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Abstract

Smaller size and lower weight are always the targets of the power electronic
product development. This work introduces two new topologies of auxiliary
converters which have the feature of fewer components and fewer humber
of energy conversion stages comparing with the conventional auxiliary
converter used in railway applications.

The initial proposal of the proposed new topology is based on the idea which
converts the high frequency current pulses into low frequency AC voltages
without rectification stages. This thesis starts with theoretical analysis of the
initial ideas with the conclusion of two versions of new topology converter
proposal: inductive link auxiliary converter and resonant link auxiliary
converter. The modulation method strategy for both of those two versions
of auxiliary converters are developed within this thesis, the equations for
dimensioning the passive components are also given. Simulation shows that
the output voltage waveform has very low THD (Less than 3%).The output
waveform is similar to a multilevel converter with ‘infinite’ number of
levels.

The inductive link auxiliary converter is able to deliver power with
unsymmetrical load due there is no energy stored in the inductive link circuit
between two adjacent current pulses. The semiconductor switches have to
turn off at high current peaks which introduce high switching losses. To
solve this issue the resonant link auxiliary converter is proposed. Due to the
added resonant capacitor the resonant link converter is able to store energy
in the resonant link circuit between two adjacent current pulses which
reduce the total numbers of hard turn off in the semiconductor switches
which will reduce the switching losses. On the other hand the resonant link
auxiliary converter suffers with output voltage distortion with
unsymmetrical load.

In order to verify the theory which is developed by the theoretical analysis
step, prototypes are designed and tested for the inductive link auxiliary
converter. A scaled down version prototype is designed to develop the



control software and validate the idea of generating low frequency AC
voltage from high frequency current pulses. A three phase 80 kW inductive
link auxiliary converter is designed and tested. The measured waveforms
agree with the simulation model. The measured THD is less than 1% at all
measured output power range. The measured efficiency on the complete
system is 86% at 50kW output power.
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Notation

Frequently used acronym and with name and definition is shown in list
below. Acronyis only presented in one chapter are not included in this list.

PF Pulse frequency, The frequency of current pulses
HFAC High frequency AC

FPGA Field Programmable Gate Array

SiC Silicon Carbide

HF High Frequency






Contents

CHAPTER 1 INTRODUCTION ... 1
11 BACKGROUND AND OBJECTIVE ........cceouriiiiiniiciiciicieien, 1
1.2 PREVIOUS WORK ......ocuiiiiiiiiiicicieic e 2
13 MAIN CONTRIBUTIONS ......ooviiiiiiiieicieicie e 4
14 OUTLINE OF THE THESIS .....coviiiiiiiiicicicice e, 4
15 PUBLICATIONS .....ooiiiiiiiiiciiciiccie e 5

CHAPTER 2 PROPOSED INDUCTIVE LINK AUXILIARY

CONVERTER......ccooii, 7
2.1 INTRODUCTION ....ocviiiiiiiiiniicnie et 7
2.2 CONTROL ALGORITHM AND MODULATION.........cccoveienene 11
2.3 ANALYSIS AND DESIGN CONSIDERATION .......ccovvrieninnen, 19
2.4 SIMULATIONS AND CALCULATIONS.......cooviiiiiiiniieiieiieinns 23
2.5 SUMMARY ....ooiiiiiiiiiiiiiiniin i 35

CHAPTER 3 PROPOSED RESONANT LINK AUXILIARY

CONVERTER......coiiii 37
3.1 INTRODUCTION ....ooviiiiiiiiiiiieic et 37
3.2 LOAD RESONANT CONVERTERS .....ccooviiiiiniiiiieiiniieiienienns 37
3.3 PROPOSED RESONANT AUXILIARY CONVERTER................. 42
3.4 MODULATION AND CONTROL ALGORITHM.......cccoevurinnnns 43
3.5 SIMULATION ..ottt 58
3.6 SUMMARY ..ottt 66

CHAPTER 4 PROTOTYPE DEVELOPMENT .......c.coooiiiiiiiinn, 67
4.1 FIRST PROTOTYPE ....cviiiiiiiinieiieie i 67
4.2 THREE PHASE PROTOTYPE WITH INCREASED POWER.......... 72

CHAPTER 5 HIGH EFFICIENCY DRIVE CIRCUIT OF SIC BJT

SWITCHES........cooii 83
5.1 INTRODUCTION OF SIC BJT ..o, 83
5.2 ANALYSIS ..o 86
5.3 IMPLEMENTATION .....ooiiiiiiiiiniic i 88
5.4 EXPERIMENTAL RESULTS ...oooiiiiiiicieieicie e 91
5.5 SUMMARY .....oiiiiiiiiiiiiiinin i 93



CHAPTER 6 CONCLUDING REMARKS AND FUTURE WORK . 95

6.1 SUMMARY OF FINDINGS ......coeiiiiiiiiiieiieiie e, 95
6.2 FUTURE WORK ......ooiiiiiiieieieicece e 96
REFERENCES ... ... 99

APPENDIX A POPULARVETENSKAPLIG BESKRIVNING AV
LUYU WANGS DOKTORSAVHANDLING SOM
SKALL FORSVARAS VID LUNDS TEKNISKA
HOGSKOLA ..ottt 107



Chapter 1
Introduction

1.1 Background and Objective

Public railway transportation is playing an important role in people’s daily
life in several ways. Especially high speed train is changing people’s life.
Reduced travel time, town center to town center connection expand people’
living area. The author has an experience with high speed trains from
Beijing China to his hometown (more than 400km), and the travel time now
is one and half hours which was 4 hours before and 3 hours if we chose
airplane. At present the highest wheel-rail speed, which is recorded by TGV
is 574.8 km/h [1] (Figure 1.1).

Figure 1.1 Example of TGV

The development of modern train is not only focused on the speed but also
on the comfortable levels. Lots of auxiliary equipment is needed, such as
lighting, fans, air condition machine, and passenger’s own devices etc. All
these lead to increased power requirement of the auxiliary converter, which
normally is a three phase 230/400V 50 Hz power supply.

The function of the auxiliary converter is to generate three phase 230/400V
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50 Hz power from the train internal DC links, and to provide isolation
between the train high voltage side and the consumer side. The power rating
of the auxiliary converter can normally vary in several tens of kW. Figure
1.2 shows the position of the auxiliary converter in trains.

Line Line [ ) L Motor :>@
Power§> Converter — DC-link inverter

Auxiliary ] Auxiliary
Converter devices

Figure 1.2 Position of Auxiliary Converter in Trains

Conventional auxiliary converter needs a 50 Hz transformer and output
filters for isolation and for sinusoidal output respectively, which both are
bulky components. Reducing volume and weight of the transformer means
cost reduction both for the train manufacturer and for their customers. This
work focuses on developing a new auxiliary converter topology to reduce
the weight and volume of the auxiliary converter.

1.2 Previous work
Conventional Auxiliary converter

Current design of an auxiliary converter for railway traction application is
to use a two level, hard switching three phase inverter [38 39]. The output
from the three phase inverter is filtered with a low pass filter to generate
sinusoidal output voltage. After the filter a low frequency transformer is
used to adapt the voltage and for isolation purpose. Figure 1.3 is the block
diagram of conventional Auxiliary Converter.
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50 Hz
Transformer
High DC

-- 3 Low 3 3 400V
voltage pass AC
side N/ Filter

Figure 1.3: Conventional Auxiliary Converter

The low frequency transformer is a bulky component which needs to be
replaced.

DC-DC type auxiliary converter

Newer supply system [2-4] [40-42], consisting of redundant resonant DC-
DC converter as input and diverse output modules supplied by a common
dc intermediate circuit. The input and output side are electrically separated
by a light weight high frequency (HF) transformer. See Figure 1.4. Similar
activities have been going on to remove the low frequency transformers
[5][6] from trains.

I

I

I

L
HighDC! | = oo | NN\U I Low
voltage | §“{ ! 3 pass 734 400V
side i {\/ - i {\/ Filter AC

Figure 1.4: DC-DC type Auxiliary Converter

This type of converter has 3 energy conversion stages (DC-AC-DC-AC)
which results in reduced system efficiency due to the additional losses
caused by redundant energy conversions. High frequency link
cycloconverters [7, 28-35] have been developed for different supply
applications which try to omit redundant energy conversion stages and
increase efficiency. The work in [7, 28-36] generates output AC voltage
directly from a high frequency AC voltage, which is the output from an H-
bridge. The output stage contains 12 transistors and diodes and will have an
increased cost on semiconductor devices.
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1.3 Main contributions

The results and contributions of this thesis are presented in chapter 2 to 4
and discussed in chapter 6. The main contributions of the thesis can be
summarized as follow:

» A hard switched new topology of auxiliary converter with reduced
number of components is presented.

» A control method for controlling the hard switched new topology
converter is developed. The possibility to implement the control
algorithm in FPGA is verified.

» The energy balance method for controlling the proposed resonant
auxiliary converter is given and analyzed and the control algorithm
is implemented in simulation model.

» Prototypes are designed and implemented for studying the proposed
auxiliary converter.

» A new base drive topology for SiC BJT are developed.
1.4 Outline of the thesis

Chapter 1 is devoted to a brief outline of this thesis and a short introduction
to each chapter is given. This thesis focuses on developing new auxiliary
converter topologies for railway applications, which covers concept
validation with circuit simulation, hardware implementation and laboratory
test.

In this thesis two new topologies are introduced. Chapter 2 introduces the
proposed hard switched auxiliary converter. The control method, selection
of passive components and losses estimations are included in chapter 2

To reduce the switching losses, one way is to reduce the number of
switching times or introducing zero current/voltage switching. The
possibility to implement soft switching technique is investigated in chapter
3, and as a result a resonant version of the proposed auxiliary converter is
presented. The development is based on simulation. The controlling method
is thoroughly investigated in this chapter, and the converter concept is
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validated by circuit modeling in LTspice [10].

Development of converter prototypes is the next steps after modeling in the
simulation software. In this thesis two converters prototyped are presented.
A small down sized prototype are implemented for developing the control
software for the proposed hard switched converter. Then a bigger prototype
is implemented to study how the new topologies converter behaves in
practice. This part of the work is included in chapter 4

Chapter 5 has investigated how to control Silicon carbide BJT with high
efficiency. A new drive circuit topology is developed in chapter 5.

The thesis ends with some concluding remarks and suggestions for future
research in Chapter 6.
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Chapter 2
Proposed Inductive Link
Auxiliary Converter

2.1 Introduction

As stated in the previous chapter the DC/DC type auxiliary converter has 3
energy conversion stages: A full bridge converts the DC link voltage to a
HFAC (high frequency AC), this conversion provides isolation between
input and output. The HFAC is converted to a DC voltage by a rectifier
circuit. The DC voltage is then converted in a three phase inverter to an AC
voltage with the 50 Hz fundamental frequency. These three stage energy
conversion are considered as redundant. Redundant energy conversions not
only cause more losses but also require additional components, the system
becomes bulky. The idea of this work is to omit the redundant conversion
stage and to generate the 50Hz AC output voltage directly from the
intermediate product HFAC.

—

S1 S\ S3

A

B
_‘_'C—

Cl—l_ C?f I

Figure 2.1a Proposed resonant auxiliary converter topology
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T1i| D1 T3|D3 [
L1 oo S1 SA S3
A
L N
I
i _‘_'C—

o T F

Figure 2.1b Proposed inductive link auxiliary converter topology

(se]

Figure 2.1c Example of current pulses

The proposed auxiliary converter topologies are shown in Figure 2.1a&b.
The input stage is a 4-quadrant converter and is connected with either an
inductor (inductive link) or series resonant circuit (resonant link). A high
frequency transformer is used for galvanic isolation. The output stage is
formed by bidirectional switches and output capacitors. The function of the
input stage is generating high frequency current pulses; either positive or
negative depending on the need of the output stage. The current pulses can
be selected by the bidirectional switches to charge/discharge the output
capacitors. Arrows in Figure 2.1a&b is an example showing the current path
when the output capacitor of phase A is charged.

There are several ways to generate the HFAC pulses. The first thought is
using a series resonant circuit to generate the resonant current pulses which
is shown in the upper part of Figure 2.1c. The working principle of the
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resonant link for creating current pulses is similar to a load resonant
converter [8][9], and it has a potential to reduce losses by using soft
switching technique. However, this method cannot be applied directly to our
application since the voltage over the series resonant circuit and especially
the voltage on the output side, both are AC voltages, which is different from
load resonant converters. A dedicated modulation method is needed for
controlling the resonant circuit. One drawback of the resonant circuit is that
there is always a negative current pulse followed by a positive pulse since
the polarity of the current pulse are related to the polarity of the resonant
capacitor. This limits the freedom for selecting the polarity of the required
current pulses, thereby creating problems when the three phase loads are not
symmetrical.

By removing the resonant capacitor of the series resonant circuit, the HFAC
pulses could be generated by the inductive link method. With the inductive
link method, the polarity of the current pulses can be either way. This feature
guarantees that the converter can work with unsymmetrical loads. The
drawback of this method is that hard switching at peak current might cause
more losses. The inductive link method is thoroughly investigated in this
chapter, and the resonant method will be analyzed in chapter 3.

The proposed auxiliary converter topologies require less components both
active and passive compare to the DC-DC type auxiliary converters since it
has lower number of energy conversion stages. The saved components and
added components are summarized in Table 2.1.

Table 2.1: Saved and added components

Saved components Added components
4 rectifier diodes 3 bidirectional switches
2 DC link capacitors 3 output capacitors

Three Phase IGBT module
Three phase output filter

The calculated output voltage is shown in Figure 2.2. This is to verify the
possibility to generate the requested output ac voltages with current pulses.
This verification is using simplified resonant current packages (Figure 2.1c)
which are formed from a constant resonant current source and without load
(Figure 2.2a) and with resistive loads (Figure 2.2b) on the three phase side.
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Sinusoidal output voltage with a reduced amount of low order harmonics is

a feature of our proposed topology.

Three phase output voltage no load

400
300 .J"’J_h I-rlJ_.—'_h_l_‘ _,-’_!_'_ [ ,J“'J_L‘—- ,JJ_,_|I_"|_I-|
N ‘-LLL‘ al L
200 'L .-rr 1 LLL\ il L rFr I-Ll r'-r b rI

100 I‘E:w r-'JJi'*I1 'JL[LL JJL{F r:x; FLIL

A SN SN SN N S

v 0 K 7 g N
v AR Y YAy

-100 " !

-200 1:{ 1}{ lL"LErr 7-{r 1‘;E[" -
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— 5  —

LTy
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Figure 2.2a Calculated no-load output voltage
Three phase output voltage 33kW/phase
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Figure 2.2b Calculated full load output voltage
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2.2 Control Algorithm and Modulation

This section focuses on developing the control algorithm and modulation
method for the inductive link version auxiliary converter. The generation of
current pulses, the calculation of the transistor duty ratios based on the need
from the outputs, are investigated. The modulation and the control algorithm
are also thoroughly discussed.

The current pulses

The intermediate product HFAC is the high frequency current pulses (see
Figure 2.3). The current pulses can be considered as discrete charge carriers.
These discrete charge carriers are selected and delivered to the output
capacitors via bidirectional switches to generate the sinusoidal output
voltages.

Tto Tt1 Tt Tts
/‘
i1
T1
T4
S1
K1 [P 3

Figure 2.3 Operational waveform

Figure 2.3 gives the operational key waveform for generating the current
pulses. Assume a positive charge is required for C;, the transistors T1 T4
and S1 in Figure 2.1b shall be switched on to start generating the current
pulse. One switching period T is divided into 3 time intervals labeled ¢;, ¢,
and ¢3, respectively. At t, transistors T1, T4 and S1 are turned on. The
current ix starts to increase from zero. During this time interval the energy
is fed from dc-link to the inductor L1 and to the output capacitor
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Cl.Transistor T4 is switched off at time Tti1 and the current starts
freewheeling via T1 and D3. During this time interval the energy is
transferred between L1 and the output capacitor C1. After Ttz transistor 7,
is turned off, the current starts to decrease via D3 and D2 until it reaches
zero at Tts. In this period the energy is fed from L;to the DC-link and the
capacitor C;.

The current pulses are charge carriers, it is essential to study the charge carry
ability of a single current pulse. Figure 2.4 shows examples of 3 types of
current pulses. The charge Q that is carried by the current pulses is equal to
the area of the current package.

Here are the inputs to calculate the charge Q:

I) The current pulse interval has a length of T, T is the same for all
current pulses and T is defined as the pulse period in this work.

I1) Assuming the variation of the output voltage and the DC link
voltage during one current pulse interval is small and can be
neglected. The current derivatives a, b and ¢ can be considered as
constant during one current pulse.

1y v, V. ,and L are the DC-link voltage, the output voltage and
the inductance of L1respectively.

IV) Assuming a positive charge is needed from an output phase A as
shown in Figure 2.1b.

There are three types of current pulses, shown in Figure 2.4, depending on
when the transistors are turned off and turned on:

1) If two transistors in Figure 2.3 and 2.1 are turned off at the same
time (tzis zero), the shape of the current pulse is a triangle (triangle
1-5-6) and the area within the current envelope is the largest in all
those three type of current pulse described in this section. This type
of current pulse carries the most charge among those three type of
current pulses.

2) If only one transistor has been turned on at the beginning (t1 is zero),
the shape of the current pulse is a triangle (triangle 3-5-6) and has
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the smallest area. This type of current pulses carries the least charge
among those three types of current pulses.

3) If two transistors are not turned off at the same time as shown in
Figure 2.3. The current pulse has a shape of quadrilateral (2-5-6-4).
The size of the area is between type 1 and 2.

The maximum value O can be given by calculating the area of triangle
from type 1) which gives (2.1). The minimum charge Q, . is more complex
than the calculation of O . In the situation which is shown in Figure 2.4a,
the O . can be calculated by (2.2).

Figure 2.4a Example of a current pulse

2 2
_ Vdc’ Vout (21)

max 4Vch
_ -be 29
Qmin_Z(b_c) ( ' )
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(2.2) gives the equation of how to calculate the minimum charge of the
inductive link topology. However (2.2) is only applicable for one special
condition. Actually the current pulses can be classified in two conditions as
described below:

Figure 2.4b Example of a current pulse

Figure 2.4b shows a current pulse, which has the same polarity as the output
voltage. In this case O . equals to the area of the triangle and the value is

given by.

3 -bc
O,in= 200) (2.18)

Figure 2.4c shows the case when the current pulse has the opposite polarity
as the output voltage. O, . can be calculated as (2.19)

6i< T o f

Figure 2.4c Example of a current pulse
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-ab

T )72 (2.19)

0.06

0.05

0.04
(@]
o 003
0.02
0.01

0 i i i i i i

-800 -600 -400 -200 0 200 400 600 800
Output voltage V

Figure 2.5 Calculate 9~ and O

Figure 2.5 shows the calculated Q9 —and O . for a 100 kW auxiliary
converter The O reaches its peak when the output voltage is zero and
drops with increased absolute value of the output voltage. The charge carry
ability is related to the voltage difference between the DC-link voltage and
the absolute value of output voltage according to (2.1). The output voltage
must be lower than the DC link voltage to transfer power from input to
outputs.

Calculating transistor duty ratios

The duty ratio of each transistor is calculated from tit2 and ts which is shown
in Figure 2.3. The duty ratios of transistor 7;, T,/ T,, T; are given in (2.3)
and (2.4) respectively

1
D=L 2.3
- 23)

t;+t
D=2 (2.4)
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The calculation of t1, t2 and ts is described here. Assuming that the current
pulse period is T; a, b and ¢ are the current derivatives during the time
intervals t1, t2 and ts, respectively. Q is the charge which is required by
capacitor C;from the load. The sum of t1, t2 and ts should be equal to T which
gives (2.5).The current i, starts at zero and ends at zero which gives (2.6).
The time integration of the current pulse equals to the required charge Q
which is shown in (2.7).

t,tt+=T (2.5)
ati+bt2+ct;=0 (2.6)

1 1 1
Eat12+§ct32+§(atl-cts)tzzQ (2.7)

Table 2.2 gives the solutions of these second order equations. According to
Table 2.2, at least one square root function is needed by the controller, which
requires more computation resource to implement the control algorithm. A
pre-calculated look-up table might be a good way to reduce the requirement
on the micro controller side.

Table 2.2 Solutions of switching profiles

Solution 1 Solution 2
Q>0 Q<0
t F+Tc F-Tc
t1=- 1=
a-c a-c
12 fr= F fr= F
a-b “a-b
13 F-Ta F+Ta
13=- 13=
a-c a-c

F=‘/(acT2 +2Qa-2Q0c)
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Control algorithm

Figure 2.6 shows a simplified control chart. The output voltage and the
voltage reference are measured and sampled prior to the beginning of each
switching period. Calculation of the new duty ratios is done in a short time
interval. New calculated duty ratios are updated to the transistors and are
kept unchanged in the coming switching period. The calculation time shall
be kept as short as possible to reduce the delay time which requires a fast
micro controller. If the controller is slow, a compensation for the calculation
time delay shall be taken in to account.

Computer technique has developed substantially in the last decades. With
powerful micro controllers, and fast control algorithm can be implemented
for today power electronic converter. Reference [9] is an example of direct
current control implemented in Field Programmable Gate Array (FPGA).

Y

»

|
I
Measurement of g ™
voltage referenceﬂj g D
and output A
voltage The duty ratio keep unchanged

during this switching period

Delivery of new
duty ratio

Calculation of duty ratio
of output transistors

Figure 2.6 Time chart of control algorithm

\

Figure 2.7 Carrier waveforms and transistor gate signals

The generation of a current pulse is shown in Figure 2.1c, transistors T1 and
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T4 shall be turned on at the same time but be turned off at different time.
Saw tooth carrier with positive slope is selected for this purpose. Figure 2.7
explains how the gate signal is generated by carrier waves and transistor
duty ratios.

Until now we have collected enough information to control our proposed
hard switched auxiliary converter. Prior to each switching period, voltage
references and output voltages of three output phases are measured and
sampled. Based on the sampled data, the required charges Q, 0 and QO .

can be calculated afterwards for all three phases.

There are mainly two ways to decide which phase that shall be charged. It
is a nature thought to treat output phases equally and each output phase is
charged/discharged every third switching period. A more optimal way is to
charge/discharge the phase that has the largest voltage error. In our
simulation models the first method is chosen to reduce system complexity.

The next coming step is to define the input for calculation of the duty ratios
of the output transistors. The details of how to define Q based on the
sampled data is shown in Figure 2.8.

Calculation of the duty ratio is done in the next step by using the equation
from Table 2.2 and (2.3) and (2.4). After that the duty ratio is calculated and
applied to the transistor.
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»| Measure voltage reference and
output voltage

\
Calculate Q, Qmax and
Qmin for all three phases

v
Select which phase shall
be charged/discharged

1QI<0.55|Qmin| | [0.55|Qmin|<|QI<|Qmin|| [[Qmini<lQ<lQmax|| [ [QI>/Qmax| |
Q=Qmin Q=Q|

v A

The duty ratios of all| |Calculate the duty ratio
transistorissetto O | |If Q>0 use Solution 1

If Q<0 use Solution 2

A

\ 4
L—» | Updated the duty ratio to
the transissors in the
coming switching period

J

Figure 2.8 Control flow chart for inductive link auxiliary converter

2.3 Analysis and Design Consideration
Value of passive components

The function of the output capacitor is similar to an output filter and an
energy buffer. It converts the current pulses to sinusoidal voltages. The
capacitance of the capacitor is related to the maximum output voltage ripple
and the THD (total harmonic distortion). Larger output capacitor reduces
the output voltage ripple and the THD. For a three phase converter as shown
in Figure 2.1b, three output phases share the current pulses, in average for
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one output phase the capacitor is charged every third pulse period.
Assuming the output capacitor is charged every third pulse period. In most
severe conditions which correspond to the moment when the load current
reaches its peak value, the output capacitor should keep the output voltage
neither to drop or increase more than the maximum allowed voltage ripple
between two current pulses. Assuming Current,y,,, Teparge » AV aNd V.18
the maximum output current amplitude, the charging period of each single
output phase, the maximum allowed voltage ripple and the nominal output
voltage respectively. The value of the output capacitor can be calculated as
below.

Current X Teparge (2.8)
- C
Rewriting (2.8) gives (2.9)
> Currentamp X Tcharge (2 9)
- AV
Since:
Pmax/j’ (2 93‘)
Current 4, =2 7
3 (2.9b)
Tcharge = F

The output capacitance is given by (2.10)
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V3 Lmas (2.10)

rms

> Ims
= AVXF

The inductance of inductor L,in Figure 2.1 is related to the amplitude of the
current pulses. Larger inductance reduces the amplitude of the current pulse
for the same pulse period. Considering the most severe conditions, which
are when the output current reaches its peak value, the charge removed by
the output current shall be compensated by the charge delivered by current
pulse which gives (2.11)

O, = Currenty, *Teparge (2.11)

Substitute (2.1) into (2.11) will give:
(2.12)

< (Vflc' Vtz)ut) Vrms
4 ‘/2-Vch maxF

Reactive current

There are current pulses circulating between output capacitor and DC-link
capacitor to maintain the output voltages. The output capacitor can be
considered as a capacitive load of the converter, the corresponding load
current can be calculated by (2.13), where V and f are the amplitude and the
frequency of the output voltage respectively. The current is 90 degree
heading the output voltage. This reactive current is the main root causes
losses of the proposed auxiliary converter during standing still. It is essential
to keep the output capacitance as low as possible to reduce the reactive
current and the losses.

1,,,=V*21fC (2.13)
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Amplitude of current pulses

Current pulses are the intermediate product in the proposed auxiliary
converter energy conversion stage. The amplitude of the current pulses
affects the total switching loss and the rms value of the current pulses affects
total conduction loss. Those two parameters are essential for dimensioning
the semiconductor power module and the transformer.

See (2.14), assuming that the reactive current we have discussed in last
subsection is smaller than the amplitude of the load current and thus can be
neglected. The current pulses compensate the charge which is removed by
the load current.

T 3T
f]pulsedt:f Iloaddt (214)
0 0

The shape of a current pulse is either a triangle or a trapezoid. The load
current I;,,41s a low frequency current, it can be considered as constant
during one switching period. (2.14) can be rewritten as (2.15) and (2.16).
(2.15) and (2.16) correspond to a triangle shaped current pulse and a
trapezoid shaped current pulse respectively, where I, is the amplitude of
the current pulse. Combining these two equations together gives (2.17).

2.15
]amp :]load X6 ( )
]amp >lioad x3 (216)
[load X3<Iamp§[10ad x6 (217)

According to (2.17) the amplitude of the current pulses is much larger than
the amplitude of the output current. In the proposed inductive link auxiliary
converter the transistor needs to switch off at peak current of the current
pulses. The switching losses are one of the main loss sources of the proposed
inductive link auxiliary converter.

For delivering the same amount of charge, a current pulse with high big peak
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value has higher rms value comparing to continuous constant current. For
the same principle, narrow current pulse with bigger peak value has higher
rms value than a wide current pulse but with low peak value. So the
amplitude of current pulses shall be kept as low as possible to reduce the
conduction losses. In other words, for transfer the same amount of charge,
several small current pulses with low current peaks are better than single
pulses with high peak in order to reduce the conduction losses.

2.4 Simulations and Calculations

Simulations are used to evaluate the control algorithm which is discussed in
section 2.2. Parameters of passive components are calculated by using the
equation developed in section 2.3. The Simulations are used to simulate the
spectrum of output waveform and to optimize the dimension of the output
capacitors and the inductor. The simulation is implemented in LTspice [10].
The Calculation which is done in Matlab is used to estimate the
semiconductor losses based on silicon IGBTS.

General simulation model

The general simulation model used throughout in all simulations is shown
in Figure 2.9. Note that the loads is not included in this circuit, they are
formed by three sinusoidal current sources which are connected to nod A, B
and C respectively. The amplitude and the phase of the load is adjustable
and can simulate different load conditions.

To reduce the complexity of the model, ideal switches and diodes are used
for all transistors and diodes. Since ideal components are used, simulation
of the converter losses is not included in this simulation model. The losses
estimation of the semiconductor devices is carried out by using Matlab.

The function of the sample and hold block is to sample the output voltages,
the voltage references and the DC link voltage with a sample frequency
equal to switching frequency. It guarantees that the inputs of the controller
and the modulation block are not changed during the entire switching
period. It is important since the duty ratios for all transistors shall be kept
unchanged during one switching period, as stated in section 2.3.

The capacitors in this simulation model are also ideal components. The



24 2.4. Simulations and Calculations

value is defined by the equation developed in section 2.3. The parameters
of the transformer used in the simulation are from an HF transformer of an
auxiliary converter. The inductor is formed of the leakage inductance of the
transformer and an ideal inductor L1.

% T1D1 T3D3
L1 S1 S2 S3
[ )

¢y ¢4  cy
T2|D2 T4|D4 T T T
Gate VA
Singal Vi
Ve

Controller and Modulator A \
Sample and Hold

Ve ?
Output voltage
reference

Gate
Singal

Figure 2.9 Simulation model

Pulse Frequency

The pulse frequency is an essential parameter and is defined as 1/T, where
T is the current pulse period. In one pulse period only 2 transistors out of
four in the 4-quadrant converter, and 1 bidirectional switch out of 3 in the
output phases have switched.

(2.10) and (2.13) tell that higher pulse frequency will result in a reduced
output capacitor and a reduced reactive current. Higher pulse frequency also
has advantages like the transformer will be lighter and smaller. On the other
hand, higher pulse frequency causes higher switching losses, and
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commercial semiconductor devices have their own limitation on switching
frequency [11]. The maximum switching frequency for a 1200V Silicon
IGBT is around 10/20 kHz. For Silicon Carbide (SiC) transistors: JFET,
MOFET, BJT, up to 100 kHz switching frequency is reported [12].

Table 2.3 shows the selected pulse frequency (PF) and the corresponding
capacitance of the output capacitor and the inductance of the inductor Z; for
a converter with 100kW peak power and 750V DC link voltage. At 10 kHz
the output capacitor is 1.53 mF, the reactive current has amplitude of 156 A
which is 75% of output peak current, this is a high value and leads to high
no load losses. With a doubled pulse frequency, the reactive current is
reduced to 78A and the value is 39A at 40k Hz, Another way to reduce the
reactive current is to reduce the quality of output voltage by using a smaller
output capacitor. This will be discussed in next sub section.

Table 2.3 Pulse frequency (PF) vs passive

components
PF Output Inductor | Reactive | Output
capacitor current | Current
10kHz | 1.53mF | 17.3 uH | 156A 204 A
20kHz | 768 uF | 8.67 uH | 78A 204 A
40kHz | 384 uF | 4.33uH | 39A 204 A

Output wave form vs output capacitances

The output voltage supposes to have sinusoidal waveform with a high
frequency voltage ripple as shown in Figure 2.2. The amplitude of the high
frequency voltage ripple shall increase with a decreased output capacitance.
This high frequency voltage ripple has harmonics with a fundamental
frequency of PF/3. In this sub sections simulated output waveforms with
different output capacitors value are shown. The capacitance is calculated
by (2.10) with different AV. V..., B,.. and PF is select as 230V, 100 kW and
20 kHz respectively.

If AV is selected to 20V the output capacitor will have a value of 1.53 mF.
The no load output waveform looks like the output from a multilevel
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converter with lots of levels as shown in Figure 2.10. Figure 2.11 shows the
main harmonic. The amplitude of the harmonics is much lower comparing
to 230V 50 Hz fundamental frequency (not shown in Figure 2.11). There
are also low frequency harmonics below 6 kHz as shown in the Figure 2.11.
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210V :
-280V

-350V \ \ \ \ \ T
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o

Figure 2.10 No load output wave form with 1.53 mF output capacitors
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Figure 2.11 No load output harmonics with 1.53 mF output capacitors

Figure 2.12 and Figure 2.13 show the output waveform with 100 kwW
resistive load. The output voltage is sinusoidal shaped plus small high
frequency saw tooth signals. In frequency domain comparing to no load
waveforms, low frequency harmonics has a decreased value, but high
frequency harmonics above 6 kHz are increased. High output current
requires more high frequency current pulses, which increases the high
frequency harmonics.
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Figure 2.12 Full load output waves with 1.53 mF output capacitors
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Figure 2.13 Full load harmonics with 1.53 mF output capacitors

It is beneficial to use smaller output capacitors: Lower cost, smaller reactive
current, lower weight and volume. Especially the capacitors in mF range are
bulky components. It is essential to use optimal output capacitors. The
capacitance of the output capacitor will decrease to half, to 768 uF, if AV is
selected to 40V. The no load and full load waveform are shown from Figure
2.14t02.17. Compare Figure 2.10 to Figure 2.13, in frequency domain with
reduced output capacitances. For the no load case, harmonics below 6 kHz
have increased dramatically, the high frequency component above 6 kHz
has similar amplitude. For the full load case, the high frequency harmonics
above 6 kHz is increased dramatically.
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Figure 2.14 No load output wave form with 768 uF output capacitors
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Figure 2.15 No load harmonics with 768 pF output capacitors
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Figure 2.16 Full load output wave form with 768 uF output capacitors
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Figure 2.17 Full load output harmonics with 768 pF output capacitors

The output capacitance can be further decreased to 512 pF, if AV is chosen
to 60V. Figure 2.18 to Figure 2.21 shows the output curves. The voltage step
in Figure 2.18 is high with high output voltage. This phenomenon can be
explained by Figure 2.5: at low output voltage, O . is lower than in the high
output voltage cases which results in smaller output voltage steps. This
phenomenon can also be found in full load cases, the saw tooth signal has
smaller voltage ripple with low output voltage. In frequency domain, the no
load trend is that the harmonics below 6 kHz are increased, due to that the
step chair curve has higher voltage steps. For the full load conditions, higher
frequency harmonic is increased because the saw tooth voltage ripple has
higher value.
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Figure 2.18 No load output wave form with 512 uF output capacitors
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Figure 2.19 No load harmonics with 512 pF output capacitors
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Figure 2.21 Full load output harmonics with 512 pF output capacitors
Simulated high frequency pulses

Figure 2.17 shows that the full load amplitude of the high frequency current
pulses are high and it results in high rms value of the current pulses. Figure
2.22 is the simulated current of the transformer primary. The upper side
figure is the current pulses in one electrical period (50 Hz); the lower side
figure is the zoom in time domain to show the details of the current pulses.
The amplitude of the current pulses agrees with the result from figure 2.17,
the rms value of the current pulses is simulated as 535A.
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Figure 2.22 Current wave form of transformer primary.

Losses calculation

Losses are always an important issue in converter design. In this sub section,
semiconductor losses are calculated based on the commercial available
components. The purpose of this losses calculation is to have a figure to
show how the losses are generated and how the losses are distributed
between different parts of the converter main circuit. The losses that are
generated by the output capacitors, the transformer, and the cable copper are
not included in this investigation. The losses calculation is carried out by a
Matlab m.file. The main reason not including the losses estimation in
LTspice is that it is difficult to find spice model for most IGBTSs, and the
system will become complex with real semiconductor models.

The turn-on losses of the transistors in the input 4-quadrant converter are
neglected since they are turned on at zero current. Switching losses of the
diodes in the 4-quadrant converter can also be neglected due to the zero
current switch-off of the diodes. The switching losses of the transistors and
diodes in the output transistor are neglected since all these components are
zero current switching.
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The losses included in this calculation are: Conduction losses of all the
transistors and diodes and turn off losses of the transistor in the input 4-
quadrant converter. Figure 2.23 shows the simplified key steps of the losses
calculation for one output phase. The load current contains two parts: output
current and reactive current that circulates between the output capacitors.
The sum of these two current times the charging interval will be the required
charged Q. Using Q the switching profiles (t1,t> ,ts in the Figure) of the
transistor can be calculated. The next step is to calculate the losses based on
the losses data and the losses model of the proposed auxiliary converter. The
input parameters for calculation of the semiconductor losses are shown in

Table 2.3.

Ouptut current

Reactive current

Charging
interval

:>Semiconductor

Calculate t1,
tzand t3 Losses Model
based of The
proposed
Losses Auxiliary
data from :> converter
data sheet

Figure 2.23 Simplified losses calculation model

Table 2.3 Parameters of calculation and key

losses

components
DC link voltage 750 V
Maximum power 100 kw
Switching freq. 20 kHz
Output voltage 230 Vrms
Output capacitor 768uF
Inductor L, 9.9 uH
Bidirectional switch FS600R07A2E3
H-Bridge FF600R12IP4
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Figure 2.24a Calculated full load losses
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See Figure 2.24 for the calculated semiconductor losses. IGBT_ | and
IGBT and diode that belongs to the input stage. IGBT_O
and Diode_O means IGBT and diode that belongs to the output stage. The
switching losses are around 50% of the total losses, even if only the turn off
losses of the transistors in the input stage is involved. One reason for high
switching losses is that the transistors are always turned off when the current
is high. The total semiconductor loss is 5.77 kW for 100 kW resistive loads
with silicon IGBTs. The no-load losses are calculated to 2.41 kW (see

Diode_| means

Figure 2.24b).

Figure 2.24b Calculated no load losses
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2.5 Summary

In this chapter an inductive link auxiliary converter topology is introduced.
The calculation of passive components values are given. Methods for
generating current pulses and modulation method are investigated. The
control algorithm are given and implemented in LTspice. The simulated
output voltages are sinusoidal shaped with very low amount of harmonics.
The calculation of the semiconductor losses is given for estimating the
losses distribution with active devices.






Chapter 3
Proposed Resonant Link
Auxiliary Converter

3.1 Introduction

A resonant converter topology is introduced to reduce switching losses
which are caused by simultaneous high voltage across and high current
through the semiconductor devices, when the device changes from
conducting to blocking state or vice versa. Another feature of resonant
converters is the ability to control the time derivative of the voltage and/or
the current. According to the results from the end of chapter 2 switch losses
contribute around 50% of total semiconductor losses. Reduction of the
switch losses is the main purpose to investigate the resonant version of the
proposed auxiliary converter. This chapter starts with a study of the series
load resonant converter, and then investigate the proposed resonant
auxiliary converter thoroughly.

3.2 Load resonant converters

Three types of resonant converters have the feature of zero voltage or zero
current switching [13]: load resonant converters, resonant switch DC/DC
converters, resonant dc link and forced commutated converters. The
proposed resonant DC ac converter has a similar operation principle as load
resonant converter (The load is part of the resonant tank). In this sub section,
the basic operation principle of the load resonant converter is investigated.
In the following sections, the resonant DC/DC converter and resonant
DC/AC converter are referring to as series load resonant DC/DC converter
and series load resonant dc ac converter respectively.



38 3.2. Load resonant converters

T1
Cr
i =?_V_DC Lr
R
T2
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Figure 3.1b Resonant DC/DC converter

Load resonant converter contains either one/two phase legs. The output of
the phase leg is connected to a series/parallel resonant tank which contains
a capacitor, an inductor and the load. Normally the load is a resistor and may
contain part of the inductor and the capacitor. This type of converter is
delivering only ac current to the load, and with this feature it is also called
a resonant dc ac converter (See Figure 3.1a). This type of converter is used
in induction heating applications [13]. If a DC output voltage is needed, a
rectifier is connected at the output. The converter then becomes a resonant
DC/DC converter. In some applications a transformer is connected between
the rectifier and the rest of the converter for galvanic isolation.
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Control of the resonant DC/DC converter

Frequency control and phase shift control are the two common methods for
controlling the load resonant converter. Frequency control: the resonant
current is controlled by changing the impedance of the resonant tank. This
is achieved by changing the switching frequency. The second method is
phase shift control: the resonant current is controlled by changing the input
voltage of the resonant tank. This is done by changing the phase shift angle
between the converter phase legs.

When using varying frequency for controlling the resonant current, the
frequency is mainly operating at two areas [14]: either above or below the
resonant frequency of the resonant tank. The resonant frequency is
calculated as

i
L,C

w,=2nf,= (3.2)

~

If the converter operates above the resonant frequency, the resonant tank
will appear inductive due to the inductor reactance dominates. The resonant
current lags the output voltage of the phase terminals. As shown in Figure
3.2 transistors are turned on at zero current and zero voltage since the current
is fed through the anti-parallel diode during turn on of the transistor. While
the turn off of the transistor is hard turn off with inductive load. By adding
a capacitor snubber between the transistor collector and the emitter makes
the turn off of the transistor a zero voltage switching in heavy load
conditions [15]. On the other hand at lower load condition it introduces
additional losses at turn on of the transistor [15]. By changing the switching
frequency the impedance of the resonant tank varies thereby the resonant
current varies, and this is the principle to control the resonant current.

If the converter operates below the resonant frequency (See Figure 3.3), the
resonant tank appears as a capacitive load. The resonant current is leading
the output voltage of phase legs. The transistor experiences hard turn on
with capacitive load and zero current/voltage turn off. Capacitor snubber is
not suitable in this case since it introduces high collector current peak during
turn on of the transistor.
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Figure 3.2 Current lagging the converter output voltage
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Figure 3.3 Current leading the converter output voltage

The basic principle of phase shift control is described here. The output
voltage from an H-bridge V,;, is the voltage difference between phase
output voltage V, and V,,. It relates to the state of the switch in the H-bridge.
If T1is on T2 is off, T3 is off and T4 is on, V,; will equal to V.. If Tl is
onand T3 is on, V,; will be equal to zero. Assume the two bridge legs are
operating at the same switching frequency and the duty ratio is 50%. The
waveform of V,;, with phase shifted angle is shown in Figure 3.4. The V,,is
increasing with increased phase shifted angle, by changing the phase angle,
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the output voltage is changed, and thereby the resonant current is controlled.
The phase shift angle is defined according to (3.2)

T, 3.2
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a T x360
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Figure 3.4 Input voltage of a phase shift control

Energy analysis of resonant DC/DC converter

Assuming a resonant DC/DC converter is operating at steady state with
frequency control and the switching frequency is above the resonant
frequency. In steady state for the same output voltage and output current,
the amplitude of the resonant current and the switching frequency shall also
be in steady state. In a half switching period, the resonant current starts from
zero and ends with zero ampere, the voltage over the resonant capacitor
varies from -V, to V,.. After this half electrical period, the energy which is
stored in the resonant tank is not changed. And this means that the input
energy of the resonant tank equals the output energy of the resonant tank,
see (3.5). The input energy and the output energy are calculated with (3.3)
and (3.4) respectively. If the switching frequency is increased, which causes
an increased phase shift angle between V,,;, and L.. This leads to E,,<E,,,,,
which leads to that the energy stored in the resonant tank decreases and the
amplitude of resonant current decreases.

For phase shift control in steady state operation, the same principle applies,
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when the phase shift angle varies, the input power of the resonant tank
varies, thereby the energy that is stored in the resonant tank varies, and this
leads to that the output power also varies.

l
Eil‘l: f (Vdc 'Vout) X]r dt (33)
0
)
Eout: f (-Vdc 'Vout) X]r dt (34)
3l
Ein :Eout (35)
ﬁ{ }_ml?r\r\_
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Figure 3.5 Simplified circuit of a resonant DC/DC converter

3.3 Proposed resonant auxiliary converter

The schematic circuit of the proposed resonant auxiliary converter is shown
in Figure 3.6. Comparing to the resonant DC DC converter, the rectifier is
replaced by three phase bidirectional switches and the output capacitors.
The function of the proposed resonant auxiliary converter is providing an
output filter free DC to AC conversion, galvanic isolation between input
voltage and output AC voltage and omitting the redundant energy
conversion stage to reduce components.

Similar to the proposed inductive link auxiliary converter presented in
previous chapter, there are two energy conversions in the proposed resonant
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auxiliary converter. The first energy conversion is from input DC voltage to
high frequency AC current pulses. This is done by the resonant tank and the
H-bridge. The second one, which converts the high frequency AC current
pulses to three low frequency AC voltages, is done by the bidirectional
switches and the output capacitors. The high frequency current pulses are
selected by bidirectional switches to charge/discharge the output capacitors
to form sinusoidal output voltages.

—

S1 SA S3

A

T8

Figure 3.6 Proposed resonant auxiliary converter

Controlling the resonant current pulses is different from controlling the
resonant current of the resonant DC/DC converter. See Figure 3.5, for the
resonant DC/DC converter the excitation voltage over the resonant tank
contains two parts: the converter output voltage and the output voltage of
H-bridge. In steady state operation the converter output voltage can be
considered as a constant voltage, and the input voltage is changing by phase
shift control or frequency control, as stated in previous chapter.

For the proposed resonant auxiliary converter the output voltage is varying
all the time and this introduce additional difficulties for controlling the
energy of the resonant tanks.

3.4 Modulation and Control Algorithm

As stated in section 3.3, controlling the proposed resonant auxiliary
converter has more difficulties than controlling the resonant DC/DC
converter. The challenges are caused by the continuously changing output
voltages of the converter and the connection between the resonant tank and
the converter outputs which is switched between different output phases via
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bidirectional switches. Between different switching period, the output
voltages of the resonant tank is different from each other, in order to keep
the energy stored in the resonant tank stable and to fulfill equation (3.5), the
input voltage of the resonant tank have to change accordingly (the input
voltage of the resonant tank is the output voltage of the H-bridge, and the
output voltage of the resonant tank is the output phase voltages).

The output voltages of the H-bridge is +V,., -V, and zero. Consider a
condition which is shown in Figure 3.6. A positive current pulse is needed
by phase A and the output voltage of phase A is larger than zero. First the
transistor T1 and T4 shall be turned on. The current starts to increase from
zero, during this time the voltage over the resonant tank is V.-V, and the
energy that flows into the resonant tank is given by equation (3.3). After a
while, at time t; in Figure 3.9 in order to keep the stored energy of the
resonant tank stable, another voltage over the resonant tank shall be applied.
Two different voltages can be applied by turning off either T1 and T4, or T1
only. These two voltages are —V,.-V,,, and -V,,,, respectively. Turn off T1
and T4 cause hard turned off of two transistors while Turn off T1 only
requires one hard turn off. The switching time t; is chosen according to (3.5).

Series resonant circuit

In order to find the t; to fulfill the (3.5), it is necessary to investigate the
series resonant L-C-R circuit. The series L-C-R circuit is shown in Figure
3.7. The capacitor voltage for a step voltage V; with initial current i, and
initial capacitor voltage V, is given by [13].

Vs'Vcr @,
i(wt)= esin(wt)+ie™ — cos (wt+P) (3.6)
wl w
w, I,
Vo (wt)=V-(Vi-V,,.) — e cos(wt-D) + — e sin(wt) (3.7)
w oC

LI £ =
VI’ T 2L’ ° T 20,L’

2
Where the w? =a)§(1-f )=a)§—a§, w, = tan® = %
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Figure 3.7 Series L-C-R circuit

Assuming the resistor R to be small and that it can be neglected, (3.6) and
(3.7) can be rewritten as:

Vs'Vcr
7 sin(w t)+i, cos(w,t) (3.8)

i(w,t)=
wiocsin (wt) (3.9

o

Velw,)=Vs-(Vi-Ve,) cos (1) +

At the beginning of each half cycle the initial value of i, is zero (3.8) and
(3.9) can be rewritten as

Vs’Vcr
w,l

i(w, )= sin(w,t) (3.10)

Volw, ) =Vs-(Vs-V,,) cos (o t) (3.11)

Energy balance of proposed resonant auxiliary converter

The voltage over the resonant tank is the converter output voltage plus the
output voltage from the H-bridge. The converter output voltage is a 50 Hz
AC voltage; during the one pulse period the converter output voltage can be
considered as a constant voltage since variation of the voltage in one pulse
period is small comparing to output voltage amplitude. The output voltage
of the H-bridge has three values: 1., -V;. and 0. The combination of those
three value results in variation of the H-bridge output voltages. The voltage
transition between 1. and -V, results in a hard turn off of two transistors
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and the voltage transition from either 1. or -1/, to zero results in a hard turn
off of only one transistor. In order to reduce the switch losses and the stress
on the switches, the transition between 17 and -1/, should be avoided.

To fulfill the equation (3.5), V., and V.. in Figure 3.8 shall have the same
polarity which indicates that for example when the output voltage 7, is
larger than zero, the voltage V., should be a combination of ;. and 0.
Calculation of the transition time t; in Figure 3.9 is the key. The initial state
of the resonant capacitor defines the polarity of the current pulses. For
example, the resonant capacitor initial voltage has a polarity that is as shown
in Figure 3.8, the current pulse polarity is from the input side to the output
side, after half the electrical period the resonant capacitor voltage has the
same absolute value but the polarity has been changed, the next current
pulse will have a reversed polarity.

Calculation of the voltage transition time ¢, is given here. Consider a general
condition that is shown in Figure 3.8 and in Figure 3.9. At the initial state
the polarity of the resonant capacitor voltage Ver is shown in Figure 3.8. The
current start to increase at ¢, when V; is applied over the resonant tank, and
at ¢; the voltage over the resonant tank is transferred to 15, The input energy
and the output energy of the resonant tank can be easily calculated with
(3.12) and (3.13), where Al and A2 are the area that is covered by the
current pulses before and after the transition time ¢;.

S

VOLII

Figure 3.8 Simplified circuit of the proposed resonant auxiliary converter
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Figure 3.9 Current pulses of half the electrical period.
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At ¢, the initial current of the resonant inductor is zero and the initial voltage
of capacitor is V,;. The resonant current between ¢, and ¢; can be given by
(3.14)

(3.14)

. Vl - Vci . ¢

i; = o] sin(w,t)
The integration of i; from ¢, and ¢, is given by (3.15) where 6,is given by
Wyt

t V, — Vci V, — Vc[
A1:f Iw 7 sin(@ 1)dt= Ia)ZZ (1-cosf;) (3.15)

ty o

After ¢, the voltage over the resonant tank is changed to 7, and the initial
condition of the resonant tank at ¢, is given by equation (3.16) and (3.17).

V=V = V1 = Ve)cos (@, tq) (3.16)

(3.17)

. Vl - Vci .
I == sin(w,t;)
o

Substitute (3.16) and (3.17) into (3.8) gives the current during the time
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interval t;and t, as shown in equation (3.18).

Vo —=Vy)+ (V; —V,.i)cos(w,t
it=( 2 1) ((1‘)1 Cl) ( o 1)sin(wo(t—t1))
(0]
Vl_Vci

w,l

(3.18)

+ sin(woty) cos(w, (t — t1))

The integration of i; from ¢; and ¢, is given by (3.19) where 6,is given by
C()Otz.

t, is the time when the resonant current becomes zero. And the relation
between ¢, with a given ¢;is given by (3.20)

t2 Vo-V)) + (V= V.)cosO
A2=f i,dt _ ) (wIZZ )cos6 (1-cos(0,  (3.19)

ty 0

V=V,

—6,)+ ( Icuzl )sinelsin(ez —6;)

—(V; — V.)sinb,
tan(8, — 6,) =
an(9; — 61) I-V1) + (V; = V)cosb, (3.20)

Substitute (3.19) (3.15) into (3.12), (3.13) and (3.5), the voltage transition
time can be calculated together with (3.20). Solving such equations involves
trigonometric functions is complicated!

For any given 6, there is a corresponding 6, that can be calculated by (3.20)
in the interval [0, 180], and with this given 6, and calculated 8, the
corresponding input energy and output energy of the resonant tank can be
calculated by (3.15), (3.19), (3.12) and (3.13). If we chose all the possible
6,from 0 to 180 degree and calculate all the corresponding input energy and
output energy of the resonant tank, there should be a pair of input energy
and output energy that have the closest value to each other and fulfills (3.5).
By using this method the solving of the equations with trigonometric
functions is avoided. This method requires quite a lot computation resources
and long computation time for the controller. A pre-calculated look-up table
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is a good solution for this.
Look-Up Table

To generate the lookup table more details of the resonant behavior shall be
investigated. According to (3.12), (3.13), (3.15), and (3.20) the input
parameters for finding 6; and 6, are the DC-link voltage, the output voltage
of the converter and the initial voltage of the resonant capacitor.

For the same resonant current direction, the direction of the energy flow
depends on the polarity of the output voltages. For an output voltage with a
polarity is shown in Figure 3.8, if the current pulse flows from the input H-
bridge to the output, the energy is flowing from H-bridge to the output. The
main operating curve is plotted in Figure 3.10. Transistor T1 and T4 and S1
is turned on at the beginning of the switching period, the voltage over the
resonant tank is V. -¥,. The current starts to increase from zero, after a
while when t1 is reached either transistor T1 or T4 is switched off. During
this time interval the voltage over the resonant tank is —\o. The current
becomes zero at the time t, and after t, the other transistors are turned off.
In the case when the output voltage has a different polarity other than the
case that is shown in Figure 3.8, with the same direction of the current pulse
the energy is flowing from the load to the DC-link. In this case only one
transistor of T1 and T4 is turned on together with S1 at the beginning, and
the transistor T1 or T4 is turned off at t1 and the current becomes zero at t,,
S1 is switched off at t..

In the case that the initial state of resonant capacitor is changed to another
polarity, other than the case that is shown in Figure 3.8, the direction of
current pulse is flowing from the load to the DC-link. Instead of turning on
T1 and T4 to conduct the current pulse, the transistors T2 and T3 are
involved. The main operating waveform of T2 and T3 is similar to T1 and
T4,

To generate the look up table, the calculation of the input/output energy and
the w2/ product vs 6; and output voltage is calculated and plotted according
to Figure 3.12 and 3.13. Figure 3.12 is the case when the output voltage is
larger than zero and Figure 3.13 is the case when the output voltage is
smaller than zero. The input parameters are V,.=750, Vc= 600 where V.
and Ve are the dc link voltage, the initial voltage of the resonant capacitor
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respectively.

The two curved surface is corresponding to the input energy and the output
energy. The crossing line between these two curved surfaces is the line
along which the input energy equals the output energy. The 8, and 6, which
fulfills the (3.5) can be extracted from these crossing lines. Figure 3.14
shows the extracted 6; and 6, vs output voltages.
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resonant tank

'Vo

T1

T4

S1

Figure 3.10 Operating waveform

-Vo

Voltage over
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-Vdc-Vo

T1

T4

S1

Figure 3.11 Operating waveform
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Figure 3.12 Input and output energy when output voltage is larger than zero
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Figure 3.13 Input and output energy when output voltage is smaller than zero
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In the case when the output voltage is larger than zero (Figure 3.14a), 8 is
low when the output voltage is close to zero, and close to half of 8, when
the output voltage is high. Higher output voltage cause higher energy to be
delivered to the output in one switching period, and thus requires more input
energy to compensate the energy loss of the resonant tank. Thereby 8,
increases with an increased output voltage. When 6, is larger the transistor
T1/T4 needs to turn off at a higher current peak.

In the case when the output voltage is smaller than zero. The output voltage
is the source of input energy of the resonant tank in a half resonant cycle.
When the absolute value of the output voltage is low, 6,has to be large to
compensate the energy loss of the resonant tank. And 6, decreases to almost
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half of 8, when the abs value of the output voltage is 400 V. In this case
when 6, is close to 6, either transistor T1/T4 needs to turn off at higher
current.

Stability investigation

The method that has been discussed in this section for finding 8 is based
on the assumption that the amplitude of the voltage over the resonant
capacitor is not changing between different electrical cycles. In reality the
amplitude of the voltage over the resonant capacitor may vary, and it is
important that, the control algorithm itself can push the amplitude of the
resonant voltage back to the desired value when there are variations in the
amplitude of the resonant capacitor voltage. In other words the control
algorithm should be stable regarding to the controlling of the resonant
energy inside the resonant tank. For example the initial value of the
amplitude of the resonant voltage is zero at the initial state, the control
algorithm shall have the ability that to increase the amplitude of the resonant
voltage to the desired value after several pulse period. See Figure 3.15 for
6, vs output voltage and the amplitude of the resonant capacitor voltage.
For the same output voltage, as shown in Figure 3.15, with increased
capacitor voltage, the angle 9, is also increased. In other words, a higher
resonant capacitor voltage requires higher input voltage to fulfill (3.5).

For each current pulse, the charge delivery ability can be calculated with
(3.19). With increased resonant voltage, the charge delivery ability is also
increased. This requires more energy in order to deliver more charge. If the
charge is delivered from input DC-link to the output side which corresponds
to Figure 3.15a, 6, shall be larger than before to deliver more energy to the
output side. If the charge is delivered from output to the DC-link, 6;shall
also be larger to deliver more energy back to the DC-link side. To fulfil (3.5)
6, has a positive coefficient with the resonant voltage.

This is a very nice feature: for example at the initial state of the converter,
the amplitude of the resonant voltage is zero, if the look-up table is made
based on the assumption that the resonant voltage is 600 V, for the first
several periods, the 6;does not fulfill (3.5) and Ein>Eou, and this situation
will continue until the desired resonant capacitor voltage is build up to the
desired value. It is also helpful to reduce the requirement for monitoring the
resonant voltage of the resonant capacitor. The control method itself, as we



54 3.4. Modulation and Control Algorithm

have mentioned, can ensure that the resonant voltage comes back to the
desired value. In other words, the accuracy of the voltage sensor of the
resonant capacitor is not important, only the polarity of the resonant voltage

is needed.

0,=2CV,y; (3.19)

100 e s

o
2 50+
<
0 >l .
1000 £ '
m 400
Capacitor voltage 0 0 Output voltage
Figure 3.15a 6, vs output voltage and resonant voltage
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Figure 3.15b 6, vs output voltage and resonant voltage
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Based on the discussion in this section, the input data for generating a
lookup table are, the DC-link voltage, the amplitude of the resonant
capacitor voltage and the output voltage range. The outputs are 1-D

s of 8, and 6, vs output voltages. It does not need the details of the
parameters like the capacitance of resonant capacitor and resonant
inductance which gives a large freedom for setting the parameter of resonant
components.

Parameters of passive components

The selection of output capacitor is similar to the proposed hard switched
auxiliary converter. The value of output capacitor can be calculated by using
(2.10)

The capacitance of resonant capacitor is related to the charging carry ability
according to (3.19). Substituting (2.9a) and (2.9a) into (3.19) gives the
capacitance of resonant capacitor

Pmax

V3V Vi 20

ron—

Here P, +Vims, Vini F are maximum output power, rms value of output
voltage, the amplitude of resonant capacitor voltage, and the pulse
frequency respectively.

The value of resonant inductor can be calculated by

1

CI‘O}’! L ron

w2 (3.21)

One current pulse period corresponding to half resonant period, then (3.21)
can be rewritten as

1

Lron = &z (3.22)
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Here F is the current pulse frequency.
Control algorithm and discussions

The controlling method from the proposed inductive link auxiliary converter
could be adapted for controlling the proposed resonant auxiliary converter.
The same carrier wave, same modulation method, and fast computer control
can be inherited from the proposed inductive link auxiliary converter.

Different from the proposed inductive link auxiliary converter, the
flexibility of the polarity of current pulses are limited due to the property of
the resonant circuit. There is always a negative current pulse followed by a
positive current pulse. The polarity of current pulses is defined by the initial
polarity of the resonant capacitor voltage. An additional voltage sensor or
polarity monitor is needed for monitoring the polarity of resonant capacitor
voltage to decide the polarity of the current pulses. This feature that the two
adjacent current pulses must have opposite polarity, requires symmetrical
load on the output side.

The control flow chart is shown in Figure 3.16. It starts by measuring the
current state of the converter: voltage references, output voltages and
polarity of the resonant capacitor voltage. Based on these measured data,
the polarity of next current pulse and which output phases that should
receive the current pulse can be decided.

There are three output phases, but only one output phase can be charged/
discharged by the current pulse at a time. Each output phase voltage is
compared to its reference voltage. The output phases that require a current
pulse that has the same polarity as the next current pulse will be the
candidates. If there is more than one candidate, the one that has the largest
voltage error has the highest priority. To avoid over charging and to reduce
losses, if all voltage errors are smaller than the predefined voltage band,
none of these three output phases will be charged.

The output voltage of the selected outputs and the polarity of the resonant
capacitor voltage are sent to the lookup-table to calculate the duty ratios of
the transistors. The calculated duty ratios of the transistors are applied to the
transistor at the beginning of the next switching period.
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Inputs: Output voltage of the selected output
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Output: Duty ratio of the engaged transistors

Updated the duty ratio to the
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switching period

Figure 3.16 Control loop of resonant auxiliary converter
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35 Simulation

Simulations are done to verify the energy balance theory of the resonant
auxiliary converter and to develop the control algorithm for converter
prototypes. All the simulations are done in LTspice. Figure 3.17 shows the
simplified simulation model.

% T1D1 T3[D3
cr S1 S2 S3
L1
1 || A
- 1 LX)
Q ik ;
T c
¢l Cc Ccy
T2[D2 Ta|Da / T 1T 1T
Capactior polarity ~ Va

Modulator

Lookup table

Sample and Hold and deside current
pulse direction and desired output
phase

Voc Output voltage
reference

Figure 3.17 Simplified simulation model

The switches T1 to T4 and S1 to S3 are ideal switches. The diodes D1 to D4
are ideal diodes. Note that the load is not included in this circuit, it is formed
by three sinusoidal current sources that are connect to nod A, B and C. The
amplitude and phase are adjustable to simulate different load conditions.

The output capacitor in this simulation model is also an ideal component.
The value is defined by (2.9) which is developed in section 2.3. The
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parameter of the transformer that is used in the simulation is from an HF
transformer from an auxiliary converter. The resonant inductance is formed
by the leakage inductance of the transformer and an ideal inductor L1. The
resonant capacitor is an ideal capacitor with the value that is calculated by
(3.20)

Pulse frequency is set to 20 kHz. One current pulse occupy one pulse period
which means the resonant frequency equals to 10 kHz. The output capacitor
is selected to 768 UF.

Simulated resonant voltage

The voltage will be built up to the desired value after several half resonant
periods due to the feature of the control algorithm we have discussed in
section 3.4. The initial resonant voltage is zero, and in the first several pulse
periods before the resonance capacitor voltage reaches its desired value, the
input energy of the resonant circuit is higher than the output energy of the
resonant circuit. The excess energy is stored in the resonant circuit and the
voltage of the resonance capacitor is increased. When this voltage reaches
its desired value the input energy is equal to the output energy of the
resonant circuit, and the amplitude of the resonance capacitor voltage is
stable. Figure 3.18 shows the simulated resonance capacitor voltage.

650V

i

-650V- i
Oms 5ms 10ms

Figure 3.18 Simulated resonance capacitor voltage
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Simulated Current Pulse

The current pulses are charge carriers. It transfers energy between inputs
and outputs. Similar to the inductive link version of the proposed auxiliary
converter the amplitude of the current pulses are high, and the transistor may
need to switch off at high current. As stated in section 3.4, when the output
voltage is high, the transistor has to switch off at high current. Figure 3.19a
and 3.19b shows a current pulse when the corresponding output voltage is
195V and -302 V respectively. At high output voltages, the current pulse are
more like a triangle rather than sinusoidally shaped!
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1.8KAT-— == s o e T i
1.5KAH - -~ o e P T i
1.2KA - = f-m oo e T i
e o e i rm T rmmim e
0.6KAF - - —-—--d-—— - e e e
e e B e i

| |

: :

1 i

1

0.0KA- WEcscremmsa .

;%1 N VSV, SRS, i cpmvom—
-06KA+---———-- T IT TR RN
-0.9KA -~ -~~~ o mmimimim

38.090ms 38.100ms 38.110ms 38.120ms 38.130ms 38.140ms

Figure 3.19a Current pulse when output voltage is 195V
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Figure 3.19b Current pulse when output voltage is 302V

At low output voltages the current has a sinusoidal shape and the transistor
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is turned off at low current as stated in previous section. Figure 3.20a and
3.20b shows the simulated current pulse when output voltage is low.
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Figure 3.20a Current pulse when output voltage is -77V
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Figure 3.20b Current pulse when output voltage is -63V

Simulated output waveforms

The output waveforms are similar to the output waveform of the proposed
hard switch auxiliary converter. In no load conditions, the output wave form
has a staircase wave form. In the case of an inductive link auxiliary
converter, the depth of the staircase varies due to the charge Q which is
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carried by the current pulse varies between O and Q .. The value of
Q,..and O . also varies with different output voltage. In the proposed

resonant auxiliary converter, the charge Q which is carried by the current
pulse is the same for all current pulses. Thereby the depth of the staircase is
not changed. Figure 3.21 and Figure 3.22 show the output waveforms and
harmonics respectively. In frequency domain, the harmonics are mainly
below 10 kHz and the peaks are located below 3 kHz, but there are also
harmonics around the current pulse frequency 20 kHz. Unlike the proposed
hard switched auxiliary converter, there are no significant harmonics around
one third of current pulse frequency since the modulation methods are
different from each other.
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Figure 3.21 No load output waveform
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Figure 3.22 No load harmonics
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Figure 3
resistive

.23 and Figure 3.24 show the output waveform with a 100 kW
load. Similar to the no load case, in frequency domain, there are no

significant harmonics with a fundamental frequency of one third of current
pulse frequency.
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Figure 3.23 Output waveform with 100 kW resistive load
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Figure 3.24 Harmonics with 100 kW resistive load

Unbalanced load

It is quite often that the loads are not symmetrical. It is important to know
the behavior of the proposed resonant auxiliary converter under unbalanced
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load conditions. In this proposed converter, two adjacent current pulses have
opposite polarity, with symmetrical loads, the number of required positive
current pulses approximately equals to the number of required negative
current pulses. With unsymmetrical loads the balance between the positive
and negative current pulses are broken, there is a risk that one or more of
the output phases are not charged as it should be and the voltage cannot
follow the voltage reference. In the following simulations unbalanced loads
are introduced, and the output waveforms are plotted. Figure 3.25 and
Figure 3.26 shows the output waveform with 5% unbalance in one output
phases. With 5% unbalance in one output phase, there is a slight voltage
mismatch in the phase with green color.
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Figure 3.25 Output waveform with 24.5 kW(green), 23.3 kW and 23.3 kW
resistive load
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Figure 3.26 Output waveform with 22.2 kW(green), 23.3 kW and 23.3 kW
resistive load

Figure 3.27 and Figure 3.28 show the output waveform with 10% unbalance
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in one output phase. With the case where the output power of the phase with
green color is 10% lower than the other two phases, the output voltage of
the phase with blue color has a voltage error about 100 V around 8 ms and
28 ms. In the case of Figure 3.28 there are voltage errors in phases with
green and blue color.

350\/ T T T T T T T T T
;iggx__j - ﬂ‘_ "My, - 53 _‘,ﬂp\"tl_“""i"?“\‘;l"-‘x%: e }_{v\\‘.,y«\ﬂlesﬂ‘ | ;}N o :r i _ | __ #\\‘;""@"f'ﬁ‘.\m_ - ‘:m.w;’\“ﬂ-‘&h
140V
70V
0V
-70V-
-140V
-210V :
-280V-te g+ - - S i
-350V-——— i i i : |
Oms 4ms 8ms 12ms 16ms 20ms 24ms 28ms 32ms 36ms 40ms

Figure 3.27 Output waveform with 21 kW(green), 23.3 kW and 23.3
KW resistive load
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Figure 3.28 Output waveform with 25.7 kW(green), 23.3 kW and 23.3
KW resistive load

When there is a mismatch in all three channels, as shown in Figure 3.29 and
Figure 3.30, with 5% output power variation there is a slight voltage
distortion in the phase with red color. With 10 % more output power
variation on the green phase and 10% less output power on blue phase. The
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voltage distortion in the phase with red color is increased.
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Figure 3.29 Output waveform with 22.2 kW(green), 24.5 kW(blue) and
23.3 kKW resistive load
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Figure 3.30 Output waveform with 25.7 kW(green), 21 kW/(blue) and 23.3 kW
resistive load

3.6 Summary

In this chapter, a control concept for control of the proposed resonant
auxiliary converter is thoroughly investigated. The calculation of passive
components values is given. Methods for generating current pulses and
modulation method are investigated. The control algorithm is given and is
implemented in LTspice. The simulated output voltages are sinusoidal
shaped with very low amount of harmonics.



Chapter 4
Prototype development

This chapter focuses on the design and implementation of the proposed
auxiliary converter. Due to limited project time only the inductive link
auxiliary converter is designed and validated in the lab. The converter
prototype design is divided into two steps, the first step is to develop the
control software based on a down scaled single phase inductive link
auxiliary converter. With the down scaled single phase version the control
algorithm is validated. The second step is the development of an 80 kW
three phase converter prototype based on the findings and the software from
the first step.

4.1 First prototype

The purpose of the design and the implementation of the first prototype is
to validate the concept of generating the sinusoidal voltage output wave
form by using discrete current pulses, and to develop the control software
of the proposed inductive link auxiliary converter. The galvanic isolation
may not be needed or is not interesting in this down scaled version. In order
to reduce the system complexity a single output phase might be good enough
for validating the charging concept.

The down scaled version of the proposed hard switched auxiliary converter
is implemented as in Figure 4.1, which shows the power electronic main
circuit of this first prototype. Table 4.1 and 4.2 show the parameters of the
converter prototype. Note that only one output phase is implemented in the
this prototype, but the control software and all the analog 1/0O, digital 1/0
prepared for a three phase auxiliary converter.
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Converter components

An output birdirectional switch is formed by two series connected IGBTS,
of which one connected in reverse direction as shown in Figure 4.1. To
simplify the complexity of the control circuit and the control algorithm,
these two IGBTS are controled with the same gate control signal, the IGBTSs
are thereby turned on and off at the same time regardless of the direction of
the current flow through them.

The inductance of L, in Figure 4.1 can be calculated by using (2.12). In this
design the inductance is selected to 27 pH. For a 27 pH power inductor, if
the volume is not critical, the easiest way is to use an air coil. By using an
air coil the selection procedure of inductor core material can be avoided and
the inductance is independed of bias current and frequency.

The capacitance of the output capacitor C; can be calculated by using (2.9).
In this prototype the capacitance is selected to 0.35 mF. Five 70uF AC
power capacitors are connected in parallel to form the 0.35 mF output
capacitor.

Table 4.1 Prototype parameters

DC link voltage V_DC 300 V
Maximum power 2.3 KW
Switching freq. 20 kHz
Output voltage 115 Vrms

Table 4.2 Key components of the prototype

Output capacitor C1 0.35 mF

Inductor L, 27 pH

Bidirectional switch S1 50MTO60WHTAPBF
H-Bridge (T1 to T4) FS150R12PT4
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Figure 4.1 Power electronics main circuit of the first prototype
Control algorithm

The control algorithm which has been discussed in chapter 2 is implemented
with Labview graphic programming language on the National Instruments
CompactRIO cRI10-9022 system. The control algorithm is implemented in
a Field-programmable gate array (FPGA).

The scheme for the implementation of the control strategy by using FPGA
is shown in Figure 4.2. As discussed in Chapter 2, the converter control
algorithm is a direct voltage control: The measured output voltages are
compared with the internal voltage references, the semiconductor duty ratio
is calculated based on the voltage errors. The control strategy is designed
for a three phase inductive link auxiliary converter even though only one
output phase is connected in the system.

The three output capacitors are charged alternatively, each output capacitor
should be charged once in every 3 pulse periods. This is done by using a
phase selector. The output of the phase selector is changing alternatively
from 0 to 2 for every 3 pulse periods. The value 0, 1 and 2 means that the
current pulse period is dedicated to phases A, B and C respectively, it
guarantees that each output phase is charged only once in every three pulse
period.
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Figure 4.2 FPGA implementation of the control in hard switched auxiliary
converter

The duty ratio of the output transistors is calculated based on the method
and the equations which are described in chapter 2. As stated in chapter 2
the control shall be fast, and the calculation time shall be much shorter than
the switching frequency period time.

The carrier wave is a saw tooth signal with positive slope. In the
CompactRIO cRI0-9022 system the clock frequency is 40 MHz, the saw
tooth period is defined as 2048 clock periods which corresponds to a 19.5
kHz current pulse frequency.
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Figure 4.3 Lab setup

Measurements

The first interesting thing to investigate is how fast the FPGA is. In this
prototype the calculation time is measured as 268 clock periods in the
CompactRIO cRI10-9022 system which is approximately one eighth of the
switching period. This is really a great feature.

Another important thing to look into is the output waveforms. The no load
and the resistive load (25 ohm) output wave form are shown in Figure 4.4
and Figure 4.5 respectively.

The no load output waveform as shown in Figure 4.4 has a shape like a
sinusoidal waveform with stair steps. These stair steps are caused by the
charging pulses sent into and taken out of the output capacitor. In the output
waveform which is shown in Figure 4.5, the stair steps are replaced by saw
tooth signals, the reason for this is that the output capacitor voltage is not
only affected by the current pulses but also by the load current. Comparing
with the corresponding simulation from Chapter 2, the measured result and
the simulated wave form agree with each other. This validates the idea of
forming the sinusoidal with discrete current pulses.
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Figure 4.4 Measured no load output voltage
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Figure 4.5 Measured output voltage with 25 Q resistive load
4.2 Three phase prototype with increased power

The control software which is developed for the first converter is a good
base for building a new prototype with all three output phases. The target is
to build a power auxiliary converter in 100kW range with galvanic isolation
between input and output.

Lab Setup

The main purpose of this first prototype is to validate the concept of a new
auxiliary converter topology and to study how to design this type of
converter. The prototype is not optimized either for efficiency, power
density or EMC etc. The functionality is more important than an optimized
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design. Lots of components (HF transformers JFETS, output capacitors etc.)
are borrowed from previous projects to speed up the project.

A prototype with similar parameters as we have discussed in chapter 2 is
presented in this chapter. Figure 4.6 shows the schematic of the lab-setup.
The inverter was intended to be equipped with silicon carbide JFET
semiconductor switches from Semisouth in USA. However, this company
stopped their production, and it was not possible to receive the requested
number of components from them. Instead we managed to get some JFET
components from Infineon, but not the sufficient number.

Two silicon IGBTS are connected in series, one in reverse direction, to form
an output bidirectional switch. These two IGBTS share the same gate signal
from the CompactRio and they are switched on and off at the same time
regardless the current pulse polarity. In the input H-bridge the transistors
have to be turned off at high peak current which introduces high switching
losses. The SiC JFET transistors are used here to reduce the switching
losses. The output bidirectional switches are operating at zero current
switching conditions and the switching losses can be neglected comparing
to the conduction losses.

The HF transformer has a leakage inductance of 5.8 pyH and 1 mH
magnetizing inductance. The ratio is 1:1 and the rated power is 600 kW.

The inductance of inductor L; is formed of two parts: the leakage inductance
of the transformer in series with two parallel connected 8 puH air core
inductors (3.5 puH in total). The inductance of the inductor L; is 9.3 pH in
total. Each output capacitor is a power capacitor bank with a total
capacitance of 0.823 mF.
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Figure 4.6 Schematic of Lab setup
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The voltage sensor is a conventional voltage transducer with an unshielded
current to voltage conversion board. This type of circuit has been proven to
work in the first prototype. However, it did not work in this test setup, lots
of noise is received by the analog input side of the controller and the output
voltage cannot be measured correctly. To solve this problem three
differential probes are used to measure the output voltage and the gain is set
to 100:1. This should be regarded as a temporary solution, in future work,
properly shielded voltage sensor shall be used and the cable of the sensor
shall be kept as short as possible.

The main power supply is not shown in Figure 4.6. The main power supply
is a variable three phase transformer followed by a rectifier, the power rating
of the transformer is around 50 kW. This is the limitation of the maximum
power we can run in this test setup.

A 1200 V 50nF snubber capacitor is connected in parallel over each
bidirectional switch to protect it from over voltage.

The parameters of the prototype are shown as below:

e Dclink voltage 460-611V
o Ac voltage Urmstn 230V

o Fundamental frequency 50 Hz

o Switching frequency 10 kHz
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Figure 4.7 Lab setup of the 3-phase auxiliary converter prototype

Figure 4.7 shows the proposed hard switched auxiliary converter, the HF
transformer and the inductor are not shown in the figure. They are located
in the cooling circuit just below the converter desk.

Experimental measurement

The output power is limited by the DC power supply which has rated power
of 50kW. To reduce the risk of semiconductor failure, the DC link voltage
is selected maximum 610 V rather than 750 V. The measurement is done by
a DEWE/DEWESOFT system. Figure 4.8 and Figure 4.9 show the
measured no load output voltage in time and in frequency domain. The
voltage in phase U is slightly higher than phase W and V. The reason of the
voltage unbalance is that the differential probe used in phase U is not
properly calibrated. This differential probe was replaced by a calibrated one
in later measurements.

Compare the measured result with the simulation in Figure 2.14 the depth
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of the stair case step (ripple voltage) of the measured curve is much smaller
than the simulated result for the similar size of output capacitors. The root
is that in the lab setup the DC-link voltage has a maximum value of 610 V
instead of 750 V; which is used in the simulation. A reduced dc-link voltage
causes reduced charge content in the current pulses.
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Figure 4.8 Measured no load output voltage waveform
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Figure 4.9 Measured no load output voltage harmonics
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The power supply is a variable 50 Hz three phase transformer and a rectifier,
the voltage varies with different loads. For the measurements shown in
Figure 4.8 and 4.9 the DC link voltage is measured to 566 V. At 10 kW load
(Figure 4.10 and 4.11) and at 30 kW load (Figure 4.12 and 4.13), the DC
link voltage is measured to 540 V and 462 V respectively. At 30 kW load,
due to the too low DC link voltage, the output voltage is not a pure
sinusoidal. At 50 kW resistive load (Figure 4.14and 4.15), the transformer
is adjusted to the DC link voltage 611 V. With this increased DC link
voltage, even with an increased output power to 50kW, the quality of output
voltage is increased compared with the 30 kW load case.

Scope

Voltage W, - [V] 350

-350

Figure 4.10 measured waveform with 10 kW resistive load
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Figure 4.11 Measured output harmonic with 10 KW resistive load
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Figure 4.12 Measured waveform with 30 kW resistive load
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Figure 4.13 Measured output harmonic with 30 kW resistive load
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Figure 4.14 Measured waveform with 50 kW resistive load
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Figure 4.15 Measured output harmonic with 50 kW resistive load

Power losses and output THD (total harmonic distortion) are also interesting
parameters. These parameters are measured with Yokogawa WT1600 and
WT 3000 power meter. The losses are the difference between the input
power and output power. The losses include semiconductor losses, copper
losses, transformer losses and output capacitor losses.

There are problems when measuring the input power, especially measuring
the input current, which is noisy even when a line filter inductor is
connected. Figure 4.16 and Table 4.3 show the results. The blue line shows
the measured results from WT3000 and the red dashed line is the results that
from WT1600. There is difference between instruments for power losses
measurement.

The THD is less than 1% which is a very good value even with the reduced
DC link voltage. With an increased DC-link voltage to 750V DC as has been
done in the simulation, the THD is expected to be reduced. However this
indicates that smaller output capacitors can be implemented to reduce the
system cost, weight and volume.

fIH=1
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Figure 4.16 Measured losses vs output power

Table 4.3 Measured Power and THD

Py [kW] Pout[kW] Ploss[kW] THD [%] Udc[\/]
5.006 0 5.01 <1 566.4
14.461 9.97 4.49 <1l 540.1
24.247 19.51 4.73 <0.96 505.3
33.796 28.25 5.54 <1 462.5
43.688 37.01 6.68 0.81 606.7
53.043 45.01 8.03 0.91 611.5




Chapter 5
High Efficiency Drive Circuit
of SiC BJT Switches

5.1 Introduction of SiC BJT

In the thesis, the author has investigated silicon-carbide transistors in
different kinds of converter topologies. Current controlled bipolar junction
transistors (BJT) in two level converters, and voltage controlled JFETS in
the topology described in this thesis. The voltage controlled devices can use
standard gate drive units, while the current controlled BJTs require
specialized base drive units [50-55]. The proposed base drive unit is
described in this chapter.

Advantages and drawbacks

Low on-state voltage drop, high switching speed, high maximum operating
temperature are important issues for power electronic devices. All those
three features can be found in Silicon Carbide (SiC) Bipolar Junction
Transistor (BJT). Very promising results have been reported recently in the
SiC BJT technology [16] [17] [43-46].

Instead of positive temperature coefficient that is inherent in the Si BJT, SiC
BJT has negative temperature there by parallel connection of SiC BJT is
possible [44]. Second breakdown problem [18] which is one of the main
drawbacks of Si BJT is not found in SiC BJT [16]. The switching time of
SiC BJT are the same as for unipolar SiC devices like MOSFET and JFET
[48-50]

(1) Assuming the supply voltage of the output stage of the driver circuit is
5 V. For a 100 A collector current we need at least 5 A base current. The
minimum output power for a three phase inverter could be calculate as:
5Vx5Ax3=75W
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The main disadvantage of SiC BJT is that the BJT is a current controlled
device: it needs base current to be turned on. Current gain of SiC BJT is
typically around 50 at room temperature (25°C) which is a considerable
improvement comparing to Si BJT. However, the current gain decreases to
around 25 at 150 degree C. This means, for a 100 A collector current a base
current of at least 5 A would be required. This leads to approximately more
than 75 W (1) total losses at the driver circuit side for a three phase inverter
if a concept of constant base current is used. The SiC BJT base driver circuit
will be more expensive than traditional voltage drive devices like IGBTSs
and MOSFETSs due to this significant higher power consumption.

Problem and effort so far

An effort to minimize the base driver power requirement is to use
proportional base current, this idea has been applied to Si BJT [19] to [21]
in 1980s by including a current transformer. Another effort is to use an
IGBT gate drive concept to control the BJT with a voltage signal [22] which
could adopt the conventional voltage drive concept and thereby reducing the
cost of the driver circuit. However, in this IGBT gate drive concept the
conduction losses are increased several times due to the increased collector
emitter voltage. A drive concept for reducing the conduction loss in a
Darlington Si BJT transistor was introduced in [23], and this concept could
be adopted to reduce the increased collector emitter voltage, which is
introduced by using the IGBT gate drive concept. In this work the proposed
drive concept combines the IGBT gate drive concept and the drive concept
introduced in [23] to reduce the power requirement of a SiC BJT driver.

The proposed drive concept

Figure 5.1a shows the IGBT gate drive method. An IGBT Q1 and a SiC BJT
Q2 are connected like a Darlington transistor. The SiC BJT can be turned
on/off by connecting a positive /negative voltage between gate Q1 and
emitter Q2. The on-stage voltage drop will be increased according to (5.1)
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Figure 5.1c Proposed IGBT gate current transformer compensated drive
concept

VceQz = VceQ1 + VbeQZ (5-1)

Here V)¢ is the on-state base emitter voltage of the SiC BJT, V)¢, is the
collector emitter voltage of IGBT Q1 with typical values of 2.7V and 1 V
respectively. This gives a 3.7 V on-state voltage of the SiC BJT which is not
acceptable. This can be compensated for by adding a voltage between the
collector Q1 and the collector Q2 to force the SiC BJT to operate in the deep
saturation region (Figure 5.1b) and (5.1) can now be rewritten as (5.2)

Veegz = Vbeor T Veegz — V2 (5.2)
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The conduction losses could be decreased by this change of the value of V/,.
The compensation voltage in this work is realized with a current transformer
as shown in Figure 5.1c. The primary winding is connected to the collector
of the SiC BJT and the secondary winding is connected in parallel with C1
via a high voltage SiC diode. The function of C1 is to rectify the current of
secondary winding into the compensation voltage. The zener diodes D4 and
D5 are connected in opposite direction for resetting the transformer core and
clamp the huge voltage caused by the leakage inductance. The base current
is fed directly from the load.

5.2 Analysis

For a Silicon BJT the transistor has to operate in the quasi saturation area to
switch fast and to reduce the switching losses. The SiC BJT transistor can
still switch fast even in the deep saturation area. The current gain of a SiC
BJT decreases with increasing temperature. When designing the base drive
unit, the maximum junction temperature of the SiC BJT shall be considered,
as the base drive circuit shall be able to provide sufficient base current at the
maximum junction temperature. In our proposed driver topology the drive
current is fed from the load current via a current transformer. The turn ratio
of the current transformer defines the ratio between the base current and the
load current. The turn ratio shall be smaller than the current gain at
maximum operating temperature for sufficient base current.

To turn on the SiC BJT, the base emitter PN junction shall change from
reversed bias to forward bias and start to conduct the current. The base
emitter parasitic capacitance needs to be charged from negative bias voltage
to 3 V. The parasitic capacitance is fairly large, 1.8nF at OV and 5.6 nF at
3.2V. An over current at the beginning of the turn on interval is needed to
charge the base emitter capacitance. This can be achieved by using a
capacitor in parallel with the base resistance as shown in Figure 5.2, the
capacitor provides the over current at turn on of the transistor.
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Figure 5.2 Driving concept with parallel capacitor

For the proposed drive topology, the equivalent circuit during turn on is
shown in Figure 5.3. When the gate transistor Q1 is turned on, the voltage
over the drain and the source of Q1 is starting to decrease, this leads to that
the voltage over the collector and the emitter of SiC BJT is decreasing. Since
the SiC BJT is not turned on, the only way to discharge the collector and
emitter capacitance Cce of the SiC BJT is via the capacitor C1, the transistor
QL1 and the base emitter capacitance Cbe.The discharge of the base emitter
capacitance provides sufficient over current for the fast turn on of SiC BJT.

Once the base emitter has been forward biased, the transistor starts to
conduct current. The transformer secondary current is increasing
proportionally to the collector current. This current flows into the base of
SiC BJT via D3 and the capacitor C1, a fraction of the current charges C1
to maintain the compensation voltage. The increasing collector current is
limited by the leakage inductance of the transformer and the emitter stray
inductance.

The turn off of a SiC BJT, using the proposed driving topology, is the same
as the turn off of a MOSFET. Once a negative gate voltage is applied, the
excess charge carrier is removed via D1 and R1 in a short time and the base
emitter capacitance is discharged. After this the collector emitter voltage
starts to increase and the collector current starts to decrease.
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Figure 5.3 Equivalent circuit when during turn on of SiC BJT

5.3 Implementation

In this section, design and selection of the devices are discussed. The current
transformer is thoroughly investigated

Diodes

The zener diodes D4 and D5 are connected in opposite direction for resetting
the transformer core after turning off the transistor and clamping the surge
voltages caused by the leakage inductance. (5.3) gives the break down
voltage of the zener diodes. Where V, N and n are the compensation voltage,
turn ratio of the transformer and maximum duty ratio of the transistor
respectively.

yoo Ve (5:3)
o A-mxN

The breakdown voltage is selected to 16 V to have more than 98% duty
ratio. Diode D3 should be able to withstand the voltage 16 x N V during
the core resetting interval, where N is the turn ratio between the secondary
and primary windings. In this design a 600 V SiC Schottky diode is selected.



5.3. Implementation 89

Current transformer

Assuming the capacitance C1 in Figure 5.1c is large enough to keep its
voltage stable. Then the secondary voltage V, during the turn on interval can
also be considered as constant. The magnetizing current could be calculated
with (5.4)

V. V.
Ly, ==t= 22
LZ AlNZ

t (5.4)

Here L,, N, and A, are the inductance of the secondary winding when the
primary winding is open, the number of turns of the secondary winding and
A; the value of the transformer core, respectively. The current of the
secondary winding during turn on interval is given by (5.5)

LV,

= t
27 n  AN?

(5.5)

Here I is the load current, n is the turn ratio of the current transformer. The
base current should be the mean value of I, during the turn on interval.

1 (T A I, I,
b TJO " Tn 24N2T T n 2 .6

Here I,,, is the maximum magnetizing current, in order to make the SiC BJT
to operate in the saturation region, I, > I/, where B is the current gain of
the transistor. Substitution of Iinto I,, = I. /B gives:

1 1 I,

Z>s_4m 5.7
n_ B 2] (6.7)

Conduction losses in this drive concept is written as
Poss = (Il - Ib) X VceQZ + 1, X (Vcte + VbeQZ) (58)

(5.8) shows that in order to decrease the conduction losses the base current
I, of Q2 should be kept at a minimum due to the 3 V base emitter diode
threshold voltage. Higher turn ratio n will reduce the base current I,,.

The saturation time of the transformer, which defines the minimum
switching frequency, is also an important issue that should be investigated.
(5.9) [13] gives the saturation time, where Ny is the number of turns of the
secondary winding and V,,.is the secondary voltage, respectively. Higher
number of turns of the secondary winding gives longer saturation time of
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the current transformer, which allows the driver circuit to operate at a lower
switching frequency.
t, = Ns(Bs - Br)Ae (59)
Vsec

According to the discussion above, higher number of turns of the secondary
winding is required. The requirement of the turn ratio of the current
transformer is given by (5.7). What we can change in (6) is the maximum
magnetizing current I,,,. There are two ways to decrease the I, either
increase the switching frequency to limit the magnetizing time, or select a
core with a high A, value.

A nanocrystalline core from VAC [27] with high A; value is chosen. The
details of the core is presented in Table 5.1

Table 5.1 Parameters of transformer core

Dimension 25x 16 X 10 mm
Ape 0.36cm?
Ige 6.44cm
Mg, 17.0g
A} (10kH2) {50u, 95u}

The winding technique of the transformer is always an important issue. It is
important that the leakage inductance is kept at a minimum. In this work,
the idea is to wind the primary and secondary conductors in parallel paths,
which is a well-known method to obtain low leakage inductance. In this
case, the turn ratio is selected to 22:1, according to (5.7). Therefore, a split
winding technique is adopted. The split winding technique for a coaxial
transformer is discussed in [25]. The parallel primary and secondary
winding is discussed in [24]. Figure 5.4 shows a prototype of the proposed
transformer. The white metal on top is the one turn primary winding, and
the copper winding under the white metal is the 22 turn secondary winding.
The primary winding contains 11 parallel conductors, and the secondary has
22 series connected conductors. Each primary winding conductors covers 2
secondary conductors.
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Figure 5.4 Prototype of current transformer

5.4 Experimental results

The proposed driver circuit is driven by an IGBT driver 2SD316EI1-12(V1
in Figure 5.5 (a)) from Concept Drive [26] with 10 kHz switching
frequency. Figure 5.5 (b) shows the experimental setup. The load includes a
27mH load inductance bank, a 1.7 ohm power resistance bank and
freewheeling diodes. Three 6 A 1200 V SiC BJTs (from TranSiC AB
Sweden) are connected in parallel together with 0.05 ochm current sensing
resistance. The idea is to switch the driver above a certain switching
frequency, measure the on-state voltage drop and the current sharing
property of the parallel connected SiC BJTs.

v
\:/' IGBT Driver

Figure 5.5 a Schematic of experimental setup
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Figure 5.5b Experimental setup

As shown in Figure 5.6, at the 10 kHz switching frequency, a compensation
voltage of 3.7 V will be built up within 3 ms after the transistor starts
switching, the measurement verifies the simulation: with an 8.66A load
current and 20% switching duty ratio, the compensation voltage is measured
to 3.6 VV with a multimeter.

4 T T T T T

JF -
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1_ .

1 1 1 1 1 1
0 1 2 3 4 5 B

Time <10°

Figure 5.6 Simulated compensation voltage

| +  Measured on state voltage |

On state voltage drop %

Load Current &
Figure 5.7 Measured on-state voltage drop

With the help of the compensation voltage, the SiC BJT should operate in
the saturation region. Figure 5.7 shows the on-state voltage drop when the
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proposed drive concept is used. Please note that the X axis indicates the sum
of the 3 collector currents. It is clear that the on-state voltage, when using
the proposed drive concept, is quite low and the transistor operates in the
deep saturation region.

The current sharing property of the parallel connected transistors is also
investigated in this work. Figure 5.8 shows the voltage over the 0.05 ohm
current sensing resistance of each transistor. It is clear that there is no
observed difference between the collector currents of transistor 1 and of
transistor 3 respectively, and the mean current of transistor 2 agrees with the
collector current of transistor 1 and 3. Current ringing in transistor 2 is
observed, and is further investigated by changing the position of the three
transistors. The result shows that the current ringing is only position related,
which means that the SiC BJT shares the current equally with the proposed
drive concept.

L R i
Channel 1
Channel 2
' ' ' ' ' Channel 3
O e R R S e

“oltage over current sensing resistor

Time 3 -4
Figure 5.8 Measured collector current

55 Summary

A new driving concept for SiC BJT is analyzed, implemented and evaluated.
The new driving concept can control the SiC BJT with a voltage signal and
keeps the SiC BJT still working in the saturation area during the turn on
phase.

SiC JFETs are simple to drive with a voltage controlled driver, while the
SiC BJT requires a current controlled driver. The base drive concept
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described in the chapter needs bulky current transformer and auxiliary
circuit around it which makes the system complex. As voltage controlled
driver easily can be found on the market “of the shelf”, the SiC JFET was
chosen to be the switch in this project



Chapter 6
Concluding Remarks and
Future Work

The aim of this work is to investigate the possibility to generate a low
frequency AC voltage by using intermediate high frequency current pulses
directly. By doing so the cost of the auxiliary converter system may be
reduced because fewer components are needed compared to the number in
a conventional auxiliary converter. To be able to verify this, theoretical
analysis and calculation is carried out to determine the topology of the
converter and to dimension the major component of the converter. The result
of the theoretical analysis and the calculation is validated by simulation and
measurements in the converter prototype.

6.1 Summary of findings

Simulation of the proposed auxiliary converter topology in combination
with the prototype design and measurement is the main focus in this work.
Some conclusions regarding the new converter topology are drawn.

First, it is important to understand the mechanism of generating and
controlling the current pulses. Two methods are developed in this work,-the
inductive link and the resonant link.

The basic idea of the inductive link method is to control the current through
an inductor by changing the applied inductor voltage. Equations of how to
calculate the duty ratio of each semiconductor switch are developed in this
work. The equations of dimensioning the passive component are also given
in this thesis. Based on the theoretical analysis and simulation, converter
prototypes are built to validate the theoretical analysis.
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There is no energy stored in the inductive link circuit between two adjacent
current pulses. Thereby the second current pulse is independent of the
previous current pulse which gives the freedom to choose the polarity and
the duration of the second current pulse. On the other hand, due to the
lacking of energy storage device other than the inductor itself, power
semiconductor switches need to be turned off at peak current which may
introduce excess switching losses. With the aim of reducing the switching
losses, the resonant link method is also investigated in this work. By adding
a capacitor in series with the inductor, a series resonant circuit is formed.
The resonant link method is based on controlling the current in the series
resonance circuit with the aim to reduce the switching losses. Compared to
the conventional series resonant converter this proposed resonant link
topology has difficulty to keep the resonant energy stable, and a new energy
balance method is developed in this work to solve the problem. This method
is verified by simulation in LTspice. Anyhow as discussed in chapter 3 the
resonant link version cannot avoid hard switching of the transistor but,
compared to the inductive link, the number of switching are reduced. On the
other hand, due to the resonance capacitor, the energy of the series resonant
circuit will be stored in the capacitor between two adjacent current pulses,
and the resonance capacitor voltage defines the polarity of the next current
pulse. Thereby the resonant link version requires balanced loads.

6.2 Future work

This work focuses on developing a new auxiliary converter topology for
railway applications. Both the inductive link and the resonant link version
of the auxiliary converter is discussed and analyzed. For the proposed
auxiliary converters, either with the inductive link or with the resonant link
topology, the most bulky components are the output capacitor bank and the
20 kHz pulse frequency transformer, as proposed in this thesis. However,
by using Silicon Carbide devices the switching frequency could be higher,
which will reduce the size of both the transformer and the output capacitor
bank dramatically. However, with an increased pulse frequency the di/dt of
each current pulse should be taken into account from an EMC/EMI point of
view. Another issue with the increased pulse frequency is that the inductor
L1 will be reduced. E.g. the total inductance of the prototype inductor L1,
described in section 4.2, see Figure 2.1, is 9.3 uH. With an increased pulse
frequency of 60 kHz, the inductance is reduced to 3.1 uH and this value is
smaller than the leakage inductance of the transformer, in chapter 4, This
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indicates that in order to achieve the same power as proposed in section 4.2,
either the switching frequency shall be reduced or the transformer shall be
replaced by an transformer with smaller leakage inductance. ldeally the
inductor L1 can be the transformer leakage inductance, and this should be
the target for future research.

In the prototype described in section 4.2, the transformer is reused from
another project and it is over dimensioned for our prototype. The control
algorithm has not taken the magnetizing current of the transformer into
account. The magnetizing current is neither monitored nor controlled in any
way in the prototype. The transformer core may saturate due to too high
magnetizing current. Investigation of the transformer core magnetizing
current is an interesting issue for the dimensioning of the transformer.

The output capacitors are filter capacitors. The peak current is quite high in
the proposed auxiliary converter, and the lifetime estimation of the output
capacitor is a really interesting subject and should be investigated
thoroughly in future research.

Due to limited time only a prototype with the inductive link version is
designed and tested in the lab. The resonant link version is only analyzed
and simulated. Design and test of a resonant link auxiliary converter
prototype could be considered as a future task.
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Appendix A Populirvetenskaplig
beskrivning av Luyu Wangs
doktorsavhandling som skall
forsvaras vid Lunds Tekniska
Hogskola

Avhandlingens title:
A new Auxiliary Converter topology with SiC components for
Railway Applications

Bakgrund

Elektriska fordon tag, bilar, bussar, lastbilar och vissa typer av batar forsorjs
med elektrisk energi fran  antingen en kontaktledning eller fran
ombordplacerad utrustning, sdsom batteri eller dieselmotordriven generator.
Det elektriska systemet forsorjer primart fordonets elektriska
framdrivningssystem, motorkonverter och elektrisk motor. UtOver
framdrivning av fordonet finns andra elektriska funktioner, fléaktar,
kompressorer och belysning, som ocksa ska forsorjas. For detta andamal
anvands en s.k. hjalpkraftkonverter, som vanligtvis ger en konstant
trefasspanning 3x400 V med frekvensen 50 Hz. Fran denna spanning erhalls
ocksa enfasig 230 V for matning av elektriska uttag vid passagerarplatser.

Hjalpkraftkonverter

Vid konstruktion av en hjalpkraftkonverter &r, utdver funktionen, mindre
storlek, lagre vikt, hogre verkningsgrad och lagre kostnad viktiga
egenskaper. Detta arbete avser en ny hjalpkraftkonvertertopologi, som ar av
multileveltyp, dvs utspdnningen ar sinusformad utan att ett tungt filter
anvands. Den stora fordelen &r saledes den lagre vikten.
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Teknisk beskrivning

Denna konvertertopologi bygger pa att alstra strompulser med
mellanfrekvens (nagot 10-tal kilohertz) och sedan omvandla dessa pulser till
den dnskade véxelspadnningen 3x400 V. | topologin sker omvandlingen utan
mellanliggande likspanningsmellanled. Istéllet formas strompulser i en
vaxelstromslank mellan den hogre frekvensen och den dnskade frekvensen
50 Hz, se topologin i Figur Al.

Lik- Generator Formning av Halvledarventiler Trefas-
spanning |:> for pulser med ) strompulser )| Kondensatorer > spanning

+/- polaritet

Figur Al Foreslagen hjalpkraftkonvertertopologi

Som resultat av den inledande teoretiska analysen delas den ursprungliga
topologin upp i tva topologier, den ena med en induktiv
véxelstromsmellanldank medan den andra har en serieresonanslank. Den
senare topologin dverenstimmer med den ursprungliga idén men med ett
annorlunda modulationssatt. Avhandlingen presenterar modulationssatt
samt designregler med ekvationer for bada topologierna. Se strompulsform
i Figure 2.

Figur A2 Ovre grafen visar strompulser med serieresonanslank, nedre grafen
strompuls med induktiv lank (héar visas bara en positive puls).

Realisering

For att verifiera teorin &r tva konvertrar byggda. Den forsta ar en enfasig
lageffektkonverter i vilken styrsystemet utvecklas och testas. Med denna
konverter bekraftas ocksa att idén fungerar. Den andra ar en trefasig
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fulleffektkonverter. Denna &r byggd for att testa topologin med den
induktiva véxelstromslanken och ar byggd i Bombardier Transportations
laboratorium. Hogeffektkonvertern ar férsedd med kiselkarbidhalvledare
dar man behdver minska de s.k. switchforlusterna. Se trefasutspénningen i
Figure A3.
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Finansiering
Projektet &r finansierat av Vinnova och av Bombardier Transportation AB.



