytical solution is quite high, and analytical
solutions for more advanced modulation strategies are likely to be very complex.
However, it 1s possible to simulate the resulting harmonic current to compare to the
already developed analytical solutions.

For this purpose MATLAB is used. The basis for the simulation is the model in
Figure 6.1. First, the different modulation methods are programmed in a module
that produces the desired switching output voltages from the converter u, .The

motor phase voltage can be calculated by subtracting the common mode voltage
from this. By Fourier analysis, the 1% harmonic value can be found, and subtracted
from the motor phase voltage. The resulting voltage is the ripple voltage across the
motor’s leakage inductance. From integration, the ripple current Ai,,  in the motor

can be found. In Chapter 6.2, a reference harmonic current is used:

A = Ug_LT (6.24)

where U, is the DC-bus voltage and Ty, is the switching period. By dividing the
total RMS current by the expression in Eq.(6.24), a dimensionless performance
factor can be extracted:

.2
AlN,rms

.2
AV

(6.25)

Eq.(6.25) gives a figure of merit, independent of switching frequency, DC-bus
voltage and filtering inductances. The squared expressions are introduced because
the harmonic losses are proportional to the square of the current. In the simulation
study, five different switching strategies have been used. First the sinusoidal
CBPWM (denoted sinus in the plots) and sinusoidal CBPWM with 3™ harmonic
injection (sinus w/3h) are simulated for verification. The proposed method (Lipo)
that centres the vectors for a 3-level converter (Eq.(2.50)), and the corresponding
space vector control signal for 2-level modulation in Eq.(2.46), denoted CV is are
simulated. Finally, the space vector method presented in Chapter 2.3.2 is
simulated, denoted SV.

Figure 6.11 shows typical motor current waveforms by using different modulation
methods. All other parameters are the same. To the left is plotted output currents at
low modulation index (M=0.4), and high modulation index to the right (M=1.0).
As can be seen from the figures, it can be observed that the Space Vector method
gives particular good spectral performance, especially at lower modulation indexes.
The reason for this is that all switches in each phase leg are switching in both half
periods of the fundamental output waveform (see Figure 2.18). Other 3-level
modulation methods are only switching two switches in each leg. This will lead to
higher switching losses for the Space Vector modulation method presented here.
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Figure 6.11: Simulated motor currents for different modulation strategies at M=0.4
(left) and M=1 (right). Offsets are introduced for better viewing.

The results from the simulations are shown in Figure 6.12. As before mentioned,
the Space Vector modulation method utilises all the switches for M<(0.57, and
hence lower harmonic current in this region occur.

0.014

0.012

—=- sinus w/3h
—=— 5V

o CV o

_____________________________________________________

Figure 6.12: Harmonic current for different 3-level modulation schemes.

Even in the high modulation region (M>0.57), the Space Vector modulation shows
better performance together with the modulation method from [39] (Lipo). Also,
the control signals associated for 2-level space vector modulation (CV), shows non-
optimal performance applied in the 3-level topology, and it equals sinusoidal
modulation with 3™ harmonic injection. Finally, the two sinusoidal modulation
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methods show inferior performance to the other, but have an advantage in easy
implementation.

6.4 Harmonics for 4-level and 5-level PWM

As mentioned in Chapter 6.3, the analytical expressions for more advanced
modulation method for the 3-level topology become complicated. For 4- and 5-
level topologies, even more complex expressions are likely to be expected. From
this, the only way to compare multilevel converters is by simulations. In the
following, extensive simulations have been performed for sinusoidal Carrier Based
PWM (CBPWM) for different converter topologies. Figure 6.13 shows the results
from the simulations.

0.05H

I
—— 2-level

-5 3evel | 5 : : : : :
B e e

5-level

0.04

2
r*«l,r|11s"f"m‘I

Al

Figure 6.13: Harmonic currents for sinusoidal CBPWM for different topologies.

As expected, the harmonic current is decreasing as the number of levels # is
increased. However, the gain in harmonic performance is decreased as n is
increasing. Figure 6.14 shows the same results as Figure 6.13, only normalized to
the 2-level topology. From the figure, the spectral quality of a 3-level converter is
increased at higher modulation depths compared to a 2-level converter. The 4- and
S-level converter show lower harmonic losses, but taken the complexity of these
converters into consideration, the 3-level topology yields the most reduction in
harmonic losses.
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Figure 6.14: Normalized harmonic currents.

6.5 Conclusion

Analytical expressions for the ripple current on the AC-side of a 3-level converter
are developed for 2 different modulation strategies. Experimental measurements on
a three-level prototype in the lab and simulations are done to verify the analytical
expressions. Extensive simulations on different 3-level modulations strategies has
been done, and also 4- and 5-level sinusoidal CBPWM. The results shows that by
extending the converter topology to a multilevel converter, harmonic currents can
be reduced significantly. Complexity of the converter and control taken into
account, the 3-level topology seems to be an interesting topology.
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7 DC-BUS BALANCING

One inherent problem with the diode clamped multilevel converters is the
balancing of the capacitor voltages in the DC-link. This is particularly a problem in
systems where the DC-bus is fed from a single supply connected to only the upper
and lower stack of the DC-link capacitors. The fundamental reason for the
unbalance, is that unequal current is drawn form the different throws in the DC-
link.

7.1 Switching Functions

To address some of the problems with balancing, it is necessary to model the
currents in the DC-link. In [59] the currents are modelled by use of switching
functions. The theory is repeated here, and gives a very nice visualization of the
balancing problems.

Figure 7.1 shows a general multilevel converter. The multi pole switch S; (j = a, b,
¢) can have i distinct positions, i = (n-1)/2, ..., 0, ..., -(n-1)/2, called t;. The number
of inverter poles (one for each line output) is 3. In order to maintain continuity of
the three phase currents, at least one of the throws has to be connected to a pole at a
given instance of time (the throws are the interconnections from the DC-buses to
the multi pole switches). In addition, each switch S; may be connected to only one
voltage terminal at any given instance of time. Mathematically, these constraints
can be expressed using switching function formulations. Let /; be the switching
function connecting input voltage u; to the output current i;be defined as:

n—1

1,if t, isclosed FN
h.(f)= y , then h. (=1 7.1
o=47 > 0 .

L

2

The output voltages and input currents can be described by:
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U,(t)= i h,()-U,(t) and I,(1)= > h,(0)-1,(t)

Udc
|
nln
% Y A o)
U_n-1y2 }; U,/ | Uo/}7U1 P
Yilnye Yl Ylo Yl |(n-1)/2:5

e (=L
l—(z)

j=a,b,c

Figure 7.1: General multilevel converter.

Eq.(7.2) can be rewritten in a more compact form as:

U,O)=H0U, () and L,()=H®)"L,, (1)

Where:

U,.0=[U,0) U@ U®|

L.,o=[1,0 L» LO]

Qin(t): U n—1

L, ()

2

@ .. U .. Unl(t)}

{znl(z) v 10 Im(t)}

(7.2)

(7.3)

(7.4)
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h n—1 * h n—1
7 5
HO=|h,, -~ h ., (7.5)
2 T2
h n-1 h n—1
i c— c— >

When the repetition frequency of the switching function is much higher than the
frequency of the output voltage, Eq.(7.3) can be approximated by:

U,u(®)=M0OU,, ()

7.6
L,0)=M®"L,, (1) (70

t+T

m (@)= [yt (7.7)

Thus, mj; 1s the average switching function, without taking switching into concern.
As will be shown, this gives better visual understanding of the problem, and
analysis becomes simpler.

7.2 Evaluation of the method

To evaluate the expressions for the DC-link currents, a comparison between a
KREAN simulation and switching function simulation in MATLAB for a 3-level
converter. The simulations have been done with pure sinusoidal load current. An
example is shown in Figure 7.2.

.tm; %, 4= 0 4

suﬂ“” [ “'*JLHW‘“ HJU ] IJ“JULJHU"HM
Ty S et
F?W’"ﬂv.\{JMJH‘,W;f.“ML{”.[.I Sl L Ay i il
S niﬂﬁ“ﬂ mf“mﬂ' ‘1 P T 1] L T

0 00w oo 00E LU.R: UU 0ov2 om4 UUlb LpJ16 0o

Figure 7.2: Simulations done with modulation index M=0.8 and current angle ¢=-60°,
KREAN (left), MATLAB (right).

By using (7.7) the analysis is simplified, but the method gives good accuracy for
the frequencies lower than the switching frequency.
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Figure 7.3: Simulations done with modulation index M=0.8 and current angle ¢=60
(inductive load), switching (left), simplified (right).

Figure 7.4 shows the harmonics for the DC-bus currents for the switching and
simplified method, respectively. The method of averaging is very accurate for
lower harmonics, which causes the neutral point to fluctuate. Hence the simplifying
method is very useful to illustrate DC-bus balancing problems.
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Figure 7.4: Shows a close-up view of the first 25 harmonics in Figure 7.3.

The load currents are pure sinusoidal, and can be represented by:

L(=[1,0 I, LOT

= }[sin(a)t —@) sin(wt - 2% —@) sin(wt+ 2?7[ -]

(7.8)
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7.3 DC-bus balancing in 3-level converters

7.3.1 Switching vectors and current flow

For a 2-level inverter, the phase outputs can either be connected to the P- or the N-
terminal of the dc-bus. Thus there are 2° = 8 states for the voltage vector. Each
phase of the 3-level converter can be connected to either the positive (P), the
negative (N), or the neutral point (0) of the DC-bus, hence there are 3° = 27 voltage
states for the space vector. Figure 7.5 shows the 27 possible switching state
vectors. References [60] and [61] give an overview of the problem with voltage
balancing.

Not all vectors are affecting the neutral point (NP) balance, only the vectors
generated by connecting one or two of the outputs to the NP point do. The vectors
that do not affect the NP balance are called large vectors (PNN, PPN, NPN, NPP,
NNP, PNP), and zero vectors (PPP, NNN, 000). In Table 7-1, all the switching
state vectors that affect the neutral point balance are listed. The small vectors that
cause the neutral point current to flow in the same direction as the phase currents
are called positive small vectors. When the neutral point current is flowing in the
opposite direction, the vectors are called negative small vectors. As can be seen
from Figure 7.5, the small vectors have redundancy, i.e. the same space vector can
be generated by two different switching combinations. The vectors PON, 0PN,
NPO, NOP, ONP, PNO are called medium vectors and do also affect the NP balance.
They have no redundancy.

In Figure 7.6 examples of different vectors are drawn, and it shows how they affect
the NP current flow. From the figure, it should be noted that the small vectors
connect the load to only one capacitor, and the large vectors connect the load
exclusively to the positive and negative bus-bars.

Table 7-1: Neutral point current for different space vectors.

Positive small vectors | 1,, | Negative small vectors y, | Medium vectors | 1y,
ONN 1 POO -1, PON ip
PPO i OON -1 OPN 1y
NON iy OPO -1y, NPO i
OPP i NOO -1, NOP iy
NNO i 010) 3 -1 ONP 1y
POP iy ONO -1, PNO i
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a) Zero vector (PPP)  b) Negative small vector (P00) c) Positive small vector (ONN)
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a
0
b c
T N

Cdl

d) Medium vector (PNO) e) Large vector (PNN)

Figure 7.6: Examples of possible switching state vectors.
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The relationship between the capacitor currents and the NP current can be
expressed as follows:

Iy ~lg =iy, (7.9)
The capacitor voltages can be expressed as:

u,+u,=U, (7.10)
If the total dc bus voltage is assumed constant:

dgdc _ d;‘;' ; dz‘l;z ~0 (7.11)
and hence:

i i

CL; + Cc—; =0 (7.12)
if C, =C, =C then

Iy =y (7.13)
By using Eq.(7.9), the NP current becomes

i, =-2i,=2i, (7.14)

From this, it is shown that a non-zero mean neutral point current will cause a non-
zero capacitor current, and this will cause the capacitor voltages to
discharge/charge.

If the floating capacitor voltages become unbalanced, the redundant small vectors
in Table 7-1 has to be used to recover balance. Unbalance causes over-voltages
across both switching devices and capacitors, and failure can occur. If either the
upper or lower capacitor is fully discharged, the output voltage falls back to a
conventional 2-level waveform.

The space vector algorithm presented in Chapter 2.3.2 uses the duty cycles of the
small vectors to balance out the DC-bus voltages, Figure 7.7 shows the vector
placement in sector A. The inner area 4/ and A3 utilize two different small vectors,
which are split as follows:

dsl = dslp + dsln > dsZ = d?Zp + a,s2n (715)

dsi, and ds,, are the duty cycles for the positive small vectors, and ds;,/ds,, are the
duty cycles for the negative small vectors in Table 7-1 respectively. Area A2 and
A4 utilize only one small vector, ds; and ds; respectively. By varying the duration
of the positive and negative vectors, the neutral current is controlled, and hence the
neutral point voltage. Two control parameters: f; and f; are introduced, such that:
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dslp :ﬁdl
dsln =(l_fl)dl
dsZp =f,-d,

dsZn :(1_~f2)'d2

By varying f; and f5, the neutral point current/voltage is controlled, without
affecting the total duty cycles of the vectors without introducing any additional
switching. f; and f; have the same effect on the neutral point current, and in the

following, f; will be used to balance out the neutral point voltage.

ﬂs A1
~ d, d d,
A IO dy, dsz, 70 dsm ds,, IO
Yl Uio
V3 — N ol P P
a
A4
N 0 O P P
Us2 N\ Upm b
A3 \ N 0o 0o ofrP
Al A2 \ 1\ 20U, c
G
> ‘ o T
Uo Us Wy = <L
2
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dst‘dLL v d, oy ds, Ay dg, dg, dg,, d, d, ds,
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a >
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N N N O N N N 0 O N N N O
c >

2

Figure 7.7: Vector placement for SVPWM in sector A.

Figure 7.8 to Figure 7.10 show results from simulations carried out for different
modulation indexes and load angles. From the figures, it can be seen that the
neutral point current, and hence the neutral point voltage can be controlled in the

whole operating area.

2




127

np &g

Figure 7.8: Plot of the average neutral point current in a 3-level converter for different
load angles and modulation indexes at f1=1.0.
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Figure 7.9: Same as Figure 7.8, in 2D, i.e f1=1.0.
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Figure 7.10: Plot of the average neutral point current for different load angles and
modulation indexes at f1=0.0.

The average switching functions are a powerful tool to visualize the DC-bus
currents. Figure 7.11 shows a simulation of the neutral point current. For high
modulation indexes, M,>(0.5, the NP-current contains a large amount of 31
harmonic component, for M;<(0.5 the current contains only higher harmonics as
switching frequency and above. This is shown in detail in Figure 7.12, where the
lowest harmonic component present is at the switching frequency (20™ harmonic)
for M;<0.5.

L]

Figure 7.11: Average time domain simulation at Ms=0.8 (left) and Ms=0.4 (right), and
f1=0.5.
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Figure 7.12: Harmonic analysis of the NP-current for Ms=0.8 (left), Ms=0.4 (right).

From Eq.(7.14) the same harmonics in the NP-current appear in the capacitor
currents. For M,<0.5 there is no 3™ harmonic current flowing in the DC-capacitors.
This is an advantage, because lower harmonics are often the dimensioning design
criteria for the capacitors power losses caused by the capacitors relatively high
ESR value at these frequencies (see Chapter 5.1.2 and [44]).

7.3.2 Experimental verification

To verify the simulations, the same setup as shown in Figure 6.6 and Table 6-2 is
used, except that the load i1s exchanged with a star-connected RL-load, at R=12Q
and L=3.3mH. The results are shown in Figure 7.13 to Figure 7.16 at two different
modulation indexes, M;=0.45 and M;=0.8. By using the control variable f;, the
DC-bus voltage can be controlled efficiently. From Figure 7.16, small fluctuations
can be seen in the DC-bus voltages after about 1.7 sec. caused by the 3. harmonic
current flowing in the capacitor at high modulation indexes as simulated in Figure
7.11.

Tek i @ Stop M Pos: 40,00ms
-

2F

CH2+T1.00% k4 50,0ms

Figure 7.13: Output waveforms for space vector modulation modulation at Ms=0.45.
Trace1: Pole voltage [100V/div]. Trace 2: Phase current [15A/div].
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Figure 7.14: Control voltage f1 and DC-bus voltages at Ms=0.45.
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Figure 7.15: Output waveforms for space vector modulation modulation at Ms=0.8.
Trace1: Pole voltage [100V/div]. Trace 2: Phase current [15A/div].
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Figure 7.16: Control voltage f1 and DC-bus voltages at Ms=0.8.

7.4 DC-bus balancing in 5-level converters

7.4.1 Simulation of DC-bus balancing

In the literature, and from the discussions in the previous chapter, DC-bus voltage
fluctuations can be controlled for a 3-level converter with a single supply. For the
5-level converter, this is necessarily not true. One of the first papers that addressed
the need for separate supply for each voltage levels in a 5-level converters is [62].
In [63], a 4™ leg is used to actively stabilize the different levels. Later, [64] and
[65] showed, by using a 5-level active rectifier connected in a back-to-back
configuration, that it was possible to control the different voltage levels
independently.

By using the average switching functions, the DC-bus currents can be visualised,
as shown in Figure 7.17and Figure 7.18. Only i, and i; are plotted, since i, and i,
are the same, only with the opposite sign and phase. In Figure 7.19 (left) a close up
view of the currents are shown. From the figures it should be noted that the current
drawn from the intermediate DC-links are larger than for the uttermost. By using
sinusoidal CBPWM, this implies that the uttermost DC-bus capacitors tend to
charge, and the intermediate tends to discharge. This is illustrated by a KREAN
simulation in Figure 7.19 (right). In the lower plot, it is clear that by using this type
of modulation, that the voltages becomes unbalanced, and the intermediate
capacitor voltages decease to zero.
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DC-link currents

Figure 7.17: DC-bus currents in 5-level converter (left).3D plot of the middle DC-link
current i, at M=0.8. (right).

amgl

1 i e oy L e
:\ L I et = it o

g = e 1]

R £ 1]
b."\—g] a0

ot L

Figure 7.18: 3D plot of the DC-link currents at M=0.8, upper current i, (left), and
medium current iq (right).
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Figure 7.19: Close up view of the DC-link currents (left), and KREAN simulation
(right) at M=0.8 and ¢=30".
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As shown, by using standard modulation, the DC-bus in 5-level converters can not
be balanced by a single DC-supply. In [59] a new modulation scheme is proposed,
and by using this scheme, it is possible to balance the voltages by drawing equal
amount of currents from the DC-link nodes. The disadvantage of this method is
that the output voltage is limited because the modulation method utilizes all
voltage levels within half a period of a fundamental output cycle, and modulation
efficiency is decreased. A modulation method presented in [66] is reported to
balance the DC-link voltages. Investigations show that this method also has a limit
in output voltage, because the total modulation index is the mean value of the
control signals use to balance the DC-link voltages. Also, to minimize the current
drawn from the intermediate tappings of the DC-bus, the output waveform will
converge to a 3-level.

Hence, to balance the voltages, and obtain full waveform quality, it seems
necessary to feed the DC-bus by more than 1 supply. By using a separate supply
for each dc-link level, the balancing issues are solved. However, this solution is
expensive. By using two symmetrical supplies as in Figure 7.20 (middle), the dc-
bus is balanced with respect to the neutral point, but because of the equal current
drawn from the intermediate DC-link nodes, unbalance will occur. The final
solution is to use two asymmetrical supplies as shown to the right in Figure 7.20.
By using this configuration the intermediate levels are supplied with a separate
supply, and hence, the DC-link will be balanced. Figure 7.21 shows simulation
examples with two symmetrical and asymmetrical supplies. With the asymmetrical
supply, balancing of the DC-bus voltage is obtained.

DC-bus DC-bus DC-bus
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DC

AC AC

DC
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DC
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Figure 7.20: DC-bus supply for 5-level converter.
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Figure 7.21: Two symmetrical supplies (left), asymmetrical supplies (right).

7.4.2 Verification by experiment

In Figure 7.22, the experiment setup used is shown. Only one phase of the 5-level
converter constructed in Chapter 6 was used since the controller only has 12
independent PWM outputs. However, the principle of voltage balancing will be as
for a three phase system. The currents drawn from the dc-bus will be 1/3 of a three
phase system. In addition, the charging/discharging frequency will be //3 for this
one phase system. The DSP controller board is the same as given in Chapter 6.2.5.
Each AC-DC supply is 100V, thus giving a total DC-bus voltage of 200V. The

load is an RL-load with L;,,.=85mH and R;,,.=50Q2.
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DSP/Control
electronics

Figure 7.22: Experimental 5-level setup.
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Figure 7.23: Output waveforms for 5-level converter at modulation index M=0.8.
Trace1: Pole voltage [50V/div]. Trace 2: Phase current [1A/div].
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Figure 7.24: DC-bus voltages at M=0.8.

The figure shows that by connecting an isolated supply which supplies the
intermediate DC-bus nodes, balanced condition is obtained.

7.4.3 Redctifier solutions in 5-level converters

As mentioned, the 5-level topology can balance the DC-bus by utilizing two
asymmetrical DC-supplies. By simulation, it can be shown as in Figure 7.25, that
the power drawn from the DC-supplies are not equal.
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[pul

Figure 7.25: Distribution of DC-bus power for two asymmectrical DCbus supplies in a
5-level converter at pure resistive load at the output. p4c1 is the power from the main
supply and pqc2 is the power from the intermediate supply.

One often used solution in large electrical motor drives is a 12-pulse rectifier
solution [54]. By using two separate rectifiers in series supplied by a transformer
with two separate secondary 3-phase windings, better current waveforms on the
input side is obtained. One of the secondary sides is connected in a star
configuration, and one is connected in delta configuration. The currents in the delta
configuration will be phase shifted 30" with respect to the other windings. Hence,
the first harmonic on the input side will be the 12", Generally, harmonics will be
12k+1, where k 1s a non zero integer. Such a 12-pulse rectifier arrangement can be
used as an asymmetrical DC-supply for a 5-level converter, but since the power of
the two DC-supplies varies, the harmonic cancellation will not happened at all
loads. This is indicated in Figure 7.26 and Figure 7.27, where a typical load case is
simulated.
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Figure 7.26. Input currents using a 12-pulse rectifier. Left: star-connected (top), delta-
connected (middle), and total(bottom). Right. Corresponding harmonics. DC-power is
the same in the two rectifiers.



137

P

“annﬂnngng
uanonoﬂg

= ®

12 808 8
uonosnooun
—
-
I
I

]
o 8 8

,3.8838341

. 1o% B o1 = - = = =

Figure 7.27: Input currents using a 12-pulse rectifier. Left: star-connected (top), delta-
connected (middle), and total(bottom). Right. Corresponding harmonics. DC-power is
lowered to the half in the intermediate rectifier (middle traces).

In Figure 7.26, the DC-bus power is equal in the two rectifiers, and full 12-pulse
performance is obtained. In Figure 7.27, the power to the intermediate rectifier is
lowered to the half of the outer rectifier, and lower harmonics in the total input
current can be seen (e.g. 5™ and 7™). An disadvantage of this 12-pulse rectifier
arrangement is that each of the rectifiers must be dimensioned for the full DC-
power since the power is depending on the modulation index as shown in Figure
7.25.

7.5 Conclusions

In this chapter, the problems with DC-bus balancing are discussed. The principles
of average switching functions are used to visualize the behaviour of the DC-link
currents. For the 3-level topology, space vector modulation is used to actively
balance the neutral point. If the number of levels is increased, the balancing
problems are more difficult to overcome. Some simulations and verifications in the
lab on a 5-level converter are performed to illustrate the problem. By using two
asymmetrical isolated DC-supplies, the DC-bus is balanced. Some simulations of a
12-pulse rectifier indicate that this is not an optimum solution in an asymmetrical
arrangement. Active rectifiers can be a solution and might be costly and complex,
but is not discussed any further in this thesis.
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8 CONCLUSIONS AND SCOPE OF
FURTHER WORK

8.1 Discussion and Conclusion

This thesis is dealing with important aspects concerning multilevel power
conversion. In the First Chapter, a brief summary of the different topologies is
given. From this, the Diode Clamped topology is chosen for further investigation.
This is because of its increasing popularity in industrial applications and its
promising performance. The Cascaded Multicell topology can generate the highest
number of levels from a given number of switching devices and DC-busses. The
main problem with this topology is that a separate, isolated DC-supply is needed
for every DC-bus level and phase. Further, the Capacitor Clamped topology is
presented in the literature as difficult to control, and needs balancing capacitors.

In the Second Chapter, modulation strategies are discussed. Main focus is on
carrier based and space vector PWM. A generalization of carrier based modulation
is given and simulation models show the differences between the different
topologies and modulation methods.

One of the main focuses of the work is presented in chapters 3 and 4. Losses in
multilevel converters, both dynamic and static losses, is not documented in the
literature to a large extent. Sinusoidal carrier based PWM has been used to develop
analytical expressions for both switching and conduction losses for 4- and 5-level
topologies. Hence, easier comparison of different topologies, different use of
switches etc. can be performed without time consuming simulations. There exists a
variety of modulation methods for a given converter topology, but these are not
compared with respect to losses. However, sinusoidal carrier PWM are one of the
simples schemes, and gives a good foundation for comparison. Chapter 4 shows a
comparison of a 1 MW/1500 V drive. Already by using a 3-level topology, the
losses can be reduced to about 60% of a conventional 2-level converter at same
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loading and switching frequency. The main reason for this, is the very high
switching losses of IGBTs in this voltage range (3300 V). In this case, the 4-level
topology is superior to the 5-level topology, caused by the use of the same IGBTs
(1200V) at this voltage level. Further, a 2300 V/3 MW drive was analysed for 3, 4
and 5-levels respectively. A better voltage utilization of the switches leads to the
lowest losses for the 5-level topology. Hence, the losses are lowered by about 40%
compared to a 3-level topology.

Further, analytical expressions for the ripple current on the AC-side of a 3-level
converter are developed for 2 different modulation strategies. Experimental
measurements on a three-level prototype in the lab and simulations are done to
verify the analytical expressions. Extensive simulations on different 3-level
modulations strategies has been done, and also 4- and 5-level sinusoidal CBPWM.
The results shows that by extending the converter topology to a multilevel,
harmonic currents can be reduced significantly. Complexity of the converter and
control taken into account, the 3-level topology seems to be the most interesting

topology.

One of the drawbacks of Diode Clamped Converters are problems with balancing
of the DC-bus voltages when a single supply is used. In Chapter 7, the problems
with DC-bus balancing are discussed. The principles of average switching
functions are used to visualize the behaviour of the DC-link currents. For the 3-
level topology, space vector modulation is used to actively balance the neutral
point. If the number of levels is increased, the balancing problems are more
difficult to overcome. Some simulations and verifications in the lab on a 5-level
converter are performed to illustrate the problem. By using two asymmetrical
isolated DC-supplies, the DC-bus is balanced.

8.2 Scope of Further work

Since the Multilevel Converter research area is large, and the technology quite
young, there are still quite a few unfinished aspects to be solved.

First, the analytical loss calculations in Chapter 3 are only performed for 4-, and 5-
level Diode Clamped Converters. A generalization of the expressions would be
preferable, to extend it to n-levels. Further, loss calculations for other topologies
should be developed to compare different topologies with losses. The loss
expressions are only general in the form as average-, RMS-current and switching
losses for each component in the converter topology. Models of the semiconductor
components should be developed, and included in the generalized expressions. By
this, optimization of the converter can better be achieved, as semiconductor
parameters can be varied. For the 3-level topology, the SVPWM schemes should
also be analysed for losses.
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In Chapter 6, quite complicated expressions for the harmonic current in 3-level
converters are developed, even if simplification is performed. The PWM methods
used for the expressions are as simple as possible. In spite of this, the more
advanced modulation methods should not only be simulated as in this thesis, but
also be derived analytically.

For the balancing of the DC-bus voltages in 5-level converters, mainly converter
operation is investigated in this thesis. Multilevel rectifiers should be investigated
to balance the voltages in the DC-link. As the investigation in Chapter 7 shows, the
rectifier can be simplified if asymmetrical DC-sources are used. Hence, the
rectifier topology might also be simplified.
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APPENDIX

A RESULTS FROM SIMULATIONS OF
A 4-LEVEL CONVERTER

The expressions for the RMS and average currents in the respective devices are
verified by simulations in Saber with sinusoidal current sources. The load current is
100 Agrys. Verification where done in the modulation range M = [0.2, 1] and ¢ = [-
150°, 150°], using a switching frequency of 1500 Hz. Figure A.1 and Figure A.2
shows the results. A significant deviation exist for in the clamping diode ip;, for @
= -45°, and in the freewheeling diode ip,,. for @ = 0°. These deviations are caused,
because the current levels are very low at these instances. For ip;,. the calculated
currents are 0.53A and 0.02A for the RMS and average current respectively. The
contribution to the total power loss will be minor. The worst deviation for ip,, is
forM=1and ¢=0°at0.737 A.

arror [%]

ermor [%]

error [%]

error [%]

Figure A.1: Deviation for currents through components in the 4-level converter.
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[e4] 10008

Figure A.2: Deviation in percent for currents through components in the 4-level

converter (cont.

)-
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B LOSS CALCULATIONS FOR 5-
LEVEL CONVERTERS

B.1 Switching losses

For 4-level converters, a different set of formulas will be valid when operating with
amplitude modulation factor less than 1/3. For 5-level converters, this limit is
decreased to 1/2. Like for 4-level converters, inductive or capacitive load does not
make any difference for the general formulas.

B.1.1 M>1/2

The general formulas for switching losses in each component will be:
For T;,+ and T,.:

7 - arcsin(1/(2M))<p <

P, =0 (B.1)

Tla,sw

arcsin(1/(2M))<oe < & - arcsin(1/(2M))

z—arcsin(£h7)

U
e L [ kyi+h,,i*dot

Tla+,sw 4 272_ ;

4k, , (\/ AM® -1 cos(qp)M—sin(|(o|)M + 2M2) (B.2)

; VAM? ~1cos(2¢) +sin(2|g]) (2M* ~1)
+4M* (- |gp| —arcsin(;,))

_ Udc f;'wj

- 2
647Z'M +k2T

¢ < arcsin(1/(2M))

z—arcsin(47)

U, 1
_ dc . 2
Tla+,sw f;w J- kl,Tl + kz’]-l dC()t
4 27 o
arcsin(z7)

o[ 4k NAM? —1cos(p) (B.3)
Udcfswl ' "

32zM +%(MCOS(2¢)+2M2(7r—2arcsin(ﬁ)))
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For T, and T3,.:
7 - arcsin(1/(2M))<p <

_Us 1
T2a+,sw 4 272_

_ Udc/;wi
2

arcsin(1/(2M))<e < =t - arcsin(1/(2M))

Son [lri+ e, i deot
¢ (B.4)

(4k1,T (1+cos(p))+ kZ’TIA (sin(2 |¢|) +27— 2¢))

U, 1 f
L—f, | itk iPdot
2

z—arcsin(47)

2M> cos() — MAJAM? —1 cos(p) + M sin(|(p|))

T2a+,sw = 4

A (B.5)
Udcf;wl 4kl,T (

= 5 )
64rM +hky 1 (—\/4M2 —1cos(2¢)+sin(2 |g0|) + 4arcsin(ﬁ)M2 )

¢ < arcsin(1/(2M))

1 arcsin(z47) e
. .2 . 2
o [ kgi+h,itdot+ [k itk iPdot
(4

z—arcsin(z47)
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ko B.6
UpSud 4k1’T(_\/mc°S((0)+M+Mcos(go))+ ;; (B.6)

32zM (—\/ M* —1cos(2p)+ M’ (sin(2 |¢|) +4arcsin(zh,) + 2(p))

For T3, and T>,.:
7 - arcsin(1/(2M))<p <
U z+arcsin(z47) T+o
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Py o = ZE fsw[ [ kyi+hk,idot+ | kl’Ti+k2’Ti2da)tJ
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4kLTM(\/4M2 —1cos(p)+M - M cos(go)) (B.7)

Ua'c»fswf
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arcsin(1/(2M))<e < &t - arcsin(1/(2M))
z+arcsin(3h7)

i fo | itk idet

V4

Ua’c

T3a+,sw = 4
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(B.9)
(4ku (1-cos(p))+k, .1 (20— sin(|2(p|)))

n - arcsin(1/(2M))<p <

U 1 2z —arcsin(z47)
_ de . .2
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For Dla-’ DZa-’ D3a-, D4a—, Dla+s D2a+, D3a+ and D4a+:
7 - arcsin(1/(2M))<e <

2z —arcsin(57)

U

dc . .2
Dla—,sw — 4 gf;w ﬂam{l(l) kl,DH'kz,Dl dot
(B.13)
U f i —4k, , MNAM? —1cos(p)

32 M? +k2’DIA(\/4M —1cos(Rp)+2M* 7z —4M’ arcsin(si- ))

arcsin(1/(2M))<e < & - arcsin(1/(2M))

U T+
Dla—sw — fgfsw J. kl,Di+k2,Di2da)t

z+arcsin(z57)

A 4kLDM(2M— 4M2—lcos(¢))—sin(|(p|)) (B.14)
Uy Sl

2,D

+sin(2 |(p|) (1 —2M° ) +4M° (|¢7| —arcsin(zy;))

¢ <arcsin(1/(2M))

Potaciw =0 (B.15)
For D;, and Dg,:
7 - arcsin(1/(2M))<p <

Bprasw =0 (B.16)

arcsin(1/(3M))<oe < & - arcsin(1/(3M))
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+4M2( |(p|+7z arcsin(s3;,))
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¢ <arcsin(1/(2M))
U 1 z—arcsin(zkr)
Potoe =355 = o [ itk i dot

arcsin(s}7)

U, fi 4k, ,MNAM? —1cos(p)

32aM?| 4, ] (\/4M2 ~1cos(2¢)+2M* (7 -2 arcsin(ﬁ)))
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z+arcsin(zhr)

U C . .
D3a,sw - : E]{;W 7;[ kl,DZ +k2’Dlzda)t
A 4kLDM(\/4 M —1 cos(p)+ M Mcos((p)) (B.22)
Udc](.;wl
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P amiz 22|yl
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72- T

U f I 4k1,DM(\/ 4M* —1cos(p) + sin(|(p|) -2M cos(gp)) (B.23)
_ deJ sw
= el )

64z M +k2’DI(—\/ 4M* —1cos(2p) — sin(2|¢)|) +4M° arcsin(ﬁ))

¢ <arcsin(1/(2M))
T+
PD3asw_l/;;.jLzL '[le+k DZ da)t
(B.24)
U I
dcfm ( lD (1- cos((o))+k2 D](2|(0|—Sln(2|(0|)))

B.1.2 M<1/2

Since 7+ and T are open and T}, and Ty, are closed in this interval, they will
have no switching losses. Neither the freewheeling diodes Dj;+-Dy+ and D,;-Dy;.
will have switching losses. Similar, the outermost clamping diodes D;; and Dy;
never switches in this interval.

For T3, and T3,.:

Py, = Ys > fm jlez +k, it ot
(B.25)
U cj;w 7 .
- ;2_ﬂ(4ku (cos(p) +1)+k, .1 (sin(2|g]) + 2;:—2|¢|))
For T;,. and T),:
T+Q
T3a,sw = 4 ﬂ' sw J k,Tl'+k2’Ti2da)t
(B.26)

U )
dcfw Yaol (41 (1-cos()) + k1 (]| -sin(2|]))
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For D;, and D;,:
_ Udc

D2a,sw — 4

2i S [l i+, pi*deot

R (B.27)

_ Udcfsw[
32

For D;, and D,,:

(4k])D (cos(p)+1)+ kz’Df(sin(2|go|) +27— 2|(p|))

U 1 T+ ,
PDSa,sw = fz_ f:vw J. kl,Di + kZ,Di d&)t

T (B.28)
_ Udc-f;wi

Lon (4k]7D + kszIAn')

B.2 Conducting losses

As for the 4-level topology in Chapter 3.4.2, the expressions are based on Eq.(3.1).
By using Figure 3.24 the integral limits for the respective devices can be found.

The formulas below are related to phase a. In a 3-phase converter, the expressions
for the other two phases will be similar as stated before. Hence, the expressions
are:

B.2.1 M>1/2
For T;,+ and T,,.:
n - arcsin(1/(2M))<ep <

I -0 (B.29)

Tla+,avg

12

Tla+,rms

=0 (B.30)

arcsin(1/(2M))<oe < & - arcsin(1/(2M))

z—arcsin(1-)

_ [ d,-idot

Tla+,avg 2
T
4

i —cos((o)\/m + Sin(|(p|)(4M2 * 1)
8- M| y4)? cos(go)(ﬂ—arCSin(ﬁ)_|¢|)_4M

(B.31)
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z—arcsin(zhr)

]]2'1a+,rms = J‘ dla : l2da)t
2

4
i VAM? —1(12M? = cos(2¢) + 4M? cos(2¢))
ey sin(2|@))(1-6M*)+4M* (3arcsin(5k) - 37
72' .
+8M cos(¢p)+3 |(p|)

¢ < arcsin(1/(2M))

z—arcsin(3h7)

_ L [ d,-idot

arcsin(47)

Tla+,avg

I _
_Leoso)f -1 4M?* —1+4M 7 —4M arcsin(5L)
4 M

1 ﬂ—arcsin(ﬁ)
r =— d -i*dot
Tla+,rms — 2 la l

arcsin(547)

7 | NaM® -1 (12M —écos@q)) +4M cos(Zgo)]
- 24xM

T oM (2arcsin(si) — )
For T,,+ and T3,.:

n - arcsin(1/(2M))<p <

(%,
Lipsme = Z( [, .zda)t]
P

IM, .
= ;(smd(ob +cos(@)7 + cos(p) |¢|)

112'2a+,rms = ZL[ IdZa ' lzda)tJ
7 4

72

M (3+cos(2¢) +cos(p))
T

arcsin(1/(2M))<o¢ < & - arcsin(1/(2M))

z—aresin(51-) z
1 2M . )
T2a+,avg E( (/.!. idot + ”ams'i[(l) d2a . lda)t}
i . .
—(\/ AM? —1cos(@)+4M +4M* cos(p)- arcsm(ﬁ) - sm(|¢7|))

- 8TM

(B.32)

(B.33)

(B.34)

(B.35)

(B.36)

(B.37)
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1 z—arcsin(3h7) .
[72"2a+,rms =4 I izda)t+ J d2a lzda)t

@ ﬁ—arcsin(zj—w)
VAM? ~1(~cos(2) +12M° +4M" cos(29) ) (B.38)
= +3M* (4 |(0| — 47 +4arcsin (ﬁ) —8M —2M cos(2¢))

487 M*
+sin(2|g|)(1-6M?)

¢ < arcsin(1/(2M))

ﬂ—arcsin(ﬁ)

1 arcsin(ﬁ) z
T2at.avg = —2 I d,, -idot + J. idwt + I d,, -idwt
VA @ arcsin(z47) r—arcsin(5L)

2 o (B.39)
I #cos((p) +2M sin(|(p|)

4 +2M cos(@)(2arcsin(si) — |(/’|)

arcsin(ﬁ) ﬂ—arcsin(ﬁ) T
I; ! d,, -i*dot *d ot d,, -i‘dot
T2a+,ms — A _ 2,1 AO + raowt+ 2,1 4O
27 0 arcsin(51-) 7 —arcsin(51-)
7] M

(B.40)
=P [NAM? —1(12M7 +4M7 cos(2p) - cos(29))
TM* | £12M arcesin(sL) —16M° cos(p) — 6M >z —12M° — 4M° cos(29)
For T3, and T>,.:
7 - arcsin(1/(3M))<ep <
1 z z+arcsin(3h7) T+
Favae =5 fidot+ [ dyidot | d,-idot
n ZE—arcsin(ﬁ)
i (B.41)
B I [V4M? —1cos(p)+4M
AzM | +2M° (2 cos(¢)arcsin(s;) — sin(|go|) —cos(@) 7 +cos(@) |§0|)
1 T ﬂ+arcsin(ﬁ) T+
Lo ==—| [Pdot+ [ d,-Pdot [ d,-idet
’ 2z ) z 2z —arcsin(z47)
: (B.42)

P (VAM? Z1(=cos20) +12M7 + 4M> cos(29)
247 M | +4 M (~2cos(2¢) M + 6 arcsin(sL-) +8M cos(p) — 6M)
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arcsin(1/(2M))<e < &t - arcsin(1/(2M))

T3a+,avg

- 8TM

1 T ﬁ+arcsin(ﬁ)
=—| [idot+ | d,,idet
27\, b

i £\/4M2 “1cos(p) +4M J

+4M? cos(gp)arcsin(zt) + sin(|(0|)

1 P z+arcsin(zh7)
[?3u+,rms = leda)t + -[ d3a . lzda)t
2z ; :

VAM? —1(—cos(2¢) +12M* + 4M” cos(2¢)) —sin(|2¢))

72

= 18| 127 —-12¢p —8cos(2p) M
+12arcsin(55-) + 6 sin(|2¢|) —24M
¢ < arcsin(1/(2M))
= Li]ida)t +L”]¢d3 idot = i(z - Msin(|(p|) + Mcos(go)|(p|)
s o ; T2 2r
: 1 ”Iizdwt i lﬂf d. -idot
T3a+,rms 272' ; 272_ J 3a

72

! (37 +8M cos(p) —6M —2M cos(2¢))
r

For T4+ and T,.:

n - arcsin(1/(2M))<p <

1 ﬁ+arcsin(ﬁ) 2ﬂ—arcsin(ﬁ) T+p
riaag =5—| | ddet+ [ d, idot+ idot
’ 2r L A
) m+aresin(5y7) 2z —aresin(5y7)
3 I | —4M* —1cos(p)+4M
4 M | +2M? (cos(p)m — 2 cos(¢) arcsin(5L))
1 7r+arcsin(ﬁ) 27r—arcsin(ﬁ) T+p
oo = — [ Pdot+ [ d,idet+ [ idot
4 ? ztaresin(zh;) 2z —arcsin(357)
P [N4AM? —1(cos(2p) —12M* —4 M cos(2¢))
247 M | +12M> (z — arcsin(5L-))

(B.43)

(B.44)

(B.45)

(B.46)

(B.47)

(B.48)
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arcsin(1/(2M))<e < &t - arcsin(1/(2M))

1 7r+arcsin(ﬁ) T+
IT4a+,avg = E J‘ Zda)t + J d4a . lda)t

o 7+arcsin(zh7)

(B.49)
T | —V4M? —1cos(p)+12M - sin(|(p|)
8z M | +4M* (—sin(|g]) + |¢| cos(p) — cos(¢p) arcsin(5))

1 7r+a.rcsin(ﬁ) )
Bverw=5—| | Pdot+ | d,-Pdot
’ 2r

o z+aresin(z47)

I? [m (cos(2¢) —12M? —4M* cos(2¢)) +sin(| 2¢))

(B.50)
487 M| g (127 +12|¢|+ 32 cos(p) M —12arcsin(3L) — 6 sin(|2¢|))J
¢ < arcsin(1/(2M))

T+@

, I
]T4a+,avg - idot =—
T

27

?

(B.51)

+Q

1 I’
Py =— [ ifdot="—
T4a+,rms 272_ q;" 4

(B.52)
For Dla-, DZa-, D3a-, D4a-9 D1a+, D2a+, D3a+ and D4a+

n - arcsin(1/(2M))<e < T

2 r—arcsin(51-
1 bI7] '
L pta-avg :E{ I (1d4a)-lda)tJ

z+arcsin(z47)

T dxM

(B.53)
1 (VA 120 (e 2arcsin()
—4M +sin(g))

7+aresin(zhr)

1 27 —arcsin(557)
2 2
IDla—,rmS _E J. (1_d4a)'l da)t

(B.54)
I [(NAM? —1(=cos(2p) + 12M7 +4M” cos(29))
247M” | +6M* (2arcsin(zL) — )
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arcsin(1/(2M))<e < &t - arcsin(1/(2M))

1 7Z'+¢7 .
- :E[ I (1d4a)-lda)tJ

+aresin( ﬁ)

) 8zM | —4M + sin(|(p|)

1 T+Q ‘
];la—,rms :;[ J. (1d4a)'12da)tJ

7+arcsin(z47)

YTYYE

¢ <arcsin(1/(2M))
1 =0

Dla—,avg

]2

Dla—,rms

=0
For D;, and Dg,:
7 - arcsin(1/(2M))<p <

1|7 .
IDla,avg = E{ J.dza . zdmt}
4

M (sin(|go|) + cos(@) 7 + cos(@) |(/’|)

T

1 V3
I;la,rms = 2_( _[dZu ’ lzda)t]
7 4

I'm (3+cos(2¢) +cos(p))
T

arcsin(1/(2M))<e < = - arcsin(1/(2M))

m—aresin(51-) z
1 2M . .
IDla,avg = E[ j (l_dla)lda)t + j d2a ld(()t}
4

ﬁ—arcsin(z—}w)

I [\/ 4M* —1cos(p) —sin(|p|) +4M

“arM

I* [ N4AM? —1(=cos(2g) +12M* +4M? cos(2¢)) —sin(|2¢))
+M?*(=12]¢| - 32 cos(p) M +12arcsin(5L) + 6sin(|2¢)]))

2M* (- sin(|(o|) — 7w cos(@) + 2 cos() arcsin(5;) — |(/)| cos(@))

i [\/ 4M* —1cos(p) +4M*(sin(|p|) —|¢| cos(p) + cos(p) arcsin(5k;))

|

(B.55)

(B.56)

(B.57)

(B.58)

(B.59)

(B.60)

(B.61)
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Dla,rms 2

z—arcsin(h7) .
I; i{ j (1-d )i*dot + j d2a-i2da)t]

[ ﬂ—arcsin(ﬁ)
VAM? —1(=cos(2) +12M* +4M* cos(2¢)) +sin(|2¢)) (B.62)

129 +16 cos(p) M +12arcsin(53;) — 6 sin(|2(/)|)
—127—12M —4M cos(2¢)

I"Z

" 24zM?| . Mz(

¢ < arcsin(1/(2M))

1 arcsin(ﬁ) ﬂ—a_rcsin(ﬁ) -
Dotame =75 - [ d,idot+ [ (-d)idot+ [ d,, idot
a 0 arcsin(s%7) z—arcsin(347)

(B.63)

A

_ ;L ,74M2 L cos(e) + M (4 cos(g)arcsin(5;;) + sin(|(p|)D

2rM —cos(p) |g0| —cos(p)

Dla,rms

1 aresin(57) 7 —arcsin(z47) z
Dy ===| [ didot+ [ (-d)idet+ [ didot
2z ¢ aresin(;) 7—arcsin(zLr)

(B.64)

P Jam? -1 (—12M° —4M” cos(2p) + cos(2¢) ) +
C122M? [Mz (=12arcsin(55;) +2M cos(2¢p) +6M 7 +8M cos(p) + 6M)J
For D,, and Ds,:

7 - arcsin(1/(2M))<p <m

z+arcsin(hr) Tt

1|7 _ . ‘
Lpms = Z[ [a-d,yidot+ [ d, -idot+ [ d,- zda)tJ
14 ka 27 —arcsin(357)

(B.65)

[ [4MP(- sin(|g0|) —cos(@)x +cos(p) |(p| +cos(¢) -arcsin(s5;))
CArM?| 444 cos(p)N4M?* —1

1 7 z+arcsin(z47)
IEZa,I‘mS = 2_ J‘ (l_dza)izda)t+ I d3a lzda)t
ﬁ—arcsin(ﬁ) T

(B.66)

I [(NAM? —1(=cos(2p) + 12M” +4M” cos(29))
247 M” | +4 M (-2 cos(2¢) M +3arcsin(sk-) — 6M)
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arcsin(1/(2M))<e < &t - arcsin(1/(2M))

1 7 z+arcsin(zhr) f .
D2aae =5 I (1-d,,)idot + J d,, 'ida)t] _ sin(p|)

z—arcsin(47)

(B.67)

Az M

(L
1 T m+aresin(5 ;)
2

[ a-a)idor+ | @,Mw}

z—arcsin(gh7) r

D2a,rms = 272_

(B.68)

I [(NAM? —1(=cos(2p) + 12M” +4M” cos(29))
247 M | +M* (-8 cos(2¢) M +12arcsin(sL) — 24 M)

¢ < arcsin(1/(2M))

3 T+

arcsin(47)
L[ I (1-d,,)idot + I (1-d,,)idot + j d, idot
a 4

D2a,avg 2
z—arcsin(17) z

i L\/4M2 “1cos(g)—4M J

AnM | +4M? (cos(g) arcsin(54;) +sin(|¢|) — cos(@) |¢|

] (B.69)

D2a,rms 2

arcsin(z47) T T+

1

P _[ [ (-d)idot+ [ (-d,)idot+ | d3ai2da)t]

7Z' .
» z—arcsin(47) z

(B.70)

247 M* | 80" cos(2¢) +12M” arcsin(zL) — 24M°

2 {\/4M2 —1(~cos(2p) +12M* +4M° cos(Z(p))}

For D;, and D,,:
7 - arcsin(1/(2M))<p <

7z+arcsin(ﬁ) 2ﬂ—arcsin(ﬁ) T+
1 : . .
oo = Z[ [ 0-dyidet+ [ ddor+ | (l—dh)zda)t}

r z+arcsin(zhr) 27 —arcsin(557)

(B.71)
I [—\/4M2 —1cos(p) ]

C2aM | s M2 (—4 cos(g) - arcsin(zk;) + 2 cos(@) 7 +sin(|g]) —| @] cos(¢))
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m+aresin(y7) 27 —arcsin(5}7)
(-d)idot+ [ didot
12 _ 1 T 7r+arcsin(ﬁ)
D3a,rms ~ 2_
V4 T+Q
+ [ -dyidor
27 —arcsin(547)
P [VAM? —1(cos(2p) —12M7 — 4AM cos(2¢))
122M* | 420> (—4 cos(¢)M —6arcsin(57) + M cos(2p) +3M + 37r)

arcsin(1/(2M))<e < & - arcsin(1/(2M))

T+ arcsin(ﬁ)

T+
ID3a,avg =i[ J. d4aida)t+ J‘ (1d3a)lda)tJ

z+arcsin(£h7) z
I [ VAM? —1cos(p)+sin(|p|) —4M
4xM | +2M* (2 cos(¢)- arcsin(5;) + sin(|g0|) - |(o| cos(@))
1 T+ 7r+arcsin(ﬁ)
L ==—| | diidot+ [ (-d,)-idot
o 2 z+arcsin(zhr) r
. VAM? —1(—cos(2p) +12M* +4M? cos(2¢)) — sin(|2(p|)
aEyeve e —12¢—16cos(¢)M +12arcsin(5;;)
+65in(|2¢]) —12M — 4 M cos(2¢)
¢ < arcsin(1/(2M))
17 Im
! =— | (1-4d,,) idot =——sin(|¢p|) — cos
D3a,avg 271_ I ( 3a) 272_ ( (|¢|) (¢) |¢|)

4

72

1 T+
2 _ b _ 2 _
ID3a,rms - 272_ q;[ (1 d3a) 1 da)t

B.2.2 M<1/2

M (4cos(p)—3—cos(2¢))

(B.72)

(B.73)

(B.74)

(B.75)

(B.76)

For the case where the amplitude modulation factor is less than 1/2, we get a
somewhat simpler set of formulas. The reason for treating this case explicitly, is
that the formulas with integration limits including arcsin(1/(2M)) no longer make
any sense. This also means that Tal+ (and Ta4-) always will be open and Ta4+
(and Tal-) always will be closed. The integration limits are only shown for

inductive load, but the general formulas will be the same.
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For T;,. and

I

Tla+,avg

]2

Tla+,rms

T4a_:
=0

=0

For T2a+’ T3a-9 Dla and D6a:

T2a+,avg

12

T2a+,rms

For T3, and

T3a+,avg

2
T3a+,rms

72

127

For T, and

12

T4a+,rms —

A

17 Im
=— [d,, idot =
2z 2

1 ’]- 2 1
=—|d,, -i"dot =
27[(/}

T 2a-+

+@

1 1
=Z;zda)t+g ”jaga

T+

72

4

(sin(]) + cos(e) - cos(p) o)

(3+cos(2¢) +4cos(p))

cidot = 2L(2 -M sin(|(0|) + M cos(o) |(0|)
T

1 ”.2 1 :2
=— |i'"dot+— | d . -i"dwt
27[(! 2 ,;[ @

TIa-:
T+ 1"
— | idot =—
T he T
1 T+ f2
= J i‘dot = —
2 4

Bz +8M cos(p) —6M —2M cos(2¢))

For Dla-, DZa-, D3a-9 D4a-9 D1a+7 D2a+, D3a+ and D4a+:

1

Dla-,avg

]2

Dla—,rms

=0

=0

For D;, and Dg,:

1

Dla,avg

2
Dla,rms

= i ;deQ .idot = %(sindq)b + cos(¢) 7z —cos(p) |(/>|)

72

. "M
- L [d,, - *dot =
27 ; 67

(3+cos(2¢) +4cos(p))

(B.77)

(B.78)

(B.79)

(B.80)

(B.81)

(B.82)

(B.83)

(B.84)

(B.85)
(B.86)

(B.87)

(B.88)
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For D,, and D;,:

T+@

Do =5~ j(l d,)- 1da)t+— j idet

. (B.89)
= 2i(—M sin(|@|) — M cos(p)z +2+2M cos(¢) o))
z
2 1 .2 1 i .2
Lsarms =5 j (=dy,)-idor+—— j d,, -i*dot
"o (B.90)
72
= ! (37[—12M—4Mcos(2g0))
27
For D;, and D,,:
1 "¢ . IM,
Lsamg = py J (1-d,,)-idot = ?(smqq)b - Mcos(go)|go|) (B.91)
1 7Y - I’M
D3am =2— J —-d,,)-i"dot = - (—4cos((0)+3+cos(2(0)) (B.92)

B.2.3 Evaluation of the expressions

As for the 4-level topology, the expressions are evaluated in Saber. The
verification are done in the modulation range M = [0.2, 1] and ¢ = [-150°, 150°],
with a switching frequency at 1500Hz, and a load current of 100Agys. For the 5-
level topology, the same simulation parameters as for the 4-level converter apply.
Again, the worst deviations in % are for the freewheeling diode ip;,. .The accuracy
of the simulations are poor at this current level, and is the cause of this large
deviation. At M = 0.8 and ¢ = -45°, the calculated RMS and average currents are
0.219A and 0.006A respectively. The worst case in amperes is for the clamp diode
ipsa at M = 0.6 and ¢ = 90°, where the deviation between simulated and calculated
current value is 1.163 A for a load current of 100 Agys.
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Figure B.1: Deviation in percent for currents through components in the 5-level

converter.
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Figure B.2: Deviation in percent for currents through components in the 5-level

converter (cont.).



